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I . Introduction 

Mass spectrometers have been used extensively in the field of nuclear 
chemistry. and the development of instruments of high sensitivity in recent 
years has made them indispensable tools in this field . In particular. the use 
of isotope dilution techniques has extended the usefulness of mass spectrom- 
eters in the solution of nuclear problems . 

The important developments in nuclear chemistry in which mass spec- 
trometers have played a role will be reviewed in this chapter . These include 
the identification and determination of radioactive isotopes and of stable 
daughter products in nature. the accurate determination of half-lives for 
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aertaiu radioactive isotopes, iicutroti cross sections of both stable and 
r;tdionrtivc isotopes, and, finally, the accurate determination of mass chain 
yields and independent yields of fission products from the various elements 
which undergo fission. 

In all these applications, sensitive instrumoiits for the determiiintion 
of isotope abundances are required. In this connection, the conventional 
ionic-type mass spectrometer is used almost exclusively for the determina- 
tion of absolute and relative isotope abundances with the exception of the 
wide use of infrared methods for the determination of hydrogen to deuter- 
ium ratios. 

The early mass spectrographs or mass spectrometers, were used mainly 
to  identify the isotopes of the elements and to  measure their abundances. 
Using the parabola method of positive ion analysis, J. J. Thomson (107) 
showed conclusively that the element neon consisted of at least two types 
of atoms, one of mass 20 and the other of mass 22. A third stable isotope of 
mass 21 was later shown to exist. In 1919, Aston (6) designed the first 
“mass spectrograph” which could be used to measure isotope ubuiidanccs 
arid succeeded in making abundance determinations of a number of ele- 
ments. In 1918, Ilempster (24)  developed a new type of instrument which 
employed a method used earlier by Classen (90) to determine the electron 
charge-to-mass ratio. This instrument which uses the geometric focusing 
properties of a homogeneous magnetic field on a stream of charged particles, 
forms the basis of most ionic-type mass spectroscopes used today. These 
instruments are comprised of four basic components, u sample system, an 
ion source, tin analyzer, niid an ion-detector system. In general, ions which 
are produced at the source, either by elcctron impact or by thermionic 
emission from a hot filament, are accelerated by a voltage V through a sys- 
tem of slits. The beam of ions produced is then deflected by a uniform mag- 
netic field II in the analyzer, according to the relation: 

where e is the ionic charge, m is the mass, arid R the radius of curvature of 
the ion path in the magnetic field. By a suitable adjustment of the param- 
eters V and H ,  ions of any desired mass may be collected by a Faraday cup 
and measured. The measured current of positive ions is the basis of relative 
abundance calculations. 

By 1930, Aston and Dempster, between them, had investigated the iso- 
topes of most of the then known elements. However, their instruments 
were of low sensitivity and many isotopes were missed. For example, Aston 
in his work on the isotopes of ruthenium (7) was unable to detect nuQ8 
which was later found to  have a natural abundance of 1.9%. Also, the iso- 
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topes C13, N16, 01’, and 0lR went undiscovered until the late 20’s when thcir 
existence was established by optical spectroscopy (45). 

A. INSTRUMENTAL SEXSITIVITY 

Following the pioneer work of Aston and Dempster, there were rather 
limited advances made in the field of isotopic abundance measurements until 
1935 when A. 0. Nier (85) introduced a number of improvements to  mass 
spectrometer design. Since then, many more refinements have been made, 
particularly with regard to more efficient ion sources and to  more sensitive 
ion detectors, so much so, that the mass spectrometer has become an 
extremely sensitive instrument for the detection of practically all of the 
elements, and its sensitivity remains second only to  that of radioactive 
counting techniques. 

With the development of the electron multiplier by Bay (10) and Allen 
(3) and its subsequent incorporation into a mass spectrometer as an ion 
detector @ I ) ,  it has been possible to increase the sensitivity of a standard 
mass spectrometer by as much as a factor of lo4. 

Also new and more efficient ion sources have been produced both for 
gas and solid samples (8). For example, Inghram (56) modified a surface 
ionization source to  incorporate three filaments and succeeded in analyzing 
samples of the heavy elements as small as 10-l2 gm, when the source is 
used in conjunction with an electron multiplier detector. The over-all 
efficiency of a surface ionization source depends upon the number of 
neutral molecules impinging on the ionization surface a t  the operating 
temperature of the filament. In  the case of many elements which have high 
ionization potentials, it is found that the vapor pressure of the compound 
containing the element reaches a high value before a suitable ionization 
temperature can be achieved. The multiple filament source circumvents 
this difficulty when the sample is dried on one of two sample filaments which 
are in close proximity to  a high temperature ionizing filament. By controll- 
ing the current in the sample filament, it is possible to set the sample 
evaporation rate a t  any given level. The neutral atoms which then impinge 
on the hot ionization filament are ionized and accelerated into the magnetic 
analyzer. 

F. A. White et al. (120) have employed a filament which is folded in the 
shape of a V into which the sample is placed. Neutral atoms which are 
evaporated from the hot tungsten are given an additional opportunity to 
become ionized on the walls of the tungsten V before they reach the first slit 
of the ion source. Both the V-shaped filament and the multifilament ion 
sources have proved successful in improving the efficiency of ion production 
for elements having high ionization potentials. 
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R. ABSOLUTE ABUNDANCE MEASUREMENTS 

Sources of error in isotope abundance measureincuts have been discussed 
in detail elsewhere (106). The reproducibility of results with a modern 
iristrumcrit is usually better than 0.1%. Furthermore, i t  is possible to detect 
differences in isotope ratios of better than 0.02% using isotope ratio instru- 
ments which employ simultaneous ion collection systems. These high-pre- 
cision isotope ratio instruments are used extensively to study equilibrium 
and kinetic isotopc cffccts in chemistry and to measure the variations in 
isotope abundances that occur in nature. 

Although the isotope ratios of samples may be compared with high pre- 
cision, the absolute errors may be quitc large, usually of the order of 1.0%. 
These errors may be attributed to the method of introducing the sample 
into the mass spectrometer or to discriminating effects within the ion source, 
analyzer, or detector regions of the instrument (26). 

For the mass spectrometric analysis of gaseous elements, the sample is 
introduced into the ionization chamber through what is known as a “leak.” 
Molccular flow will occur through the leak when the mean free path of the 
molecules is at, least 10 times greater than the diameter of the leak. The 
velocity of flow will then be inversely proportional to  the square root of 
the isotopic mass. At the same timc, molecular flow will occur when the 
gases are pumped out of the ionization chamber. Provided the volume of 
the gas reservoir behind the leak is large so that depletion of a light isotope 
is small during analysis, cancellation of the discrimination in the gas flow 
system occurs. Thus the gas in the ionization chamber will have the same 
composition as that of the reservoir. 

On the other hand, viscous flow will dominate in the leak when condi- 
tions are such that the mean free path is small compared t o  the leak dimen- 
sions. In  this instance, the flow rate is independent of the isotopic mass and 
a correction which is proportional to 1 0 is necessary to  compensate for 
molecular flow from the ionization chamber. 

When analyzing elements which are ionized by evaporation from an 
oven or heated surface, isotopic fractionation is once again a serious prob- 
lem. This fractionation which again depends upon 1 1 / M  is large when the 
isotopic masses are small. It is therefore essential that each ionization 
process be investigated to determine the amount of discrimination which 
occurs during the analysis of a particular element. 

When electron impact sources are employed, some mass discrimination 
effects can be attributed to space charges which build up in the ionization 
chamber. The magnitude of these effects may be determined by measuring 
the isotope ratio as a function of the ionizing current arid then extrapolating 
to zero current. In  addition, isotope effects may occur in the dissociation 
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of molecules by electron impact. Since there is no satisfactory explanation 
for this phenomenon, care must be exercised when mass spectrometric 
studies of molecular species are undertaken (106). 

Other effects which are of a minor nature but still require attention when 
making absolute abundance measurements are those which occur in the 
analyzer tube and at the collector. Residual gases in the instrument can 
provide a source of error when weak ion currents are being measured. These 
can usually be minimized by baking the spectrometer a t  temperatures 
between 300’ and 400°C in order to outgas the entire source and analyzer 
system before the sample is introduced. Small angle ion scattering can, in 
general, be overcome to a large extent by proper design of the instrument. 
The tandem analyzer design of Inghram and Hess (58) and White and 
Collins (118) practically eliminates this effect and it is then possible to 
measure the ion currents of adjacent masses which have an abundance 
ratio of approximately lo8. This type of “tandem” or double analyzer mass 
spectrometer is being used in a number of laboratories to determine either 
a rare isotope in nature (119, 120) or the formation of an isotope in some 
nuclear process, in each case in the presence of a very high concentration 
of the adjacent or target isotope. Such instruments are, of course, ideal 
for the study of certain (n, 2n) reactions and are perhaps the ultimate in 
low-level detection work. It should be pointed out, however, that the 
abundance sensitivity of mass spectrometers using a single magnetic 
analyzer may be considerably improved by using improved pumping sys- 
tems and operating at lower pressures. 

At the collector, secondary electron emission, which occurs when the 
energetic ions are stopped, is prevented by incorporation of a suppressor 
grid in the detector assembly. A less elegant method is to collect the ions 
in a long V-shaped electrode from which very few secondary electrons will 
escape. When an electron multiplier is employed to detect the ions, a mass 
discrimination will occur when the integrated electron current from the 
multiplier is used as a measure of the ion current. When pulse-counting 
techniques are used to detect the ions, this discrimination disappears pro- 
vided each ion produces an electron pulse which is of sufficient magnitude 
to be counted by some counting rate-measuring device. It is obvious that 
accurate absolute abundance measurements require very careful studies of 
a number of discrimination effects which occur in the mass spectrometer 
if an absolute accuracy of the order of 0.1% is to be achieved. 

In 1950, Nier (86) reported the redetermination of the relative abun- 
dances of the isotopes of a number of elements with an accuracy of 0.1%. 
The mass spectrometer used in these studies was calibrated for mass dis- 
crimination effects by means of carefully prepared synthetic mixtures of 
A36 and A40. Samples of elements for which accurate isotope ratios are 
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known may he used as secondary standards for instrument calibration 
purposes. 

C. CONTAMINATION PROBLEMS 

Ever sinec the time of Aston, contamination problems have plagued 
the mass spectroscopists. Ions of hydrocarbon fragments which fall a t  
almost every mass present a serious problem. These contamination prob- 
lems are even greater when instruments of high sensitivity are used in 
low-level detection work. Small residual ion currents due to hydrocarbons 
persist even after long baking and inert gas flushing of the mass spectrom- 
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FIG 1. Mass spectrogram of the xenon isotopcs for the thcrmnl ncutron fission of 
P1lP” (62). 

eter. However, the hydrocarbon problem may be overcome by increasing 
the resolution of the instrument until the isotopic masses in question are 
resolved from the hydrocarbons corresponding to the same masses. This 
may be done with conventional instruments simply by using narrower 
entrance arid exit slits in the mass spectrometer, providing the instrument 
sensitivity is sufficient to measure the decreased ion currents which result. 
Figure 1 shows a mass spectrogram of the xenon isotopes in B sample of 
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fission gas from the neutron-induced fission of Pu239 (6%’). The isotopes 
Xe131, Xe132, Xe134, and Xe136 are all produced in high yield and hydrocarbon 
contamination “peaks” did not show up a t  the low sensitivities used to  
measure them. However, in the case of the isotopes of XelZ8, XelZ9, and 
Xe130, measured a t  sensitivities 1000 to  5000 times higher, small hydro- 
carbon peaks did appear on the high mass side of each isotopic peak. When 
these doublets are completely resolved it is then possible to identify and 
measure rare isotopes such as XelZx even though the hydrocarbon contam- 
ination produces 4 times the ion current. In  the particular example shown 
in Fig. 1, the sample contained approximately 10-I2 gm of Xe12*. The limit 
of detection in this case was of the order of 10-13 gm. 

