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A REVIEW OF NUCLEAR FISSION 

PART ONE - FISSION PHENOMENA AT LOW ENERGY 

Earl K. Hyde 

April 1962 

Authorts note: The original version of this report was issued in January 1960. 

The present version is identical to it in organization but it 

contains a considerable amount of recently published material 

particularly in the last half of the report. The author wishes 

to thank the many individuals who supplied comments and 

criticisms of the original material and who called his attention 

to important new data on fission phenomena. He would still be 

grateful for comments and suggestions but makes no promises con-

cerning the preparation of a second revision. 

Part two of this Fission Review entitled Fission 

Phenomena at Moderate and High Energy was issued as report 

UCRL-9065 in February 1960. 
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PART ONE - FISSION PHENOMENA AT LOW ENERGY* 

11.1 HISTORICAL ACCOU11T OF THE DISCOVERY OF FISSION 

After the neutron was discovered by CHADWICK 1  in 1932 and artificial 

radioactivity by I. CURIE and F. JOLIOT 2  in 1934, FERMI showed the effectiveness 

of paraffin-slowed neutrons in the preparation of artificial radioelements. He 

and his co-workers 3  at Rome exploited this technique very thoroughly by the 

systematic bombardment of all the eaily-available chemical elements with the 

neutrons emitted by a radium-beryllium source. Quite naturally this study led 

to the search for transuranium elements by the bombardment of uranium with slow 

neutrons. FERMI and his collaborators 
13,4 produced a 13 minute activity by bom-

bardment of uranium and succeeded in separating it from elements 82 to 92 

inclusive. This led them to the logical conjecture that this activity must be 

element 93, particularly since it seemed to have the chemical properties at 

that time expected for this element (namely, properties like those of rhenium). 

The formation of element 93 would be expected from the capture of a neutron by 

uranium followed by beta decay. Continued work by the Fermi group and by other 

investigators, however, resulted .in the discovery of numerous additional activi-

ties- -far too many to explain without postulating a very unusual pattern of 

isomerism. Furthermore, the radiochemical properties of many of the new 

"transuranium" elements differed from those to be expected of such elements. 

In addition to the apparent transuranium elements, four radioactivities were 

found which were 'reported to be - active isotopes of radium because they 

precipitated with barium compounds traditionally used as carriers for radium. 

* Published literature to the early months of 1962 was surveyed in the prepara-

tion of this review. 

J. Chadwick, Proc. Roy. Soc. A136, 692 (1932 ). 

I. Curie and F. Joliot, Comptes Rendus 198, 254 (193 4). 

E. Amaldi, 0. D'Agostino, E. Fermi, B. Pontecorvo, F. Rasetti and E. Segr, 

Proc. Roy. Soc. A149, 522 (193)'; A146, 483 (1934). 

E. Fermi, Nature 133,  898 (1934). 
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The investigation of those confusing products of the irradiation of 

uranium with neutrons occupied the period from 1935 -1939 The extent of the 

experimental work done on the "transuranium elements" during this period and 

the confusing difficulties in the way of their classification can be seen by 

consulting a review5  published abut oneiear before thedisoveryof:.fission. 

The honor of proving that the new activities were not heavy element 

isotopes, but isotopes of medium-weight elements produced by an entirely un-

expected nuclear phenomenon fell to the German radiochemists HAHN and 

STRASSMANN6'. These two chemists as well as I. CURIE and P. SAVITCH 8, who 

were working simultaneously in France were investigating the radiochemical 

properties of the new radium isotopes and finding surprising difficulty in 

separating them from inactive barium which had been added as a carrier element. 

The problem was solved by HAHN and SThASSMAHN when they added TbX(Ra22) or 

MsTh1 (Ra 22  ) to the mixture and carried out a partial separation of barium and 

radium by fractional crystallization of chloride, bromide and chromate salts. 

The unidentified activities isolated from neutron-bombarded uranium targets 

were observed to concentrate in the barium and to be separated from the ThX or 

MsTh1  fraction. This proved that the unknown activities must be isotopes of 

barium and not of radium since other elements had been eliminated in the 

preliminary separation. In order to clinch the identification, radiochemical 

experiments were performed on the daughter activities Of the strange "radium" 

isotopes. Previously the daughter activities had been believed to be isotopes 

of actinium. HAHN and STRASSMANN separated the daughter products with 

lanthanum carrier, then added MsTh2(Ac228) as an indicator for actinium. When 

a partial separation of lanthanum and actinium was carried out by fractional 

crystallization of lanthanum oxaiat, it was observed that the identified 

daughter activities did not concentrate in the actinium fraction. The experi-

ments described in KAHN and STRASSMANN's "second" paper 7  rank among the most 

careful ,/umambiguous ever carried out in radiochemistry. The authors felt 

L. L. Quill, Chem. Reviews Za, 87-155 (1938). 

0. Hahn and F. Strassmann, Naturwiss, 27, 11 (1939). 

7 0. Hahn and F. Strassmann, Naturwiss. 27, 89 (1939). 

8. I. Curie and P. Savitch, J. de Phys 171 8, 385 (1937); 171 9, 355 (1938). 
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compefled to establish beyond question the truth of their results because these 

were so unexpcted and so much at variance with previous experience in nuclear 

reactions. Thus, they had succeeded in proving thaturanium, when bombarded with 

neutrons, undergoes an unusual nuclear rearrangement resulting in the formation 

of radioelements with about half the atomic number of uranium. 

This was a sensational finding which was immediately given the correct 

interpretation by MEITNER and FRISCH9  as the division of an excited uranium 

nucleus into two fragments of medium weight. The partner to barium in such a 

nuclear division might be krypton, and radioactive isotopes of krypton were 

immediately found by HAHN and STRASSMAHN. 7  HANE and STRASSMANN' S results were 

soon confirmed by chemical and physical experiments in laboratories all over 

the world. More than one hundred papers were published on this subject within 

a year. 

MEITNER and FRISCH9  coined the expression nuclear fission (kernspaltung, 

la fission nucleaire) for this new phenomenon. From a consideration of the mass 

deficiencies of the elements in the periodic table these authors also imme-

diately recognized that an exceptionally large amount of energy should be 

released in the reaction. A rough calculation indicated that about 200 Mev 

of energy should be released per fission, an amount 25 to 50 times greater 

than that released in alpha particle emission. FRISCE 
10

first demonstrated 

this large energy release by recording the large pulses of ionization produced 

in a gas chamber by the recoil of the fission fragments. Almost simultaneously 

J0LI0T also showed the large kinetic energy of the fragments by range 

measurements. 

Quantitative measurements of this ionization gave the first evidence 

of the asymmetric rkature of fission. JENTSCI and PRANKEJ 12  demonstrated the 

presence of a low energy group and a high energy group centered at about 60 

L. Meitner and 0. B. Frisch, Nature 143 ,  239, 471 (1939). 

0. R. Frisch, Nature 1443 ,  276 (1939). 

F. Joliot, Compt. rend. 208, 341, 647 (1939). 

W. Jentschke and F. Prankl, Naturwiss. 	, 134  (1939). 
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Mev and 100 Mev respectively. Detailed radiochemical infestia'tions confirmed 

this by showing that the main yield of the fission products omes in two groups 

centering around mass numbers .95 and 138.• .  

Uranium has a neutron-to-proton ratio of 1.55 whéras the stable isotopes 

of the elements in the fission product region have a neutron-tb-proton ratiO of 

1.25 - 1.45. Hence, the fission products are neutron-rich and unstable towards 

emission. The initial excitation of the fragments is sufficiently great that 

neutron emission can compete with 1-emission as a de-excitation process. HAHN 

and STRASSMANN7  noted the possibility that neutrons would be set free and such 

neutrons were soon observed by VON HALBAN, JOLIOT and'KOWARSKI 13  in Paris, by 

ANDERSON, FERMI and HANSTEIN in New York, and by others. 

It was also soon found15  that a small fraction of these neutrons were 

delayed in their emission and that the half-life periods for the emission of 

delayed neutrons ranged up to one minute. Since neutron emission is not slowed 

by potential barrier effects, these delayed neutrons were attributed to beta 

emitters which decay with an appreciable half-life to highly excited levels in 

daughter products which instantaneously emit neutrons. 

