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CHAPTER I 

INTRODUCTION 

The several hypotheses advanced to describe distri­

bution of charge in low energy fission processes have two 

objectives; {a) prediction of Zp, the most probable charge 

for a given mass, and {b) prediction of the width of the 

distribution around this most probable charge. Halpern (1) 

reviewed proposals made before 1959, and Coryell, Kaplan 

and Fink (2) reviewed those presented before 1960. 

I. POSTULATES FOR NUCLEAR CHARGE DIVISION 

Equal Charge Displacement 

The hypothesis of equal charge displacement (ECD) 

proposed by Glendenin, Coryell, and Edwards (3) is in 

agreement with the gross features of experimental obser­

vations. They postulated that the most probable fission 

mode leads to equal chain lengths for complementary fission 

products {the term products is applied to fragments after 

emission of prompt neutrons). That is, 

where ZA is the most stable charge for the given mass, and 

subscripts hand 1 refer to the heavy and light fragments 

respectively. 
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Pappas (4) modified this postulate by applying the 

equal chain lengths rule to fragments before prompt neutron 

emission. Several different methods for estimating ZA have 

been used, and the predicted Zp values depend on the choice 

of method (2). Fiedler and Herrmann (5), using a new mass 

surface formula, have reported predictions in agreement with 

measured independent yields. 

Minimum Potential Energy Hypothesis 

Blann, quoting Swiatecki (6), proposed that the most 

probable division of charge minimizes the combined coulombic 

and potential energy of the fissioning nucleus. This pro­

posal, known as the minimum potential energy hypothesis 

(MPE), requires estimation of masses of nuclides far re­

moved from stability and is thus largely dependent on the 

choice of mass formula for making these estimates. 

Coryell (2) found the ECD and MPE hypotheses give 

similar results in the mass region for which most data are 

available, provided the same mass formula is used in esti­

mating ZA for both. 

Empirical Zp Function 

A method for predicting Zp which is independent of 

estimates of ZA was derived by Wahl et al. (7). At the time 

of Wahl's work, the Zp values for six mass numbers, all in 

the region of high fission yields, were known empirically, 
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since two or more independent yields had been measured for 

each of these mass numbers. Since the width of the charge 

distribution varied only slightly for these six mass numbers, 

Wahl and his co-workers assumed the charge dispersion 

measured for these mass numbers was generally applicable. 

Values of Zp for mass numbers for which a single independ­

ent yield had been measured were calculated on this basis, 

and an empirical Zp function derived. 

II. FRACTIONAL YIELD MEASUREMENTS 

Radiochemical methods are suitable for experimental 

observations of charge division in the fission process 

because the radioactivity of most fission products allows 

very small quantities to be detected and identified by 

these sensitive methods, and because one member of an 

isobaric decay chain, being a different element from the 

other members, may be separated by chemical means for obser­

vation of its independent yield. The fraction of those 

fission events which result in products of a given mass 

number which are produced as one nuclide of that mass is 

known as the fractional independent yield of that nuclide. 

The fractional cumulative yield of this nuclide is the sum 

of its independent yield and the independent yields of its 

precursors in the isobaric chain. 



The comparison of experimentally observed primary 

yields with those predicted by the postulates for nuclear 

charge division is the usual technique for assessing the 

validity of these postulates. The lack of independent 

yield measurements for mass numbers of low fission yield 

prevents comparison except for high-yield mass numbers. 

For these mass numbers with high fission yields, where 

most of the measured independent yields are found, Wahl's 

empirical curve provides a satisfactory basis for pre­

dicting and correlating the independent yields. The 

4 

shape of the empirical curve is poorly defined for mass 

numbers on the wings of the mass yield curve, however, 

because of the scarcity of measured independent yields for 

these mass numbers. 

Wolfsberg (8) has found that for mass numbers pro­

duced in high yield, the most probable charge of the light 

fragment is--- 0.6 charge units higher than would be found 

if the proton-to-neutron ratio in each fragment remained the 

same as that in the fissioning nucleus. This suggests the 

distribution of charge in the fission process concentrates 

the charge in the light mass fragment. This effect is also 

evidenced in Wolfsberg's data for thermal-neutron induced 

fission of 233u and 239Pu, and 14-MeV neutron induced 

fission of 235u and 239Pu. There are not enough data avail­

able for mass numbers produced in low yields to show 
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whether this effect continues for these mass numbers. 

Thus, extending the measurement of independent 

fission yields to include mass numbers outside the area of 

high yields became desirable. To obtain more information 

on charge distribution for an isobaric chain of a heavy 

mass number, the present work was undertaken to measure the 

fractional cumulative yield of 147ce in thermal-neutron 

fission of 235u. 
Recently, Niece (9) measured the independent yield 

of 95zr. This result, in combination with the previously 

measured fractional yields of 95Kr and 95Y, showed the dis­

persion of charge about Zp for the mass-95 chain differs 

from that predicted by Wahl on the basis of measurements in 

the peak yield region. Niece postulated a systematic 

decrease in the width of the charge dispersion with in­

creasing fission product mass, and constructed an 

empirical function for predicting the width of charge 

distribution for a given mass. 

In the light of these findings, measurement of a 

second independent yield in a heavy mass chain, to allow 

measurement of the width of charge distribution in this 

region, became of interest. 

In the course of the 147ce experiments, a method for 

purifying and assaying fission product cerium had been 

adapted for use in estimating completeness of removal of 
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cerium from praseodymium in the fast separation. 

This method of assaying fission-product cerium was 

used in connection with a rapid separation of fission­

product lanthanum from its barium precursor to allow 

measurement of the fractional cumulative yields of 143Ba 

and l44Ba. Previous measurements of two independent yields 

(Xe and Ce) in the mass-143 chain, and of one yield (Xe) in 

the mass-144 chain had been reported. An additional frac­

tional yield in each of these chains allows calculation of 

the width of charge distribution for the 144 chain, re­

examines that previously reported for the 143 chain, and 

tests the Gaussian shape of the dispersion for mass 143-

Figure 1 represents the isobaric chains considered 

in this study; the half-lives are those reported at the 

time the work was undertaken, and are taken from the compi­

lation by Herrmann (10). 