D. ISOTOPE DILUTION 

The mass spectrometer method of chemical analysis which employs 
isotope dilution techniques has wide application in nuclear chemistry and 
physics, particularly in low-level detection work. There are many problems 
which require a quantitative measure of the amount of a particular element 
or isotope present in a sample in amounts less than one part per million. 
Sensitive mass spectrometers and the availability of tracer isotopes make 
the solution of these problems possible. 

The isotope dilution method first proposed by Hevesy (49) has been 
used extensively by Rittenberg (94) with stable isotope tracers for the deter- 
mination of the elements and compounds of hydrogen, carbon, and nitrogen. 
Now that separated isotopes of many elements are more readily available, 
the method has been greatly extended and the isotope dilution technique 
has become a very effective tool in quantitative trace analysis. By adding 
to  a sample a known amount of a separated or enriched isotope of the ele- 
ment under study and then measuring by means of a mass spectrometer, 
the resulting change in the isotopic abundances of the element, i t  is possible 
to calculate the absolute number of atoms which were present in the original 
samples. For example, Xelz8 which is produced by neutron irradiation of 
112’ (P7 5 Xe128) may be used as a tracer isotope in the absolute 
determination of xenon. In  this case, a small quantity of XelZ8 tracer is 
measured out with a system of gas pipettes and added to  the gaseous Sam- 
ple. The xenon may then be extracted from the sample employing the usual 
techniques of rare gas purification. Finally, the change in isotopic composi- 
tion of the xenon is determined mass spectrometrically. From this pro- 
cedure, the number of atoms of the various isotopes of xenon in the original 
sample may be determined. In cases where it is known that the isotopic 
composition of the element under investigation is different from the com- 



322 H. G .  THODE, C. C. MCMlJLLEN, AND K. FHITZE 

position found in nature (for example, fission products), measured yu:tn- 
titics of the normal element can be used as diluent. In  the isotope dilution 
method, the tracer is measured and added to  the sample under study prior 
to  any chemical separation of the element in question. A quantitative 
recovery of the tracer and unknown is then unnecessary since the analysis 
depends only on the ratio of the isotopes in the tracer-unknown mixture 
which is not significantly affected by separation procedures. This is an  im- 
portant feature of the method since it is very difficult and tedious to  obtain 
100% yields in trace analysis. A hypothetical isotope dilution measurement 
of lanthanum in a solid sample (59) is illustrated in Fig. 2. 

L A 1 3 8  

IFROM TRACER1 

I PPM OF LAf3' ADDED AS TRACER 

THEREFORE,FROM ISOTOPIC RATIO, 

LANTHANUM IN SAMPLE IS 0 5 PFM 

J I V  I 
I38 I39 140 

MASS NUMBER 

14'1~. 2. Hypothetical isotope dilution dcterminstion of lanthanum (69). 

One serious difficulty which is encountered in the determination of 
minute samples or of trace impurities in a sample is that of contamination 
from reagents. By analyzing samples of different size it is possible to  evalu- 
a te  the extent of this interference. In  general, extreme care must be taken 
in the preparation of reagents to ensure that the contamination by trace 
quantities of an element is reduced to a level which can be tolerated. 

Since stabIc isotope dilution depends on the mass spectrometric deter- 
mination of isotope ratios, the method is generally restricted to  elements 
which have a t  least two stable isotopes. However, in the case of mono 
isotopic cesium, the long-lived fission product Cs13s or Cs137 can be used as 
a tracer for thn analysis of this element. In  all, some 68 elements can be 
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analyzed hy this method (57).  Modern mass spectrometers which employ 
electron multipliers for ion detection may detect as little as gm of 
most elements. In the case of gas analysis it has been possible, using high- 
vacuum techniques, to measure 1 part in lo8 of krypton in xenon (117). 
By eliminating the difficulty with gas scattering it should be possible to 
obtain sensitivities of 1 part in lolo. 

Application of trace element techniques has brought fruitful results in 
the area of nuclear science. Some of the important results obtained to date 
are discussed in the following sections. 

11. Mass Assignment 

During the last 25 years, a large number of radioactive species has been 
discovered. One of the prime objectives of nuclear chemists has been to 
assign the atomic number and the mass number to the nuclides which are 
responsible for observed activities. In general, the atomic number is found 
by chemical analysis, whereas the mass assignment is most unambiguously 
obtained by methods involving mass spectrometric techniques. 

As early as 1937, Smythe and Hemmendinger (97) separated the iso- 
topes of potassium in a high intensity mass spectrometer and showed con- 
clusively that the activity which had been discovered 30 years earlier (19) is 
associated with K40. In the same year, the known @-activity of natural 
rubidium was assigned to RbS7 using two different methods. Hemmendinger 
and Smythe (46) used exactly the same experiment as for potassium, 
whereas Mattauch (78) showed that strontium isolated from an old 
rubidium-rich mineral was essentially pure Sr87 (see also Section 111). 
Since 1945, mass assignments have been made to nearly 200 artificially pro- 
duced radioactive species. This has been made possible on the one hand 
by the enormous development in instrumentation during the war years 
and, on the other hand, by the ability to produce a large number of radio- 
active isotopes in sufficient quantity to allow this type of study. One tech- 
nique uses a mass spectrograph to separate the isotopes which are deposited 
either on photographic plates or on metal collectors. In the photographic 
method, the known spectrum of the stable element is used for mass calibra- 
tion. Any additional lines can be attributed to artificially produced isotopes 
and activities can be assigned to their respective masses using the “transfer 
plate” technique (43). 

In this method a second photographic plate is placed in contact with the 
original collector plate. The radiations emitted by any radioactive nuclide 
cause, after a suitable exposure, a blackening on the second plate and thus 
makes possible the identification of the nuclide or nuclides responsible for 
the radioactivity. An alternative method is to scan the first plate with a 
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rtidintioti dctcator having a fine slit. These tecfiiiiyues have t w n  widely 
used by workcrs in  this field (41, 71, 72, 93). 

Approximate measurements of the half-life have been employed, when- 
ever possible, to  establish the identity of the radioactive species involved. 
If a line corresponding to one isotope is found on the transfer plate, mass 
assignment of the activity is certain. However, if the transfer plate shows 
more than one line, a rough half-life measurement must be made in order to 
associate the proper mass with the accurate half-life obtained from other 
experiments. For example, Hess et al. (4'7) analyzed neutron-irradiated 
rhenium in a mass spectrograph, collecting the ions on a photographic 
plate. Two successive radioautographs of this plate were made, the first 
one being exposed for 36 hr, the second one for 180 hr. All three plates were 
then developed tirid cornparisoils of the lines made, using the primary plate 
as a mass marker. The 36-hour plate showed two weak lines a t  masses 186 
tind 188, whereas, the second plate revealed only one line tit mass 186. 
On the other hand, the decay curve for neutron-irradiated rhenium can be 
resolved into two components having half-lives of 17 hr (73) and 91 hr (22).  
Since no line appeared a t  mass 188 on the second transfer plate the shorter 
of the two half-lives must be associated with this rhenium isotope. 

Iristetid of the conventional mass spectrograph, other types of mass 
spectroscopes have been used in an effort to obtain mass assignments. A 
time-of-flight mass separator, constructed a t  the University of Californitk, 
has been used extensively to study high-energy fission and spallation prod- 
ucts (85). This instrument features an absolute mass calibration which 
renders unnecessary the observation of ion currents from isotopes of known 
mass. The investigation of iodine isotopes obtained as spallation products 
of cesium (1 )  is a11 example of the use of electromagnetic isotope separators 
not, only for mass assignment purposes but also for obtaining correct values 
for the half-lives of several isotopes of the same element. Normally, the 
isotopes are collected on thin metal foils which are cut into strips for count- 
ing, each strip containing the atoms which have been collected a t  one mass 
position. 

Ill. Half-life Determinations 

The obvious method of determining the half-life of a radioactive sample 
is to measure the change in activity of the sample in successive intervals 
of time. Another satisfactory procedure is to measure the disappearance 
of a radioactive parent nuclide or the growth of a daughter nuclide using 
mass spectrometric techniques. In  the former method, emitted particles 
are counted, whereas, the latter method measures directly the decrease in 
the amount of the parent isotope, or the increase in the amount of the 
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daughter isotope, both relative to  a stable isotope of their respective ele- 
ment. In  addition, a combination of counting and mass spectrometric 
measurements can be used effectively to  measure half-lives which cannot 
be readily determined by other methods. 

A. DECAY METHOD 

The half-life T+ of any radioactive species is given by the following 
equation: 

T, = -0.6932/(1n NINo),  (2) 
where N / N o  is the fraction of the atoms remaining after a decay time t .  
Thode and his collaborators (104, 112) who discovered the long-lived 
fission product Kra5, have assigned its half-life as 10.27 f 0.18 yr by 
measuring several times during a period of 7 yr the change in Kr8s/Kr84 and 
Kr85/Kr86 ratio. Since both Krs4 and Krss are stable isotopes, the measured 
ratios can be used directly to obtain N/No.  In principle, either of the two 
ratios is sufficient to determine T,. However, the Kra6/Krs4 ratio provides 
a means of correcting for any normal krypton which could be introduced 
accidentally because of frequent handling of the sample over a long period 
of time. Essentially the same procedure has been used to determine the 
5.271 f 0.002-day half-life of Xe133 (74) and a 33 f 2-yr half-life of Cs13’ 
(121). Half-lives, ranging from about 50 yr to  a few days, can be determined 
using this method. The lower. half-life limit is governed by the difficulty in 
obtaining a sufficient quantity of the isotope in question for mass spec- 
trometric analysis. Since the sensitivity of mass spectrometers changes 
from element to  element, this lower limit cannot be well defined. As in the 
case of counting techniques, the upper half-life limit is determined by the 
length of time during which observations are made relative to  the half-life 
of the isotope under study. 

B. DAUGHTER-GROWTH METHOD 

Since each radioactive decay forms one atom of a different element, the 
accumulation of the daughter product can be followed as a function of time. 
This build-up can be expressed by the following equation : 

(3) 

where N d  is the number of daughter atoms; N O  the number of parent atoms 
at t = 0; t the elapsed time; and T,, the half-life of the parent isotope. 
Since the fractional change in Nd is particularly large for values of t which 
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are small in comparison to the half-life, the daughter-growth method per- 
mits a more accurate determination of long half-lives in a relatively short 
period of time. For example, work is in progress in this laboratory to deter- 
mine, mass spectrometrically, the amount of SrS7 which has been formed 
from the @decay of the Rbg7 in 20-gm samples of strontium-free rubidium 
perchlorate. Using the currently accepted half-life of 5 X 1Olo  yr (2) for 
HbR7 approximately 7 X lo-" gm of SrS7 would be formed during a 2-yr 
period. It is felt that this quantity of SrE7 can be accurately determined 
employing a known amount of SrgO for isotope dilution. In principle, the 
same approach was used in 1938 when Strassmann and Walling (101) 
analyzed an old mica from Manitoba, Canada, for its rubidium and stron- 
tium content. They calculated the half-life (6.3 X 10*O yr) from the geologi- 
cal age of the mineral after Mattauch (78) had proven, mass spectrographi- 
cnlly, that the chemically isolated strontium consisted of 99.7% Srs7. By a 
careful analysis of several minerals from a number of pegmatites, using 
isotope dilution methods, Aldrich and his co-workers (2) have shown the 
half-life of Rbg7 to be (5.0 f 0.2) X 1 O ' O  yr. However, in experiments of 
this kind, the accuracy of the half-life is limited by the value obtained for 
the geological age, a difficulty which is circumvented in the experiment 
discussed above. 