The early measurements of the number of neutrons emitted at the instant 

of fission indicated that this number was certainly greater than one and probably 

in the range of 2 to 3. This fact made it possible to conceive of a chain reaction 

in which massive amounts of. energy might be released. For this to be possible, it 

is necessary that more than one of the neutrons so released be absorbed by other 

uranium atoms to cause fission. But the neutrons must be slowed to thermal 

velocities if their effectiveness in causing fission is to be high. Neutron, losses 

can occur by complete escape from the reacting system or by (n,y) reactions with 

U23  or with moderating material added to cause the slowing down of the neutrons. 

Hence it is not easy to construct a chain-reacting system. It is interesting to 

note that FLUGGE 6  in 1939 had already published an extensive review of the 

13. H. von Halban, Jr., F. Joliot and L. Kowarski, Nature 	, 70 (1939); 

Nature 	, 680 (1939).  

li-i-. H. L. Anderson, E. Fermi and H. B. Hañstein, Phys. Rev. 	, 797 (1939). 

R. Roberts, R. Meyer and P. Wang, Phys. Rev. 	, 510 (1939). 

S. Flugge, Naturwiss. Lj, 402 (1939). 
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possibilities and problems of the release of large amounts of energy by the 

fission of uranium. FLUGGE calculated that one cubic meter of .  U 08 might 

develop 10 
12 kilowatt hours in less than 0.01 seconds. 

It was natural that experimentalists should try to initiate the fission 

reaction by other means than neutron irradiation of uranium. It was soon found 

'that fission could be initiated by bombardment with high energy photons, 

protons, deuterons, helium ions, etc. Thorium was not, observed to fission 

with thermal neutrons, but if high energy neutrons or charged particles were 

used, fission did occur 0  It was even conceived that uranium might fission 

spontaneously without excitation from any external agent and this phenomenon 

was first demonstrated by PETRZHAK and FLEROVO 17  . 

The slow-neutron fissionability of uranium was first attributed to the 
18 	. 

rare isotope of mass number 235 by BOHR, 	and withcLn a year this was verified 

experimentally by studies of uranium isotopes separated in a mass spectrometer. 19 ' 20  

BOHR and WHEELER 21  developed a theory of the fission process in 1939 

based on a conception of the nucleus as a liquid drop; FRANKEL 22  independently 

proposed a similar theory. Their application of this theory did not explain 

the most striking feature of fission, namely, the asymmetry of the mass split, 

but it accounted satisfactorily for a number of features of the reaction. This 

theory. is briefly reviewed in the next section. Many theoretical developments 

since 1939 have been based in some way on the BOHR-WHEELER treatment No 

adequate theory of fission has ever been developed; the great variety of obser -

vations on this highly complex nuclear phenomenon which are detailed in the 

remainder of this chapter present a very formidable task for the theoretician. 

K. A. Petrzhak and G. N Flerov, Compt. rend. Acad. Sci. ,USSR 25,  500 (19 110). 

N. Bohr, Phys. Rev. 55, 1118(1939). 

A. 0. Nier et al., Phys. Rev0 57, 546, 748 (19 110). 

K. K. Kingdon et al., Phys. Rev. 57, 749 (1940). 

N. Bohr and J. TIheeler, Phy.. Rev. 56, 1126 (1939). 

J. Frankel, Phys. Rev. 55, 987 (1939); J. Phys. USSR 1, 125 (1939). 
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A rather complete historical account of the first year of work on 

uranium fission is given by TTJRJER. 23  This review is higbly interesting read-

ing and provides insight into the development of physicsatthe time of a 

fundamentally new discovery. IIAm 2l  has written an informative popular account 

of his early experiments mT the l3ook 'New Atoms.' t  a - 

In the remainder of this chapter, a brief review of fission theory is 

followed by a detailed review of the phenomena accompanying low energy fission. 

The description of high energy fission is deferred until the following chapter. 

L. A... Turner, "Nuclear Fission", Rev. Moth Phys. 12, -29 .(l9O). 

0. Hahn., "New Atoms, Progress and Some Memories",,Elsevier Publishing 

Co., New York (1950). 
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11.2 FISSION THEORY 

11.2.1 Th 	 of fission. 	If we had a complete know- 

ledge of nucleons and of i..nternucleonic forces we could write down an exact 

nuclear Hamiltonian for the energy of the nucleus in the following form 

AP 	A 
•H = I 	+ 1/2 Z 	V1. + E.M. 

12m. 	ij 

where P. is the momentum of the ith particle, V 1 . is the exact potential of 

the interaction of the ith and jth particle, and E.M. is a less important term 

which allows for the existence of the electromagnetic field; this last term 

can be relevant for fission if we consider gamma-induced fission. 

A nuclear theory based on this exact Hamiltonian could in principle 

provide us with a complete explanation of all nuclear phenomena including 

fision, alpha emission, neutron and proton emission, gamma emission, etc. 

We do nbt know the form of V.. in sufficient detail and if we did we would 
iJ 

have very substantial difficulty in applying it in the case of a complex heavy 

nucleus. Hence it is necessary to replace the exact Hamiltonian with a much 

simpler one (that is to say we must construct a nuclear model) which we can 

solve and whose solutions hopefully will tell us something about the behavior 

of real nuclei. In the case of nuclear fission we consider an incompressible 

uniformly-charged drop to be in some important respects analogous to an atomic 

nucleus and substitute the study of the fission of such a drop for the study 

of the fission of a real nucleus. BOHR and icci25,26 were among the first 

to propose the ana'logy of a nucleus to a liquid drop. Soon after HAHR and 

STRABSMAN1'T'S proof of the presence of barium activities in neutron-irradiated 

*The author wishes to express his great appreciation to Dr. W. J. Swiateeki 

who by his published works, lectures and private conversations on the division 

of an idealized charged liquid drop has influenced greatly the treatment of 

the subject in this chapter. Limitations of space in this brief survey of the 

present status of fission theory unfortunately do not permit us to treat 

adequately the detailed contributions of Dr e  Swiatecki and of other authors. 
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ui'anium, IvITNHR and FRISOH27  suggested that medium-mass products might result 

from the division or fission of the nucleus in a process analogous to the divi- 
- 	- 	 21 

sion of a chargect liquid ctrop. In 1 939 ,  BOHR and WHE.ELER gave an extensive 

treatment of the theory of such a fission process in a paper which remained 

the cornerstone of fission theory for decades. FBAIKEL 
28 published a descrip-

tion of a liquid drop model of fission at about the same time. 

If we are interested in the emission of single particles or in the 

motion and energy states of single particles within the nucleus, we use the 

independent particle model whose Hamiltonian is bf the form 

'shell 	
E 	+ E v (ri ) 
	

(11.2) 

where V is the :i.nteraction of the particle i with a central potential defined 

by all the other nucleons. Or we can cQmbine the shell model with the liquid 

drop model to form the unified model which can tell us somthing about single 

particle properties as well as about fission, a-emission and other collective 

properties. Because of the approximations in the liquid drop and shell models 

the unified model also is only an approximation to the exact Hamiltonian of 

Eq. (11.1) and the unified model is more difficult to work with than either 

of the two other models0 	 - 

H 	 = IL +H 	+R 	 f1 

	

unified 	LD 	shell 	interaction' 	
13 

The relationships of these various models is shorn in Fig. 11.1. 

These introductory remarks are meant as a reminder that the liquid 

drop model cannot be expected to provide us with anything like a complete 

description of fission phenomena. We now turn to a brief outline of liquid 

drop calculationsof the 1939 period and recent developments dating largely 

from the late nineteen fifties. 

25 	N. Bohr, Nature 2,31, 31, 351 (1936). 

N. Bohr and F. Kaickar, Dan. Mat. Fys. Medd 0  l4, No. 10 (1937), 

L. Meitner and 0. R. Friach, Nature 143, 239 (1939). 

J. Frankel, Phys. Rev, 55, 987 (1939);  J. Phys. USSR 1, 125 (1939). 
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Fission I I a-emission I k°' p emission I Ix -emission 

A p 2  A 
Hexact 	2rn 	 Vij 

.1 
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'0 

© 
H i i qui d drop 
	 H unified I 
	

H shell model1 

Fission a y 
	

Fission a it 

HLDV(a)+T(à) 4 E.M. 	Hu HL.D.+ H p4H 1 + E.M. 

