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The yields of xenon and krypton from the neutron- induced 

fission of Am
241 

and Am
242 

have been measured with a mass spectro-
241 

meter. This was accomplished by irradiating samples of Am for 

different lengths of time so that the effect of the growth of highly 

fissionable Am
242 

could be determined. 

These studies reveal that both the degree of fine structure in 

the mass yield curve and the fission-product charge distribution are 

dependent on the energy of the incident neutrons. This has not been 

previously observed for any fissioning nuclide. These studies also 

reveal effects of the 50- neutron shell and of the neutron- proton ratio 

of the fissioning nuclide on the mass yield curve. 
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INTRODUCTION 

The discovery of nuclear fission in 1939 by Hahn and 

Strassmann (1) heralded the direct exploitation of nuclear energy on a 

large economic scale. However, the exact nature of the fission 

process itself is still not completely understood and much investigation, 

both theoretical and experimental, is in progress in the hope of gaining 

a clearer insight. The experimental work described in the thesis 

forms a part of this investigation. 

Since the discovery of fission, much progress has been made in 

determining some of the basic features of the fission process. As early 

as February 1939, Meitner and Frisch (2), who invented the phrase 

11 nuclear fission 11 , likened the behaviour of a fis sioning nucleus to that 

of a liquid drop. The surface tension energy of this nuclear drop is 

provided by the short- range nuclear forces and the deforming energy 

is provided.by the long- range repulsive Coulomb forces. In the case 

of slow-neutron induced fission of uranium, which was the first type of 

fission studied, additional deforming energy is provided by the excita­

tion resulting from neutron capture. If the deforming energy is suffi­

cient to overcome the surface tension energy barrier, the nucleus will 

divide into two parts attaining a total kinetic energy of about 200 Mev. 

On the basis of the liquid drop model, Bohr and Wheeler (3) 
235 238 

calculated that U , and not the more abundant U , is responsible 

for the slow neutron fission of uranium. Shortly thereafter, Nier, 

Booth, Dunning and Grosse (4) tested this prediction by separating 

U235 d u238 . 1 . d . d. . h an 1n an e ectromagnetlc separator an 1rra 1at1ng eac 

isotope with both slow and fast neutrons. Measurements of the relative 

1 



fission rates verified the prediction and also showed that u 238 
is 

mainly responsible for the fast neutron fission of natural uranium. 

It is now known that many heavy nuclides can be made to under­

go fission and that fission can be induced by a great variety of particles 

or can occur spontaneously. Also, a number of models of the fission 

process have been devised. Many of these are modifications of the 

liquid drop model. 

MEASUREMENT OF FISSION YIELDS 

Mass Distribution 

When a nucleus undergoes fission, the mass can be distributed 

in many ways among the outgoing particles. Equation (1) represents a 

· 1 f. · f u 235 
typ1ca 1s s1on event or . 

• ( 1) 

where X is a fis sian product 

v is the number of neutrons emitted 

Q is the energy released as gamma rays and kinetic energy. 

A
1 

and A
2 

can have any of a large assortment of values provided that 

A
1 

+ A
2 

+ V = 236. The yield of a particular mass chain A is defined 

as the number of fission product atoms of mass A divided by the total 

number of fissions. Because of the high neutron-to-proton ratio in the 

uranium mass region, the fission products are usually neutron rich and 

in most chains they beta-decay to a single stable isotope. Figure 1 

h . 1 d h . d. X l3l s ows a typ1ca ecay c a1n en 1ng at e . 

The average number of neutrons emitted per fission is about 

2. 5 for u235 
making possible a chain reaction. Over 99% of these 

2 
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neutrons are emitted from the fission fragments immediately after 

fission when the fragments have reached about 90% of their final velo­

city. These are therefore referred to as prompt neutrons .. Delayed 

neutrons are emitted from some fragments as much as one minute 

4 

after the corresponding fission events and it is through this phenomenon 

that nuclear chain reactions can be controlled as in a nuclear reactor. 

The effect of prompt and delayed neutron emission on fission yields 

will be discussed shortly. 

The first yield measurements were made using radiochemical 

techniques. The usual procedure was to measure the activity of a 

relatively long-lived isotope near the end of a decay chain. For 

example, 1
131 

was used for the 131 mass chain. The accuracy of this 

type of measurement is of the order of lOo/o. The results for the thermal 

neutron fission of u 235 
and Pu239 

and for the fast fission of u 238 
(5) 

showed a strong preference for asymmetric fission as can be seen in 

Figure 2. This was not expected from the liquid drop model. Also, 

the light mass hump of the yield curve is shifted to the right if the 

mass of the fissioning nucleus is greater. At the same time, there is 

no shift in the heavy mass curve. These results indicate a general 

preference in the fission act for the heavy fragment to contain closed 

shells of 82 neutrons and 50 protons. 

More accurate yield measurements can be made using mass 

spectrometric techniques. In this case, the amount of a stable end 
131 

product is usually measured, e. g. Xe . The precision of these 

measurements is of the order of I%. In 1947, Thode and Graham (6) 

analyzed the fission product xenon and krypton produced in the thermal 

neutron fission of u235
•· This gave the 83, 84, 85, 86, 131, 132, 134 

and 136 mass chain yields. All yields except the 84 and 134 yields lay 

on the smooth, radiochemically determined curve. The exceptional 
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yields were 35% high proving the existence of fine structure in the 

yield curve. Later, in 1950, the 133 yield was found to be 25% high (7). 

A complete yield curve showing that fine structure exists at many 

different masses was derived by Petruska et al. (8) and revised by 

Farrar et al. (9, 10 ). The latter curve is shown in Figure 3. 

6 

The yield curves for other fissile nuclides show varying degrees 

of fine structure. For the thermal neutron fission of Pu
239 

(11) and 

Pu
241 

(12) there exists a very prominent peak at mass 134. Spontaneous 

(13) and fast neutron (14) fission of u 238 
give an excessive yield at 

mass 132. The heavy mass hump for the thermal neutron fission of 

Th
229 

(15) shows prominent wings at masses 134 and 144. Thermal 

neutron fission of u 233 
shows only slight fine structure (16). 

The above examples of fine structure have been measured mass 

spectrometrically. Radiochemical yield measurements on the spon-
. . 242 252 240 

taneous f1ss1on of Cm (17), Cf (18) and Pu (19), the 15 Mev 

deuteron-induced fission (20) of u 235 and u 238
, and the photo-induced 

fission of u238 
(21, 22) also show fine structure. 

A number of explanations for the existence of fine structure 

have been put forward. Glendenin (23) proposed that any nuclide with 

83 neutrons tends to "boil off 11 the 83rd neutron so as to obtain the 

stable 82 neutron configuration. Pappas (24) extended this hypothesis 

to cover 85, 87 and 89 neutron configurations. However, if this were 

the only mechanism which affected an otherwise smooth yield curve, 

there would be depressions adjacent to the peaks which are deep 

enough to compensate for the heights of the peaks. The lack of suf­

ficiently deep depressions and also the presence of a peak at mass 100 

(for thermal neutron fission of u 235 
(25)), which is complementary to 

the peak at 134, gave reason to believe that structural preference in 

the primary fission act also plays a significant role (26). 
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The fact that fine structure occurs at lower mass numbers for 

u 238 
than for u 235 

verifies the importance of the 82 neutron shell. 

This is because u238 
has a higher neutron-to-proton ratio than u235 

and therefore the fission fragments from u 238 
will likely have higher 

238 
neutron-to-proton ratios. Therefore, the fragments from U 

containing 82 or 83 neutrons will be lighter than those from u 235 
con-

taining the same number of neutrons. 

Delayed neutron emission produces a slight amount of fine 
137 

structure. For example, I has a slight effect on the top of the heavy 
87 

mass hump and Br an even smaller effect on the lower slope of the 

light mass hump. 

Neutron absorption by fission products with high capture cross 

sections also produces fine structure. However, it is usual to correct 

for this effect rather than consider it as a true fine structure. Xe
135

, 

S 
149 d s 151 h nl f. . d h h 1 h m , an m are t e o y 1ss1on pro ucts t at ave arge enoug 

cross sections to have an appreciable effect. By using short irradia­

tion times and low fluxes, the effect can be reduced. 

The most recent explanation of fine structure has been put for­

ward by Farrar and Tomlinson (27). It is now known that the number 

of neutrons emitted per fragment increases as one progresses from the 

light mass side to the heavy mass side of each hump in the yield curve 

(28, 29). Also, a prompt yield curve (i.e., for yields of fragments 
235 

before neutron emission) has been measured for U by Milton and 

Fraser (30) using time-of-flight techniques. Farrar and Tomlinson 

showed that slight fluctuations in the neutron emission probability 

versus fission fragment mass number curve would generate large 

amounts of fine structure even if the prompt yield curve were perfectly 

smooth. By correlating their own fission yield curve (for fragments 

after neutron emission) with the prompt yield curve, they were able to 

8 
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generate a neutron emission probability curve similar to that measured 

directly by Apalin et al. (29) for u235
. 

Charge Distribution 

Up to this point, we have been concerned only with the total 

yield of a given mass chain. An independent yield, on the other hand, 

is the fraction of the number of fissions which give fission products 

of a given mass number A and a given atomic number Z before beta 

decay has a chance to occur. It is generally accepted that an indepen­

dent yield refers to fission products as they exist immediately after 

prompt neutron emission. Therefore, the sum of the independent 

yields for a given mass number is equal to the total yield for that mass 

number except in the few cases where delayed neutron emission 

produces chain branching. 