C. SPECIFIC ACTIVITY METIIOD 

Another accurate, but experimentally more difficult, method of deter- 
mining the half-life is to evaluate the components of the differential decay 
equation : 

0.693 
d N / d t  N '  

Ti = -~ (4) 

The disintegration rate, d N / d t  can be measured by absolute counting and 
the number of atoms N determined by means of mass spectrometric tech- 
niques. Bartholomew et al. (9) isolated the chlorine from irradiated KCl 
and measured the disintegration rate of a known amount of chlorine using 
4r beta counting methods. Another portion was analyzed by means of a 
mass spectrometer for the ClS6 content. Combining these results, they ob- 
tained a half-life of 3.08 X lo6 yr for CP .  In cases where the amount of 
the radioactive isotope is small, aliquots of a stock solution of the element 
are used for 47r counting and to determine the concentration by means of 
isotope dilution. This procedure was followed by Wiles and Tomlinson 
(122) and by Brown et al. (16) to determine the half-life for Cs13'. The dif- 
ference in the results of the two groups (26.6 yr and 30.0 yr, respectively) 
is difficult to explain since the corrections applied to the 4~ counting meas- 
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urenieiits were cssciitially the same in both ~ascs. This method has been 
used to determine the half-life of Be"' (SO), SrgO (123), U232 (96), and other 
isotopes. 

IV. Neutron Capture Cross Sections 

Although a number of different reactions can be initiated wheii an ele- 
ment is irradiated with neutrons, this discussion will be restricted essentially 
to slow neutron reactions of the (n,y) type. These reactions produce a mass 
increase of unity in any isotope involved and, consequently, cause a change 
in the isotopic composition. The magnitude of these changes will be deter- 
mined for the various isotopes by the neutron capture cross section, the 
neutron flux, and the irradiation time. 

Quantitatively the ( n , ~ )  reaction can be described by the following 
equation: 

N = N o  e-"'@, ( 5 )  

where N o  is the number of target nuclei a t  the beginning of the irradiation; 
N ,  the number of target nuclei remaining a t  the end of the irradiation; uc, 

the capture cross section; 4, the neutron flux; and t ,  the irradiation time. 
The form of this equation immediately suggests that the approach to  

measure cross sections is similar to  the one used for the determination of 
half-lives. However, cross section measurements are complicated by the 
fact that uC is a function of the neutron energy and by the difficulty jn 
obtaining a reliable value of the neutron flux. The product isotope of an 
(n, 7) reaction can be either radioactive or stable. In  the former case, either 
counting methods or mass spectrometric techniques can be utilized in order 
to obtain information concerning the capture cross section. When the prod- 
uct isotope is stable, only mass spectrometria methods are applicable. 

A. QUANTITATIVE DETERMINATIONS 

Dempster (25) for the first time showed that the isotopic composition 
of an element could be modified by a long neutron irradiation and proved 
conclusively that Cd"3 was responsible for the large cross section which 
had been observed previously in normal cadmium. His spectrograms of 
irradiated cadmium revealed a marked decrease in the intensity of the 
Cd113 line and a corresponding enhancement of the Cd114 line. Lapp, Van 
Horn, and Dempster (68) also showed that the large cross section found in 
samarium and gadolinium could be attributed to  the isotopes Sm14Q, Gd166, 
and CrdIS7. Figure 3 shows a mass spectrogram of the gadolinium isotopes 
before and after irradiation with thermal neutrons. It can be seen that 
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FIG. 3. Mass spcctrogrrtm of gadolinium before and after thcrmnl ncritron irradiBtion 
(110). 

(hi*65 and Gd16' have been completely converted to Gdlb6 and Gd168, respec- 
tively, as a result of neutron absorption. 

H. EELATWE Caoss SECTIONS 

With a mass spectrometer it is possible to measure relative changes in 
isotopic composition very accurately. One can, therefore, obtain some yuan- 
titative information coriccrr~ing capture cross sections. In the case of a 
hypothetical element consisting of three stable isotopes, A ,  B, and C, having 
successive mnsses where A and C have measurable cross sections, the num- 
ber of atoms of the different isotopes, after an irradiation of time duration 
1, can bc expressed as follows: 

N A t  = N A ~  e-"A6t, (6) 

N s t  = NBO + N A O ( ~  - ecUAACt), (7) 

N c t  = N C ~ ~ - " " ~ ~ ,  (8) 

where N A t ,  N B t ,  Nct  are the number of atoms of isotopes A ,  B, and C after 
the irradiation; N A ~ ,  NBO, Nco are the number of atoms of isotopes A ,  B, 
and C at  the beginning of the irradiation (1  = 0) ; UA,  UC, the neutron cap- 
ture cross section of isotopes A and C ,  respectively; 4, the neutron flux; 
and t ,  the irradiation time. 
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Ry combining Eqs. (6), (7), and (S), the following expression relating 
aA and (TC can be derived : 

The values for NA~,”co and N B O / N A O  are obtained from the known 
abundances of the element before irradiation, whereas, N c t / N ~ t  and 
N B ~ , ” A ~  can be calculated from the results of the mass spectrometric 
analysis of the irradiated material. The accuracy of spectrometric measure- 
ments are usually good to  f 0 . 5 %  or better. 

It should be realized that this hypothetical example is a rather simple 
one and in practice, the problem is frequently complicated by one or more 
of the following factors: (1) the number of stable isotopes is larger; (2) 
some of the irradiation products are radioactive but have a considerable 
cross section which might lead to another stable isotope; (3) the capture of a 
neutron by a particular isotope can produce isomers, which, in turn, are 
likely to have different cross sections (in this case also the branching ratio 
for the production of the two isomers would have to  be taken into account); 
(4) if the irradiation position in the reactor is such that the contribution 
of fast neutrons is significant, allowance may have to  be made for other 
types of nuclear reactions. It is obvious that these complicating factors 
will make the mathematical treatment more complex. In  this connection, 
the reader is referred to  a paper by Hayden, Reynolds, and Inghram (44) 
which deals with the reactions induced in europium by slow neutrons. 
Studies of the isotopic capture cross sections of a number of other  clement^ 
have been performed by other workers (48, 54J 111). 

C. ABSOLUTE CROSS SECTIONS 

It will be noted in most of the publications that  absolute capture cross 
sections have been tabulated. In  order to  convert from relative to  absolute 
isotopic cross sections, a knowledge of the absolute elemental cross section 
is required. Since the elemental cross sections are rarely known to better 
than &lo%, the error in the isotopic cross section will be determined by 
the accuracy of the assigned elemental cross sections. 

If Eq. (5) is rewritten in the following form 

(T = (In N I N d / &  ( 10) 

it can be seen that a mass spectrometric determination of N/NO and a 
knowledge of the integrated neutron flux 4tJ will permit an evaluation of 
the absolute capture cross section. The integrated flux can be determined 
by the simultaneous irradiation of a flux monitor with the sample. Boron 
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arid cobalt have been used for this purpose (35,Ol). In the former case, thc 
change in the Bl0/B11 ratio resulting from the B1" (np) Li7 reaction is meas- 
ured and $t calculated, using the known Bl0 cross section 

111 the latter case, the disintegration rate of 
irradiation is measured and $t calculated using 

Coeo produced during the 
this information 

The accuracy of the value of the integrated flux will be largely determined 
by the accuracy of the cross section assigned to  the monitor material. 

Up to this point, discussion has been restricted to  multi-isotope ele- 
ments. Since one obtains only isotopic ratios from mass spectrometric 
analyses, the disappearance of a single isotope cannot be measured directly 
if the radioactive product is short-lived. However, in principle, a method 
which is very similar t o  the daughter-growth method for determining half- 
lives (Section 111) should be applicublc. For example, the neutron irradia- 
tion of Au197 yields Au198 which decays with a 2.70-day half-life to  HglgX. 
After a suitable irradiation and decay time, the gold is dissolved, a known 
quantity of mercury added, and the isolated mercury analyzed in a mass 
spectrometer. From the increase in the Hg1Q8/Hgly9 ratio the number of 
AuIgR atoms produced can be calculated. As a result, the cross section can 
be obtairied providing the neutron flux 4 is sufficiently small that the 
( n , ~ )  Aulyy reaction is of no consequence. 

The largest neutron capture cross section ever found is the oiie for 
Xe136. This isotope which has a 9.2-hr half-life (61) is one of the high yield 
fission products and, therefore, an exact knowledgc of its cross section is 
extremely important from the standpoint of nuclear technology. The fission 
product chains involving XelXb nnd Xe136 can he represented as follows (61): 

I 3 x 1Wy C P  -+ stable nn"5 (11) 1 

I 

/1 15.3m Xe136m 

'9.2h xo135 /" 

Tcls6 -+ G.7h 1'36 

1 + 11 

Te136 + 8Gs --+ stable 

If the irradiation of the fissile material is carried out a t  u low neutron 
flux the X ~ 1 3 ~  ( n , ~ )  Xe1s6 reaction will not significantly alter the cumulative 
yields of the Xe136 and Xe136 mass chains. As the flux increases, the number 
of Xe136 atoms present a t  any time will become larger and a significant 
increase in the yield of the 136 mass chain, at the expense of the 135 mass 
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chain, will result. Equation (12) gives the fractional increase of Xe136 owing 
to neutron capture of Xe136 during an irradiation. 

136 x e q  t = T  j;=o (NO. atoms ~e135 present a t  any time t )  x F x u x p  dt 
(12) - 

xc136 
~- 

136 Y,la6 x fT 
Xe/;l!6 

where F is the thermal iicutron flux (neutrons cm-2 hr-l); axelas, the thermal 
neutron capture cross section for Xe136; Y p ,  the fission yield of the 
total number of fissions per hour; and T, the irradiation time (hr). 

This increase can be determined by measuring either the cesium or 
xenon isotopic ratios. These results combined with the low flux fission yields 
can then be used to calculate the cross section of Xe136. The ideal experi- 
ment would be one in which the flux remains constant during the entire 
irradiation so that the amount of Xe135 present at  any time is not dependent 
on flux variations. This approach has been used by Fickel and Tomlinson 
(28), who arrived at a value of 3.2 X lo6 barns (1 barn = cm2) for 
the neutron cross section of Xe136. Cross sections of other fission products 
have been measured (12, 65, 76) although the conditions in these experi- 
ments were such that the effect of flux variations could not be evaluated. 