I 	II 

Fission a n 
Ap2 A 

H5p2 2m  +Vr+EM 
il 

MU -19015 

Fig. 11.1. Schematic diagram, suggested hy W. J. Swiatecki, showing, 
relationship of exact nuclear Hamiltonian to three commonly used 
nuclear models. The initials E.M. in the Hamiltonian expressions 
refer to an electromagnetic term. 
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One common reason for the choice of a model, to replace an exact 

physical Hamiltonian isthe relative ease with which solutions can be extracted 

from a model. However, we shall. see. that the liquid .drop model is not an .easy 

one to follo.w thx'ough with any niathematical rigor. Hence the exploitation of 

the model has often been.done by approximate treatments of selected nuclear 

shapes and of motions believed to be the pertinent ones out of all those 

possible,  

The rationale of the liquid drop model is somewhat as.follows. The 

forces operating between the neutrons and protons in the nucleus are the 

short-range, charge-independent, nucleon-nucleon forces and the Coulomb 

repulsive forces of .the protons. The shape assumed by the nucleus represents 

a balance between the nuclear forces, idealized as a surface tension, and' the 

Coulombic repulsive forces. The strength of the surface tension can be 

estimated from the surface correction term in the empirical mass equations 

while the strength of the Coulomb forces can be calculated from the proton 

charge, the proton number, the assumed uniform volume .distribution of protons 

within the nucleus and the dimensions of the nucleus. When excitation 

energy is'added to the nucleus oscillations are set up within the drop. This 

increases the surface area of the drop and the resultant increase in surface 

éiiergy tends to return the drop to its original shape. On the other hand the 

electrostatic forces tend to increase the distortion. If the electrostatic 

force becomes greater than the surface tension the deformation of the drop 

will grow and eventually the drop may divide into two or more fragments. 

For most nuclei under moderate excitation the surface tension is far' 

stronger than the Coulombic force so that any modest deviation from the most 

stable shape is soon overcome and the excitation energy is liberated by the 

emission of gamma rays or' of single nucleons. Only the very heaviest elements 

have such a large protonic charge that relatively slight deformations of the 

nucleus can lead to fission. 
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AN ELEMENTARY CALCULATION OF A SPONTANEOUS FISSION LIMIT 

ON THE SYNTHESIS OF VERY HEAVY ELEMENTS 

It is instructive in this connection to make an elementary calculation 

for a spherical nucleus given a small syiinnetrical distortion of the P 2  (cos 0) 

type. The radius of the slightly distorted sphere is given by 

	

R(e) = R 
o 	2 

[1 + a P2  (cos e)] 	 (11.4) 

where P2  isa Legendre polynomial and a2 .is a coefficient.. It can be shown 

that 

surface energy = E = E°  (1 -2/5 a 	 a + higher powers of 2 ) 

electrostatic energy = Ec = E°  (1 - 1/5 a + higher powers of a2 ) 

where E°  and E°  refer to the undistorted sphere. 
S 	c 

Hence the deformation energy, 	= - sphere = (E - E° ) + (E - E°), becomes s 	.s 	..c 	c 

= 1/5 a (2E - E° ) + higher powers of a2 . 	(11.7) 

For small distortions we can neglect the higher powers of a2  and simply write 

(2E0  - E°). (11.8) 

We can state then that a spherical charged drop is stable toward small distor-

tions of the a P (cos e) type if 2E
0  > E2  and unstable if 2E

0  < E° . If we 
22 	 S 	C 	 S 	C 

considr a liquid drop on which the charge is gradually being raised, then at 
0 	0 

a certain critical value of the charge corresponding to Ec = 2E the drop will 

become unstable and will divide spontaneously. 

For the case of an idealized nucleus we can express this differently in 

terms of a fissionability, parameter x introduced by BOHR and WHEELER 21  and 

defined as follows: 

c 	/2 electrostatic energy for charged sphere 	(11.9) 

2E ° 	
surface energy of sphere 

S 	
(Ze)2 

From electrostatics, E° = From an analysis of nuclear data one 
* 	 0 

can set 
R = 1.216 AV, 	 (11.10) 

0 

*Constants evaluated by A. E. S. Green, Phys. Rev. 97, 1006 (195). 
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so that 

0.7103 Z 	 ll 11 

	

.Al/3... 	.: 

From geometry, E ° = area of sphere x surface tension 	 - 

= 4 R2 	 (11.11a) 

Substituting for R in Eq. (11.11a) and evaluating a from the semi-empirical 
0. 

mass equation we get 

E° 	17.80 A2/3 .• •.. 	 (11.12) 

Substituting these vlués for E?  and E° back,. into Eq0 (11.9) we find 

= 	z2LA' 3  = Z2/A 	 (11.13) 
2 x 17.80 A 73 	50.13 

Thus the ratio E°/2E°  is proportional to the combination Z2/A. 

(Z2/A) it. i 	
50.13, 	 (11.14) 

A few Z2/A and x values are given for representative nuclei in Table 11.1. 

Equation (11.14) suggests that all nuclei of Z > -'P120 will be charac-

terized by the absence of a classical barrier toward spontaneous fission. 

THE PRINCIPAL PARTS OF A COMPLETE THEORY 

These simple considerations on the stability of a spherical drop 

against small distortions of the a2p2  (cos ) type must be replaced by much 
more complex calculations when larger distortions are .consideed, particularly 

	

when x is substantially less than .1.0. 	 . 

The Hamilton,ian of the liquid drop model takes the form 

	

ii .= V(a) + T(cz) 
	

(11,15) 

where v(a) is the potential energy of the drop as a function of a set 

constants evaluated by A. E. S. Green, Phys 0  Rev. 95, 1006 (1954). 
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Table 11.1 

Z2 /A 

32.96 

34.91  

36.02 

35.56 

39.37 

- 2  Z/A 
- 50.1 

0.6575 

0.6969 

0.7185 

0 .7099 

0.785 
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of deformation variables a and.T is the kinetic energy as a function 

of the time drjvatjves & of the deformation variables. 

To carry through any kind of a dynamical calculation of the motion of a 

liquid drop with this basic Hamiltonian, it is necessary to develop an 

adequate knowledge of the following matters. 

Mapping of the potential energy. It is necessary.to  prepare many-

dimensional maps of the potential energy considered as a function of the 

deformation coordinates. These potential energy maps are quite strong functions 

of the fissionability parameter x. Since such mapping is a tedious and 

difficult undertaking, detailed calculations have been carried out chiefly for 

what are considered to be the relevant regions of the deformation space. 

Mapping of the kinetic energy T(a). Similarly, it is necessary to 
da 

have an adequate knowledge of T as a function of the time derivatives a = dt 
for types of motion likely to be of interest. This stage involves the calcula-

tion of inertia coefficients. 

Solution of the equations of motion. Once the potential and 

kinetic energy variation is known over all that deformation space which plays 

•a significant part in the fission process, it is possible in principle to 

carry out a complete dynamical calculation starting from a given set of initial 

conditions. A collection of nuclei will, in general, exist in a wide variety 

of initial conditions so that a complete dynamical description of fission will 

involve the solution of a large number of equations of motion. These calcula-

tions must be properly quantized. 

Statistical mechanics of fission. For a proper calculation of such 

average quantities as fission rates, the kinetic energy and excitation energy 

distribution of the fragments, etc. enormous numbers of nuclei are involved 

and the powerful methods of statistical mechanics are required. We shall refer 

below to the application of the ' ttransition state tt  method in its classical and 

quantized version to the estimation of the rate of fission. We shall also refer 

to a statistical theory of FONG. 



UCL -903 64. 

We now take up each of these topics and describe the state of our 

present knowledge of them. 

POTENTIAL ENERGY MAPPING 

We turn our attention first toa discussion of the potential energy 

mapping. For distortions which are not too different from a sphere or spheroid 

it is convenient to express the drop shape by the following radius equation. 

R (Q) =-.l + E aP (cos ) 	 (11.16) 
n=1 

where R is the radius of the undistorted spherical drop 

P is the Legendre Polynomial of order n, and 

.X is a scale factor required by the condition of 

constant volume. 

An.examination of the Legendre Polynomials shows that even values of n give 

shapes which are axially symmetric and symmetric toward reflection through the 

central plane perpendicular to. the axis. Odd values of n give axial symmetry. 

but do not give reflection symnietr.y. tbrou.h .z pL.a.e 	pørd 	to t.M mn aYES. 

The task then is to map V (a) or AV in the many-dimensional space of 

the a. In the consideratiac of various features of this mapping, it is con-

venient to consider schematic topographic maps in two dimensions of the an. 

For example V or L\V. may be shown as contour lines on an a 2  versus a plot. 