143Xe >143Cs >143Ba---143La ___ 143Ce--➔143Pr ➔ 143Nd 
54 55 56 57 58 59 60 

1.ls 2.0s 12s 14.0m 33.4h 13.59d stable 

144Xe __ _, 144Cs > 144Ba >144La ___ 144Ce--~144Pr ___ 144Nd 
54 55 56 57 58 59 · 60 

"'ls short short short 284. 4d 17. 28m stable 

141Ce ➔ 141Pr )141Nd >147Pm ➔ 147~m 
58 59 60 61 62"-' 

65s 12. Om 11. 07d 2. 66y stable 

Figure 1. Mass-143, mass-144, and mass-147 beta-decay chains. 

--J 



CHAPTER II 

MA.SS-147 CHAIN 

I . EXPERIMENTAL PROCEDURES 

The fractional cumulative yield of 147ce was 

measured in a series of nine experiments. Each experiment 

consisted of a brief irradiation of a uranium solution, 

followed by a rapid chemical separation of fission-product 

cerium from its daughter praseodymium and the other 

lanthanides in part of the irradiated solution. Two sam­

ples were obtained from each separation: the untreated 

part of the irradiated solution, and the filtrate from the 

rapid precipitation procedure. After a delay to allow 

shorter-lived members of the mass-147 chain to decay to 
147 

the Nd daughter, neodymium was purified from the other 

fission product activities and assayed radiochemically in 

each sample. By comparison of the specific activities of 

147Nd in the two samples, the fraction of the decay chain 

existing as 147ce at the time of the initial separation was 

calculated. The results of a series of such irradiations, 

followed by separations at gradually increasing time inter­

vals, were used to calculate the fraction of the total chain 

existing as 147ce at the time of irradiation. 
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Irradiations 

Irradiations were made in the pneumatic tube 

facility of the Oak Ridge Research Reactor. The sample 

containers were cylindrical polyethylene trrabbits" with a 

capacity of approximately one ml. The conventional thermal­

neutron flux inside the rabbit at the irradiation position 

was estimated to be 6 x 1013 neutrons cm-2 sec-1 The ratio 

f 235u f . · d d · h b f ctm· b o 1ss1ons pro uce int ea sence o a ca ium a -

sorber to the fissions produced in the presence of a cadmium 

absorber was not measured in this work. The ratio had been 

shown previously (9) to be about 55. 

Each irradiated solution consisted of 100 p,g of 

235u (95 per cent enriched) as u3o8 dissolved in ""'-'l ml of 

dilute nitric acid. The duration of each irradiation was 

10 seconds. 

Rapid Separation Procedures 

Separation of cerium from praseodymium and other 

lanthanides was accomplished by precipitation of Ce(ro3 )4 
and vacuum filtration through a fritted-glass filtering 

funnel. A total of nine separations was made by the fol­

lowing methods. For all three methods of precipitation, all 

solutions containing KBro3 were warmed on a hot water bath 

and cooled to room temperature immediately before use, to 

ensure oxidation of the cerium to the +4 oxidation state. 



All frits were treated with a suspension of filteraid and 

drained shortly before use. 

10 

Double precipitation method. After a 10-second 

irradiation, the rabbit was impaled by a hollow needle and 

the contents drawn by vacuum through the needle into a solu­

tion containing 2 ml of 10-mg/ml ce4+, 1 ml of 10-mg/ml Nd3~ 

and 2 ml of concentrated HN03 ; the entire solution having 

been saturated with KBr03 . Approximately half of this solu­

tion was drained into a 30-mm medium-porosity fritted-glass 

funnel on which was suspended 0.16 g r2o5 dissolved in 1 ml 

of the 10-mg/ml suspension of filteraid. After mixing for 

......,10 seconds, the solution was vacuum filtered. The 

filtrate was drained into a second fritted-glass funnel on 

which was suspended a solution of 1 ml of 10-mg/ml ce4+, 

0.5 ml of concentrated HN03 , and 0.3 ml of H20, all satu­

rated with KBr03 ; and the solution again filtered. 

Tracer experiments showed that less than 0.5 per 

cent of the cerium remained in the filtrate after the sec­

ond p~ecipitation. For each precipitation, the following 

times were recorded: beginning and end of irradiation, 

precipitation, beginning and end of first filtration, and 

beginning and end of second filtration. The time of sepa­

ration was taken as the precipitation time. 

The neodymium carrier was used in the fast 

separation to act as a carrier for the praseodymium fission 
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products; tracer experiments showed that in this precipi­

tation neodymium does act as a carrier for praseodymium. 

Single precipitation with wash. The rabbit con­

tents were transferred to a solution containing 1 ml of 

20-mg/ml Ce4+, 1 ml of 10-mg/ml NdJ+, both in 5 M HN03 , all 

saturated with KBr03 . Approximately half of this solution 

was drained into a fritted-glass filtering funnel on which 

was suspended .,.,__, 5 ml of 5 M HN03 saturated with I205. After 

the solution had been mixed for 10 seconds, the precipitate 

was removed by vacuum filtration and washed with 5 ml of the 

precipitating reagent. The following times were recorded: 

beginning and end of irradiation, precipitation, beginning 

and end of filtration, and beginning and end of wash. 

Tracer experiments showed 2.8 + 1.7 per cent of the 

cerium present at the time of precipitation in the filtrate 

under these conditions, and that 3.8 ± 0.6 per cent of the 

cerium was deposited in the filtrate by the wash solution. 

Corrections for this amount of contamination were applied to 

measurements made by this method. 

Single precipitation with no wash. The conditions 

were identical to those in the method immediately above 

except that the wash was omitted. The values were corrected 

for 2.8 + 1.7 per cent of the cerium present at the time of 

separation. 
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Radiochemical Purification 

To each fraction from the rapid separation, (the 

filtrate and the portion of the solution remaining in the 

mixing vessel into which the irradiated solution was drawn), 

1 ml of a 10-mg/ml barium holdback carrier solution was 

added, and Nd(0H)3 was precipitated with concentrated NH40H. 

The solutions were centrifuged, and the Nd(0H) 3 washed. The 

samples were sent to the University of Missouri at Columbia 

in this form. 

Upon arrival at Columbia, each sample was further 

purified by addition of cerium carrier and reprecipitation 

of the iodate. The supernatant liquid and washings from 

this precipitation were combined and further purified by 

the method described by Bunney et al. (11). 