When one speaks of charge distribution in nuclear fission, one 

is usually referring to the distribution of independent yields within a 

given mass chain. It is now believed that the shape of a typical distri­

bution curve is that shown in Figure 4. Because Z , the most probable 
p 

charge, is so far removed from Z A' the charge of the most stable 

nuclide of mass A, the primary fission products beta-decay very 

rapidly. This makes the measurement of independent yields very 

difficult. However, in the mass chain shown in Figure 5 there is a 

stable nuclide at Z = 52 and another at Z = 54. As a result, no primary 

fission products of Z <::::: 53 can beta- decay to Xe
130 

Also, the indepen­

dent yield of I
130 

will be much greater than that of Xe
130 

because of 

the steepness of the charge distribution curve in that region. Therefore, 
130 130 

by measuring the amount of Xe produced after I has entirely 

decayed, one can determine the independent yield of I
130 

I
130. 

lS 

referred to as a shielded nuclide. 



FIGURE 4 CHARGE DISTRIBUTION 
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FIGURE 5 MASS CHAIN WITH SHIELDED NUCLIDE 
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The measuren\ent of shielded nuclides by radiochemical and 

mass spectrometric techniques has resulted in a number of postulates 

concerning both the shape of the distribution curve and the value of Z . 
p 

12 

Recently, Wahl and co-workers (31) have derived radiochemical methods 

for measuring independent yields of several unshielded nuclides on the 

same mass chain. The results indicate that none of the postulates 

previously proposed is entirely correct. Nevertheless, it is instruc­

tive to review two of these postulates. 

The postulate of equal charge displacement was first suggested 

by Glendenin, Coryell, and Edwards (32). It states that the most 

probable charge, Z , is displaced from the most stable charge, Z A' 
p ' 

by the same amount for each fragment, i.e. 

(Z - Z ) ::: (Z - Z ) 
p A light p A heavy 

The Z A values were originally taken from the Bohr~ Wheeler stability 

curve, but a later revision by Pappas (33) used the Coryell, Brights en, 

Pappas stability curve which takes into account the extra stability of 

the closed shell configurations. The shape of the charge distribution 

curve was assumed to be a Gaussian in the middle and a rapidly 

diminishing logarithmic function on the extremities. Also, it was 

assumed to be the same at all masses. 

In 1956, Kennett and Thode (34) suggested that Z might be 
p 

determined by the requirement that the energy released in the fission 

process be a maximum. For example, in the thermal neutron fission 

of u 235
' the quantity 

2 1 Al A2 lu 
[M( U 

35
) + M( n ) - M(z X ) - M(z X ) - v M( n ~ 

92 0 1 2 0 

should be a maximum. The Z values calculated in this way are 
p 

plotted in Figure 6 along with those calculated according to the postu-
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late of equal charge displacement. As can be seen, the postulate of 

maximum energy release favours the formation of fission products 

with closed shells more than does the postulate of equal charge dis-

placement. 

14 

E · u 235 h. h f d · · · h xper1ments on w 1c were per orme 1n connection w1t 

the present project but which are not described herein show that the 

value of Z does indeed deviate from the equal charge displacement 
p 

prediction in the direction of the closed shells for mass chains 80, 82, 

128, and 130, but not to the extent predicted by maximum energy release. 

MODELS OF THE FISSION PROCESS 

The failure of the liquid drop model to predict the observed 

asymmetry in the fission yield curve has resulted in the development of 

other models. The essential characteristic of these models is the 

incorporation of closed shell effects. These are introduced either 

directly or indirectly. The shells which play the most significant 

role in nuclear fission are the 82 neutron and 50 proton shells for the 

heavy fragments and the 50 neutron shell for the light fragments. 

Fong (35} has developed a statistical mechanical model whereby 

the nucleons in the fissioning nucleus are assumed to come to statis­

tical equilibrium just prior to the fission act according to the level 

densities of the fission fragments to be formed. Since the level den­

sities depend on the excitation energies of the fragments, it is necessary 

to know the ground state masses of the fragments. Fong used his own 

semiempirical mass formula which takes into account shell effects. 

Among other successes, his model predicts very well the observed 

mass yield and charge distribution patterns for the thermal neutron 

fission of u 235
. It is less successful with the thermal neutron fission 

of Pu 
239

• Also, contrary to experimental results (36}, it predicts a 



large variation in the total number of neutrons emitted as a function 

of mass ratio of the fission fragments. 

15 

A model recently developed by Brunner and Paul (37) considers 

the effect of the deformation of the fission fragments on the potential 

barrier through which the fragments must pass. Fragments which 

contain closed shell configurations deform much less readily than 

those which do not. Calculations (38, 39) based on this model reproduce 

the observed fission yield curves for the thermal neutron fission of 

u 235 
and u 233 

but fail for the thermal neutron fission of Pu
239 

and 

Th
229 

and for the independent yield curves determined by Wahl (31). 

Reference has already been made to experiments which reveal 

the number of prompt neutrons emitted by fragments of various masses. 

The results obtained by Whetstone (28) on the spontaneous fission of 

Cf
252 

(see Figure 7) appear to be typical of many fissioning nuclei 

(29, 40). Whetstone interpreted his results with a highly qualitative 

but intuitively satisfying model of the fission process. According to 

the liquid drop model, the nucleus assumes a dumb- bell shape just 

prior to fission. Whetstone modified this by postulating that one end 

is larger than the other and that Coulomb repulsion of the protons makes 

the neck rich in neutrons. The probability that the neck will break at a 

given point is greater where the neck is thinner. Therefore, asymmetric 

fission which corresponds to a break in the middle of the neck is highly 

probable. Symmetric fission which corresponds to a break at the far 

left end of the neck is very unlikely to occur. Also, the fragment which 

carries away the larger part of the neck will emit more prompt neutrons. 

It can be seen that this is in accordance with curves in Figure 7. 

Whetstone did not say definitely that shell structure was the 

cause of the ends of the dumb- bell being of different size. Mathews 

and Tomlinson (41), however, proposed a very similar model as shown 
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in Figure 8 in which the heavy end contains the 82 neutron and 50 

proton shells and the light end contains the 50 neutron shell. The 

indentations next to the spheres were proposed to account for the 

general tendency of fission yield humps to contain wings on the sides. 

In the foregoing discussion of models, emphasis has been 

17 

given to success or failure in predicting fission yields. Other measured 

variables, such as probability of spontaneous fission and variation of 

kinetic energy release with the mass ratio of fission fragments, have 

also been predicted with varying degrees of success. Nevertheless, 

no single model has been able to account for all the observed fission 

phenomena. 

AMERICIUM FISSION YIELDS 

Americium is an artificially produced element of atomic 

number 95. It was ·first identified in 1944 by Seaborg, James, Morgan 

a.nd Ghiorso (42, 43) and was produced by the extensive irradiation of 

Pu 
239 

according to the following set of reactions: 

Pu239( ) Pu240( ) Pu241 ~- ) Am241. 
n, '( n, '( 13. 2 y 

This is still the method commonly used for producing Am
241 

The yields from the thermal neutron fission of Am
241 

have been 

measured radiochemically for a number of mass chains (44, 45). The 

work described in this thesis represents the first mass spectrometric 

measurements of americium fission yields. There are a number of 

reasons why this has not been attempted before. They can be 

summarized as follows: 

(a) 

(b) 

. . ' . 241 
small f1ss1on cross- sectlon of Am , 

growth of highly fissionable Am
242 

during irradiation, 

(c) hazard involved in handling alpha-emitters of high specific activity. 
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19 

These will now be discussed in detail. 

Th h ' 1 f' . . f Am241 . e t erma neutron 1ss1on cross- section o 1s 

3.13 + 0.15 barns. This is quite small compared to typical fissionable 

l .d h u235 u233 d Pu239 h f' . . nuc 1 es sue as , , an w ose 1ss1on cross- sections 

lie between 500 and 800 barns. The measurement of isotopic ratios in 

a mass spectrometer is easier and more accurate for larger samples. 

Therefore, in order to measure the fission yields of a nuclide with a 

low fission cross- section, one would be tempted to use long irradiation 

times, high neutron fluxes, and large amounts of target material. 

However, the growth of highly fissionable Am 
242 

during irradia­

tion necessitates the use of low fluxes and/or short irradiation times 

so that most of the fission products will be the result of Am 
241 

fission 

d A 
242 f' . Th . 1 d' Am242 f' . an not m lSSlon. e cross- sections ea 1ng to lSSlOn 

are shown below. 

Am241 

458 y. 

242m 
Am (1t: =. 5500 b. 

152 y. crf = 6400 b. 

Am242 

16. 0 hr. 

6f = 2500 b. 

To illustrate the magnitude of the effect, an irradiation with a flux of 

10
13 

neutrons per em 
2

- sec. for 10 hours will result in roughly 10% of 

the fissions being those of Am
242 

(and Am
242

m). 

The one remaining means of offsetting the effect of a low fission 

cross- section is the use of large amounts of Am
241 

However, this 

presents a health hazard. The half-.life of Am
241 

is 458 years which 
226 

means that its specific activity is nearly four times that of Ra 
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Radium and most other heavy elements, including americium, tend to 

remain locked in the body if breathed or ingested. The maximum 

tolerable amount of an alpha- emitter that can be accumulated over a 

lifetime is 0. 04 p curies. This amount is referred to as one body 
241 

burden and for Am weighs only 0. Ol pg. Therefore, if one is to 

use large quantities, special handling procedures must be developed 

and consistently followJd. 

The measurement of xenon and krypton yields with a mass 

spectrometer gives information which cannot be obtained radiochemically. 

One of the most interesting regions of a fission yield curve is from 

mass 131 to mass 136 where closed shell effects are most pronounced. 

The most accurate radiochemical measurements in this region so far 

performed on the thermal neutron fission of Am
241 

(45) have an 

accuracy of 5%. Relative yields in this region which are accurate to 

0. 5% would not only be useful in themselves, but would ·reveal subtle 

changes in the fine structure resulting from different irradiation condi­

tions. For example, the irradiation of a number of samples for 

different lengths of time would show progressive changes in the yield 
242 

pattern due to the growth of Am Also, small changes in fine 

structure resulting from irradiation with neutrons of different energy 

may be apparent. 

In the krypton region, no previous yield measurements of any 

kind have been made. These yields should lie on the lower slope of the 

light mass hump. One would expect large changes in the xenon to 

k . ld . h b f Am24 2 f' . . . h rypton y1e ratlo as t e num er o 1Ss1ons 1ncreases w1t respect 
241 

to that for Am . This is because the light mass hump should shift to 

the right. 