For small or moderate distortions of the symmetric type, the a 2 -a mapping is 

the most important, although mapping covering a6  and a8  coordinates may contri-

bute significantly. For a complete description we need a series of maps 

covering all the a dimensions including those of odd order. At the least, 

we need to apply some tests to satisfy ourselves that neglected degrees of 

freedom. .are. unimportant.. 

Let us consider first some very general features of this mapping as 

given in Fig. 11.2 which is meant to represent roughly the potential energy 

mapping for a nucleus of rather high fissionability parameter x. The curved 

lines are contour lines giving the potential energy assbciated with various 

deformations specified by the a 2  and a coefficients. These coefficients 

relate to the P2  (cos Q) and P )4  (cos @) terms of Eq. (11.16). Division into 
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Fig. 11.2. A schematic map of several potential-enery valleys 
separated from one another and from the hollow arbund the 
spherical configuration by saddle points A,B,C. The reason 
for the nazne, saddle point?, is that the potential energy 
surface has the appearance of a saddle or a mountain pass. 
The map corresponds to the case when the energies of the 
saddle points are in the order E(A) < E(B) < E(C). The 
dashed line represents the locus of spheroidal distortions. 
One or two-wais -bed figures (presumably associated with 2 or 
3 fragment valleys) can be representedgualitatively in the 
a2  a plane but a three-waisted figure (associated with the 
4-fragment valley) needs at least an a5 coordinate inaddi-
tion to describe it. The radius vector for the nucleus is 
given at any point in the diagram by 

R = R/7'. [i + Z an n (cos e)] 
where 7. is a normalizing constant. 
Drawing prepared by Swiatecki. 
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i- fragments cannot be properly represented solely with a2  and a contributions 

so an a6  coordinate is also suggested. The normal spherical nucleus sits in a 

potential energy hollow at the origin. The spherical drop is stable toward 

small distortions forx values <1.0. Valleys 2, 3 and 4 are deep hollows 

representing the potential energy of the system when the nucleus has divided 

into 2, 3, or Ii. fragments. Point A shows the location of the saddle point. 

This is the low point or pass in the potential energy ridge which separates 

the spherical drop from the two-fragment valley. The potential energy of point 

A is the minimum amount of energy or threshold energy required to cause a 

charged drop to divide. Point B is another pass or saddle point showing the 

least energy required to cause division into 3 fragments. Since B is shown 

higher than A,division into two fragments is much more likely than division 

into three fragments even though the latter may cause a • greater overall release 

of energy. 

Figure 113  is a scale drawing of cross sections of the drop shapes 

correponding to various amounts of a 2 P 2 (cos Q) and a ) P (cos ) in the 

radius Eq. (11.16). This drawing is meant to serve as a guide to the shapes at 

the various points in subsequent figixres which show potential energy contours 

on an a2 -a)  coordinate system. 

In Fig. 11,2 saddlepoint A is drawn at a lower elevation than saddle 

point B but other relationships can be imagined as shown in Fig. 11.4 where the 

three possibilities of A B, A > B and A <B are sketched 

From the experimental fact that nuclear fission is almost exclusively 

binary in character it seems likely that the saddle point leading to 2-fragments 

lies lowest but this is a point which must be verified by quantitative calcula-

tions, 

For purposes of orientation it also is important to know the total 

energy release for division in various possible ways0 It is a simple matter 

to calculate the energy release for division of an idealized charged drop into 

2, 3, 4 or more equal and completely-separated fragments. SWIATECKI 29  gives 

the following expression for division into n equal fragments. 

29. W. J. Swiatecki, ' tDeformation Energy of a Charged Drop ni ,  Paper P/651  in 

Vol. 15, Proceedings of the Second U. N. Conferaice on the Peaceful Uses 

of Atomic Energy, Geneva, 1958. 
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Fig. 11.3. Cross sections of drop shapes corresponding to 
various locations on an 9 2 -c map. Each shape should be 
visualized as a solid generated by revolving the two-
dimensional figure around the horizontal axis. The 
radius for each shape is given by the expression 

R 	 : 
R = 	[1 + 2P2  (cos e) + ap (coo e)] 

where 7. is a factor which normalizes the volume to a 
constant value. 

Mrs. Rosemary Barrett carried out the necessary 
calculations and prepared this figure. 
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Fig. ll.)-i-. Three maps showing schematically the relations 
between the two- and three- fragment valleys for 
different values of X. In (a) the threshold B is 
higher than A, E(B) > E(A) and low-energy fission 
must proceed by way of the two-fragment valley. In 
(b) E(B) = E(A) and in (c) E(B) < E(A), and a com-
petition between the two valleys would be involved. 
The true mapping for x values above a certain critical 
value of x may have considerably more structure in it 
between the saddle point A and the fragment valleys 
than is indicated here. See discussion of Fig. 11.9 
below. This figure was prepared by W. Swiatecki. 
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AV 	
1 

	

= B° {(nV3_1) + 2x ( 2/3 - i)} 	 (11.17) 
n 	S n 

where E°  is, as above, the surface energy of the original drop, 

V is the total energy release, and 

xis the fissionability parameter of Eq. (11.9). 

Some calculations based on this ecivation are shown in Fig. 11.5 There are a 

number of interesttngthings to note about this figure. At x-values in the 

range 0.65 to 0.80 - which includes all the heavy nuclei from bismuth to 

fermium - there is no reason to limit cOnsideration to division into two frag-

ments since more energy is released in the formation of three, four and possibly 

five fragments. There is even less justification for this limitation in the 

study of heavier nuclei which may be made by reactions of artificial transmuta-

tion and whose x-values are closer to 1.0. At x = 1.0 division into as many as 

eight fragments releases more energy than a division into two. For such.nuclei 

a division into four fragments is the most favored energetically. For this 

reason also, it may be incorrect to extrapolate trends in fission characteristics 

derived from an examination of experimental data in one region of x into a 

higher range of x-values. Vice versa it may be incorrect to use theoretical 

calculations based on the limit x ->1 to interpret phenomena observed at 

x = 0.1-0.8. Therefore any adequate mapping of the potential and kinetic 

energy should give enough information about division in many possible ways to 

permit a proper judgment of the relative importance of the alternate modes of 

fission. It is also worth noting that while the shape of the nucleus at the 

traditional Bohr-Wheeler saddle point may be highly distorted from a spherical 

shape in the range of x-values corresponding to fissionable nuclei, nonetheless 

the nucleus does not appear to be cornmitted t' to a division into a definite 

number of fragments at the moment it passes over the Bohr-Wheeler saddle in 

the potential energy surface. See Fig. 11.7 which shows that the nucleus at 

the saddle point is not necked down for x-values above 0.7. 

Let us now list the chief mathematical techniques which have been used 

for quantitative calculations of the potential energy as a function of the 

deformation -coordinates. 	- . 	..... - 

(i) Expansion about a spr. A natural choice of parameters for 

expressing the shape of a drop slightly distorted from a sphere is a set of 

Legendre polynomials. The change in the surface and Coulombic energy terms 
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Fig. 11.5. The energy released in the division of an 
idealized charged liquid drop into n eq .ual parts as 
a function of the fissionability parameter X. From 
SWIATECKI, reference 29. 
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upon distortion of the sphere to anew shape can be computed as a power series 

in the coefficient, a, of the Legendre Polynomials. This method was, used by 

BOHR. and WIELR21  in 1939' with the limitation that for computational simplicity 

the deformation coordinates were restricted to the P2  and F ),1,  types and co-

efficients were evaluated only to.the fourth order in a2  and the second order 

in 	A further restriction was that the fissionability parameter was, limited 

to values not far below 1.0. PRESBNT and KIPP 0  extended this treatment 

somewhat and added a3P3  and a5P5  odd terms. PRESENT, REINES and KNIPP 31  

extended the calculations sufficiently to cover saddle point shapes for 1.0 

x > 0.8. SWIATECKI'S Geneva paper29  should be consulted for a complete develop-

ment and tabulation of coefficients with sufficient completeness to give the 

conventional threshold energy.to  sixth order in the quantity (l-X). 

Machine calculations. Modern high speed computers make possible 

'a great extension of these calculations but only limited calculation have been 

published. FRANNEL and MEROPOLIS32  introdiced this method in the year 197 

in some published calculations which.used the method of expansion about the 

spherical shape. A power series in LegendrePolynomials including terms as 

high as P10  was used over a range of X values of .1 > x > 0.65. In principle. 

the computor method is not restricted to Legendre expalasions and more appropriate 

coordinate sets could be used particularly for nuclear shapes which' differ. 

greatly from a sphere or spheroi.d. . 	 . 	. 