In this procedure, additional barium holdback carrier 

is added, and the rare earth hydroxides are centrifuged from 

solution after addition of NH40H. The hydroxide precipitate 

is washed, then dissolved in concentrated HCl and passed 

through an ion exchange column (bed dimensions -50 cm x 

1 cm x 1 cm) containing Dowex 2X8 anion exchange resin, 

50-60 mesh. The rare earths are eluted with concentrated 

HCl. The cycle of hydroxide precipitation and ion exchange 

purification is repeated two additional times, with Na0H 

used instead of NH40H for the final hydroxide precipitation. 

The rare earth hydroxides are then dissolved in a minimum 
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of concentrated HCl, evaporated to dryness under an infrared 

lamp, and taken up in 500 µ1 of 0.02 N HCl. 

Neodymium was then purified from the total rare 

earth fraction by the method described by Rengan and 

Meinke (12), in which the solution containing the rare 

earths is loaded on a micro ion-exchange column containing 

Dowex 50Xl2, -400 mesh, and eluted under pressure with a 

0.2 M solution of ()'..-hydroxy isobutyric acid in which the 

pH has been adjusted to 5.08 with NH40H. 

Elution of the neodymium fraction as a function of 

drop number was determined by tracer experiments with 147Nd. 

The neodymium fraction was collected, and Nd(0H) 3 

precipitated with NH40H. The Nd(0H) 3 was centrifuged from 

solution, then dissolved in a minimum of concentrated HCl. 

The two samples which resulted from portions of one irradi­

ated solution were diluted to equal volumes and aliquots 

taken for counting and for measurement of the neodymium 

concentration. 

The spectrophotometric method described by 

Rinehart (13) was used to measure the neodymium concen­

tration. Each sample was analyzed at the time of purifi­

cation, and again from aliquots of the sample used for 

assay of the radioactivity after the 147Nd had decayed. 

The final analyses were made in triplicate. The results of 

the initial and final analyses were in agreement. 
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Estimation of Experimental Error 

Multiple determinations of the concentration of a 

labled neodymium solution spectrophotometrically and radio­

chemically showed that the spectrophotometric procedure has 

a relative error of 0.392 per cent in four determinations, 

while the radiochemical measurement had an error of 0.622 

per cent in four determinations. Values obtained for the 

specific activity by the combined radiochemical and spectro­

photometric methods in four dilutions of one solution showed 

a relative error of 1.29 per cent. 

To test the efficiency of the purification and the 

reproducibility of the results for a mixture of fission 

products, a solution of irradiated 235u in which 6 x 1010 

fissions had been produced was added to 15 mg of neodymium 

carrier, and three aliquots were purified by the method 

described. The relative error in the specific activities 

measured for the three aliquots was 0.775 per cent. 

Sample Preparation and Radioactivity Measurements 

Decay of the 147Nd was followed for five or more 

half-lives by single-channel gamma spectrometry. The 

detector was a 1 x 1 inch thallium-activated sodium iodide 

well crystal. The 5-ml liquid samples were contained in 

Pyrex counting tubes. Variations in counter efficiency 
147 

became significant because of the low energy of the Nd 

radiation and the long time intervals during which the 
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measurements were made. The effect of these fluctuations 

on the measured specific activity ratio was minimized by 

considering the ratio of activities of each pair of samples 

on a given day as one measurement of this ratio and finding 

the mean value of these ratios for all of the measurements. 

Significant absorption effects of the glass counting tubes 

on the measured activities were shown to be absent as fol­

lows. After radioactivity measurements for all the samples 

had been completed, 5-ml aliquots of a 147Nd solution were 

pipetted into the cleaned counting tubes from each experi­

ment, and the activity measured in the way described above. 

No statistically significant variations in activity were 

observed. 

II. CALCULATIONS 

The experiment results in a measurement of the 

ratio of atoms present as 147Pr and 1471a at the time of 

separation to the total number of atoms of mass 147 pro­

duced in the irradiation. This ratio is called Q for 

convenience. In each experiment, two samples were obtained. 

In the B sample, which resulted from the portion of the 

solution not subjected to the rapid separation procedure, 

the neodymium activity represented all of the mass-147 

chain. The A sample was obtained from the filtrate after 

precipitation of eerie iodate; in this sample the neodymium 
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activity was reduced by the amount which would have grown 

from the cerium removed in the rapid separation procedure. 

Two measurements were made for each pair of samples: 
147 

the ratio of Nd activities at a given time, (A/B), and the 

ratio of neodymium concentrations after dilution to equal 

volumes, (A ]/[BJ. From these values, Q was calculated as 

follows. 

Let n1 , n2 , and n3 represent the yields of 1471a, 

147ce and l47pr respectively, expressed as atoms present at 

the time of separation. If j mg of neodymium carrier is 

added to the irradiated uranium solution, there are present 

in the B sample l(n1 + n2 + n3 )/j] atoms of mass 147/mg Nd. 

In the other aliquot of the solution, the A sample, the 

rapid precipitation of cerium left in the solution 

[(nl+n3)/j] atoms of mass 147/mg Nd. 

Let k = mg of Nd recovered from sample A 

i = mg of Nd recovered from sample B 

E= efficiency of the counting procedure, 
which was the same for samples A and B 

A= decay constant for 147Nd 

Then the activity of the A sample, corrected for decay to 

the time of separation, is 

[(n1 + n3 )/j] kEA 

The activity of the B sample, corrected to the time of 

separation, is 

[ ( nl + n2 + n3 ) / j] i E A 
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The ratio of the activity of the A sample to the B sample is 

[(n1 + n3)/j] kE: A 
~nl + n2 + n3)/jJ i E (\ 

Simplifying, the ratio of activities in the two samples, 

(A/B), is 

[(n1 + n3 )/(n1 + n2 + n3 )] (k/ i) 

The ratio of concentrations of neodymium in equal dilutions 

of the two samples, which was measured spectrophotometrically, 

is equivalent to the ratio (k/ i). Thus 

(A/B) [B]/~] = (n1 + n3 )/(n1 + n2 + n3 ) = Q 

(1 - Q) = n2/(n1 + n2 + n3 ) 

The quantity, (1 - Q), represents the fraction of the 147 

chain present as cerium at the time of separation. 