With these possibilities in mind, mass spectrometric measure­

ments were made of the yields of xenon and krypton from the neutron-
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. d d f' . f Am241 .d Am242 d . . d' t' d' . 1n uce lSSlon o an un er var1ous 1rra 1a 1on con 1tlons. 



EXPERIMENTAL 

PREPARATION OF Am
241 

FOR IRRADIATION 

Americium- 241 is an alpha emitter of high specific activity. 

However, in order to obtain sufficient quantities of fission product 
' 

xenon and krypton for mass spectrometric analysis, it is necessary to 

irradiate milligram qua,ntities of americium. Since one milligram of 
241 . . 5 

Am conta1ns 10 body burdens, special precautions are required in 

its handling . 

The americium used in this series of experiments was obtained 

from Oak Ridge National Laboratories. The glass vial containing 

20 mg of black oxide powder, Am0
2

, was removed from its lead 

shipping co~tainer in a glove box and carefully opened. Six drops of 

8M HCl were added and within 24 hours all of the Am0
2 

had dissolved 

to form a bright yellow solution. This' is the characteristic colour of 

Am +3 
ion in high concentration (46). 

R 'f' . f Am241 epun 1catwn o 

Am 
241 

is produced by the t3- decay of Pu 
241 

which has a high 

fission cross-section of L 0 x 10
3 

barns for pile p.eutrons. Therefore, 

to measure the fission yields of Am
241

, it is essential that all Pu
241 

241 
be completely removed from the Am Although the purity specifi-

cations which accompanied the shipment of Am 
241 

did. not mention the 

f . 'f' f Pu241 . 'd d . presence o a s1gn1 1cant amount o , 1t was cons1 ere a WISe 

precaution to repurify the sample and, by so doing, set an upper limit 
241 

on the amount of Pu present. 

The americium was repurified by means of the following process 

22 
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{47). The amount to be repurified at any one time {usually about 6 mg) 

is converted to a few drops of solution containing 8M HCl and O.lM 

HN0
3

. After sitting for at least one hour, this solution is then passed 

through an ion exchange column 5 em long and 2 mm in diameter, 

containing Dowex 1 xlO 200-400 mesh anion exchange resin. Because 

americium remains in the Am +3 
state in concentrated HCl but plutonium 

forms an anionic chloride complex, the americium passes through the 

column whereas the plutonium remains on the resin. {The presence of 

' h 1 "d . f Pu+3 Pu+4 Pu+6 
O.lM HN0

3 
ensures t e camp ete ox1 at10n o to or 

+3 ' +4 +6 
Pu does not form an anionic chloride complex whereas Pu and Pu 

do.) The americium is washed th~ough with more 8M HCl - O.lM HN0
3 

and collected in a separate vial. Then distilled water is added to the 

column causing the plutonium chloride complex to dissociate, thereby 

allowing the plutonium to pass through the column. 

It sh9uld be noted that it is necessary to prepare the ion exchange 

column by passing 8M HCl - O.lM HN0
3 

through it for at least three 

hours prior to introducing the americium to the column. It is also wise 

to prepare the acid mixture within 12 hours of use because of the 

tendency of the HNO to decompose in concentrated HCl. 
3 

Before repurifying the large amounts of americium, as described 

above, the repurification process. was tested using an artifically pre-
. 241 241 

pared m1xture of Pu and Am . Individual drops were collected 

from the bottom of the column on stainless steel planchets (2 drops per 

planchet), evaporated to dryness, and placed in .a proportional counter 

which was set up to distinguish between 5 Mev a-particles from Arn
241 

and 20 Kev ~-particles from Pu
241

. 

The counting rates are shown in Figure 9. Planchet no. 1 was 

placed under the column immediately after depositing the Am- Pu mix-
. 241 

ture. The counting rate for planchet no. 1 indicates that the Am 
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diffuses freely through the column. 8M HCl - O.lM HN0
3 

was added 

to the column periodically to wash the Ain
241 

through. When planchet 

no. 11 was placed under the column, distilled water was added. The 

boundary between the acid and the distilled water was clearly visible 

in the column and did not reach the bottom until planchet no. 13 was 

under the column. Thi~ is reflected in the observed counting rates 

which indicate that most of the Pu
241 

came through with the first drops 

of distilled water. More distilled water was added to the column 

periodically to wash out the remaining plutonium. 

Analysis of the counting rates shown in Figure 9 indicates that 

a maximum of 2. 9% of the Pu
241 

could have passed through the column 

before planchet no. 13 was placed under the column. Because ion 

exchange columns are equally retentive at any concentration below 

saturation, this purification process therefore removes a minimum of 
241 . 241 241 

97. 1% of the Pu from a m1xture of Ain and Pu . 

In order to d~termine the amount of Pu
241 

in the 20 mg of Atn
241 

sent from Oak Ridge National Laboratories, 1 mg of it was repurified 

using a fresh ion exchange column, and the Pu 
241 

retained on the 

column was completely washed off with a large quantity of distilled 

water and stored for one year. Then one drop of this was evaporated 

to dryness on a stainless steel planchet and the Atn
241 

which had grown 
. 241 
1n from 13-decay of Pu was counted with a portable alpha monitor. A 

small, known fraction of the original Ain 
241 

was placed on another 

planchet and similarly counted. The two count rates, which were 

within a factor of 5 of each other, were within the optimum range of 

the instrument, and thereby allowed an accurate determination of the 

upper limit of the amount of Pu
241 

present. This method is superior 

. h Pu241 d" 1 . . 1 t b th to counting t e 1rect y 1n a proportlona coun er ecause ere 

is no need to correct for the relative counting efficiency of 20 Kev 13's 
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with respect to 5 Mev 0: 1s. The upper limit was calculated to be 17 pg 
241 241 

of Pu per mg of Am . 
241 . . 

However, the true Pu content 1s un-

doubtedly much lower than this, the excessively high counting rate 

likely being the result of traces of the large amount (1 mg) of .A.tn
241 

that was repurified. Nevertheless, to be on the safe side, it was 

d "d d 17 Pu241 .A.tn241 b . h 1" . ec1 e to accept pg per mg as e1ng t e upper 1m1t. 

Having now determined the maximum possible Pu
241 

contamina­

tion and the effectiveness of the repurification process, it can be shown 

h . "f" . "11 d h Pu241 
t at two success1ve repur1 1cat1ons Wl re uce t e content to 

the extent .that less than 0. 5% of the number of fissions will be of Pu
241

. 

Therefore, the A:m
241 

used in the following experiments was repurified 

twice using a fresh column each time. 

Evaporation and Sealing-off Procedures 

After repurification, the americium solution was evaporated to 

dryness on a Teflon dish and redissolved in l. 5M HN0
3 

three times in 

order to remove as much HCl as possible. The concentration of A:m
241 

was adjusted so that one drop would contain approximately 0. 5 mg of 

A:m
241

. If the sample being prepared was to be irradiated for a long 

period of time, one drop of this solution was placed on a piece of 

aluminium foil 14 mm square by 0. 001 inches thick. For shorter irradia­

tions, larger amounts (up to l. 5 mg) of A.tn 
241 

were used, although it 

was found that 0. 5 mg was the largest amount that could be handled 

conveniently. The americium solution was evaporated to as low a 

volume as possible, and, with the heat lamp still on, the aluminium 

foil was carefully folded with a pair of tweezers. The nitrate of ameri­

cium appears to be extremely hygroscopic and therefore, at higher 

temperatures, the folding operation is much less likely to cause the 

americium solution to be squeezed past the edges of the foil. 
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It should be mentioned at this point that all operations so far 

described involving milligram quantities of americium were done in a 

glove box, and most of the instruments (polyethylene droppers, 

tweezers, etc.) were sealed and discarded immediately after use. 

However, as it was necessary to seal off the sample in an evacuated 

quartz break- seal capsule for irradiation, subsequent operations were 

performed outside the glove box. 

The sealing- off procedure, which is performed using the system 

shown in Figure 10, was devised so that it would never be necessary to 

glassblow in the presence of americium. The steps of operation are 

as follows. · The pi_ece of aluminium foil containing the arne ricium is 

dropped into the quartz capsule through a long, narrow glass funnel. 

The ground glass joint is sealed with high vacuum stop- cock grease. 
-6 

The system is then pumped down to a vacuum of approximately 10 

Torr and thoroughly flamed. The quartz capsule is flamed to the 

extent that the temp·erature of the aluminium foil exceeds 500° C so as 

to _remove all traces of atmospheric xenon and krypton surface contami­

nation. Also, flaming of the aluminium foil is necessary to drive off, 

from the americium, water which, if not removed, might cause a 

steam explosion during the sealing-off operation. After sufficient 

flaming of the system, the quartz neck is heated to its melting point, 

thereby sealing off the capsule. Everything to the left of the dotted 

line XX is then discarded and replaced with fresh glassware for the 

next sample. 

IRRADIATION OF Am 
241 

SAMPLES 

Each sample was packed in an aluminium can as shown in 

Figure ll. It was essential that the flux be accurately known for each 

irradiation. Therefore, four cobalt monitors were placed in each can, 

each monitor being a carefully weighed piece of 1 o/o Co, 99o/o Al alloy. 
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One of the four monitors was wrapped in cadmium to give a measure of 

the epithermal flux. All samples were irradiated in the McMaster 

Nuclear Reactor for times ranging from 10 hours to 1000 hours. An 

additional sample completely surrounded by cadmium together with 

only one cobalt monitor was irradiated at McMaster for 1000 hours. 

More irradiation details are given in the chapter entitled RESULTS. 

EXTRACTION OF XENON AND KRYPTON FROM 

IRRADIATED AMERICIUM 

The extraction procedure basically consisted of heating the 

aluminium foil containing the americium to over 800° C and collecting 

the cooled gases on activated charcoal. The details of the procedure 

are as follows: 

After irradiation, the sample is allowed to cool for a time which 

is long enough for the precursors of xenon to undergo sufficient t3- decay. 