Expansion around a spheroidal shape.' Method 1 'becomes less and 

less' accurate as the drop shape departs.more and more from that of a sphere.. 

If the shape does not differ too much from that of a spheroid, it Is possible. 

to express the deviation in surfaCe energy or coulombic energy of a daf armed 

drop as a, power se,riés in.the d,ev,ia -eions from'the spheroidal shape.'.. This is a 

sensible approach to use because it is not difficult to make exact calculations 

of electrostatic and surface energy for spheroidal shapes. A spheroid can be 

represented by a series 

3Q. R. D. Present arid I iç Knipp, Phys. Rev. 	751, 1188 (1940). 

31. R. D. Present, H. Reines and J. K Kn'ipp, Phys. Rev.', 557 (1946). 

32.. S. Frankel and N. Metropolis, Phys.. Rev. L2, 914 (1947). 
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R (e) = 	[ + - ap  

where the n values are restricted to even values. R (0) is the radius vector 

from the origin to any point on the surface as a function of the angle between 

the radius vector and the main axis of the spheroid. 2. .is a constant which 

maintains constancy of volume. The values of the coefficients will vary with 

the eccentricity. Some values of the a-  for definite choices of major and 

minor axes are the following: 

c/a = 1.113 
1 1+0.2318 P2  + O.0)-i-18 P 1 	+ 0.0012 P6  + 

c/a = 1.81 1+0.379 P2  + o. llo4 P 	-+ 0.0378 P6  + 	... 	(11.19) 

c/a = 2.O 1+0.5315 P2  + 0.2233 P 	+ 0.0925 P6  + 

Here c and a are the lengths of the major and minor axes. If-we ignore the 

smaller contributions of the P6  and. higher terms and plot the a 2 . and a)  co-

efficients on an 062  a )  chart we can determine a line of spheroids. (See Fig. 

11.6) 	 - 

We now want to consider some deformed shape which is nearly but not 

quite a spheroid. On an a2  a map such a deformed shape would fall in the 

shaded area of Fig. 11.6. It is for such a drop shape that it is appropriate 

to express the deviation in surface and Coulombic energy as a power series in 

the deviation from a spheroidal shape. The appropriate coordinate system for 

these expansions will be a spheroidal- coordinate system. Formulas have been 

developed for such expansions among others by NOS.SOFF, 33  by BUSINARO and 

GALLONE, 3' and by SWIATECKI; 29  these references should be consulted for details. 

The expressions for the case of expansion about a spheroid must reduce to those 

for expansion about a sphere when the eccentricity is reduced to zero. 

(4) Calculation of shapes far removed from a spheroid. The calculation 

of surface and coulombic energy terms for highly deformed shapes may be tedious 

V. G. Nossof±, report P/653 in Vol. 2, p. 205, Proceedings of the 1955 U.N. 

International Conference on the Peaceful Uses of Atomic Energy, 1956. 

U. L. Businaro and S. Gallone, Nuovo Cimento ., 629, 1277  (1955). 



Fig. 11.6. Schematic diagram in a2a deformation space showing 

the location of the "llne-of-spheroids". 
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and approximate when performed by the methods listed above. For certain types 

of axially symmetric shapes, the Legendre Polynomial expansion may be inappli-

cable. This is true, for example, for any shape in which some radius vectors 

cut the surface more than once. For highly regular shapes the choice of a 

suitable coordinate system may result in an easy analytical solution. For 

other shapes it may prove useful to obtain rough answers by approximating the 

shape with a combination of simple geometrical shapes for which the surface 

and Coulombic repulsion energies can be quickly computed. Examples of this 

approach are given by SWIATECKI. 29 ' 35  

Let us now consider some of the results obtained from these four 

computational methods. In the range of x values from 0.8 to 1.0 the potential 

energy is known quite well in the a a deformation coordinates out to the 
2 

point of unstable equilibrium known as the saddlepoint. We shall refer to 

this saidle point as the "BOHR-WHEELER saddle point" or as the "conventional 

saddle point". Formulae have been developed for the energy and shape of the 

saddle point configuration as a function of x. The saddle point energy is 

given by the following sixth-order expression. 29  

= 0.7259(1-x)-0.3302(1-x) + 1 (11.20) (tv) 

S.F. 	original Bohr-Wheeler 	 additional terms 
expression 

This equation agrees with the FRANKEL and MROPOLIS 32  calculations and with 

the calculations based on a spheroid 29,33,34  to within one percent for x-values 

above 0.74. 

The saddle point energy is often considered to be the threshold energy 

for fission and by substituting into Eq. (11.20) x-values and surface tension 

values evaluated for real nuclei several authors have calculated fission thresh-

old energies for comparison with experimental data. The agreement is poor. An 

35. W. J. Swiatecki, unpublished results, 1959; S.  Cohen and W. J. Swiatecki, 
Deformation Energy of Charge Drop, IV. "Evidence for a Discontinuity in 
the Conventional Family of Saddle Point Shapes" Aarhus Univ. Report, 
Aarhus, Denmark, January 1961, to be published in Annals of Physics, 1962. 



UCRL-9036-Rev. 

-29- 

idea of the extent of the disagreement can be obtained from Table 11.2 from 

which it is apparent that the observed thresholds of real nuclei are lower and 

have a much weaker variation with than do the calculated values. It is true 

that the calculated values are classical thresholds and hence subject to some 

correction for quantummechanica1 barrier-penetration, but this correction can-

not be enough to affect the results substantially 

The configuration of the conventional saddle pot is given quite well 

down to x = 0.74 by the exp±e,ssion 

1. + a2P 2 
 a P.* a5  p6 	 (11.21) 

where a2  = 2.3333 (l-x) - 1.2262 (l-x) 2- + 9.500 (l-x) 3 	8.0509 (l-x) * 

1.9765 (1-'x) 2  - 1.6950 (i-) 	17.719 (l-x) * 

a6 	-0.9500 (l-) + 

Table 11.3 lists some explicit values for the -a coefficients for high ic'. values. 

These coordinates .correspond to cylinder-like shapes -as can e seen in Fig. 11.7. 

At the opposite extreme of x = 0 (i.e. of an uncharged drop) the saddle 

point configuration consists of 2 equal spherical fragments in contact. Or, to 

be more general, as x -0 there are several discrete families of equilibrium 

configuration, corresponding to strings of 2, 3, l •.,. n equal spherical 

fragments in contact. 

The fate of the Bohr-Wheeler family of cylinder-like shapes has never 

been traced down to small values of x, but it has usually been assumed that 

below X = 0.75 the cylinder with rounded ends develops an equatorial waist, and 

gradually goes over into the n2 family.i.e. into the configuration of 2 spheri-

cal fragments connected by a neck. 

This smooth transition can be represented by the diagrams of Fig. 11.8 

which show -qualitatively how the potential energy of the conventional Bohr-

Wheeler family was expected to join with the potential energy of the family of 

2 spherical fragments joined by a small neck. Also shown is the supposed tran-

sition in the shape of the saddle point; the magnitude of the major axis of the 

saddle point shape is used as a measure of its deformation. 	- 

In 1959, W. J.SWLATECKI 35  performed some new calculations and re-

examined all previous quantitative calculations in an attempt to trace the 

behavior of the conventional saddle point, its shape and its energy, as a 

/ 
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Fig. 11.7. Saddle point shapes computed by Cohen and Swiatecki. (upper) 
x-values from 0.7 to 1.0 (lower) x-values below 0.7. 