D. EFFECTIVE CROSS SECTIONS 

In order to produce changes in isotopic composition of sufficient magni- 
tude to be measured by a mass spectrometer, it is necessary to utilize the 
high neutron flux obtainable in a nuclear reactor. This flux will consist of 
neutrons having widely varying energy; and in the case of a well-moderated 
reactor, the neutron spectrum can be thought to consist of a Maxwellian 
distribution in energy with an added epithermal component which varies 
inversely as the neutron energy. The neutron temperature which corre- 
sponds to the classical temperature of the Maxwellian component can be 
expected to vary from one point to another in the reactor. In other words, 
the neutron energy spectrum will depend on the reactor geometry. It is 
obvious that any value for the capture cross section computed from mass 
spectrometric data will onIy represent that so-called effective cross section 
for the particular irradiation position. This effect will be most pronounced 
in cases where the cross section departs markedly from a l /u  energy depend- 
ence (neutron resonances). Although such cross-section results are of con- 
siderable value to reactor technologists, it would be more satisfactory to 
express these cross sections as the value for 2200-meters/sec neutrons. West- 
cott (115) describes the effective cross section by the following equation : 

= ao(g + 4, (13) 
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where ug is the 2200-meters/sec cross section, g and s are a measure of the 
departure of the cross section from a l / u  form (for a l / u  law: g = 1 and 
s = 0), and r measures the relative number of epithermal neutrons in the 
iieutron spectrum. For further details concerning the effective cross section 
for a number of isotopes the reader is referred to the publication of Westcott 
(116). 

V. Fission Yields 

A. INTRODUCTION 

Since the discovery of fission, a great effort has been made to unravel 
the maze of fission products which are produced in the various fission 
processes. In this work, mass spectrometric methods have been used exten- 
sively. These methods have been particularly fruitful in the determination 
of relative and absolute fission yields. 

In the fission of a heavy nucleus, many products are formed in detect- 
able amounts throughout the mass region 72 to 161. In general, thermal 
neut,ron fission results in two unequal mass fragments which fly apart with 
a total kinetic energy of about 170 MeV. The most probable heavy mass is 
around 139 and the most probable light mass is around 95. 

Since the primary fragments formed have excitation energies of about 
11 and 9 Mev for the light and heavy fragments, respectively, they disinte- 
grate by neutron emission (114). It is evident from the asymmetry of fission 
neutron emission (126) that these neutrons, referred to as prompt neutrons, 
are emitted after the fragments have acquired 90% of their kinetic energy, 
the decay constant of the highly excited fragments being less than 2 X 10's 
sec-'. The average number of neutrons emitted per fission v is 2.47,2.51,2.90 
for the thermal neutron induced fission of U2s6, Was, and Puzse (114). 

The mechanisms and data of the fission process have been reviewed 
recently by Leachman (7'0). Several different approaches have been used 
in an effort to explain the asymmetry of the fission process as well as other 
fission parameters. These approaches include : developments of the liquid 
drop model (60,51, IOZ), calculations based on dependence of fission barrier 
penetration on asymmetry (54), the effect of nuclear shells (62> 79, S l ) ,  
the determinations of the fission mode by level population of the fragments 
(18, 33, 84), and finally the consideration of quantum states of the fission 
nucleus at  the saddle point (16, 108). All these approaches require a mass 
formula whereby the masses of the fission fragments far removed from 
stability may be detcrmined. The lack of an adequate mass formula has 
hindered the development of a satisfactory theory of fission. The fission 
process is highly complex and it is not surprising that the present theories 
fall short of a full explanation. 
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For the thermal ueutron fission of U2335, the process can be represented 
by the following equation: 

U235 + n + U236* 4 ZIAml + ZzBq + v(n) + 173 MeV, (14) 

where 21 + 2 2  = 92, and ml + mz + v(n) = 236. 
The primary fission products A and B are formed with a proton-to- 

neutron ratio which is less than that for stable nuclei of the same mass. 
The fragments are therefore proton deficient and undergo a series of P-- 
decays in a chain until they attain stability. Each mode of fission, therefore, 
leads to two such chains. For example, mass chains 133 and 101 may be 
complementary masses in the above fission process where v the average 
number of neutrons emitted per fission is 2. In this case, the mass chains 
are as follows 

6.3m Te1331 2.3d X P  
0.024 7 

stable Cs133 (15) 
1 7  

20.8h 1133 

7 0.970\ 
5.27d XeIa3 

i 0.72 7 

0.28 \ 
-+ 4.lm SbIJ3 

2m Te133 

---f 14.6m Mol01-j 14.3m Tc1'J' -+ stable Rule* 

For the fission of each heavy nucleus, it is important that we have as 
much information as possible about the fission products, for both practical 
arid theoretical reasons. In general, we wish to identify all the products, 
to determine their genetic relations one to the other, to determine their 
nuclear properties, half-lives, neutron cross sections, etc., and finally, to 
determine the fission yields of the various nuclides (independent yields) and 
of the various mass chains (cumulative yields or total of the independent 
yields along a chain). The yield is defined as the percentage probability per 
fission that a given nuclide or mass chain will be formed. 

Whereas the yields of the individual nuclides give the charge distribu- 
tion for fission fragments of the same mass, the cumulative yields or chain 
yields give the probability of the various modes of fission or mass distribu- 
tion for a given fission process. It has been shown (38, 87) in studies of the 
distribution of nuclear charge in fission that in most cases the last two 
members of a fission product chain are formed almost exclusively from the 
decay of precursors, and only a small fraction of the yields of the last two 
members result from direct formation from primary fission fragments 
(prompt neutron emission only). Therefore, a fission yield measured for 
any of the later members of a mass chain, particularly for the stable or 
long-lived end products, usually represents the total yield of that chain. 
Independent yields found for shielded nuclides (nuclides immediately f ol- 
lowing a stable isotope in a mass chain) although of considerable interest 
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-- 

from the poirit of view of charge distribution (see Section V.1") itre, in gcii- 
eral, very small and add little to the total chain yield. 

B. RELATIVE MASS CHAIN YIELDS 

1. Relative Yields; the Mass  Spectrometric Method 

It was clear from the time of the first fission product studies that the 
mass spectrometer would eventually be used in separation problems, mass 
identification, and isotope abundance measurements. However, the early 
work on fission products involved very small samples of material and only 
radiochemical methods were considered sensitive enough to identify and 
follow the radioactive isotopes. In 1945, Thode and Graham (104) succeeded 
in obtaining muss spectrograms of the xenon and krypton isotopes formed in 
the thermal neutron fission of U236. 

c 
c m . 
a 
0 

C 
- 

II 
FIQ 4. Mass spcctrogram of fission product xenon from neutron-irradiated Uza6 (104). 

These early spectrograms shown in Figs. 4 arid 5 were obtained with a 
180" gas-type mass spectrometer, using fission gas samples of 0.1 to 1 mm3 
in volume at N.T.P. (105). The importance of this method of investigating 
fission products was immediately recognized. Stable and long-lived isotopes 
of xenon and krypton which are end products of fission chains, were identi- 
fied for the first time. Since these products were extracted from the uranium 
several years after the neutron irradiation and sirice the precursor nuclides 
were knowri to he all relatively short-lived, it could be assumed that the 
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total yield of each mass chain would be in the form of these stable isotopes. 
The relative abundances of these isotopes, therefore, gave directly the rela- 
tive yields of the respective mass chains. Many of these cumulative yields 
have been obtained by measuring, with radiochemical methods, the relative 
number of atoms of iodine in the various radioactive chains. However, to 
obtain the yields in this manner, the data must be corrected for the half- 
lives of the isotopes measured and for the relative counter'efficiencies for 
radiations of different energies. Because corrections of this kind are diffi- 
cult and uncertain, the early radiochemical yield da 
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t were uncertain by a t  

FIG. 5. Mass spectrogram of fission product krypton from neutron-irradiated U2" 
(104). 

least ~ 2 0 7 ~ .  Evcri today, with modern counting techniques, yields deter- 
mined by radiochemical methods are rarely better than f5%. The mass 
spectrometer, on the other hand, provides a method of determining directly 
the relative yields of a large number of mass chains for each element investi- 
gated with an accuracy of 1.0% or better. In  the case of the xenon and 
krypton isotopes, relative yield data were provided in the first instance for 
8 mass chains (104). 

2. Fission Yields and Problems of Chain Branching 

a.  Independent isomers (KP) .  The identification of K P  which had a 
low yield relative to  masses 84 and 86 in fission gas samples 1-2 yr old 
(Fig. 5 )  was of particular interest (104). Prior to  1945, the only KrS6 
isomer known had a 4.5-hr half-life, an activity first noted by Saell (98), 
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while studying the (d ,p)  reaction on krypton. In  1945, Hoagland and Sugar- 
man (53) found an activity with a minimum half-life of 10 yr when investi- 
gating the gaseous activities in fission products. They were able to show 
that this was due to an isotope of krypton and assigned it either to  KrS6 
or Kre7. The long-lived isotope of krypton revealed in the mass sppect,ro- 
gr:tms of gaseous fission products showed the definite existence of a long- 
lived isotope of krypton a t  mass 85 and hence an isomer of the known 4.5-hr 
krypton of that mass. By following the decrease of this isotope over a period 
of a few months, Thode and Graham were able to show that it decayed 
with a half-life of about 9.4 yr (104). A more recent mass spectrometric 
rncusurement made with samples 1-8 yr in age, an elapsed time of the same 
order as that of the half-life, gives the more accurate value of 10.27 f 0.2 
yr (11%’). The krypton isotope a t  mass 85 has therefore two isomeric states, 
n long-lived one with a half-life of 10.27 yr and a short-lived one with a 
4.4-hr half-life. Since the shorter-lived isomer will have completely decayed 
before the fission gases were extracted from the uranium samples, the mass 
spectrometer result8 of Fig. 5 will indicate only the yield of the 10.27-yr 
isomer. The low yield found for this isomer indicated a chain branching 
with n large portion of the short-lived isomer decaying directly to  RbS5 
t i i d  only a small part, 25%, decaying first t o  the 10.27-yr isomer or ground 
state of Kr”. By making the assumption that mass yields for chains 83, 
84, 85, and 86 fall on a smooth curve (Fig. 5 ) ,  the total yield of the 85 muss 
chain may be determined. This procedure, used by Wanless and Thode 
(113) gave a branching ratio for the decay of KrS6 of 0.29, the 4.4-hr Kr86m 
decaying 77.5% directly to stable R b s  and 22.5% through the 10.27-yr 
KP6 isomer as follows (61) : 

4.4k K P m  
7 10.775 

o . m  stable Rbs6 (16) 
I 7  

40s So86 + 3rn Ur*s 

1 0 . 3 ~  Krs6 

The value of this branching ratio measured directly from P--decay data 
is 0.30 (11)  whereas a direct measure of the fission yields of Kr86 and RbS 
using mass spectrometry and isotope dilution gave a value of 0.28 (13). 
The assumption that the Krsa yield falls on a smooth mass yield curve in 
the case of the thermal neutron fission of U235 therefore appears t o  be 
justified. 

b. Delayed neutron emitters. All fission yield determinations must take 
into account chain branching due to delayed neutron activities and neutron 
capture processes. Both Kr87m and Xe137’” each with one neutron more than 
ti closed shell (51 and 83, respectively) are instantaneous neutron emitters 
(99) and Lead to  chain branching as follows (61) : 
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1<P + n 
f 
I 

/” I i r 8 7 m  

’17.8~~1 K P  
17s So87 -+ 55s B P  p 5  X 10Lay Rbs7 

Xe.130 + n 
T 

Because of the delayed neutron activities of 55 sec and 24 sec which 
are derived from p-decay half-lives of Brs7 and 113’, respectively (the 
neutron emission is instantaneous and follows the p--emission), the two 
mass chains 86 and 136 gain in yield at the expense of the 87 and 137 
chains, respectively. However, in general, these effects are small, amount- 
ing to a few percent of the yield of a chain at  most. 

c. Neutron capture processes. Neutron capture processes, however, can 
lead to a large increase in the yield of one chain at the expense of the chain 
one mass unit lower, and, of course, the extent of this chain branching will 
depend upon neutron capture cross sections of the nuclide in question and 
the conditions of irradiation. 