It is then attached to a vacuum line as shown in Figure 12. The line is 

first pumped down to a rough vacuum through constriction A
1 

and 

sealed by heating this constriction. Then the mercury float valve v
1 

is opened and the line very thoroughly flamed. The purpose of the 

above sequence of events is to remove as much atmospheric xenon and 

krypton from the extraction line as possible because the smallest trace 

of it would seriously contaminate the small amount of fission product 

xenon and krypton. For this same reason the dimensions of the extrac­

tion line should be as small as possible. 

After the flaming, V
1 

is closed, and the breakseals B
1 

and B
2 

are broken with the iron breaker (using. an external magnet). The 

activated charcoal c
1 

is heated to release accurately known amounts 

of Kr
80

, Kr
82

, and Xe
128 

into the system. (Because these isotopes 

are scantily produced in fission (48), the addition of this artificial 
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mixture allows an accurate determination of the absolute amounts of 

the more abundantly produced isotopes in the sample.) The aluminium 

foil is heated to over 800°C for a 5 minute period or longer. To achieve 

this temperature, the quartz is heated to over 1I00°C. It has been 

shown (49) for other fissioning nuclides that this heating is sufficient 

to release at least 99. 8o/o of the fission products that have recoiled into 

the aluminium foil. The Pyrex wool plugs prevent any americium from 

reaching A
2 

or the dotted line during this heating operation. 

In order to remove hydrocarbons and other contaminants that 

would adversely affect the mass spectrometric analysis, the titanium 

furnace is heated to 800°C. The me;rcury float valve V 
2 

is opened and 

the Ti is allowed to cool slowly to room temperature for 15 minutes. 

Liquid nitrogen is placed around the activated charcoal c
2 

and 

the purified xenon and krypton is allowed to condense for 5 minutes. 

This is sufficiently long to· ensure at least 99. 9o/o condensation. The 

sample tube can then be sealed and removed by heating constriction A
2 

to its melting point. Everything else to the left of the dotted line is 

discarded according to regulations set down by Atomic Energy of 

Canada Limited. 

MASS SPECTROMETRY 

The Mass Spectrometer 

The samples were analyzed using a 90°, 10 inch radius, single­

focussing mass spectrometer with a resolving power of 600. This 

instrument and the inlet system are shown schematically in Figure 13. 

In the ion source, the xenon and krypton are ionized by electron 

bombardment and accelerated to 2500 ev. Mter passing through the 

magnetic analyzer, the ions are further accelerated by a 3000 volt 

potential difference before striking the first dynode of a 9- stage Cu-Be 
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electron multiplier. The current from the electron multiplier is 

amplified by a vibrating reed amplifier and fed to a Leeds and Northrop 

linear chart recorder. An analysis is done by slowly varying the 

magnetic field and recording the amplified ion current for each isotope. 

Techniques for Analysis of Small Samples 

241 
The samples used to measure the fission yields of Am are 

extremely small. In some cases the number of atoms per isotope is 
10 

less than 10 . For samples of this size, the best general procedure 

is to analyze the krypton first. Valves G
1 

and G
2 

(see Figure 13) should 

be kept closed in order to maximize the sensitivity of the mass spec­

trometer. Then, after releasing the krypton through valves G
1 

and 

G
2

, the xenon can be analyzed. The following is a more detailed 

account of this procedure. 

The sample is attached to the inlet system below the mercury 

float valve V 
3 

as shown in Figure 13. With the mercury float valves 

V
1

, V 
2

, V 
3

, and V 
4 

open, all parts of the system to the left of L are 

thoroughly flamed. Then v
1

, V 
2

, V 
3

, and V 
4 

are closed; the breakseal 

B is broken; and V 
3 

and V 
4 

are opened again. The activated charcoal 

c
2 

is heated to 100°C to release the sample into the bowl. V 
3 

and V 
4 

are then closed and liquid air is placed on the trap T to hold back all of 

the xenon while the krypton is entering the mass spectrometer. The 

mercury is then raised to the top of the bowl and the ground glass ball 

and cup valves G
1 

and G
2 

are closed. The krypton is allowed to enter 

for 15 minutes through the leak L. Then the xenon and the remaining 

krypton are condensed onto the activated charcoal Ci by opening V 
2 

and 

V 
4 

while c
1 

is surrounded by liquid air and T is heated to room tempera­

ture. 

About lOo/o of the original krypton is now trapped in the mass 
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spectrometer between L, G
1

, and G
2

. It is analyzed by slowly 

increasing the magnet current so that the ion beam for each isotope 

slowly crosses the slit in front of the electron multiplier. In order to 

save time, the region between peaks is scanned very quickly. When 

the end of the krypton mass region is reached the scanning is repeated 

in the opposite direction. This sequence, known as a run, is repeated 

6 to 8 times. Using this quick-scan technique, one run can be made 

in 8 minutes. A typical half- run is shown in Figure 14. It is extremely 

important that each run be made as quickly as possible because the 

sample in the mass spectrometer tends to diminish in size as a result 

of adsorption on the surfaces and leakage through G
1 

and G
2

. The 

depletion rate is SOo/o_ in 70 minutes. 

Analyzing with G
1 

and G
2 

closed is referred to as static analy­

sis as opposed'to dynamic analysis in which G
1 

and G
2 

are kept open 

so that the sample is pumped away instead of being allowed to recircu­

late. During a dynamic analysis, the sample continually enters the 

mass spectrometer through leak L. The static method has the advan­

tage of giving a 50-fold increase in sensitivity. The dynamic method 

has the advantage of preventing a memory effect. This latter effect 

will be discussed more thoroughly in the section on "Source of Error"· 

A compromise between the static and dynamic system can be achieved 

by closing G
1 

but leaving G
2 

open. This is referred to as semi- static 

analysis. It is 8 times more sensitive than dynamic analysis and is 

much less susceptible to memory effect than is static analysis. For 

these reasons, the larger samples of xenon were analyzed by this 

method. 

Before analyzing the xenon, v
1

, V 
4

, G
1

, and G
2 

are opened with 

V 
2 

and V 
3 

closed. This is to remove any xenon which may have been 

released from the walls of the mass spectrometer during the krypton 
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analysis. After a wait of 10 minutes, the xenon in the sample can be 

analyzed either statically or semi- statically depending on the size of 

the sample. A typical half- run is shown in Figure 15, this time 

scanning in the opposite direction to that in Figure 14. After analysis, 

the remainder of the sample can be condensed on the charcoal c
1

, 

sealed off, and saved for future use. 

Sources of Error 

(a) Hydrocarbons 

Hydrocarbons occur at every mass number and are approxi­

mately 0.17% heavier than the corresponding monatomic gases such as 

xenon and krypton. Therefore, the mass spectrometer's resolving 

power of 600 is sufficient to separate the hydrocarbons from xenon. 

and krypton. However, if the sample is extremely small, the tails of 

the hydrocarbon peaks interfere with the precise measurement of the 

xenon and krypton peaks. 

In order to lower the hydrocarbon background to a tolerable 
. 0 

level, the source and detector assembhes are baked at 400 C for 

three days after the mass spectrometer has been pumped down from 

atmospheric pressure. Other parts of the mass spectrometer are 

thoroughly flamed. Figure 14 shows a hydrocarbon that was accidentally 

included in the scanning. Other hydrocarbons are shown in Figure 15. 

The sample for these scans was about 9 times larger than the smallest 

sample. It can be seen that the hydrocarbon background was low 

enough so that it did not interfere with any measurements except those 
130 . 129 

of Xe and atmospher1c Xe 

(b) Atmospheric Contamination 

With very small samples, atmospheric contamination can be a 



FIGURE 

' 136 
x3·33 

134 
xiO 

15 - TYPICAL CHART RECORD OF FISSION-

PRODUCT XENON ISOTOPE ABUNDANCES 

132 
><10 

131 
xiO 

Artificially added 

Atmospheric 

Hydrocarbons 

130 
xi,OOO 

Isotope~ 

Xenon 
Contamination 

129 
xi,OOO 

128 
xl 

IJo) 

00 



39 

serious problem. As mentioned in the sections on sample preparation 

and extraction, every effort is made to prevent contamination of the 

sample itself. Also, the mass spectrometer and the inlet system must 

be freed of contamination. This is accomplished by the procedure for 

removing hydrocarbons from the mass spectrometer (see subsection 

(a)) and also by thorough flaming of the inlet system. Even the most 

exhaustive efforts will leave measurable amounts of xenon and krypton. 

Fortunately, there is no Xe129 in freshly prepared fission product 

samples because the 129 mass chain is held up by 1. 6 xlO 
7 

-year 1
129

• 

Therefore, any Xe
129 

measured during an analysis is entirely due to 

atmospheric contamination. Because the isotopic composition of 

atmospheric xenon is well known, the amount of atmospheric contamina­

tion of the fission- produced isotopes can be calculated. 

Corrections for atmospheric krypton can also be made. In 

small samples, the amount of fission-product Kr
80 

and Kr
82 

will be 

negligible compared to the amount of atmospheric Kr
80 

and Kr
82 

If 

an artificial mixture of Kr
80 

and Kr
82 

is added to the sample, as was 

done for the americium samples, then the deviation of the Kr
80 

/Kr
82 

ratio from that of the original artificial mixture will indicate the 

amount of atmospheric contamination. 

(c) Memory Effect 

While a sample is being analyzed, some of the ions which bom­

bard the analyzer tube and the ion collector remain embedded in the 

metal. When the next sample is run, this embedded xenon and krypton 

is released by ion bombardment, thereby contaminating the sample. 

This problem is known as memory effect and is especially serious if 

the static method of analysis is being used. It can be effectively 

eliminated by passing neon through the mass spectrometer for 12 hours 

with the ion source turned on. The bombardment with neon ions 
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removes the embedded xenon and krypton so that the memory effect is 

negligible in the next sample. 