II 
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Fig. 11.8. Conventional view of the smooth transition of saddle 
point energy and shape from the Bohr-Wheeler family at values 
of the fissionability parameter, x, close to one to the two-
fragment family approaching tangent spheres as x —O. x is 

defined as Z2/A (Z2 /A) cr itical. In part A the magnitude of 
the major axis is taken as a measure of the saddle point shape. 
The dotted portion of parts (A) and (C) is an interpolation. 
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Table 11.2 

Qomparison of Observed Thresholds with Liquid Drop Calculations 

E Thres. 
* 

E 
abs 

Nc1ide Z2/A X (Mev) (Mev) 

Th232  31.911 0.6969 15.08 5.95 

m233  34-76 0.6939 15.58 6. 44  

Pa 232  35.694 0.7125 12.68 6.18 

36.326 0.7251 10.96 519 

U235  36.017 0.7189 11.79 5.75 

237  35.713 0.7129 12.63 6.10 

u238 35.563 0.7099 13.06 5.80 

0.7069 13.51 6.15 

Np237  36, 1 9 1  0.7285 10.53 5.9 

Np238 6.310 0.7254 10.92 6.o1 

FU 
239 

36.971 0.7380 9.39 5.48 

* 
These data are ta1en from excitation functions for photofission 

and neutron induced fission with the threshold estimated (rather 

subjectively) as the energy at which barrier penetration fission 

gives way to over-the-barrier fission. 
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Table 11.3 

Potentia1 energy. of 
traditional Bohr- Shape parameters of Bohr- 
Wheeler saddle point Wheeler saddle point 

Fissionability 
- 

parameter x sp 
:2 

:. 
:6 

0.95 	. 0.00008927 b.1114 O.0018403 -0.0001188 

0.90 O.0OPll9 0.22976 O.Ol981iJ4 -O.000950() 

0.85 0.002426 0.35039 O.017732' -0.003206 

0.80 0.005880 O.48073 0.093887 -0.0076OO 

0.75. 0.01188, 0.62368 0.16635 -O.Ol484 

Calculated from Eqs 	(11.20) and (11 21) 
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function of the relative charge on the drop between the two limits x -0 and 

x -'1 of the fissionability parameter x. These studies suggested that the con-

ventional family of saddle point shapes did not behave in the accepted way. 

SWIATECKI35  found evidence to support the hypothesis that, when the charge on 

the drop exceeds a certain critical values, the disintegration of a1iuid drop 

may become a two-stage process which may be written as 

saddle 	 saddle 
sphere 	> intermediate 	> two fragments 

stage with 
cylinder -like 
drop shape 

This situation is to be contrasted with the older view that fission is a one-

stage process for all values of X. 

This hypothesis and the conclusions which followed from it were quite 

different from the conventional view so it was important to establish with 

certainty whether the 2-saddle view was correct. In 1961-2 SWIATECKI and 
35a 

COHEN made an exact recalculation with the aid of a high speed electronic computer 

of the potential energy of shapes represented by equation 11.16 with inclusion of 

Legendre Polynomial terms up to P 18(cos 8). These qualitative results made it 

necessary for them to modify their tentative conclusion of 1959 (reference 35). 

The hypothesis of the existenca of 2 saddle points was not substantiated. None-

theless the later recalculation did firmly establish the existence of important 

changes in the characteristics of the saddle point and of the saddle point region 

of the potential energy contour maps as a function of x. These changes have im-

portant implications concerning fission characteristics. 

We can explain these new findings most easily with the aid of a series 

of drawings. We consider first figure 11.9 which is a crude schematic diagram 

of the potential energy maps for nuclei with different fissionability parameters. 

Only the 06 2  and a Legendre coefficients are shown, but for the purposes of our 

discussion this is all right since these are the dominant terms in the specifica-

tion of saddle point shapes. In all these diagrams the origin, which corresponds 

to a spherical drop, is a local minimum indicating that the sphere is stable 

toward small deformations (for any value of x < 1.0). 

Part A of figure 11.9 represents the situation for a charged drop with 

a low value of x. The saddle point, which lies at a great distance from the 

origin, has a long and deeply-wasted form. (See part B of figure 11.7). The 

35a. S. Cohen and W. J. Swiatecki, "The Deformation Energy of a. Charged Drop V 
Results of Electronic ComputerStudies" in preparation 1962. 
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terrain leading up to the saddle pointis quite steep both from the fragment 

valley and from the positionof the spherical initial shape located at the origin. 

Parts B and C represent two charged drops whose x-values lie on opposite edges of 

a critical range of values of the fissionability parameter. On the lower edge of 

the critical range of x, represented by part B, the saddle point is located quite 

far from the origin but the topography is rather different from Part A. As in 

Part A there is a steep drop-off into the 2-fragment valley but there is a long 

level plateau leading back to the vicinity of the origin. In Part C the position 

of the saddle point has shifted a great distance in the a2a)+ space to a point 

not far from the origin i.e. it has a spheroidal shape not too different from 

that of a sphere. There still remains however a nearly level region extending 

out to the neighborhood of the saddle point of Part B before there is a sharp 

drop off of potential energy leading into the fragmeit valley. 

Part D represents a charged drop with an x value well above the critical 

range. The saddle point lies close to the origin. Beyond the saddle point 

there is no plateau, but a steep drop off into the fragment valley. 

Now let us consider the potential energy changes as we deform the drop 

along that path (shown by a dotted line in each part of figure 11.9) which takes 

the drop up and over the saddle point with the least expenditure of energy. This 

potential energy as a function of deformation along this minimum energy path is 

shown in figure 11.10. The 4 curves in the figure correspond to the 4 cases of 

the previous figue. In curve A the fissiofl barrier is high and narrow. In 

curve B we note that a slight distortion from the spherical shape is costly 

in energy but at a certain point the slope of the potential energy curve drops 

substantially and it then costs very little more to stretch the nucleus to the 

necked-in shape corresponding to the saddle point. Deformation past the saddle 

point results in a rapid release of potential energy. In curve C the first 

part of the distortion is costly in energy and the top of the barrier is 

reached after a much smaller distortionthanin case B. As the charged drop 

deforms fiirther there is not a large release of potential energy until 

a distortion close to the saddle point of case B is reached. Beyond this point 

there is a rapid release of potential energy with further distortion (leading 

to the formation of 2 fragments). Curves B and C have the general appearance 

of a thick barrier with a rather flat top. Case D indicates that the top of 

the barrier is reached after only a slight distortion from the sphere, that 

only a small expenditure of energy is required to reach this barrier, and that 
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Fig. 11.9. Schematic views of the potential energy contour map in the 
deformation plane representing roughly the results of the quantitative 
calculations of Cohen and Swiatecki. a2c64  refer to the coefficient of 
Legendre Polynomials in the radius expression, R = R 0/?Jl-fa2  P2(cos 6) 
+ c B(cos e)]. The cases A through D correspond to different values 
of the fissionalility parameter x = Z 2/A/(Z2A) Crit±Cai Case A is for 

a low value of x, as for example 0.5. Cases B and C refer to the two 

edges of a critical range of x centered at x = 0.69 wherein the saddle 

point makes a sudden shift toward the origin. Case D corresponds to a 
high value of x, as for example 0.8. The shaded portions represent 
regions of high potential energy. There is a potential energy hollow at 
the origin in each case. 



0.10 

0,05 
&4p 

>i 

ci) 
• 	 C 

tLi 

• 	 • 	 • -Q05 

Deformation, Rmax  /R0  

MU-27281 

Fig. 11.10. Poteitia1 enegy of a charged drop as a function of &efonnation 
measured along the dotted paths in parts A-D of figure 11.9. The top 

• of the potential • energy harrier is indicated by the ipitials SF (for 
saddle poiit). Curves B and C co'respond toth62 edges of a critical 
range of x. These curves show a wide barrier with an almost flat top. 
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there is a rapid release of energy for any distortion past the barrier. 

According to these calculations of SWIATECKI and COHEN the diagrams 

in figure 11.8 which summarize the older conventional view of the smooth 

transition in saddle point shapes across the0-1 range of x-values must be 

replaced by the more correct set of diagrams given in figure 11.11. In the 

upper part of this figure the ratIo R/'R serves as a measure of elongation 

of the saddlepoint shape. The important new feature in the diagram is the 

rapid change.in the elongation of the equilibrium shapes which occurs in 

the 	vicinity of a critical value of x. 

This critical value of X  is naturally of great interest. 

The quantitative calculations show that Xcrit  for the ideal liquid drop falls 

in the region of 0.67. Since X = 0.67 falls in the range of X-values of 

real nuclei (see table 11.1) the possibility exists that significant changes 

in the character of fission may occur for real nuclei with different .x-values. 

As a single example of such a change let us consider the saddle shapes 

shown in figure 11.7 for x1values of 0.6 and 0.8. In the former case the 

saddle shape is severer necked down so that one might reasonably expect a 

symmetric mass division, as. the nucleus proceeds past the saddle deformation 

on to the scission point. In the case of Ix-values above 0.7 the saddle point 

shape does not at all suggest two separating fragments; hence one cannot 

predict, without a calculation of dynamic effects, what might happen between 

the saddle and scission points. 

Up to this point we have said nothing about possible instabilities 

toward deformation describable by Legenth'e Polynomials of odd type. Prelimi-

nary calculations had shown already many years ago that near-spherical shapes 

are stable toward any distortions of the odd type, but it remained an open 

question until recent years whether the rather elongated saddle shapes for 

.x-values below 0.8 were stable toward asymmetric distortions. 