147 
Calculation of the Ce Yield and Half-Life 

The values for the fraction of the chain present as 

cerium are plotted on a logarithmic scale as a linear func­

tion of the separation time in Figure 2. The measured 

values and separation times are reported in Table I. Since 

the fraction which exists as cerium decreases with time 

because of the decay of 147ce, this plot is analogous to the 

usual plot of the decay of a radioactive substance. A line 

fit to the experimental points by an unweighted least-
+9 

squares calculation results in a half-life of 7g _7 seconds 

for 147ce, in agreement with the half-life of 65 + 6 seconds 
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previously reported by Hoffman and Daniels (14). The 

intercept, representing the fraction of the mass-147 

chain present as cerium at the mean irradiation time, is 

0.963 + 0.063. The error in measuring Q was estimated to 

be+ 5 per cent. The error in (1 - Q) produced by this 

error was calculated and is shown in Table I and Figure 2. 

The least squares calculation and the calculation of error 

limits are described by Youden (15). 
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Figure 2. The fraction of mass-147 chain present as 147ce as a function 
of separation time. 
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TABLE I 

FRACTION OF MASS-147 CHAIN PRESENT 
AS l47ce AT SEPARATION TIIVIE 

Preci~itation Time 
(seconds) 

(1 - Q) 

12.30 0.844 + 0.008 

14.39 0.781 + 0.011 

30.79 0.744 + 0.013 

JO.SJ 0.781 + 0.013 

55.13 0.625 + 0.019 

74.04 0.560 + 0.022 

86.10 0.448 + 0.028 

115.04 0.396 + O.OJO 

13 5 .37 0.240 + 0.038 

20 



CHAPTER III 

MASS-143 CHAIN 

I. EXPERIMENTAL PROCEDURES 

The experiments which measured the independent 

· ld f 1431a . ·1 . d . t th 1 d d yie o were simi ar in esign o ose area y e-

scribed for the mass-147 chain: a short irradiation, rapid 

chemical separation, and radiochemical purification and 

assay of a daughter product. In this case, the elements to 

be separated were barium and lanthanum; this was accomplished 

by quickly precipitating lanthanum hydroxide from the irra­

diated solution. After the shorter-lived members of the 
143 

mass-143 chain had decayed to Ce, equal amounts of 

cerium carrier were added to the precipitated La(OH)3 and 

to the filtrate, and cerium was purified from both solutions. 

B · f th ·f· t· ·t· of th 143c · th y comparison o e speci ic ac ivi ies e e in e 

two solutions, the fraction of the mass-143 chain existing 

as 143Ba at the time of separation was calculated. From 

the results of a series of such irradiations, with the 

separations occurring at varying time intervals, the frac­

tion of the total chain existing as 143 Ba at the time of 

irradiation was calculated. 

Irradiations 

Irradiations were done at the Oak Ridge Research 

Reactor, as described for the experiments on the mass-147 
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chain, except that the duration of each irradiation was two 
. 235 

seconds. Each irradiated solution contained 1 mg of U 

(95 per cent enriched} and 2 mg of natural lanthanum. 

Rapid Separation Procedure 

After the desired time interval following irradia­

tion, each rabbit was opened by the hollow needle of the 

pneumatic assembly and approximately half of the contents 

drawn through the needle to a mixture of 4 ml of concen­

trated NH40H and 1 ml of 10-mg/ml barium carrier suspended 

on a 60-mm medium-porosity fritted-glass filtering funnel. 

The apparatus is shown in Figure 3. Each funnel was 

rinsed with barium carrier before use. The reactant mix­

ture was vacuum filtered and washed with,...., 25 ml of water 

containing 20 mg of barium and 1 ml of concentrated NH40H. 

The following times were recorded for each separation: 

beginning and end of irradiation, precipitation of La(OH} 3 , 

beginning and end of filtration, and beginning of wash. 

Decontamination of Cerium 
4+ Equal aliquots of a 4-mg/ml Ce carrier solution 

were added to the filtrate and to the filter funnel. The 

La(OH)3 was dissolved from the filter with HN03 . Each 

solution was made ammoniacal and the mixed lanthanum and 

cerium hydroxides centrifuged from solution. The hydroxides 

were dissolved in HN03 and the solution made 5 Nin HN03 , 
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and the cerium oxidized to ce4+ by adding solid NaBr03 and 

warming on a hot water bath. To the warm solution, 1.5 ml 

of 5 N HN03 saturated with r2o5 was added. The Ce(I03 )4 

was then dissolved in concentrated HCl and transferred to 

polyethylene bottles for shipment to the University of Mis­

souri at Columbia. 

At Columbia, each sample was transferred to a centri­

fuge tube with additional concentrated HCl, and the solution 

heated until it became clear. The solution was made ammoni­

acal and the precipitated Ce(OH)3 centrifuged, washed twice 

with water, and finally dissolved in concentrated HN03 . The 

cerium was then oxidized to the +4 state and extracted into 

50 ml of methylisobutyl ketone, (4-methyl-2-pentanone), back 

extracted into water after reduction to the +3 state, pre­

cipitated as cerous oxalate, weighed to measure relative 

chemical yield, and mounted for counting in that form. This 

procedure is described in detail by Glendenin et al. (16). 

II. RADIOACTIVITY MEASUREMENTS 

143 
Decay of the 33-hour Ce was followed in some 

pairs of samples by counting with a thin-window Geiger­

Mueller tube, followed by resolution of the decay curves; 

and in the others with a single-channel gamma spectrometer, 

s et to discriminate against other cerium fission product 

activities. The decay was followed for seven half-lives. 



The complex decay curves resulting from the first 

counting method were resolved graphically into components 
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143 143 141 representing 33-4-hour Ce, 13.7-day Pr, 32.5-day Ce, 

and 285-day 144ce, by successive subtractions of the longer­

lived activities. 

Decay curves obtained from the gamma spectrometer 

consisted of the 33-4-hour activity and a longer-lived 

component which contributed about one per cent of the total 

activity. The contribution of 144ce to this longer-lived 

component was shown by use of a 144ce standard to be about 

0.5 per cent. Three standards containing 143 ce were pre­

pared by the method of purification described for the 

samples and their decay followed in the usual way. The 

standards showed that 143Pr contributed about 0.25 per cent 

of the initial activity of 143ce to an apparent longer-lived 

component. Therefore, identification of the long-lived 

activity was considered to be satisfactory within the accu­

racy of the counting procedure, ~nd it was subtracted from 

the decay curve. 