(d) Mass Discrimination and Fractionation 

Mass discrimination may occur at the electron multiplier if the 

average number of secondary electrons per incident ion varies with the 

ion mass. Fractionation of the sample may occur at leak L and valves 

G
1 

and G
2

. These systematic errors are difficult to calculate but they 

can easily be checked by running samples of atmospheric xenon and 

krypton of which the isotopic compositions are well known. This was 

done using the same procedures of analysis as were used for t~e 

americium samples, and it was found that the deviations from the 

accepted values we:l"e less than 1%. 



RESULTS 

CUMULATIVE YIELDS IN THE XENON MASS REGION 

The relative yields of the 131, 132, 134, and 136 mass chains as 

determined from the measured Xe ratios are shown in Table 1. Cor-

rections have been made for normal contamination in all samples and 
131 132 . 

for the decay of 8. OS day I and 77.8 hour Te m samples 6 and 7 

which were extracted less than four weeks after irradiation. In all 

other samples shown in the table, a correction for I
131 

decay would 

have been much less than the precision of the measurement. In order 

to determine the yield of the 136 mass chain, it was also necessary to 
135 

correct for the neutron capture of Xe and for the independent yield 
136 . 6 of Cs measured by Rickard et al. (45). The corrections for the 13 

mass chain are explained in detail in Appendix I. 

The yields given in Table 1 are for various combinations of 

Am241 Am242 d Am242m U . h . 1. d. , , an , . s1ng t e cross- sectlons 1ste 1n 

Table 2, the relative numbers of fissio~s of these isotopes have been 

calculated according to the equations: 

Nf(242) 

Nf(241) 
= 

Ni242m) 
and = 

Nt<241) 

= 
= 

0 cl a 242f <P ~ -M~ t -(1/A.fl-e ) 

(5241£ )1. 

a c2 a242*f ~ -~~ t~ 
1

_(1-e c£·) 

0 
cf 

0
241£ q>acl 

242 
number of fissions of 16. 0 hour Am 

number of fissions of Am
241 

3 

4 

where Nf(242) 

Nt<241) 
0

cl = . f Am241 1 d' neutron capture cross- sectlon o ea 1ng to 

production of 16. 0 hour Am 
242 

41 



TABLE 1 

Relative Yields in Xenon Mass Region 

Sample Flux 
2 

Irradiation Cadmium y 131 

No. (neutrons I em. -sec.) Time (hours) Ratio y 132 

1 ( 1. 06 + 3) X 10
13 

1000 17.4 0. 732 + 3 

2 (1. 05 + 3) X 10
13 

503.6 20.2 0. 735 + 4 

3 (8. 24 + 22) X 10
12 

275 20.5 0. 738 + 8 

4 (1.17+ 4) X 10
13 

100 14.9 0. 740 + 5 

5 (7. 83 _± 39) X 10
12 

75 24.5 0. 748 + 4 

6 (1. 39 + 4) X 10
13 

20 13.9 0. 744 + 5 

0. 742 + 4 

7 (1. 46 + 6) X 10
13 

10 10.7 0.745 + 2 

0. 745 + 4 

y 134 

y 132 

1. 562 + 2 

1. 577 + 3 

1. 558 + 8 

1. 546 + 5 

1. 524 + 11 

1. 513 + 8 

1. 521 + 3 

1. 515 + 6 

1. 522 + 7 

y 136 --
y 132 

1. 86 + 10 

1. 85 + 9 

1. 74 + 10 

1.58 + 10 

1. 71 + 7 

1. 65 + 6 

1. 66 + 5 

1. 63 + 3 

1. 64 + 3 

""' N 



TABLE 2 

Cross Sections 

Neutron Capture: 

Am241 to 16. 0 hr. 

Am241 to 152 yr. 

Am242m to Am243 

Fission: 

Am241 

Am242 ( 16. 0 hr. ) 

Am242m (152 yr.) 

Am242 

Am 242m 
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600 + 100 barns 

so + 10 barns 

5500 + 500 barns 

... '• 3 . 13 + 0. i 5 barns 

2500 + 500 barns 

6400 + 500 barns 



CT242f 

cr241f 

..,... 

t 

CT242*f 

= 
= 

= 

= 

= 

= 

fission cross-.section of 16. 0 hour A.m
242 

f
. . ... . f Am241 
1ss1on cross- sectlon o 

neutron flux 
242 

decay constant of 16. 0 hour Am 

irradiation time 

number of fissions of (152 year) A.m
242

m 

neutron capture cross·-·section of Am
241

leading to 
. 242m 

the production of Am 
. . · . 242m 

f1ss1on cross- sechon of Am 

ere£ = the sum of the fission and neutron capture cross-
. 242m 

sechons of Am 
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The derivation of these equations is given in Appendix II. The irradia­

tion of samples 1 and 2 was interrupted several times and it was 

necessary to correct for these interruptions when using equation 3. 

The results of these calculations are summarized in Table 3. 

The yield values in Table 1 are plotted against the fraction of the 

fissions which is due to .Am.242 and Am 242m in Figures 16, 17, and 18. 

By extrapolating these curves to the left where the Am
242 

/Am
241 

fission 

ratio is zero, the yield ratios for pure Am
241 

fission can be deduced. 

This has been done and results are shown in Table 4. 

The problem of determining the Am
242 

yields by extrapolation 

in the other direction is much more complicated. This is because the 

cross- sections in equations 3 and 4 are not accurately known. Never­

theless, the Am
242 

yields can be estimated although the limits of 

error are much wider than for Am
241

. This has been done in Table 5. 

It should be noted that the large uncertainties in the cross­

sections have little effect on the precision of the Am 
241 

yield measure­

ments. This is because the uncertainties affect only the coefficient in 

front of the brackets in equations 3 and 4 for the shorter irradiations. 



Sample 
No. 

1 

2 

3 

4 

5 

6 

7 

Irradiation 
Time (hours) 

1000 

503.6 

275 

100 

75 

20 

10 

TABLE 3 

Fission Ratios 

No. of fissions of 
. 242 

16.0 hr. Am 

No. of fissions of 

Am241 

0.384 

0.388 

0.302 

0.361 

0.220 

0. 183. 

0.108 

No. of fissions of 

152 yr. Am
242

m 

No. of fissions of 

Am241 

1. 690 

0.907 

0.404 

0.212 

0.108 

0.051 

0.027 

No. of fissions of 

Am242 and Am242m 

Total no. of fissions 

0.675 

0.564 

. 0. 414 

0.364 

0.247 

0. 190 

0. 119 

~ 
Ul 



'131 
-
"132 

FIGURE 16 DEPENDENCE OF 131/132 YIELD RATIO 

ON GROWTH OF Am242 AND Am242m 

f 

I 
0 0·2 0·4 0·6 0·8 1·0 

Number of fissions of Am 242 and Am242m/Total number of fissions 

~ 
~ 



FIGURE 17 

1·5J 

1·561-

'ri34 1·54~ 
yl32 

1·521-

I 
1·50 

0 

DEPENDENCE OF 134j'l32 YIELD RATIO 
ON GROWTH OF Am242 AND Am242m 

I 

I 

I f 
I 

I f I 
. I I I I _L • I 

0·2 0·4 0·6 0·8 

Number of fissions of Am242 and Am 242/'Total number of fissions 

. 

1·0 

H:oo. 
-J 



FIGURE 

yl36 

yl32 

18 

1·9 

1·8 

1·7 

I· 6 

I· 5 

0 

DEPENDENCE 

ON GROWTH 

f f 

0·2 

OF 136/132 YIELD RATIO 

OF Am 2 42 AND Am242m 

0·4 0·6 0·8 1·0 

Number of fissions of Am24 2 and Am242"Vrotol number of fissions 

~ 
00 



49 

TABLE 4 

Relative Yields of Arn
241 

in the Xenon Mass Region 

Yield Relative 
Mass Chain 

to Xe
132 

Yield 

131 0. 747 + 0. 003 

132 1.000 

134 1. 52 + 0. 01 

136 1. 60 + 0. 03 
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TABLE 5 

Relative Yields of Am.
242 

in the Xenon Mass Region 

Mass Chain 

131 

132 

134 

136 

Yield Relative 

to Xe 
132 

Yield 

0.725 + 0.005 

1.000 

1.6 

1.9 

+ o. 1 

+ .0. 1 

MILLS MEMORIAL LIBRARY 
McMASTER UNIVERSITY. . 
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Even if the cross- sections are not well known, at least they will not 

vary from sample to sample. H the relative fluxes and the irradiation 

times are accurately known, the backward extrapolation of the yield 

curves will give essentially the same results even if all of the cross­

section values used in the equations are altered by as much as 20o/o each. 

Samples 6 and 7 were each analyzed by the static method using 

two separate fractions (a) and (b), The self- consistency of the measure­

ments indicates that sample depletion is not a large source of error. 

It can be seen in Table 1 that the precision of the 131/132 and 

134/132 yield ratios is much better than that of the 136/132 ratios. In 

the former case, the principal source of error is the variation of the 

measured xenon ratio from one run to another. The quoted error is the 

root mean square deviation of the ratio for the individual runs from the 

. average ratio for all of the runs. It has been found in the past that the 

precision of measuring atmospheric xenon ratios is best represented 

in this way. 

The principal source of error in the 136/132 ratio is the correc­

tion for the neutron capture of Xe
135 

The radiochemically- determined 

yield of Xe
135 

(45) was used in the calculation of this correction and, 

therefore, the error associated with this yield is more strongly reflected 

in the samples which were irradiated for longer times since it is in these 

samples that the effect of "Xe
135 

burn-up" is greater. Therefore, the 
241 

precision of the Am yield measurements is less adversely affected 

by this correction than the precision of the Am 
242 

yield measurements. 