In general, only nuclides with high capture cross sections lead to appre- 
ciable chain branching a t  moderate neutron fluxes. An important example 
of a “pile poison” or a high neutron absorber is the 9.2-hr XeIa6 which has 
been discussed in Section IV. In this case, the “burn up” is appreciable 
even at  fluxes of the order of 5 X 10l2 neutrons/cm2/sec. The neutron 
capture process in the 135 mass chain is indicated below (61) : 

Because of this capture process, the mass spectrometer abundance 
data for the xenon isotopes from fission will show a high yield value of the 
136 mass chain, and similar data for the cesium isotopes will show a corre- 
spondingly low value a t  mass 135. The percentage increase in the Xe136 yield 
due to this neutron capture process can, of course, be calculated, provided 
we have accurate information concerning the number of fissions per second, 
the half-lives of 1135 and Xe136, the neutron capture cross section u of Xe136 
at  the neutron temperature of the irradiation, and, finally, the length of 
the irradiation period (Section IV). 

d. Relative cumulative yields of isotopes of xenon and krypton from 
U236 + nJission. To obtain accurate relative yields, however, it is far better 
to avoid any corrections for neutron capture processes by irradiating sam- 
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plw for investigation at  low fluxes, where such processes are negligiblc. 
The early mass spoctrorneter yield determinations of the isotopes of xenon 
and krypton for the thermal neutron fission of U236 were repeated with this 
in mind (113). Fission gases for study were extracted from uranium 
irradiated in the thermal column of a ieactor at  fluxes of the order of 
10 lo neu trons/cm2/sec. 

The relntive abundances of the xenon and krypton isotopes obtained 
with these samples provide the best relative yields of mass chains ending 
in these isotopes for the thermal neutron fisaiori of U236. Table I gives this 

TABLE r 
FISSION 1'RODUCT X E N O N  AND KRYPTON ISOTOPE ABUNDANCES 

FOR URANIUM IRRADIATED IN NRX THERMAL COLUMN" 

Isotope 
Atom Absolute fksion 

abundnnco yield* 
(%) i%) 

14.10 0.557 
25.93 1.02 
7.59 0.300 

52.38 2.07 
13.42 2.93 
20.08 4 .3s  
36.91 8.06 
29.59 6.46 
Xc'J*/Xe'aa (0.443) 6.59 

a P'ission product isotope abundanccs (14, 113). 
h Xc131/Xc13J rntios (14). 
c Abfiolute yield C S ' ~  (6.59%) (go), also XeIS3 yield (6.62% )(60). 

relative yield data normalized to 6.59% a t  Xe133. This latter absolute yield 
was determitied hot,h a t  Xelsv (6'0) and Cs':is (90) by methods described in 
Section V.C, and in addition the partial yield curves for krypton and xenon 
were tied together by an absolute deterinination of the number of xenon 
arid krypton atoms by means of the isotope dilution technique (Section I). 

3. The Cumulative Yield of 5.27-Day Xe133 
Mass spectrometer yield determinations nre not limited to stnble and 

long-lived end products of fission chains. In  1950, Macnamara, Collins, and 
Thode (7'7) found it possible to extract fission gases from irradiated uranium 
disks without a long "cooling" period and were able to determine the yield 
and half-life of Xe'33. The mass spectrograms obtained were similar to those 
given in Figs. 4 and 5, except for the appearance of XeIa3, and, of course, 
the Xe131 abundance wns low since the 8-dtiy precursor had not fully 
decayed. The fission yield of the 133 mass chain for U236 fission is calculated 
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from the mass spectrometer abundance ratio of Xe133 to Xe13* obtained 
after an irradiation time t ,  a "cooling time" t l ,  and at  a time t z  after extrac- 
tion of the fission gases. 

The two mass chains being comparedare as follows: 
0.8m Sb134+44m Te134L52.5m 1134+stable XeIa4 

4 . l m  Sb133 1 20.8h 1133 1 /*stable Cs133 

(19) 
p63m Te133m 2.3d Xe133m 

' 2 m  Te1337 'Y 5.27d Xe133 

As the period of "cooling" is long compared to the half-lives of the 
Xe134 precursors, the total mass 134 chain will decay to Xe134. Therefore, 
the total number of Xe134 atoms at  time of analysis is given by: 

Nxe1u = fY134t) (20) 

where Y134 is the yield of the 134 mass chain and f the neutron flux dur- 
ing irradiation time t. The ratio of the total number of Xe133 atoms to 
the total number of XelS4 atoms a t  the time of analysis is therefore given 
by the equation: 

1 Nxelas [at tz1 - exp ( - A d z )  
N X p  Yxe134t 

- 

hz exp ( - A d )  - h1 exp (-hi) 
hz - A1 

.[I- 

where h1 and hz are the decay constants of 
The measured mass spectrometer ratio of Xe133/Xe1a at tz (time of analy- 

sis) which may be equated to the left side of the equation, therefore makes 
possible the calculation of the yield Y133 of the mass chain. 

Since the independent yield of Csla3 will be negligible the total yield 
obtained for the 133 mass chain should be the same whether measured at  
Xe133 or Cs133. The Xe133 cumulative yield therefore provides a link between 
the relative yields of 8 mass chains ending in stable and long-lived isotopes 
of xenon and krypton and of the 3 mass chains ending in stable and long- 
lived isotopes of cesium. 

4. Relative Yields Over Entire Mass Range 

The mass spectrometric method of fission product yield measurements 
can be applied to the entire mass range of fission products. Inghram et al. 
(55) investigated fission products in the rare earth region and showed how 
the partial yield curves obtained from isotope abundance measurements 
for the various elements can be fitted together by the method of stable 

and Xe133, respectively. 
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isotope dilution. This method has been used extcnsively in the analysis of 
fission products (13,14,44,59,60), and as described in Section I, makespos- 
sible the determination of the absolute number of atoms of each nuclide 
in a mixture of fission products and extends the mass spectrometric method 
of yield determinations to the whole mass range. 

One important feature of the mass spectrometric method of fission yield 
determinations is the ease with which a large number of mass chains may 
be investigated a t  the same time for a mixture of fission products from a 
single irradiation, Since ions for the various elements are emitted from a 
sample on a hot filament at different temperatures, isotope abundance 
measurements of a number of elements may be made on a single sample 
without chemical separation. It is, therefore, possible to  obtain a large 
body of yield data for a particular fission process with high relative nccu- 

Fission yields of the stable and long-lived isotopes of xenon, ccsium, 
barium, cerium, neodymium, samarium, krypton, rubidium, strontium, 
zirconium, molybdenum, ruthenium, have been measured mass spectro- 
metrically for the thermal neutron fission of U236 (40, 61, 90), UZaa (4,  31, 
61, 82, loo), and Pu23B (32, 61, 66, 124). In  addition, the relative yields of 
the xenon and krypton isotopes produced in the fast neutron fission (fission 
spectrum neutrons) of U238 and Th232 (64, 113) have been determined. 

racy (*I%). 

C. ABSOLIJTE MASS CHAIN YIELDS 

1 .  Total Yields Normalized l o  100% 

The relative yields of the isotopes of the aforementioned (Section 
V.B.4) twelve elements that can be measured mass spectrometrically give 
reliable yields of about 43 Inass chains. These, taken together with a number 
of yields dctermined radiochemically , give essentially the whole mass yield 
curve, which may be normalized to  100% in order to  obtain absolute yields 
for the various mass chains. This procedure is used when mass chain yields 
for most of the chains of appreciable yield for either the light or heavy 
fragments are known. AbsoIute yields good to  &37$ have been obtained in 
this way. 

2. Direct Measurement of Absolute Yield 

To obtain absolute yields directly, it is necessary to  determine, not only 
the absolute number of atoms of a nuclide produced in fission, but, also, 
the total number of fissions. The determination of the number of fissions in 
a sample of a fissile element irradiated with neutrons is a most complex 
problem and cannot be discussed in detail here. In general, the number of 
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fissions can be determined by measuring the change in the B1O/BII ratio in 
a BF, flux monitor irradiated simultaneously in the same neutron flux as 
the fission sample. Conversion to the number of fissions is then effected by 
the use of the known ratio of Bl0 absorption cross section to the fission cross 
sections (91). Cobalt and samarium have also been used as flux monitors. 
In the case of the cobalt, the amount of Cow formed from a known amount 
of cobalt can be determined by ionization chamber measurements, using 
standard cobalt sources for comparison. In the case of the samarium, the 
change in Sm160/Sm149 ratio is determined by mass spectrometry. 

In the determination of the number of fissions in an irradiated sample by 
the use of flux monitors, account must be taken of the flux depression in the 
sample due to self-shielding to obtain an effective flux. Also, the capture 
cross sections of the monitors and the fission cross sections of the sample 
are neutron energy dependent. It is, therefore, necessary to know the energy 
distribution of the neutrons or the neutron temperature and to determine 
effective cross sections (Section IV). This can be done by using two monitors 
such as cobalt and samarium, the one monitor being used to determine the 
neutron temperature corresponding to the neutron distribution as described 
by Fritze et al. (36). 

3. Summary of Absolute Yield Determinations 

Katcoff (1958) has prepared tables of fission product yields from low- 
energy neutron-induced fission of U236, Th2a2, and Pu239 (61). In the com- 
pilation of these tables he has given first priority to mass spectrometric 
data since these are more accurate (f3%) than most radiochemical data 
(f 10%). Since these tables were prepared, the absolute yields of some 43 
mass chains from the thermal neutron fission of Pu239 have been redeter- 
mined using mass spectrometric methods (29, 36). These yields are con- 
sidered accurate to better than 1% 011 a relative basis and better than 3% 
on an absolute basis. The earlier determinations have been shown to be in 
considerable error because of incomplete extraction of fission products 
from PuOz. 

4. Interpretation of Mass Yield Curves for U236 + n and Pu239 + n Fission 

The mass yield data for the thermal neutron induced fission of UZa6 
and Puzas are plotted in Figs. 6 and 7, respectively. In each case the mass 
yield curve is folded over so that complementary masses fall toge:her 
assuming that 2.5 neutrons (U2a6 + n) and 3 neutrons (Puz3g + n) are 
emitted per fission. This means that the sum of the corresponding masses 
totals 233.5 and 237, respectively. 

A complete mass yield curve makes it possible to calculate the total 
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niimber of neutrons, v, released in a fission process. For examplc, in the neu- 
tron-induced fission of Pu239 

mass X yield 
v = 240 - 2(' 1 yield 

From the data of Fickel and Tomlinson (29) a value of 2.80 f 0.08 is 
obtairied assuming an absolute accuracy of f 3 y O  for the measured fission 
yields. This is in agreement with the world-accepted value of 2.90 (114). 

M A S S  

FIQ. 6. Comparison of the light and heavy mass yields in thc t,hcrmul neutron fission 

A more detailed consideration of Fig. 7 shows that the corresponding 
mass chains in the light and heavy groups have equal yields in the mass 
ranges 138-154,83-99, indicating the emission of three neutrons per fission 
on the average for modes of fission in this region. Although there is a dearth 
of measured fission yields in the 96-118 and 118-131 mass region, the dis- 
placement of the curves in Fig. 7 of approxiniately 1 Inass unit suggests 
that on the average only 2 neutrons are emitted per fission in modes of 

of UZJ6 (91). KEY: -, heavy; ---, light. 
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fission leading to these masses. Finally, in the mass region 132-138, 105-99, 
the yields of the corresponding masses in the light and heavy regions do not 
correspond a t  all. This i s  the region of the “fine structure” in the neighbor- 
hood of the 82 neutron shell. 