III. CALCULATIONS 

Each separation thus resulted in two samples: qne 

obtained from the filtrate in the fast separation (the A 

sample), and another which was obtained from the lanthanum 

hydroxide precipitate (the B sample). Short-lived members 
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143 of the mass-143 chain had decayed to Ce in both samples. 

The activity of the A sample resulted from cerium grown from 

cesium and from barium present at the time of separation, 

while the activity of the B sample resulted from cerium 

grown from lanthanum and cerium present at the time of 

separation. The separation time was taken to be the mean 

time of filtration. Addition of equal aliquots of the same 

cerium carrier solution to both samples leads to the fol­

lowing simple relationship: 

j = mg of cerium added to each of a pair of samples 

specific activity (counts min-1/mg Ce recovered) 
of A sample at time t after irradiation 

a = 

b = specific activity (counts min-1/mg Ce recovered) 
of B sample at time t after irradiation 

aj + bj = total activity of the chain at time t 

aj/(aj + bj) = Q = fraction of the chain present as 
cesium and barium at separation 
time. 

Simplifying, 

Q = a/(a + b) = 1/(1 + b/a) 

The actual quantity measured was b/a, the ratio of specific 

activities of the B sample to the A sample at a given time 

after irradiation. 

In the calculation of error limits, an error of 

+ 5 per cent was arbitrarily assumed in the measurement of 

the b/a ratio. This was considered a reasonable estimate for 

errors in weighing, statistical errors in the counting data, 

and errors in resolution of the decay curves. 
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Corrections for Incomplete Separation 

To measure the amount of lanthanum remaining in the 

filtrate after the lanthanum hydroxide precipitation, in 

two experiments the fast separation was delayed for about 

two minutes after irradiation. Since essentially all the 

l43cs and l43Ba had decayed by the time of separation, the 

143 ce activity in the A sample represented lanthanum con­

tamination of the filtrate. The amount of lanthanum in 

the filtrate was found to be 0.4 per cent of the lanthanum 

present. 

The amount of barium coprecipitated with the 

lanthanum was measured by substituting a lanthanum carrier 

1 · · · lJJB f h bb" . h so ution containing a or t era it contents int ree 

fast separations, which were in all other respects identical 

to actual experiments. Distribution of the 133Ba between 

the filtrate and the precipitate was measured by assaying 

Baco3 precipitated from each fraction of the solution. The 

fraction of barium found coprecipitated with the lanthanum 

was 1.1 per cent. 

The measured Q values were accordingly corrected as 

follows: 

a= fraction of chain existing as Ba at separation 
time 

(3 = fraction of chain existing as La at separation 
time 

Q = a - o. 011 a. + o. 004 {J 
( OJ. - 0.011 a + 0.004/J ) + ( /3 - 0.004 fJ + O.OllCl) 



CJ..+/J=l 

a= {Q - 0.004)/0.985 

Calculation of 143 Ba Yield and Half-Life 

The corrected values for the fraction of the 

chain present as barium and cesium are plotted on a log­

arithmic scale as a linear function of the separation 
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time in Figure 4, and are tabulated in Table II. Since 

the fraction which exists as barium decreases with time 

only because of the decay of 143Ba, this plot is analogous 

to the usual plot of the decay of a radioactive substance. 

A line fit to the experimental points by a standard un­

weighted least squares calculation results in a half-life 
143 of 13.2 + 0.3 seconds for Ba. The least squares cal-

culation and the calculation of error limits are described 

by Youden (15). The standard deviation of each measured 

point is 6 per cent, which indicates the arbitrarily 

assigned 5 per cent error in the b/a ratio is not un­

reasonable. 

The intercept with the ordinate represents the 

fraction of the mass-143 chain present as barium at the 

mean irradiation time. To calculate the fractional cumula­

tive yield of barium, it is necessary to correct this 

measured fraction for the yield of 143cs. This correction 

is necessary because the barium present at any time is the 

sum of that produced independently as barium, which is 
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TABLE II 

FRACTION OF MASS-143 CHAIN PRESENT 
AS l43Ba AT SEPARATION TIME 

Se2aration Time Fraction Present as 
(seconds) 

12.03 0.492 

13 .34 0.432 

18.94 0.349 

20.34 0.335 

26.80 0.212 

31.00 0.179 

39. 54 0.121 

49.68 0.073 

55.10 0.047 
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143 

decaying with the half-life characteristic of Ba, and of 

the barium which has grown from cesium originally present. 

The short, but finite, half-life of 143cs causes the frac­

tion of the chain present as barium, extrapolated to the 

mean irradiation time, to be more than the cumulative yield 

of barium by a small factor. 

Consider the fission-product decay chain: 

X y z 

1 
A 

l 
B 

l Ae 
---➔ c 

Let A = cesium, B = barium, C = lanthanum 

X = independent yield of cesium, expressed as a 
fraction of total chain yield 

y = independent yield of barium, expressed as a 
fraction of total chain yield 

z = independent yield of lanthanum, expressed 
as a fraction of total chain yield 

,= time in seconds from mean irradiation time 
to mean filtration time of fast separation 

0,= fraction of chain present as barium at 
time T 

From the Bateman equations for radioactive de-

If the half-life of A is short compared to T(that is, AA 
) - AA 

is large , e becomes small and the first term becomes 



negligible compared to the second. Then 

0. = [----A_A .-- X + y Jl 
M - /\B 

X + y + Z = 1 

et= 

exp - A 'T 
B 

exp - A T 
B 

a= [ 1 - z + x ( AB ) J exp - A ,-
AA - AB B 

The cumulative yield of barium is (1 - z). Thus 
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a plot of QI. on a logarithmic scale as a linear function of 

separation time results in an intercept greater than the 

cumulative yield of barium by the factor 

In order to evaluate this factor for the mass-143 chain, it 

is necessary to know, in addition to the half-life of 143 Ba 

calculated above, the fractional yield and half-life of 

143cs. 