The flux for each sample was determined by measuring the 

specific activity of each cobalt monitor in an ionization chamber. Since 

there were three widely- spaced cobalt monitors per sample (which were 

not wrapped in cadmium) the flux distribution in each irradiation can 
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could also be determined. The fluxes given in Table 1 are the averages 

for each set of three monitors and the quoted errors are mainly an 

indication of the flux distribution. The absolute values of the fluxes 

were determined by calibrating the ionization chamber with three cobalt 

samples of known activities. The error in calibration was included in 

the estimated error. 

A fourth cobalt monitor in each irradiation can was wrapped in 

cadmium and its specific activity relative to that of the unwrapped 

monitors gave a measure of the epithermal flux. The ratio of the 

specific activity of an unwrapped flux monitor to that of a cadmium­

wrapped monitor is commonly called a cadmium ratio. The cadmium 

ratio for each sample is given in Table 1. 

Errors in the absolute values of the Am
242 /Am241 

fission ratios 

given in Table 3 are quite large because of the large uncertainties in 

the cross- sections. However, errors in the relative values are much 

smaller and are mainly the result of errors in the flux determination. 

To avoid a misleading representation, the errors are not listed in this 

Table but are taken into account in Tables 4 and 5. 

130 
INDEPENDENT YIELDS OF I 

130 130 
The independent yields of I which decays to stable Xe are 

given in Table 6. The mass spectrometer was operating at its limit 

of sensitivity for these measurements. A very large correction for 

atmospheric xenon was necessary for the smaller samples. 

CUMULATIVE YIELDS IN THE KRYPTON MASS REGION 

The relative yields of the 83, 84, 85, and 86 mass chains as 

indicated by the measured krypton ratios are shown in Table 7. The 85 

mass chain decays through krypton according to the following decay 
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TABLE 6 

Independent Yield of 1
130 

Relative to 132 Mass Chain Yield 

Sample Irradiation 
. 130 132 

Measured Ratlo of Xe /Xe 
Number Time (hours) (corrected for atmospheric 

contamination) 

1 1000 (1.90.±0.10) 1 -3 
X 0 

2 503.6 (2. 48 + 0. OS) X 10- 3 

3 275 (2. 46 + 0. 12) X 10- 3 

4 100 ( 2. 94 + 0. 15) X 10- 3 

5 75 (2. 89 + 0. 08) X 10- 3 

6 20 (3. 0 + 0. 3 X 10- 3 

(3. 0 + 0. 4 X 10- 3 

7 10 unmeasurable 

8 1000. (6. 2 + 0. 3 ) X 10- 3 

(Cadmium- wrapped) 



Sample Flux 
2 

No. (neutrons/em. -sec.) 

1 (1. 06 + 3) X 10
13 

2 ( 1. OS + 3) X 10
13 

3 ( 8. 24 + 2 2) X 1 Q 
12 

4 (1.17+ 4) X 10
13 

5 (7. 83 + 39) X 10
12 

6 (1. 39 + 4) X 10
13 

7 (1. 46 + 6) X 10
13 

TABLE 7 

Relative Yields in Krypton Mass Region 

Irradiation Cadmium y83 

Time (hours) Ratio y84 

1000 17.4 0.267 

503.6 20.2 0. 657 

275 20.5 0.669 

100 14.9 0.656 

75 24.5 0.651 

20 13.9 0.654 

10 10.7 0.628 

y85 

YS4 

0. 183 

1. 136 

1. 157 

1. 139 

1. 121 

1. 127 

1. 075 

y86 

y84 

0.512 

1. 557 

1.611 

1. 520 

1. 491 

1. 514 

1. 440 

Ut 
11:>-
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scheme. 

Krs_s_m ______ 7_7o/c~o--~ Rb85m 

3. 00 min. 

l3: 1 hour 0. 6o/o 0"1 )l 
sec. 

Krss ______ 9_9_._4o/c_o __ ~ Rbss 

10. 60 year stable 

Corrections were made for the Kr
85

m branching ratio and for the 
85 

decay of 10. 60 year Kr No corrections were made for atmospheric 

contamination because the ratio of the amount of fission product krypton 

to the amount of artifically-added Kr80 and Kr
82 

was too small. Varia­

tions in the measured Kr
80 

/Kr
82 

ratio were too small to indicate the 

presence of atmospheric contamination even though there may have been· 

a significant amount relative to the fission-produced krypton. However, 

samples 2 to 7 inclusive showed little variation in the fission product 

krypton ratios even though the amount of atmospheric xenon contamina­

tion varied over several orders of magnitude. It is probable that the 

atmospheric krypton contamination also varied over several orders of 

magnitude. Because the atmospheric isotope abundance pattern 

(measured by Neir (SO)) is very different from the measured krypton 

isotope patterns (see Table 7) one would expect large variations in the 

measured ratios from one sample to another if any of the samples was 

seriously contaminated. Therefore, one can safely assume that there 

was only a slight contamination in samples 2 to 7. An example of a 

seriously- contaminated sample is sample 1 which has been included in 

Table 7 for illustrative purposes only .. 

However, the slight atmospheric contaminations which could not 

be measured masked any small differences which might have existed 
. 241 242 

between the krypton y1eld patterns for Am and Am . Nevertheless, 
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the yields for both of these nuclides can be estimated within limits of 

error determined by possible atmospheric contamination and uncertain­

ties of cross- sections used in equations 3 and 4. These results are 

given in Table 8. 

RATIO OF XENON TO KRYPTON 

The ratio of the amount of fission-produced Xe
132 

to the amount 

of fission-produced Kr
85 

was accurately determined for each sample. 

This was accomplished using the known amounts of Kr
80

, Kr
82

, and 

Xe
128 

in each sample according to the following equation. 

lxe13 ~ = lxe13 ~ lxe12~ lKr
80l 

G<r85] 1Jcel28J IJ<r8o] G<r85] 

132 128 . 
The Xe /Xe ratlo was measured and corrected for atmos-

128 80 . 
pheric contamination in each sample. The Xe /Kr was determined 

separately using a standard mixture of atmospheric xenon and krypton 
80 85 . 

and was the same for all samples. The Kr /Kr rabo was measured 
85 . 

for each sample and corrected for Kr branching and decay and for 

h . . . . h d K 8 O /K 8 2 t. Th atmosp eric contamination using t e measure r r ra Io. . e 

results are given in Table 9. 

The accurate determination of these ratios would have been 

impossible without the addition of the Kr
80

, Kr
82

, and Xe
128 

mixture. 

This is because the relative sensitivity of the mass spectrometer for 

xenon with respect to krypton is dependent on many electrical parameters 

in the source and ion detector. These parameters are altered slightly 

from sample to sample in, order to optimize the precision of measure­

ment. Therefore, although the addition of Kr
80

, Kr
82

, and Xe
128

1owered 

the accuracy of the 83, 84, 85, and 86 mass chain yield measurements 

relative to each other by preventing a correction for atmospheric krypton 

contamination, it nevertheless permitted the acquisition of otherwise 
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TABLE 8 

Relative Yields of Am
241 

and Am
242 

in Krypton Mass Region 

Yield Relative 
Mass Chain . 84 

to Kr Yield 

Am241 83 0.65 + 0. 04 

84 1.000 

85 1. 13 + 0. 11 

86 1. 52 + o. 18 

83 0. 65 + 0. 06 

84 1.000 

85 1. 1 + 0. 2 

86 1. 5 + 0. 3 

. . 
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TABLE 9 

Xenon-Krypton Ratios 

Sample Irradiation yl32 

Number Time (hours) y85 

1 1000 9.4+0.4 

2 503.6 10.3+0.4 

3 275 9.2 + 0.4 

4 100 9. 6 + 0. 3 

5 75 10.0+0.3 

6 20 9.8 + 0.4 

7 10 8. 5 + 0. 4 

' . 
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unobtainable data. 

FISSION INDUCED BY EPITHERMAL NEUTRONS 

Sample 8 was surrounded by a cadmium container of wall thick­

ness 0. 8 mm. As a result, the fissions were induced mainly by 

epithermal neutrons. The data obtained from analysis of this sample 

are summarized in Table 10. 

ABSOLUTE FISSION YIELDS 

In d h 1 . . ld f Am241 f' . or er to convert t e re ative y1e s or 1ss1on to 

absolute yields, the results were normalized to the radiochemically­

determined absolute yield of the 133 mass chain (45). The final decays 

of the 133 mass chain are 

2. 3d 

l 
Xel_3_3_~ 

5. 27 d 

Cs
133 

stable 

However, before this normalization could be accomplished, it 

h X 133/X 134 . . ll was necessary to measure t e e e raho mass spectrometr1ca y 

at a particular time after irradiation. Sample 9 was irradiated for 10 

hours; the xenon and krypton were extracted 133 hours after the end of 

the irradiation; and the Xe
133 

/Xe
134 

ratio was measured 71 hours after 

extraction. Corrections were made for atmospheric contamination and 
133 133m 133 

for the decay of I , Xe , and Xe . The data associated with the 

analysis of sample 9 are given in Table 11. The results of the normali­

zation are given in Table 12. The errors in Table 12 are lc;trgely due to 

the So/o error reported by Rickard et al. (45) for the 133 chain yield. 



TABLE 10 

Relative Yields for Am
241 

Fission Induced 

by Epithermal Neutrons 

Sample Number: 8 

Irradiation Time: 1000 hours 

Epithermal Flux: (7. 6 + 0. 3) x 10
11 

neutrons/em. 
2
--sec. 

y83 

y84 

y 85 

y84 

y86 

y84 

yl31 

yl32 

yl34 

yl32• 

yl36 

yl32 

0. 677 + 0. 003 

1. 167 + 0. 006 

1. 533 + o. 007 

0. 763 + 0. 003 

1. 463 + 0. 011 

1. 483 + 0. 010 
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TABLE 11 

Determination of Relative Yield of 133 Mass 

Ch . , f ' Am241 F. . a1n or 1Ss1on 

Sample Number: 9 

Irradiation Time: 10 hours 

. 13 2- ,, 
Flux: (1. 47 + 0. 02) x 10 neutrons /em. -sec. 