In the case of neutron-induced fission of U236 there is again good corre- 
spondence between fission yields for the light and heavy fragments in the 
138-154,83-99 mass regions (Fig. 6). The correspondence occurs, however, 
for the average neutron emission of 2.5 per fission. As in the case of the PuzS9 

5 
12 

FIG. 7. Comparison of the light and heavy m a s  yields in thc thermal neutron fission 
of Pu239 (27, 29). KEY: 0-0, heavy masses; 0--0, light; @, light and hoavy. 

fission, the curves appear to be displaced in the mass region 117-131 and 
103-117 indicating correspondence of yields for light and heavy fragments 
for the emission of 2 neutrons per fission on the average rather than 2.5 
neutrons. Again, there i s  poor correspondence between the light and heavy 
mass yields in the mass region where fine structure occurs. These yield 
curves have suggested another possible explanation of the “fine structure” 
discussed in the next section. 

D. FINE STRUCTURE IN MASS YIELD CURVE 

1. Fine Structure in 82 Neutron Shell Region 

The early fission yield data obtained by radiochemical methods, al- 
though only good to  &lo% a t  best, did give the familiar double hump mass 
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yield curve and showed that the fission process was asymmetric with the 
most probable modes of fission grouped around masses 95 and 140. Within 
the limits of the radiochemical determinations, a smooth curve could be 
drawn through the yield values for the various masses. However, the first 
mass spectrometric investigations of fission products showed up irregulari- 
ties and established the existence of “fine structure” in the mass yield curve 
(104). In particular, the yield of XelS4 is high relative to the two adjacent 
masses and there is a sharp peak at masses 133 and 134 in the mass yield 
curve for UZaa + n fission (Fig. 4). 

It is interesting to note that this fine structure falls in the neighborhood 
of the 82 neutron shell. Four or five mass chains in this range each have 
one nuclide with 82 neutrons with a significant independent yield, and in 
the case of the 134 mass chain, this nuclide Te134 is the most probable mem- 
ber of the chain according to the Coryell, Glendenin postulate of charge 
distribution for a given mass in fission (see Section V.F) . 

Glendenin (37‘) attempted to explain the high yields of the 133 arid 134 
mass chains by assuming that nuclei with 83 neutrons (which has already 
emitted the usual number of prompt neutrons) would have a high probabil- 
ity of “boiling off” a prompt neutron to form the most stable 82 neutron 
configuration rather than emit /3- or y rays as in the ordinary case. Accord- 
ing to this scheme, the 134 mass chain would be increased by the reaction 

Telaa (83 neutrons) -+ Te1M (82 neutrons) + n; 
and decreased by the reaction (23) 

Sb”4 (83 neutrons) -+ Sb*** (82 neutrons) + n. 
If TelS6 has a higher independent yield than Sb184, then the 134 chain 

will gain more than it loses by this mechanism and the XeIs4 yield will be 
high. 

Although reaction (1) should be greater than reaction (2) on the busis of 
the simple theory of “charge distribution” in fission, this mechanism can- 
not explain the observed fine structure. Wiles et al. (Ibl), therefore, postu- 
lated that in addition to the Glendenin mechanism high yields must result 
from a structural preference for isotopes with 82 neutrons in the primary 
fission act. Glendenin et al. (39) reached a similar conclusion after observing 
a high yield at  mass 100, the complementary fragment to the 134 mass 
chain (Fig. 6). 

Investigations of the xenon isotope yields in the neutron-induced fission 
of UZaa (SI), U2@ ( I I S ) ,  Pu238 (X?), and PuZ41 (36) have also been carried out. 
In all cases, there is evidence of some increased yield in the xenon mass 
range. The sharpness of the peak at mass 134 varies considerably, however, 
and in the case of UZa3 + n fission, there is little evidence of fine structure 
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from the xenon isotope yields alone. The entire fission yield curve for 
U233 + n fission, however, does indicate an increased yield in this mass 
range spread out over a larger number of mass chains. 

The complete fission yield curve obtained for the neutron-induced fission 
of Pu239 has suggested another explanation of the fine structure in the mass 
yield curve in the 132-136 mass range (27,29). Since the folded over fission 
yield curve of Fig. 7 discussed in Section Y.C.4 indicates correspondence of 
yields of the light and hcavy fragments for the emission of 3 neutrons on the 
average in one region of mass division and 2 neutrons in another, there 
must be a mass region in which a transition occurs. 

Fickel and Tomlinson ($7) have suggested that an increased stability 
of primary fragments in the heavy mass region, perhaps those having either 
82 neutrons or 50 protons, may cause a decrease in neutron emission a t  
this point. Such a decrease in neutron emission would cause a bunching 
up of yields such as those found in the 131-136 mass range. The total effect 
would be to increase the yields in the 131-136 mass range by one half of the 
yield of a single mass chain in this region (3% of fission). A corresponding 
decrease in the yields could occur in the 100-106 range by approximately 
the same amount. It is seen from Fig. 7 that the total yield discrepancies 
in these two complementary mass regions do differ by about 6%. The 
complete mass yield curves obtained for the neutron-induced fission of 
U236 suggest a similar explanation of the fine structure in the mass yield 
curve at xenon (masses 131-136). 

This latter explanation of fine structure is a plausible one. However, 
complete fission yield curves for the neutron-induced fission of other fissile 
nuclides are needed to  add further light on this problem. 

2. Fine Structure in the 50 Neutron Shell Region 

It is perhaps significant that irregularities in the mass yield curve occur 
also in the region of the 50 neutron shell. These irregularities appear in the 
yields of mass chains ending in stable isotopes of krypton. Figure 8 shows 
the krypton yields for Th232 (64), U233 ($I), U236 (14), and UZ3* (113) obtained 
mass spectrometrically. It is apparent that the mass yield curve in this 
region moves to higher yields as the mass of the fissile nuclide decreases. 
This indicates that the mass yield curve for the light fragments is actually 
displaced. The mass displacement of these curves, for a fixed fission yield, is 
approximately equal to the mass difference between the fissile nuclides. 
This implies that the heavy fragment portion of the mass yield curve re- 
mains a t  a relatively constant position. A closer examination shows a fine 
structure a t  masses 84 and 85. It has been suggested that since the relative 
yields of the krypton isotopes may be determined mass spectrometrically 
with an accuracy of 1% arid a precision of O.l%, there is little question 
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about the existence of fine structure effects which amount to  a 40% change 
in the isotope ratio. 

The high 84 yield in all four eases probably arises from a preference for 
this chain in the original fission process or cross chain branching from the 
85 mass chain. The behavior of the 85 yield depends on the fissile nuclide 
and is high for U233, normal for P6, and low for Tha32 and UZa8. The devia- 
tion of the 85 yield from the smooth mass yield curve can be correlated 
with the Z / A  value of the fissile nuclide. This suggests that a branching 

83 84 85 86 
MASS NUMBER 

FIG. 8. l‘he krypton yields for nciitron-indilccd fission of Th2”, U233, U*JS, and Uz38 

(64 1. 

(neutron emission) may occur in thc 85 chain since the indepcrident yield 
of such a prompt neutron emitter would be related to the Z / A  value of 
the fissile nuclide. The nuclide in question must have a fairly high inde- 
pendent yield nnd possess a low threshold for neutron emission. Kennett 
and Thode (64) point out that these conditions w e  fulfilled by &eS6 which 
has 51 neutrons, one more than a closed shell. As pointed out by Glendenin 
(37) the loss of the loosely held 51 neutron would probably occur only where 
the nuclide was formed as a fission fragment (after the usual prompt neu- 
tron emission) in a highly “excited” state. Siiice the fractional yield of the 
mass chain occurring a t  SeB6 (primary yield) will depend on Z / A ,  any 
chain branching at this nuclide should show about the same percentage 
effect for U238 and Th232. 

3. Fission Products from Several Fission Processes 

Because of the fine structure in the mass yield curve in the 131-136 
mass range, ratios of the xenon isotopes in this region vary markedly from 
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one fission process to another. This makes possible a convenient method of 
unraveling a mixture of fission products produced from several different 
fission processes. 

The early studies of fission products from neutron-induced fission of 
U236 were carried out with samples of natural uranium irradiated with 
“pile” neutrons which were not completely thermalized. A comparison of 
the mass spectrograms of the xenon isotopes extracted from one of these 
samples with those extracted from uranium depleted in U236 indicated a 
14% contribution from U238 fission in the natural uranium samples (113). 
Also, a sample of natural uranium irradiated in a fast reactor showed a 
60% contribution from U238 fission. The mass spectrometric method can 
be conveniently used to measure the fission contribution from U238 and UZs6 
in fuel elements of reactors where natural or enriched U236 fuels are used. 

E. NEUTRON-INDUCED AND SPONTANEOUS FISSION IN NATURE 

Soon after the discovery of fission, Petrzhak and Flerov (92) demon- 
strated with ionization chambers that uranium undergoes fission spontane- 
ously and emits neutrons in the process. Later, Segre (95) used separated iso- 
topes of uranium and showed that U238 has a spontaneous fission rate of 
about 23 times that of U235, the half-lives for spontaneous fission of U238 and 
U235 being 8.04 X 1015 yr and 1.87 X 1017 yr, respectively. These results 
suggested the presence of fission products in uranium minerals. In 1950, 
xenon and krypton fission products were identified in old uranium minerals 
using mass spectrometric methods (75). The patterns of xenon and krypton 
isotopes found indicated an asymmetric mass yield curve similar to that 
obtained in the neutron fission of and U238. 

1. Spontaneous Fission of and Neutron Fission of U235 

There were, however, certain marked differences. First, the mass yield 
curves in the xenon and krypton mass ranges were steeper for natural 
fission. Since there is much less energy available for spontaneous fission 
than for neutron fission, the process is expected to be more selective (steeper 
curves). This was considered strong evidence that spontaneous fission of 
U238 is involved in natural fission. Second, the abnormally high yields found 
at  masses 133 and 134 (fine structure in the mass yield curve) in the neutron 
fission of U235 are shifted toward the lower masses for natural fission which 
is the same direction of shift found between neutron fission of U236 and neu- 
tron fission of P8. Third, the xenon-to-krypton ratio was found to be much 
higher in natural fission gases. From this and other evidence, Macnamara 
and Thode (75) concluded that a t  least a large part of the fission gases in 
uranium minerals resulted from the spontaneous fission of U238. 

Later, it was shown that both neutron fission of UZ35 and spontaneous 
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fission of Uysx occur in nature (YO, 117') and that the xenon and krypton 
isotope pattern found is a composite for the two processes. The fission 
isotope patterns of xenon and krypton were found to  vary from one sample 
to another, depending on the proportion of the two fission processes which 
have taken place. Since the mass 129 chain yield is about 1.0% for the neu- 
tron fission of U236 and was found to  be very nearly zero for the spontaneous 
fission of UZa8, the yield of this isotope was taken as an index of the pro- 
portion of neutron fission of U236 and spontaneous fission of U288 which has 
occurred in a given mineral. Several minerals investigated were found to 
contain less than 0.02% Xe12g, indicating that at least 98% of the fission 
gas was due to  the spontaneous fission of U2s8. Other samples showed up 
to 25% neutron fission of UZsb. There are, of course, two sources of neutrons 
for this process, spontaneous fission and (a,n) reactions on light elements. 