143 
Yield of Cs 

An experimental evaluation of the effect of the 

cesium independent yield on the measurement was obtained in 

the following way. In two fast separations, 1 ml of a 
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1 mg/ml cesium carrier solution, 1 ml of saturated Na 2cro4 
solution, and 5 ml of concentrated ammonium hydroxide solu­

tion were suspended on the filtering funnel. A basic chro­

mate solution was used to wash the precipitate. The fast 

separation was otherwise unchanged from that described pre­

viously. This precipitation removed barium as well as the 

rare earths from solution; thus the 143 ce activity in the 
143 A sample represented Cs present at the separation time. 

The efficiency of this precipitation for removing 

barium and the rare earths from solution was measured in two 

series of tracer experiments. Triplicate precipitations 

labeled with 133 Ba showed 0.02 + 0.02 per cent of the barium 

present in the filtrate, and triplicate precipitations in 

which the rare earths were labeled with 144ce in the +3 

oxidation state showed 0.2 + 0.2 per cent of the rare earths 

present in the filtrate. The measured fractions of the 

chain present as 143 cs were corrected accordingly in each 

of the two experiments. 

The fraction of the chain present as 143 cs found in 

these experiments is consistent with the previously reported 

half-life of 2.0 sec (10) and with an independent yield of 

23 per cent for cesium. This is the yield predicted from a 

Gaussian distribution fit to the known fractional yields for 

the 143-mass chain. Using these values, the fractional cumu­

lative yield of 143Ba is calculated to be 0.874 + 0.040. 



CHAPTER IV 

MASS-144 CHAIN 

I. EXPERIMENTAL PROCEDURES 

The measurement of the fractional yield of 144Ba 

was a result of the same series of experiments described 

for the mass-143 chain. The rapid lanthanum hydroxide 

precipitation separated not only 1431a, but also all other 

fission-product lanthanum nuclides from their precursors. 

The irradiations, rapid separation procedure, and decon­

tamination of the cerium have been described in Chapter III. 

After the decay of 143 ce, the 144ce activity in the same 

samples was assayed. From the ratio of specific activities 

of the Band the A samples of each pair, the fraction of 

the chain existing as 144Ba at the time of separation was 

calculated by the same method used for the mass-143 chain. 

II. RADIOACTIVITY MEASUREMENTS 

A continuous-flow thin-window Geiger-Mueller 

counter was used for assay of the 144ce activity. The 

2.98-MeV beta radiation from 17.J-min 144Pr, in equilib­

rium with 144ce, was counted through a 214-mg/cm2 aluminum 
141 

absorber to discriminate against the less energetic Ce 

d 143 p b ct· · Th k 1 db an r eta ra 1at1ons. ree wees e apse etween 

irradiation and the earliest activity measurements included 
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in the calculations; this delay prevented interference from 

the 143 ce gamma radiation. For each pair of samples, cal­

culation of the activity ratio was made on the basis of four 

or five separate measurements. The effect of differences in 

counter efficiency was minimized by considering the ratio of 

activities of each pair of samples on a given day as one 

measurement of this ratio and finding the mean value for all 

the measurements. In each individual measurement, the sta­

tistical standard deviation was one per cent for both the 

sample count and the background count. However, the long 

counting intervals required by the low activity levels 

probably caused indeterminant errors in the activity meas­

urement greater than the calculated standard deviation. 

The 285-day half-life of 144ce made following the 

decay of the samples, as proof of radiochemical purity, 

impractical. The lack of short-lived interferences in the 

l43ce measurement and decay curve resolution does not prove 

the absence of a long-lived contaminant; it has some 

significance, however, since most long-lived fission prod­

ucts are isotopes of short-lived nuclides also produced by 

fission. 

In order to test the decontamination procedure, 

three aliquots of a cerium carrier solution labled with 

235u fission products were purified by this procedure. De­

cay curves were followed with both a Geiger-Mueller tube 
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and by single-channel gamma-spectrometry. After decay of 

the short-lived species, each sample was removed from the 

planchet, and the cerous oxalate dissolved in acid and 

reprecipitated. The specific activities of the three sam­

ples agreed to within 0.35 per cent before recrystallization 

and were unchanged by recrystallization. This experiment 

showed the procedure described results in a radiochemically 

pure cerium sample with a reproducibly measured specific 

activity. 

III. CALCULATIONS 

The fraction of the mass-144 chain present as 

barium and cesium at the time of separation was calculated 

for each pair of samples as described for the mass-143 

chain. Corrections for incomplete separations were identi­

cal for both chains. The corrected values for the fraction 

of the mass-144 chain present as barium and cesium are 

plotted on a logarithmic scale as a linear function of the 

separation time in Figure 5, and are tabulated in Table III. 

A line fit to the experimental points by the unweighted 

least squares calculation described by Youden (15) results 
144 in a half-life of 11.9 + O.J seconds for Ba. 

Calculation of the fractional cumulative yield of 

a nuclide from the fraction of the chain present as this 

nuclide at mean irradiation time is described in Chapter III. 

Because the half-life of 144cs is unreported, the barium 
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TABLE III 

FRACTION OF MASS-144 CHAIN PRESENT 
AS l44Ba AT SEPARATION TIME 

se1aration Time Fraction Present 
seconds) 

12.03 0.371 

13 .34 0.352 

18.94 0.276 

20.34 0.255 

26.80 0.169 

31.00 0.127 

39.54 0.069 

49.68 0.054 

55.10 0.029 
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as 144Ba 



chromate precipitation experiments can show only that the 

combination of yiel~ and half-life of 144cs is consistent 

with the yield predicted by a Gaussian distribution fit 

to the two experimentally measured yields in the chain, 

and a half-life of approximately 2 seconds. With these 

assumptions, the fractional cumulative yield of 144Ba is 

found to be 0.773 + 0.035. These error limits do not 

include errors in the cesium yield and half-life. 
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CHAPTER V 

DISCUSSION 

For comparison of experimentally measured fractional 

yields in an isobaric chain, the measured independent yields 

are plotted on a logarithmic scale as a linear function of 

the atomic number (Z) of the element determined. Plots for 

the 143- and 144-mass chains are shown in Figure 6. In each 

of the isobaric chains of mass 95, 140, 141, and 143, three 

fractional cumulative yields have been measured. For these 

mass numbers, nuclear charge dispersion is represented by a 

Gaussian distribution. The most probable charge, (Z ), 
p 

defined by the maximum of the curve, and the standard devia-

tion (width parameter}, CT; of the Gaussian distribution 

define unique Gaussian distributions for these chains. 