Cadmium Ratio: 12. 5 

Time between End of Irradiation and Extraction: 133 hours 

Time between Extraction and Analysis: 71 hours 

y133 
-- . 0. 7 59 + 0. 007 
y134 . 

61 
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TABLE 12 

Absolute Yields of Ain
241 

in Xenon Mass Region 

Mass Chain Absolute Yield 6/o 

131 2. 6 + 0. 2 

132 3. 5 + 0. 2 

133 4. 0 + 0. 2 

134 5. 3 + 0. 3 

136 5. 6 + 0. 4 
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COMPARISON WITH RADIOCHEMICAL YIELDS 

Three of the mass chain yields measured in these experiments 

for Am 
241 

had been recently measured radiochemically by Rickard et 

al. (45). These were for the 131, 132, and 133 mass chains. The radio­

chemical 133 to 132 ratio of 1. 02 + 0.15 is in agreement with the mass 

spectrometric value of 1.155 + 0. 012. But the radiochemical 131 to 132 

ratio of 0. 54..:!: 0. 07 is not in agreement with the mass spectrometric 

value of 0. 747..:!: 0. 003. However, earlier radiochemical measurements 

by Cunninghame (44) give a 131 to 132 ratio of 0. 83 + 0.10 which agrees 

with the mass spectrometric value. 



DISCUSSION 

COMPARISON WITH YIELDS FOR OTHER FISSIONABLE NUCLIDES 

The fission cross- section of Am
241 

differs considerably from 

that of other fissionable nuclides whose yields have been measured with 

a mass spectrometer. It is much smaller and is characterized by 

relatively large resonances (51). The fission cross- section is shown in 

Figure 19 as a function of energy. Also shown in Figure 19 for compari-
. 235 239 241 

son are the cross- sectlons of U (52), Pu (52), and Pu (53). 

Because the cross- section of Am 
241 

is different, one might expect the 

fission-product yield pattern to be different also. 

In actual fact, however, the yields are remarkably similar. The 

yields of the 131, 13 2, 13 3, 134, and 13 6 rna s s chains are shown in 
. 235 239 233 241 241 

F1gure 20 for U , Pu , U , Pu , and Am It can be seen 

that the fine structure of the Am
241 

yield pattern is more pronounced 
233 . 239 

than that of the U pattern but 1s less pronounced than that for Pu 

and much less than that for u235 
and Pu

241
. 

There appears to be a correlation between the extent of fine 

structure and the neutron- proton ratio of the compound fis sioning 

nucleus. As the neutron- proton ratio increases, the extent of fine 

structure increases. (See Table 13). On the basis of this correlation, 

one would predict the fine structure of the Am 
242 

yield curve to be 
241 

greater than that for Am . This was experimentally observed as can 

be seen from Figure 17. Here the 134 to 132 yield ratio is taken as a 

measure of the extent of fine structure. The 136 to 132 yield ratio is 
242 

also greater for Am . This indicates that the slope of the low mass 
' 242 241 

side of the heavy mass hump is greater for Am than for Am . 
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FIGURE 20 ABSOLUTE YIELDS IN 

THE XENON MASS 
REGION FOR VARIOUS 
FISSIONABLE NUCLIDES 
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TABLE 13 

Relationship between Extent of Fine Structure and 
I 

Neutron- Proton Ratio of Compound Fis sioning Nucleus 

Fis sioning Nuclide Neutron- Proton Ratio Extent of Fine 
of Compound Fissioning Structure 
Nucleus 

u233 1. 543 slight 

Am241 1.547 moderate 

Pu239 1. 553 moderate 

u235 1. 565 large 

Pu241 1.574 large 
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RELATIONSHIP BETWEEN NEUTRON ENERGY AND FINE STRUCTURE 

Changes in fine structure resulting from changes in the incident 

neutron energy have not been previously observed. An attempt to observe 

such an effect by comparing the fission yield pattern for cadmium­

wrapped u235 
using radiochemical methods did not reveal any measur­

able change (54). However, Croall and Willis (55) found a different 

ratio of the 77 mass chain yield to the 78 yield for cadmium-wrapped 
239 239 Pu as opposed to unwrapped Pu . The absolute yields of these 

mass chains are very low and they lie on the low mass tail of the light 

mass hump of the fission yield curve. Although this change in ratio 

does not in itself constitute a change in fine structure of the humps in 

the yield curve, it indicates that such an effect may exist. The mass 

spectrometer measurements of americium yields do reveal changes in 

fine structure. 

Table 10 gives the yield data of the cadmium-wrapped sample of 

.Arn
241

. The irradiation conditions were such that the number of Arn
242 

fissions was negligible. It can be seen that the fine structure is signi­

ficantly less than that for the unwrapped samples of Arn
241 

This means 

that neutrons of epithermal energy give a yield pattern for Am 
241 

with 

less fine structure than neutrons of thermal energy. By comparing the 

capture cross~ section of cadmium (see Figure 21) with the fission cross­

section shown in Figure 19, it appears that the majority of fissions in 

the cadmium-wrapped sample was due to resonances in the fission 

cross- section at 0. 58 ev and 1. 25 ev. The large resonance at 0. 30 ev 

was effectively shielded by the cadmium. An estimate of the total 

amount of xenon formed in the cadmium-wrapped sample as compared 

to the unwrapped· samples was made using isotope dilution techniques. 

This estimate indicates that less than 10% of the number of fissions in 

the unwrapped samples was due to the resonances at o; 58 ev and 1. 25 ev. 
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FIGURE 21 NEUTRON CAPTURE 

CROSS-SECTION,: OF CADMIUM 

-f/) c: 
- .... 
0 
.c - 1,000 
c: 
0 
+-u 
cu 
f/) 

I 
f/) 
f/) 

0 .... 
u 100 
cu .... 
~ 
+-a. 
0 
u 

c 10 
0 .... 
+-
:J 
CD 
z 

~~------~~------~--------~ 0·01 0·1 10 -
Neutron Energy C ev) 



70 

There is also evidence of an energy effect in the yield curve of 

Am
242

. This can be seen by examining the curve in Figure 17 which 

shows how the 134 to 132 yield ratio changes as the number of fissions of 

Am242 d Am242m. 1 . . h 1 b f f' . an 1ncreases re atlve to t e tota num er o lSSlons 

(of Am
241

, Am
242

, and Am
242

m). Points to the left of the curve corre­

spond to short irradiation times and most of the fissions here are due 

to Am 
241

. Proceeding to the right along the curve (increasing irradia­

tion time) there are two important changes. Not only is the number of 

fissions of 16.0 hour Am
242 

increasing relative to the number of Am
241 

fissions, but also the number of fissions of 152 year Am
242

m is increasing 

relative to that of 16. 0 hour Am 
242

. That this is so can be seen in 

Table 3. The curve in Figure 17 indicates that the fine structure increases 

as the number of fissions of 16.0 hour Am
242 

increases up to a point 

where the number of fissions of Am
242

m becomes significant. Then it 
. 242m 

starts to drop. This indicates that the fine structure 1s less for Am 

fission than for 16. 0 hour Am 
242 

fission. 

The rest e'nergy of 152 year Am
242

m is 48. 6 kev higher than 
242 243 

that of 16. 0 hour Am (56). Therefore, the compound nucleus, Am , 
242m . 

formed by the capture of a thermal neutron by Am w1ll have 48. 6 

kev more excitation energy than a compound nucleus formed by the capture 
242 

of a thermal neutron by Am In fact, it will have the same excitation 

energy as a compound nucleus formed by the capture of a 48. 6 kev neutron 

by Am 
242 

Let us assume that the compound nucleus remains intact 

long enough so that when it finally undergoes fission, all information 

about the state of the nucleus prior to neutron capture has been destroyed.· 

This is a reasonable assumption, because, according to the liquid drop 

model, a u236 
compound nucleus oscillates 10 

7 
times before undergoing 

fission. This would mean that the thermal neutron fission of Am 2
42

m 

is equivalent to the 48. 6 kev neutron fission of Am 
242

. Since the fine 
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structure appears to be less for the thermal neutron fission of Am
242

m 

than for that of Am
242 

,· it can be concluded that the fine structure for 

Am242 . . h vanes w1t neutron energy. 

241 
It is interesting that, in these experiments with Am and 

Am
242

, the fine structure decreases as the neutron energy increases. 

It is known that the peak- to-valley ratio for fission yield curves tends 

to be greatest for spontaneous fission, less for resonance fission, still 

less for thermal neutron fission, and least for fast fission. This indi­

cates that the fission process is most selective for spontaneous fission 

and least selective for fast fission. The variation in firte structure for 

Am242 is in accordance with this trend. On the other hand, one might 

have expected the fine structure to increase for the cadmium- wrapped 

sample of Am 
241 

because of the resonances. However, the experiments 

with Am 
241 

show that the fine structure decreases with increasing 

neutron energy whether or not resonances are involved. 

Peak- to- valley ratio variations are usually explained in terms 

of the "two-mode theory of fission" (57) which states that the mass yield 

curve is the result of the superposition of a single- humped yield curve 

corresponding to a prefel:"ence for symmetric fission and a double- humped 

curve corresponding to a preference for asymmetric fission. For low 

excitation energies of the compound nucleus, the asymmetric mode is 

predominant and this. leads to a high peak- to- valley ratio. For high 

excitation energies (resulting from incident neutrons of high energy), 

the symmetric J?Ode becomes more important and the peak!- to-valley 

ratio is correspondingly lower. However, the two- mode theory does 

not predict a change in firte structure with increasing neutron energy. 

The observed changes are therefore an additional effect. 
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XENON-KRYPTON RATIO 

The xenon-krypton ratios for the various samples are given in 

Table 9. These values, along with the normalized xenon yields given 

in Table lZ, have been used to calculate the absolute krypton yields for 

Am
241 

h · F' 22 I b h h k ld as s own 1n 1gure . t can e seen t at t e rypton yie s 

give information about the low mass side of the light mass hump in the 

yield curve. In general, an increase in the mass number of the fissioning 

nuclide causes the light mass hump to move to the right. One might 

therefore expect that the xenon-krypton ratio for Am
242 

would be 
241 

greater than that for Am . This is because the krypton yields are on 

the tail of the light mass hump and even a slight movement of the hump 

should have a large effect on absolute yields in that mass region. Yet 

the ratios in Table 9 indicate that they are roughly the same. 