When the .x-value is quite low simple semi-quantitative estimates 

showed that such instability must occur. A shape consist,ing of 2 equal drops 

in contact is unstable toward a movement of fluid from one drop to the other 

until one drop had completely sucked up the other. In such a case fission 

into 2 equal parts will be less favored than fission into unequal parts and 
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Fig. 11.11. Changes in shape and potential energy of equilibrium shapes 
of a charged liq.uid drop as a function of the x-parameter. The dotted 
curve in part A is identical with the curve shown in part A of figure 
11.8 and corresponds to the conventional interpolation between the 
Bohr-Wheeler saddle shapes at x -1 and the 2-fragment family at x -GO. 

The solid curve is drawn according to the calculations of Swiatecki and 
Cohen. A critical range of x is indicated over which the saddle shape 
undergoes a rapid change in elongation. In the bottom half of the figure 
the potential energy of the eq.uilibrium shapes is traced. 
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in any process which seeks out the most economical way to distort the nucleus 

fission in the ordinary sense will not occur. 

IIATECKI and COHEIincluded odd Legene tes up to P 17 (cos 6)in 

their calculations and thus supplied quantitative information on instability 

of the odd type. Their results confirm that at low X-values there exists 

an instability toward the sucking up of one fragment by the other. At 

high values of X the elongated-saddle point shapes are quite stable toward 

deformation into a pear shape or, other asymmetric shapes or surface ripplings. 

This stability gradually decreases as the X-value decreases until at a critical 

value of X equal to 0.395 the saddle shape becomes unstable. 
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BUSINARO and GALLONE34  indicate that astrong instability toward asymmetric 

shapes may set in beyond the Bohr-Wheeler saddle point for x values of interest 

in the heavy element region. HII1 and WHEELER have suggested on dynamical, 

considerations that asymmetrical components of nuclear motion might become 

amplified when the inversion point is passed and this might be crucial for the 

ultimate production of asymmetric division of mass. 

SWIATECKI29  has pointed out that an unequal division of mass could also 

come about in the case of a symmetric sadd.1.e point shape with instability to-

ward division into three equal fragments. If, in the course or descent into 

some 3-fragment valley, one end of the elongated drop necked down in advance of 

the other, it might happen that one third of the drop would be severed, leaving 

the remainder of the drop as a system with a smaller ratio of electrostatic to 

surface energy which might fail to complete division, thus remaining as a 

single relatively large fragment. 

It must be stated that there is no clear indication from the shapes and 

energies of saddle point configurations or from the topography of the potential 

energy maps of any fundamental explanation of the uneven mass split in nuclear 

fission. It is not correct, however, to state that the liquid drop model 

predicts symmetric fission. 

KINETIC ENERGY MAPPING AND SOLUTION OF THE EQUATIONS OF MOTION 

We turn now to a brief discussion of the kinetic energy of the motions 

of a liquid drop as a function of the shape of the drop. We shall find that 

our knowledge of the kinetic energy map is considerably less than that of the 

potential energy. 

If we restrict ourselves first to the case of small vibrations about a 

spherical shape, we can develop satisfactory expressions for the kinetic energy. 

As before, we consider an arbitrary shape (except for a restriction to axial 

symmetry) which is changing with time according to the expression, 

Rr 
0 

R— l+Ea 2 
(t) P (cos Q)J (11.22) 

36. D. L 9  Hill and J.A. Wheeler, Phys Rev 	, 1102 ( 1953). 

/ 
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The instazitaneous rates of change of the an  are given by 	a. The 

deformation of the surface pushes around the fluid of which the drop is com-

posed and this motion gives rise to a kinetic energy. For small values of the 

a this kinetic energy is given by 

T(x) = 	Z B (a) 2 	 (11.23) 

where 	 B = 	p R 	 (11.2) 
0 	nj 2n+l 

p = mass density 

or, equivalently where 

B = 
	

AN R0 2 	 (11.25) 

A = mass number 

N = nucleon mass and 

R = nuclear rad±us of the sDherical nucleus. 
0 

In the same deformation region, restricted to small distortions from a 

spherical shape, the potential energy can be approximated by the expression 

v (a) = V (a) - V (sphere)= 77 Li a 2 	 (11.26) 

where 

f2 	 ç 
C .= 	s • 	( n-i)(n+2) - 	 2 . 	 , 	(11.27) n 	0 	 2n±j 	2ni- 

We can proceed directly to a solutioni of the equations of motion for 

this special case which is simply a small general vibration of the drop about 

the spherical shape. 

The Hamiltonian (tOtal energy) is 

H 	E C a 2  - E B ()2 	 (l128) 

n=2(2 2)n 
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This represents the superposition of independent oscillators each with 

a stiffness C and an inErtia B. These oscillators may be treated separately 

leading to harmonic oscillator amplitude expressions for each mode of motion 

- 	 a(t) = (Constant) cos (wt + 5 	 (11.29) 

Where 6 is a phase factor and w, the angular frequency, is given by the 

well -known formula 

I stiffness V n a) = --- - 
n \I inertia 	B 

fl 

(11.30) 

Figi'e 11.12 shows the calculated excitation energy for the first three modes 

of vibration as a function of mass number. 

A consideration of these vibrational oscillations does not tell us 

directly anything about the division of a charged drop, but does help to 

evaluate the appropriateness of the liquid dropmodl. For example, one can 

calculate the period of oscillation and compare it to a typical period .for 

single particle motion. In the liquid drop model the motions of the individual 

particles are disregarded but in a real nucleus this comparison is of funda-

mental importance when the internal dEgrees of fredom areincluded. A rough 

calculation shows that the a2  vibration in u238 might be expected to have a 

period of 32 x 1022 seconds whereas a representative nucleon might take 
-22 

5 x 10 	seconds to cross the nucleus and return. 

In our survey of the kinetic energy mapping, let us now go over to the 

opposite extreme and write down a kinetic energy expression for the separating 

fraguents. For two fragments this is simply 

1 	2 1 	2 
K.E. 	- I'&v1  + 	1v12v2  + correction. 	 (ll.jl) 

The first two terms give simply the kinetic energy of the center-of-mass 

motion of the fragments. The correction term refers to any vibrational 

excitation which the fragments may have If this as small, we can again use 

the formula 	 : 

00 

T (a) = 	E B (a) 2 	 (11 32) 

but with the Bn's.appropriate  to the framents instead of the original drop. 
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Fig. 11.12. The quantum energies hu for the nuclear shape oscillations 
of niultipole orders n = 2, 3, and i- as a function of mass number A. 
The nucleus is approximated by a charged incompressible drop with a 
surface tension evaluated from empirical mass curves. Oscillation 
energies of real nuclei are expected to depend also on nucleonic 
assignments but the effects of individual particle orbitals are 
disregarded in the above calculation. Figure reproduced from A. Bohr 
and B. R. Mottelson, Dan. Mat. Fys. Medd. 	, No. 16, 1953- 
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The kinetic energy map for deformations in the saddle point region and 

in the regions connecting the saddle point region with the spherical nucleus on 

the one hand and with the separating fragments on the other is simply not knowil. 

And without this kinetic energy mapping it is not possible to solve the equations 

of motion and carry through a complete dynamical calculation of a 'dividing drop. 

Some dynamical calculations have been carried through in a few special 

- 	cases by D. L. HILL and his associates 37  at Los Alamos. One interesting calcu- 

latioñ reported by HILL was the complete case history of a U 235  nucleus 

(idealized as a liquid drop) caused to fission by giving the initial spherical 

nucleus a !bl.ow  of 50 Mev concentrated in the P 2  mode of motion. This initial 

condition set the original values for the shape and velocity of the surface. 

The motion was then followed step by stepon an electronic computqr. Twenty 

ttpictures!t were taken of the nucleus in the course of the division. The results 

are displayed in Fig. 11.13. 	, 

This figure is not to be construed as a picture of a real nucleus under-

going fission since the initial excitation is artificially restricted to the P 2  

mode and asymmetric modes of oscillation are notincluded in the calculation. 

STATISTICAL NECHANIGS. OF FISSION 

We have seen that the equatiOns of motion have been followed through a 

complete ,  fission event in only one or two special cases where rather arbitrary 

limiting assumptions had to be made to reduce the calculation to tractability. 