Consistence with the Gaussian equation 

z 
1/0- (2 '7r) ½ ) 

Z + 0.5 
[- (n - Zp) 2/20-2]ctn I (P n) = exp 

0 
-oo 

- 1 + l. f [(z - z + ½ )/o-] - 2 2 p 

in which f(x) is the normal probability integral, may be 

shown by plotting measured fractional cumulative yields as 

a function of (Z - Z + ½)/cr- on probability graph paper. p 

Figure 7 shows the measured yields for chains of mass 95, 
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140, 141, and 143 plotted in this way. It is evident the 

data are fit by the Gaussian distribution. 

For a single isobaric chain, a plot of measured 

fractional cumulative yields may be plotted as a function 

of atomic number on probability graph paper, as described 

by Terrell (18). A Gaussian distribution appears as a 

straight line; from such a plot Zp and 0-may be obtained 

graphically. 

Figure 8 represents such a plot for the mass-143 

chain. Previously reported fractional cumulative yields; 

143xe, 8.5 + 0.05 x 10-3 (7), and 1431a, 0.9956 + 0.0030 (7), 

and the fractional cumulative yield of 143Ba from this work 

are consistent with a Gaussian distribution; Zp is 

55 92 + O.O$ d r-r• 0 59 0 0 . 0.10 an VlS . + . 4. 

In the mass-144 chain, one previous fractional 

yield is reported: 144xe, 1.1 x 10-3 (7). If it is as­

sumed the charge distribution is Gaussian, two measured 

fractional yields provide a measure of 0-and of Z. p 

Figure 9 is a nuclear charge dispersion probability plot 

for mass 144- Obtained graphically, 0-is 0.51 + 0.03 and 

Z is 56.11 + 0.04, 
p 

Since the only experimentally measured fractional 

yield in the mass-147 chain is that of 147ce, assumption of 

both a Gaussian distribution and of an arbitrary 0-is neces­

sary for prediction of ZP. 
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Isobaric Charge Dispersion 

Wahl et al. (7) assumed a 0-of 0.62 + 0.06, which -- -
represented the weighted average O'of the six uniquely 

defined Gaussian curves then known, to represent all iso­

baric charge dispersion curves. Norris (19) subsequently 

measured independent yields which enabled him to define CJ" 

for four additional isobaric chains; the new weighted 

average CJ"was found to be 0.59 + 0.02. Niece (9), however, 

postulated that 0-varies with mass number. Recent work by 

Strom et al. (20) confirms this finding. 

Niece constructed an empirical O"function for pre­

diction of unmeasured 0-values by fitting a straight line to 

the experimental values, plotted as a function of fission 

product mass, for each of the fission yield peaks. The C5 

predicted for the mass-144 chain is 0.50, in agreement with 

the value measured in this work (0.51 + 0.03). 

Figure 10 shows a similar plot, in which the new C5 

value has been included. The slope, calculated by the 

method of least squares with each point weighted inversely 

as its variance, is - 0.037 + 0.010. 

Although this plot shows that 0-varies with the 

fission product mass number, the suitability of assuming a 

linear relationship throughout the heavy mass region is 

questionable. The results of Strom et al. (20), who have 

measured 0-values for the 131 through the 134 mass chains 
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and calculated 0-from previously measured yields in the 

mass-136 chain, show a discontinuity in the values of v 
as a function of mass number in the heavy mass region. 

Niece (9) found a different slope for the line of 0-ver­

sus mass number in the light region than in the heavy 

region. 
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Radiochemical data concerning fission products are 

necessarily obtained as a function of the mass number of the 

product after the emission of neutrons in the fission pro­

cess. Since the distribution of protons in a given fission 

event occurs not later than the moment of scission, it is 

useful to estimate the number of neutrons which have been 

emitted by the fragment to produce the observed product 

mass. Neutron multiplicity values suggested by Terrell (21) 

and by Apalin et al. (22) show similar trends in the number 

of neutrons emitted as a function of product mass number; 

however, they are not identical. Although the error in 

estimation of neutron multiplicity increases the difficulty 

of physical interpretation of the radiochemical data, in­

clusion of these values in the calculations relates the data 

more directly to the fission process. 

In Figure 11, the measured values of 0-are plotted 

as a function of A', the fragment mass before neutron emis­

sion, with values for complementary mass chains super­

imposed. Terrell's values for the number of neutrons emitted 

from fragments have been used to calculate A'. 
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The data now available show O"is not constant over 

the fission-product mass region, but insufficient data are 

available to predict unmeasured avalues. A physical explan­

ation of the variation of 0-with mass number is not apparent. 

The discontinuity of uin the heavy-mass region lies near 

the S2-neutron shell in the fission fragment. The location 

of this shell with regard to the product mass number depends 

on the number of neutrons evaporated from the fragment. 

The lowest value of (;reported is 0.29, calculated 

for the mass-136 chain by Strom (23) from fractional yields 

reported earlier by Katcoff (24), but the significance of 

this value is reduced by the uncertainity of the mass 

assignment for the iodine reported for this chain. For 

the mass-133 chain, a 0-of 0.45 + 0.03 is reported by 

Strom et al. (20). For the mass-139 chain, <Y, reported 

by Wahl et al. (7), is 0.75 + 8:i~· The average fragment 

masses which result in products of mass 133-139 have been 

estimated using Terrell's values for the number of neutrons 

evaporated from a fragment (21), and also with Apalin's 

values for neutron multiplicities (22). The average number 

of neutrons in a fission fragment with the most probable 

charge (Zp) for the 133, 136, and 139 mass chains was esti­

mated by subtracting the experimental Z value from the p 

calculated fragment mass. Lack of data for the 137 and 138 

mass chains prevents such calculations for these chains. 
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Results are listed in Table IV. In spite of the uncertain­

ties in neutron multiplicities and in Z, and the nature p 
of the calculations, which result in non-integral Zp and A' 

values, the proximity of the discontinuity to the 82-neutron 

shell is evident. 

Variation of Zp With Mass Number 

The postulates for the variation of Zp with mass 

number have been described in Chapter I. A convenient 

method of presenting Zp values as a function of fragment 

mass number is to plot the deviation from unchanged charge 

distribution (i. e., from products having the same neutron­

proton ratio as the fissioning compound nucleus, 236u). 