This can be explained by the Mathews- Tomlinson fission model 

as outlined in the INTRODUCTION. The width of the humps in the yield 

curve depends on the number of nucleons in the neck of the "dumb-bell". 

If the indentation at the 50- neutron shell were as great as at the 82-

neutron- 50-proton shell, then the yield patterns for two different fission­

ing nuclides would appear as in the top part of Figure 23. The low mass 

side of each hump would remain fixed while the heavy mass side of each 

hump would move to the right with an increase in mass of the fissioning 

nuclide. This means that the xenon- krypton ratio would be independent 

of the mass of the fissioning nuclide. (Actually, the ratio would be 

slightly affected by the neutron- proton ratio of the fissioning nucleus 

because the most probable mass of a fission fragment with 50 neutrons 

would be altered.) However, the indentation at the 50-neutron shell is 

less than at the 82-neutron- 50-proton shell, according to Mathews­

Tomlinson model, and therefore the yield patterns appear as in the 

bottom part of Figure 23. Nevertheless, the 50-neutron shell does 
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exert some influence and tends to prevent the low mass side of the light 

mass hump from moving to the right as the mass of the fissioning 

nuclide increases. The xenon-krypton ratio for u235 
is about 5. If it 

were not for this holding effect of the 50-neutron shell, the ratio for 
241 242 ' 

both Am and Am would undoubtedly be much greater than the 

observed values of about 10. 

KRYPTON YIELDS 

The krypton yields by themselves do not seem to reveal any 

important features of the fission process. The pattern shows little 
241 242 

change between Am and Am . 

INDEPENDENT YIELD OF I
130 

The independent yield of the shielded nuclide I
130 

gives informa­

tion about the charge distribution curve for nuclear fission. The I 130 

yield measurements for Am
241 

given in Table 6 show that there is a 

marked change when the sample is irradiated with epithermal neutrons 

as opposed to thermal neutrons, i.e., the yield is twice as high. This 

indicates, for the first time, that neutrons of higher energy tend to 

spread out the charge distribution curve. This is further evidence that 

fission at higher excitation energies is a less selective process. 

CONCLUSIONS 

The mass spectrometric measurements of the fission yields of 

Am241 d Am24 2 h 1 d b f . f f h an ave revea e anum er o 1mportant eatures o t e 

fission process. 

(a) There is a direct relationship between the amount of fine 

structure at mass 134 and the neutron-proton ratio of the fissioning 

nucleus for thermal-neutron- induced fission. 
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(b) It has been shown for the first time that the fine structure in 

the mass yield curve decreases as the energy of the incident neutron 

increases. 

(c) The 50-neutron shell in the fissioning nucleus has a signi­

ficant effect on the shape of the mass yield curve. 

(d) It has been shown for the first time that an in~rease in. 

neutron energy changes the charge distribution in nuclear fissio~. 



APPENDIX I 

CORRECTIONS TO 136 MASS YIELDS 

Some of the Xe
136 

in the samples is formed by neutron capture 

of fission-produced Xe
135 

In order to obtain the true fission yield of 

X 136 't . · b h f X 136 d b e , 1 1s necessary to su tract t e amount o e forme y neutron 
135 136 

capture of Xe from the measured amount of Xe . Also, the inde-

pendent yield of Cs
136 

(45) must be added to the corrected Xe136 yield 

in order to obtain the yield of the entire 136 m.ass chain. 

The longer-lived members at the end of the 135 mass chain are 

shown below. 

--~) Te13~ 1135 -30% Xe135m 

< Z min. 6. 70 h~ 15. 6 min. 

x~l35 ) Csl35 Bdl35 

6 
9. 20 hr. 2. 0 x 10 yr. stable 

In order to simplify the calculations, one can reasonably assume that 

the independent yields of Xe
135 

and Cs
135 

are small enough to be neg­

lected. Because of the very short ·half-lives of the precursors of I
135

, 

it can then be assumed for purposes of calculation that all fission 

products of mass 135 initially appear as I
135 

It can also be assumed 
135 . . 135 

that all of the I decays duectly to the ground state of Xe instead 

of partially decaying through 15. 6 min. Xe
135

m. These last two 

assumptions lead to very little error because the shortest irradiation 

time (10 hours) is very long compared to the hal~-1ives of Te
135 

and 

Xe135m. 
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The differential equation which describes the number of I
135 

atoms which are present at any time during irradiation is 

dN 
1 

No y 135 CSf <P - A.l Nl = dt 

where Nl 
135 = number of atoms of I 

N = number of fissionable atoms 
0 

y135 = yield of 13 5 mass chain 

<1£ = fission cross- section 

q> = neutron flux 

A.l 
135 = decay constant of I 

Setting N
1 

= 0 when t = 0 gives the following solution 

No y135 Of q> _).. t 
N= (1-e 

1
) 

1 A.l 

The differential equation which describes the number of Xe
135 

atoms present at any time during irradiation is 

where N
2 

x.2 

(J 
c 

Setting N
2 

solution 

dN
2 

· · 

dt = A.l N 1 - A. 2 N 2 - q> ~ N2 

135 = number of Xe atoms present 

= decay constant of Xe 
135 

. . f X 135 = neutron capture cross-section o e 

= 0 when t = 0 and using equation 5 gives the following 

78 
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136 
Let N

3 
be the number of Xe atoms produced by the neutron 

135 t 
capture of Xe j 

N = q> cr N
2 

dt 
3 c 

0 

Using the expression for N
2 

from equation 6 gives 

+ 

= 

where ~ is the expression in the large square brackets in equation 7. 

In h . X 136 d 1 . X 132 t e exper1ments, e was measure re atlve to e 

Therefore, it is best to determine N
3 

relative to the number of Xe
132 

atoms. 

Let N
4 

be the number of Xe
132 

atoms produced in fission. 

where Y
132 

= yield of 132 mass chain 

The true yield ratio of the 136 and 132 mass chains is given by 

y 6 G X 136a-. yl3 = Measured ratio of e132 -
132 ' Xe 

7 

8 

9. 

10 



where C = independent yield of Cs
136 

yl35 c 
It is necessary to know the values of and -

yl32 yl32 . 

According to the radiochemical yield measurements made by 

Rickard et al. (45 ), 

yl33 = 4. 0 .± 0. 2% 

y135 = 4. 8 .± 0. 3% 

c = 0. 16% 

Using these values along with the mass spectrometrically­

measured value of 1.15 + 0. 02 for ~l3~l in equations 11, 12, and 9, 

equation 10 becomes ~ l3 2J 
[ . 13~ 

= Leasured ratio of :: 13~ -
,I 

1. 38 <P 6C r 
t 

+ 0. 046 
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APPENDIX II 

RELATIVE NUMBER OF FISSIONS OF Am 
242 

AND Am 
242

m WITH 

RESPECT TO Am
241 

242 
16.0 Hour Am 

The differential equation which describes the number of 16. 0 

hour Am
242 

atoms which are present at any time during irradiation is 

where Nb 

N 
a 

~1 

<V 
..,._ 

dNb 
= N cr tn dt a c1 ., 

242 
= number of Am a toms 

= number of Am 
241 

. f Am241 1 d' = neutron capture cross- sectlon o ea 1ng to 

production of 16. 0 hour .Am
242 

= neutron flux 
242 

= decay constant of Am 

Setting Nb = 0 when t = 0 gives the following solution 

N a- ~ .. 
N = a cl (1 -;e-M) 

b ..,._ 

Let N(242) be the number of fissions of .Am
242 

t 

N (242) = / Nb oz42f 'P dt 

0 

where oz
42

f =fission cross--section of 16.0 hour .Am
242

. 
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Using equation 13 gives 

N o- . a-:· <\)2 
N (242) = a c1 242f [" 1 -A.t] L- A. (1-e ~ A. 

Let N(241) be the number of fissions of Am2~1 

N (2.41) = Na az41f cp t 

h - f" . . t" f Am241 
w ere v

24
1f = 1ss1on cross- sec 10n o 

N (242) ~1 ~42£ <\) 
= 

N ( 2.41 ) oz41f A. 

· 152-Year Am242m 

~ -A.tll L- (1 /A.; (1- e )J 

82. 

14 

3 

The differential equation which describes the number of Am242m 

atoms which are present at any time during the irradiation is 

dN 
c 

dt = Nd ~2 ~ - Nc ~f <V 

where N 
c 

242m 
= number of Am atoms 

= neutron capture cross- section of Am
241

leading to the 
242m 

production of Am 

15 

= the sum of the fission and neutron capture cross- sections 

of Am242m. 

It is unusual to take into account the depletion of the product 

nuclide (in this case Am
242

m) due to its own fission and capturing of 

neutrons as has been done in equation 15. However, both the fission 
. 242m 

and neutron capture cross- sectlons of Am are unusually large 

(6400 and 5500 barns respectively) so that, for the longer irradiation 

times, the depletion is significant. Failure to take this into account 
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would result in a lOo/o error in the calculated fission ratio (to be derived 

below) for the 1000 hour irradiation. 

is 

The solution of equation 15 (found by setting N = 0 when t = 0) 
c 

N = 
c 

N ·a­
a c2 

~f 

-~f q> t 
(1 - e ) 

Let N (242m) be the number of fissions of Am 
242

m. 
t 

N(242m) = j Nc az42* '{> dt 

0 

h f . . . f Am242m w ere crz
42

* = 1ss1on cross- sectlon o 

Combining equations 14, 16, and 17 gives 

N (242m) = 
N (241) 

~2 "242*f 

~f 0Z4lf t . .me> tJ _ (1 - e 'f cf ) · 

<\) ~f t 
4 

16 

17 
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