2. Aholute Yields  

a. Spontaneous fission of Uzs8. Recently, absolute cumulative yields of 
the xenon and krypton fission products from six uranium mirierals were 
determined mass spectrometrically, using isotope dilution techniques (126). 
The uranium ores were crushed arid sieved to about 100 mesh and finally 
coriceritratcd to a density greater than 3 by gravitational separation with 
diiodomethane. A homogeneous aggregate of uranium mineral concentrate 
was produced by this procedure suitable for the extraction and analysis of 
the fission gases. Greater than 99.5% of the fission gases was released by 
heating the mineral concentrate in a molybdenum crucible in a vacuum 
induction furnace over a period of 12 hr at 1300°C. The absolute yield cal- 
culation for the spontaneous fission of 1JZax depends on the independent 
determination of the number of spontaneous fissions which have taken place 
and the number of atoms of a given fission product which has been foImed 
from this process. 

The total number of U238 atoms which have undergone spontaneous 
fission in a mineral sample since deposition are calculated from the U238 
content, the age, and the rates a t  which the U238 nucleus decays by alpha 
emission and by sporittmeous fission according to the relation : 

N = WAr/A,(eXaT - 1); (24) 
where W is the present number of U2s8 atoms in the mineral sample; Xf, 
the UZs8 spontaneous fission decay constant [8.62 f 0.30 X 10-17/yr (96)]; 
A,, the U238 decay constant [ = 1.54 X lO-'O/yr (SS)]; T, the period during 
which fission products accumulated, assumed to  be given by the lead isotope 
age measurement. 

The total number of atoms of each fission product xenon and krypton 
isotope in the niineral sample was determined by means of mass spectrom- 
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etry and the isotope dilution technique discussed in Section I. In this con- 
nection, known quantities of the tracer isotopes Xe128, Kr80, and K P ,  pre- 
pared by the neutron irradiation of iodine and bromine in the NRX 
reactor a t  Chalk River, were added to  the impure fission gases liberated 
from the uranium mineral concentrate. Finally, the fraction of the fission 
gas in each mineral sample which resulted from the spontaneous fission of 
U238 was obtained from a breakdown of each natural fission gas sample 
into its various fission components. This analysis makes use of the known 
relative abundances of the xenon and krypton isotopes for the various 
possible fission processes separately and a comparison of these with the 
relative abundances obtained for the fission gases extracted from the various 
minerals. As mentioned in Section V.D.3, the ratio of the xenon and krypton 
isotopes in fission product gases varies markedly, depending on the nature 
of the fission processes because of the fine structure which occurs in this 
region. 

b. NeutronJission 0fU238. A preliminary analysis of the data showed that 
it was not possible to  separate satisfactorily the six mineral isotope patterns 
into a U236 neutron-induced component and a UZ3* spontaneous fission 
component. However, a satisfactory analysis was obtained when a third 
component, U238 neutron-induced fission, was considered along with the 
two processes proposed earlier (SO). Table I1 shows the breakdown obtained 
for the six samples investigated. 

c. Proportion of neutron-induced Jission. These results indicate that there 
is a correlation between the percentage of uranium in a mineral concen- 
trate and the percentage of neutron fission. This relationship is shown in 
Fig. 9. The percentage of uranium in the mineral concentrate should be 
approximately equal to the percentage of uranium in the mineral itself, 
since most of the rock matrix was removed by gravitational separation with 
diiodomethane. It had been assumed earlier that the presence of the rare 
earth elements which have large thermal neutron absorption cross sections, 
is largely responsible for the low proportion of neutron fission in uraninites. 
The occurrence of U238 neutron fission in uranium minerals suggests much 
larger neutron energies than had been suspected and indicates that the 
rare earths have little effect on the amount of neutron fission in a uranium 
mineral. The fact that the Jahola Lake uraninite (high rare earths) and the 
Cinch Lake pitchblende, with equal uranium concentrations in the concen- 
trates, have the same proportion of neutron fission, supports this conclusion. 

d.  Losses of fission gas from uranium minerals. Included in Table I1 
are the ratios of the number of atoms of Xela6 determined to  the number 
of fissions for each sample (spontaneous fission component only). These 
ratios expressed as percentages, can be interpreted as absolute yields only 
if no fission products have been lost from the mineral. The value obtained 
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TSBLE I1 
FISSION-PRODUCT COMPONENTS IN NATURAL FISSIOX 

Mineral 
Cinch Jahala Beaverlodge Great Bear Eagle Belgian 
Lake Lake Lake Lake &line Congo 

Urn8 Spontaneous fission (70) 
USs Neutron fission (yo) 
U2% Neutron fission (yo) 

95.86 96.15 91.82 81.65 80.42 68.65 
4.14 3.85 8.18 15.19 17.22 25.23 
0.00 0.00 0.00 3.16 2.36 6.12 

Xela (Spontaneous fission) 
C*38 (Soontaneous fission) 
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for the Cinch Luke sample is in agreement with absolute yield estimates 
and therefore suggests that inert gas losses from this mineral have been 
small. If the “lead ages’’ are assumed to be the period during which spon- 
taneous fission products accumulated, then the low yields of Xe136 for the 
other five minerals must be due to a loss of inert gas during geological time 
and these losses are given in Table 11. If it is assumed that there was no 

35 t 

25 30 35 4 0  45 50  5 5  

U 238 CONCENTRATION (%I 

FIG. 9. Relation between the amount of neutron fission and uranium 
in a uranium mineral or ore concentrate (126). 

concentration 

loss of fission gases from the Cinch Lake mineral since it was deposited, 
then the spontaneous fission yields obtained for this sample are absolute. 
The fact that there is little evidence of fractionation of the two rare gases, 
xenon and krypton, for this sample supports this assumption. In  any case, 
the absolute yields of mass chains ending in stable isotopes of xenon and 
krypton from the spontaneous fission of U238 obtained for the Cinch Lake 
sample are minimum values. 

3. Absolute Yield Data for the Spontaneous Fission o j  U238 

Recently, absolute yields of Mog9 and several iodine isotopes from spon- 
taneous fission of determined by radiochemical methods were reported 
by Parker and Kuroda (89) and Ashizawa and Kuroda (5).  These yields, 
along with the absolute yields of the xenon and krypton isotopes obtained 
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for the Cinch Lake sample are given in Table 111. The good agreement be- 
tween the xenon and iodine yields a t  masses 131, 132, and 134 is in accord 
with the assumption that no fission product xenon and krypton had been 
lost from the Cinch Lake mineral. The large losses of rare gas fission prod- 
iwts indicated by most of the uranium minerals prevents the general use 

TABLE I11 
ABSOLUTE YIELDS IN U*38 SPONTANEOUS FISSION 

MU8 Element Yield4 (%) Element Yield (%) 

83 
84 
85 
86 
99 

131 
132 
133 
134 
135 
136 

Kr 0.0327 -I 0,0028 
Kr 0.122 f 0.012 

Kr 0.951 f 0.057 

Xe 0.524 f 0.031 
Xe 3.83 f 0.22 

X(? 5.14 fO.31 

Xe 6.30 f 0.38 

Mo 6 . 4  * . 5 b  
I 0 . 4  f . l c  
I 3 . 6  * . 4 c  
I 1 . 5  f . 3 O  
I 5 . 2  f . 5c  
I 5 . 1  f . 5 O  

a All data in this column were obtained by the authors. 
Parker and Kuroda 

c Ashizawa and Kuroda 

of uccumulnted rare gas fission products for age determinations. Neverthe- 
less, the fractionation which accompanies loss should be a sensitive test of 
the vttlidity of x L4fissi~n product age,” that is, the period during which 
fission products havc accumulated without loss. 

F. INDEPENDENT FISSION YIELDS 

For n complete understuridirig of the fission process, it is necessary to 
know both the charge and mass distribution of the fission fragments. Fis- 
sion yield studies to  date have been mainly concerned with mass distribu- 
tion or the total or cumulative yields of a given mass. The question of charge 
distribution for n given mass involves the primitry or independent yields 
of the fission fragments. Thc measurement of independent yields along a 
mass chain is very difficult with present techniques because of the very 
short half-lives of most members and the correction iiecesssry for the decay 
rate and the production rate. 

Attempts have been made to determine cumulative yields for some of 
the short-lived krypton and xenon isotopes by gas sweeping a solution of 
uranium undergoing fission. However, quantitative removal of inert gases 
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from solution was not achieved. Wahl (109) found that inert gases are quan- 
titatively removed from barium or uranyl stearate and by utilizing well- 
designed experiments obtained values for the fractional cumulative yields 
of these short-lived inert gases. 

1. Shielded Nuclides 

For the most part, however, independent yield data are confined to  
about a dozen nuclides that are near stability and are shielded by stable or 
relatively long-lived isobars. 

For example, in the mass chain 

the independent yields of tin, antimony, and tellerium accumulate at stable 
TelSo and thus any yield of the shielded I'30 is, therefore, the independent 
fission yield of that isotope. Since the primary fission fragments emit prompt 
neutrons, the independent yield YIIM of 1130 will be given by the equation: 

Y~iao = P ~ i i o f o  + P~eifi + P~infz + P1wf3 + Ppf4 + . . . , (26) 

where  PI^^, PIIJl, PIlJr, PIIS, arid PIlu are the primary yields of 1130, 

a t  the instant of fission (before prompt neutrons are 
emitted), andfo, f1, fi, f3,  and f4 are probabilities that 0, 1,2 ,  3, or 4 neutrons 
will be emitted per fragment. The yields of some of the shielded isotopes, 
for example have been determined radiochemically (37). However, 
the detection of a shielded nuclide in the presence of isotopic activities of 
much greater yield is possible only when its radiation characteristics and 
half-life are sufficiently different from those of the higher yield isotopes to 
permit identification by decay and absorption measurements. The measure- 
ment of the yield of an  isotope like XeIB0 by means of a high-sensit vity 
mass spectrometer avoids these difficulties and makes possible a direct and 
accurate determination of the independent yields of such shielded isotopes. 

2. Mass Spectrometric Determination of Shielded Nucl ide Yields  

Kennett and Thode (62) examined rare gas fission products with a con- 
ventional 90" direction-focusing mass spectrometer using an electron mul- 
tiplier for a detector. The sensitivity of this instrument was several orders 
of magnitude greater than that of an ordinary single-ion collection spec- 
trometer and was sufficient to  permit a complete analysis of the xenon iso- 
topes including the very low yield shielded nuclides Xelz8 and XeI3O, in 
samples containing as little as 10lo atoms of these isotopes. Figure 1 shows a 
typical mass spectrogram obtained for a sample of fission product xenon 
extracted from irradiated plutonium. These spectrograms showed, for the 
first time, the presence of XelZ8 and Xe130 as fission products. Whereas the 

1 1  and 
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more abundant isotopes Xel3I, Xe132, Xc134, and Xe136 represent the cumula- 
tive yields of their respective mass chains, the yields of Xe128 arid Xe130 

represent the independent yields of the shielded isotopes and 113", respec- 
tively, along with a small contribution of the independent yields of the two 
xenon isotopes themselves 

The determined X C ' ~ * / X ~ ~ ~ *  and Xe130/Xe131 ratios are used to  calaulatc 
the fraction of the 128 and 130 mass chains appearing as  primary fission 
fragments. Corisideration of the neutron capture contribution must also he 
made since tlhe reactions 11*' ( n , ~ )  and IlZ9 ( n , ~ )  I1go are both possible. 
Prom these considerations, the following relation may be derived : 

(measured yicld of XcI3O) = (indcpcndcnt yield of 1130) 

of peak heights). 