Figure 12 shows such a plot for measured values of Zp in 

the 140-146 mass region; Apalin's values for the neutron 

multiplicities have been used to calculate A'. Measured 

Zp values for complementary light-mass chains are super­

imposed by inverting the charge scale at the line repre­

senting unchanged charge distribution, since an increased 

density of charge in one fragment necessarily indicates a 

corresponding decrease in the complementary fragment. This 

plot shows the increased density of charge in the light 

fragment noted by Wolfsberg (8), who showed a deviation of 

-----0.6 charge unit in favor of the light fragment, in thermal-
235 233 neutron induced fission of U and U, and also in 14-MeV 
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TABLE IV 

AVERAGE NUMBER OF NEUTRONS IN FISSION FRAGIVIENTS WITH 
THE MOST PROBABLE CHARGE (PRODUCT MASSES 133-139) 

Terrell's Neutron Apalin's Neutron 
Multiplicities Multiplicities 

A' AT - z p A' A' - Z p 

133.7 82.1 + 0.04 133.6 81.9 + 0.04 

136.9 83.4 136.8 83.3 

138 .0 138.0 

139.0 -- 139.1 

140.1 86 3 + 0.14 
· - 0.10 140.28 86 5 + 0.14 

. - 0.10 

a-

0.45 + 0.03 

0.29 

0 75 + 0.14 
. - 0.10 

V, 
N 
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· d d f' · f 235u d 238u Th d · t· neutron in uce ission o an . e evia ion 

from unchanged charge distribution in the mass-144 chain 

is similar to the values previously measured in neighboring 

chains; it does not show a trend toward unchanged charge 

distribution. 

Presently available data do not show whether this 

decreased density of charge continues for isobaric chains 

heavier than 144. Only three experimental fractional yields 

had been reported in these chains, previous to the present 

work. All of these values are of very small independent 

yields. For very small independent yields, errors in the a­

assumed for the distribution lead to large errors in the cal­

culated Zp. For none of the masses above 144 has more than 

one fractional yield (providing an experimental observation 

of 0-) been measured. It is significant, then,that the Zp 

reported here for the mass-144 chain shows the ----0.6 charge­

unit deviation in favor of the light fragment continuing; 

and it would be of interest to calculate Z for the mass-147 p 

chain. · 

The postulates for predicting the variation of Z p 

with fragment mass number diverge for the fission product 

masses above ,__,144. Here the postulate of equal charge dis­

placement (ECD) predicts an increasing density of charge; 

Wahl's empirical relationship (7) also predicts an increasing 

density of charge, both still retaining a lower proton-to-
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neutron ratio than 236u. Calculations using Niecets 

empirical CY function (9) result in a higher charge density 

for the heavy-mass fragments than that of the fissioning 

nucleus. 

By use of the constant CYassumed and the Z pre-
p 

dieted by Wahl et al., the fractional cumulative yields for 

the members of the mass-147 chain are predicted to be: 

lanthanum, 0.J4; cerium, 0.95; and praseodymium, 0.9999. 

The predictions from Niece's 0-function and Zp values are: 

lanthanum, 0.0008; cerium, 0.20; and praseodymium, 0.95. 

The value of the fraction of the 147 chain present 

as cerium at the mean irradiation time cannot be corrected 

exactly for the independent yield of 1471a, since the half­

life of this nuclide is unreported. This fraction, 

(0.96 + 0.063), is, however, consistent with the yield 

predicted by Wahl's empirical function, and a half-life for 

l471a of ___,2 seconds. The measured fraction is inconsistent 

with Niece's prediction. 

Because the Zp values for this region were predicted 

by Niece from very small independent yields, these predicticns 

are very sensitive to errors in estimating CY. The fact that 

h d · ld f 147c . . t t . h W hl' t e measure yie o e 1s consis en wit a s pre-

diction and not with that of Niece suggests the decrease of 

v with increasing mass number does not continue linearly in 

the heavy-mass region. 
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Half-Life of Ba 

In order to compare the half-life of 144Ba, found 

to be 11.9 + O.J seconds, with theoretical predictions, the 

energy available for the transition must be estimated. 

Viola (25) estimates 2.980 MeV for the transition to ground 

state 1441a; his predictions are based on nuclear decay 

energy systematics. An even-even isotope with O spin and 

even parity, 144Ba decays to odd-odd 1441a. From Viola's 

estimate of the energy available and the measured half-life, 

this is an allowed transition. From shell model considera­

tions, however, an odd parity state would be expected for 

l441a. If the transition is allowed, no parity change is 

predicted; for a forbidden transition (parity change) a 

half-life longer than that found would be expected. 

A low-lying state of opposite parity in 144Ba or 

1441a would provide an explanation of the short half-life, 

but the uncertainty in the energy available for the transi­

tion makes the presently available evidence inconclusive. 



CHAPTER VI 

SU:MlVIA.RY 

In the mass-143 chain, a third fractional yield, 

the cumulative yield of 143Ba, has been measured and found 

to be 0.875 ± 0.040. This yield is consistent with the 

assumption of a Gaussian distribution for this chain; Zp is 

55.92 + 8:~~ and Cfis 0.59 ± 0.04. 

The fractional cumulative yield of 144Ba is 

0.773 + 0.035. In combination with the previously reported 

l44xe yield, this measures the width of the nuclear charge 

distribution for the mass-144 chain; O'is 0.51 + 0.03. z p 

for the mass-144 chain is 56.11 + 0.04. The decrease in 

charge dispersion with increasing mass number, noted for 

isobaric chains of mass numbers 139 to 143, continues for 

mass 144. The decreased charge density, as compared to the 

fissioning compound nucleus, observed in other heavy-mass 

chains, also exists in the mass-144 chain. 

The fractional cumulative yield of 147ce, neglecting 

the small correction for the 1471a independent yield, is 

0.963 + 0.063. Lack of other yield measurements in the 

mass-147 chain prevents calculation of a unique Z value or p 

CT for this chain; the measured yield is not consistent 

with a 0--as narrow as that predicted by a linear extrapola­

tion of values measured for masses in the 139-144 mass region. 
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The half-life of Ba has been measured and found 

to be 11.9 + 0.3 seconds. 
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