+ (cont,rihution from capture in the 129 chain) 

where a is the fraction of the 130 chain formed as 4 is the flux; t the 
irradiation time; u the neutron capture cross section of and Y A  repre- 
scrits the total chain yield for mass number A .  Actually, the neutron cap- 
turc process is small a t  moderate neutron fluxes and in such cases the second 
term in Eq. (27) can be neglcctcd. An analogous calculation gives the inde- 
pendent yield of 

A similar investigation, in the krypton region rcvcaled the presence of 
KrE0 and Krs2 indicating that Brso and B P  are also product,s of fission. Since 
the two selenium nuclides preceding the BrX0 and BrS2 in their respectivc 
mass chains are stable, these isotopes can only be formed directly in fission 
and their yields are independent yields. The independent yields of Bra0 
and Brsz arc, therefore, determined from the yields of their daughters 
Kr*O and KrS2 measured mass spectrometrically. As in the analogous xenon 
case, the independent yields of the KrS0 and Krs2 will be less than 1% of 
that of the corresponding isotopes of bromine, and the total yields of these 
isotopes may therefore be ascribed to  the parent isotopes Br8* and BrS2. 

It is thcreforc possible, by means of a simple mass spect,rometric analysis 
of a single fission gas sample, to  determine directly and with considerable 
accuracy the independent yiclds of 4 shielded nuclides. To date, the primary 
yields of I'2R and have been determined for the thermal neutron induced 
fission of U233, U236, and Pu239, and preliminary yields of Brso and Bra* have 
been ohtained for the thermal neutron fission of Uz3 and WS6 (68). 

S .  Charge Distribution Postulates 

arid 1130 obtained for U233, U236., 
and Pu239 fission provide a severe test for any hypothesis of charge distribu- 

The accurate independent yields of 
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tion. Since both isotopes are formed as the same element and therefore the 
value of Z is constant, &lid since the most probable charge 2, for mass 
chains 128 and 130 is in the region of the 50-proton shell, a discrepancy 
between theory and experiment might be expected here. 

a. Equal chain length postulate. The early independent yield data 
obtained by Glendenin, Coryell, and Edwards (58), Glendenin (37), and 
Pappas (88) were sufficient to determine a semiempirical charge distribu- 
tion which is assumed independent of the mass chain, the fissioning nucleus, 

FIG. 10. The empirical charge-distribution curve as determined by Glendenin (37). 

and the neutron energy. The hypothesis of equal charge displacement of 
Glendenin assumes that the most probable charges for both fragments in 
fission are equally displaced from the center of the valley of beta stability. 
The probability curve is of the Gaussian type centered around Z,, the most 
probable charge for the mass chain considered, and is shown in Fig. 10. 
The value of Z ,  is given by: 

Z p  = Z A  - > i [ Z A  + Z(AI--A--131)] - 2'; (28) 

where Z A  is the most stable charge for mass A which is found from the Bohr- 
Wheeler stability line; A l  and 2' are the mass number and charge of the 
fissioning nucleus, and v is the average number of neutrons emitted per 
fission. Therefore, the most stable charge for each fragment satisfies the 
equation : 

(29) ( Z p  - Z A ) l i g h t  = ( Z p  - ZA)heavy. 
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Pappas found better agreement with experimental values when he 
calculated the 2,-values using the lines of maximum stability given by 
Coryell, Brightsen, and Pappas (23). These lines have discontinuities at 
nuclear shell boundaries. He defined 2, by: 

2, = Z A  - $ 5 [ z A  - Z(AI--A+I) - z'], (30) 

so that 2, corresponds to the mass chain A - 1 since prompt neutron 
emission is thought to occur from the fragments themselves. In  most cases 
2, is nonintegral. 

The most probable charge 2, for the mass chains 128 and 130 for the 
various fissioning nuclei may be calculated using either the Glendenin or 
Pappas equation. 

Figure 11 shows the determined fractional chain yields relative to the 
smooth curves obtained semiempirically by Glendenin and Pappas. It is 

CHAIN POSITION (Z-Zp) 
FIQ. 11. Comparison of the independent yield data of 1x28 and I lm (62) with thc charge- 

distribution curve of (A) Glendenin (37) and (B) Pappns (88). 

clear that the yields do not agree with these curves and that a smooth 
curve cannot be drawn through all the points. In both cases, the calculated 
Z is too large and there is a displacement according to mass. 

b. Postulate of maximum energy release. Since all the 1130 yields lie on the 
curve, the assumption made by Glendenin (37) that the curve shown in 
Fig. 10 is independent of the mass and charge of the fissioning nuclide 
appears valid within the accuracy of the yield measurements. Also, the 
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assumption that the chargedistribution curve is independent of the mass 
of the fission fragments seems to be confirmed by radiochemical determina- 
tions. Kennett and Thode (62), therefore, concluded that the displacement of 
the 112* yields is due mainly to the method used to calculate 2,. Since 
it might be expected that 2, would remain close to 50 over several masses 
in the neighborhood of the 50-proton shell, they proposed that shell effects 
be taken into account more directly in the determination of 2, for a given 
mass. This was done by postulating a 2, which would yield the greatest 
energy release in the fission act. For example, in the fission of Pu239, the 
value of 2, is defined in such a way that 

E = M(240, 94) - 3M(1,0) - M ( A ,  2,) - M(237 - A ,  94 - 2,) (31) 

is maximum. 
For Eq. (31) to have its maximum value, accurate values for masses 

far removed from the stability line are required and it is necessary to make 
extrapolations by means of a mass formula which will include shell effects. 
The mass formula of Kumar and Preston (67) in which shell effects and spin 
terms have been included, was chosen as the most applicable for the evalua- 
tion of Eq. (31). Preliminary calculations of 2, made over the mass range 
A = 126 to A = 136 for U233, Was, and Pu239, are plotted in Fig. 12. The 
effect of the 50-proton shell and 82-neutron shell are clearly indicated. It 
is seen that the value of 2, remains very nearly 50 from A = 128 to A = 132 
which is quite different from the behavior of 2, determined from the equal 
chain length hypothesis shown as Z', in Fig. 12. It turns out that the value 
of 2, calculated from energetic considerations is 0.4 charge units higher a t  
mass 128 than that calculated from the equal chain length equation. This 
indicates that the charge-distribution curve is displaced by 0.4 charge units 
a t  mass 128 due to the influence of the 50-proton shell. Actually, it is seen 
from Fig. 11 that the measured 128 yields are displaced by 0.5 charge units 
in the same direction. Therefore, the independent yield results a t  IlZs and 
I13O seem to support the postulate of maximum energy release for the divi- 
sion of nuclear charge in fission. Also, the values of 2, calculated by the 
method of maximum energy release predict that the independent yields 
of 1131 and will be low and will lie to the left of the curve in Fig. 11 just 
as the 1128 yields are high and lie to the right. This has been confirmed by 
the results of Wahl who found that the independent yields of Te131 and 
1132 were low. In general, independent yields plotted on the basis of a 2, 
calculated from the maximum energy release postulate give a charge- 
distribution curve which although different from that obtained from the 
equal chain length postulate does account for the present independent 
yield data equally as well. In addition, the maximum energy release postu- 
late does indicate shell effects when the Kumar and Preston mass formula 
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53 

is used and can account for the accurately determined yields of and 
1130 which otherwise present an anomaly. 

In the evaluation of 2, from the postulate of maximum energy release, 
other mass formulas may be used for extrapolating to masses far removed 
from the stability line. In this connection, the mass formulas of Hay and 

/ ** 
l , l , I , I , I , I  

126 128 130 132 134 136 
- / 

53 / 

52- 

51 - 
u*= 

2 '30- +------ - - - - -  
'N : 82 

49 - 
l . 1 . I . I I I  I 1  

126 128 I30 132 134 136 

Newton (42) and of Cameron (I?') have been tried and the values of 2, 
calculated do not show sharp discontinuities at shell crossings. The mass 
formula of Cameron takes shell effects and spin terms into account much as 
does the mass formula of Kumar and Preston, however, the mass formula 
of the Iatter is specifically used for isobaric sequences which show disconti- 
nuities in P-decay energies versus charge curves when shells are crossed. 
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c. Multineutron evaporation from primary $ssion jrayments. Recently, 
Cameron (18) used the statistical theory of fission with a new mass formula 
as the basis for a semiempirical procedure for correlating fission yields and 
kinetic-energy distributions. This procedure enabled him to calculate 
primary yields of individual nuclides. Since his calculations indicate 
extremely small primary yields for nuclides near the valley of beta stability, 
he concluded that the small independent yields found experimentally for 
shielded nuclides have resulted from the evaporation of 3 or 4 neutrons from 
nuclei of approximately maximum primary yield on a mass chain. 

He is, therefore, suggesting that in Eq. 26 for the independent yield of 
I13O, the fourth and fifth terms are dominant; whereas, in the case of other 
nuclides in the 130 mass chain of moderate yield, the second and third terms 
are dominant since single and double neutron emissions are more probable. 
I t  is clear that 2 - Z,, the displacement from the most probable charge, 
decreases from 113' to and the primary yields therefore increase mark- 
edly. On the other hand, the probability of multineutron evaporation from 
the primary fragments will decrease as the number of neutrons emitted 
per fragment increases beyond one. The question arises as to the relative 
importance of these two effects. 

If multineutron evaporation is responsible for the independent yields of 
shielded nuclides, then, of course, these yields would not be predicted by 
any simple hypothesis for the division of charge in fission which does not 
take into account the distribution of fission neutron numbers. 

Leachman (69) and, more recently, Terrell(lO3) have made calculations 
of the probability P of emission of any given integral number of prompt 
neutrons from fission making certain assumptions as to the distribution of 
excitation energy among the fission fragments. Although the calculations 
are very complex and accurate experimental data are required to fix the 
many parameters of the theory, some estimate can be made of the prob- 
ability that a fission fragment will emit a given number of neutrons. In the 
most favorable case for multineutron emission, where it is assumed that all 
the excitation energy is always on one fragment, the probabilities of 3 
and 4 neutron emission are such that terms 4 and 5 of Eq. (26) could much 
more than account for the experimentally determined independent yield 
of I*S0 providing the primary yields of 1133 and 1134 predicted by the simple 
chargedistribution theories are correct. However, the primary yields pre- 
dicted for are too low to account for the independent yield 
found for 

The question of whether the independent yields of shielded nuclides 
result from multineutron evaporation from primary fragments as has been 
suggested is therefore still unsettled. It is perhaps significant that the 
independent yields of IlZs and for the neutron-induced fission of Pu239 

and 
on the same basis. 
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did iiot change with un increase i t1  thc neutron ciicrgy froin thc thermal 
range to the range of energies in the fission spectrum. 

In any case, accurate independent yields of shielded nuclides can be 
determined mass spectrometrically. Interpretation of these yields will 
require further measurements, and, in particular, a study of the inde- 
pendent yields of shielded nuclides ns a function of neutron energy should 
be of interest. In  this connection, mass spectrometric methods will undoubt- 
edly be used to determine independent yields both of shielded nuclides and 
short-lived isotopes for which satisfactory sweep experiments can be 
designed. 
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