Since an ensemble of fissionable nuclei will naturally exist in a great variety 

of initial conditions we know that a comprehensive calculation of the dynamics 

of such an ensemble would be a formidable task. We can, however, appeal to 

statistical mechanics to provide some notion about the average results of a 

large number of divisions. If we make a number of reasonable assumptions we 

can calculate a rate of fission for a collection of nuclei, In payment for this 

simplicity we will forego any chance to know the details of the sequence of 

events leading to the saddle point and beyond 

First, let us discuss a. c1asica1 statistical mechanism of fission and 

then consider the modifications which quantization introduces The statistical 

mechanical analysis of fission is.:closely analogous to the statistical mechanical 

37. D. L. Hill,' tThe Dynamics of Nuclear Fission,' t  Paper P/66O in Vol. 15, 
Proceedings of the Second Geneva Conference on the Peaceful Uses of 
Atomic Energy, Geneva, 1958; and unpublished results. 
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Fig. 11.13. Successive forms taken by the surface of a heavy 
nucleus idealized as a spherical liquid drop for motion 
initiated with a purely synmietric velocity distribution. 
Twenty stages of time integration were used to pass 
between each of the successive shapes shon in the coin-
posite figure. For clarity representative shapes from 
this composite figure have also been shon separately. 
From D. L. Hill, reference 37. 
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analysis of the division of a molecule. In particular many of the idas 

applied in the "transition state" anaiysis of the chemical reaction system 

H + 112 —H2  + H 

plus 	 (11.33) 

H+H2 —H+.H+H 

can be taken over ai.:cc.tly to the fission case. 

In our fission example we imagine that the potential energy surface in 

a2  - 	coordinate system has the appearance of Fig. 11.14. (We could show 

additional coordinates but it would.not change the following, descriptive 

remarks). We assume that there is a siñglè' saddle point (or at any rate one 

saddle point which dominates the fission process). We imagine a ery lage' 

number of particles all initiaily in the hollow surrounding.a 2  = O,a= 0 and 

•asl<wha't the average lifetime of this sytem, or, equivalently, what is the 

average rate of diffusionof representative points out of the hollow and over 

the saddle point First we give the system a certain total amount of energy E 

and assume thermodynamic equilibrium between all thepossible degrees of 

freedom which we designate by N. 

The equation g = kT defines a temperature which does not refer to 

thermal motion of the ni1eons but to motions of the surface. 

From the Boltzmann distribution law we know that the probability of 

finding the system in a state in which a certain degree of freedom has a value 

E goes dom exponentially according to 	- € 

probability density = Constant e kT  
- Pot.En. 	- Kin.En. 

= Constat e 	
kT 	e 	

kT 	/ ll.31i. 

From this expression we learn that most of the representstive points are concen-

trated near the bottom of the hollow where the potentialenergy is lowest and 

that this density thins Out exponentially toward the••  higher enrgy regions of 

the saddle point. The fall-off in density is rapid ifthe 'temperature " is 

small, and low if the "temperature" is high. We also learn that the kinetic 

34 Glasstone, Laidler and Eyring, "The Theory of Rate Processes", 

McGraw-Hill Book Co., Inc., New York, 1941. 
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Fig. 11.14. Potentialenergy map in a2 ,a1 space for a charged 
incompressible  liquid. drop. The map is assumed to be known 	V 

in neighborhood of a2  = a = 0 and in the saddle point region 
but in no other ±'egion. In the transition states analysis a 
slab of phase space near the saddle point moving in the fission 

V 	direction fl plays a central role. 
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energy distribution for those few points which do lie in the saddle point 

region also follows a law of exponential fall-off with low kinetic energy the 

most probable. 

We then have a simple way to estimate the density and kinetic energy 

distributions of particles in the saddle point region. In the transition state 

method, indicated schematically in Fig. ll.11i-, we consider a slab lying near 

the pass and at right angles to the direction 11  of the pass. We calculate all 

the points within this slab moving in the direction of the frarnent valley. If 

the average velocity of these points:i.the direction T is v the slab will shift 

a distance v t in time, t, and we then know the rate at which our system 
n 	 39 points are going over the pass. SWIATECKI . formulated a simple analogy which 

may make the natw'e of this calculation more easily visualized. Consider a 

huge crater hundreds of miles high with gas at a certain temperature T trapped 

in the crater by the earth's gravitational field. Suppose that the space out-

side the crater is a high vacuum. Suppose further the crater has a small lip 

at the top. Our problem then is to éalculate the rate at which the gas atoms 

leak out through the lip. This rate will depend on the Boltzmann law, the 

temperature of the gas, the height and breadth of the lip. 

From a simple straightforward development which we do not go through 

here it is possible to derive a rate equation for fission of the general form 

-E/kT 
Rate of fission = Ae th  

where Eth is the fission threshold energy and A is a frequency factor. This 

equation is exactly analogous to the well-knom formula for the rate of a 

chemical reaction. The analogous quantities and concepts in the two cases are 

Chemical Reaction 

Activation energy 

Reaction rate 

Fission 

.-threshold energy 

-* fission width 

Adiabatic hypothesis - disregard of inte'nal degrees of 
freedom 

The fission threshold energy is just the potential energy of the nucleus 

in the deformed configuration of the saddle point. The frequenc' factor A can 

39. W. J. Swiatecki, private communication, 
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be approximated in the case of kT' small by an eçression of the type 

A 7( ( C4

() . 	
( n 36) 

where the C 's are elastic constants•of the type. 
n 

n 

The u±iprimed constants refer to the spherical nucleus and the primed constants 

to the' saddle point shape. In order to evaluate them it is necessary to know ,  

the contours of the potential surface in' these two regions, but in no others. 

The C'const&its give •tc dimensions of the lip through which the "gas" is leak- 

ing. With the exception of C the elastic constants are paired off - one for 
2 	 * 

the ground state and one for the saddle point. The M is an effective mass for 

mo1on in the a2  mode0  

If we were making an order of magnitude estimate wo would guess that the 

ratios of the 'elastic constants C/C, would be about one so that the frequency 

factor A would simplify even.further to  

A jc . /stiffess in a directiou roiigh1 toward the saddle point 	(11 31) v1 	/ an effective mass i,e. an inertia coefficient for motion 
across S.P 	. 	. 	. 

In this approximation, A is a frequencyof rnaguitude 10 21  seconds. 

This leads to a crude .rate formula 

21 ' 	_Eth/kT 
Rate".'lO 	sec e  e 

which provides a rough estimate of the rate of division of a charged liquid 

drop when the excitation energy is, limited by,  

Eth<<E<<NEth. 

From present knowledS49 of the potential energy mapping in the ground 

state and saddle point region it should be possible to evaluate the elastic 

constants,C as well as. ;, the threshold energy and thus derive a somewhat better 

estimate of the frequency factor than the 10 21  second estimate given above but 

there are no published estimates of this. Therefore,, our statements here are 

meant only as a suggestion of the general nature of the calculation of 
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"over-the-barrier" division of a liquid drop by classical statistical mechanics. 

It is clear that a correct statistical mechanical calculation would have 

to be quantized and that the influence of internal degrees of freedomL (in the 

case of real nuclei) would have to be included. We now explore a few general 

features of the quantization. 

In their 1939 paper BOHR and WHRELER 0 outlined a general approach to a 

quantum, statistical-mechanical calculation of therate of, fission. 

Consider the sketch in Fig. 11.15 which shows the potential barrIer to 

fission along a fission dimension in deformation space. (For heavy nuclei with 

x close to 1 this fission dimension will be chiefly a2 ). We consider a collec-

tion of nuclei all excited to an energy interval of E to E + dE. The number of 

energy levels in this interval is p(E)dE and we consider every level to be filled. 

But we wish to apply the "transition state" tecbnique which focuses attention 

on those nuclei which have a deformation close to the saddle point shape. BOHR 

and WHEELER 14O  then suggest that we divide the total excitation energy E into two 

parts. The first consists of, the potential and kinetic energy, E f  + K, associated 

with the transition state, i.e. with motion in the "fission dimension". The 

second consists of the energy € arising from the excitation of all degrees of,  

freedom other than that leading to fission. It is clear that - 

€E -Ef 
 - K 
	 (11.38) 

We define a level density p*(E - E f  - K) which gives the density of levels of 

the transition state excited in all the non-fission degrees of fission to the 

energy interval € to € + dE. The level density expression p*(E - E f  - K) can 

be integrated over all possible values of the kinetic energy K to yield the 

total number of nuclei with the transition state region. But the only tran-

sition state nuclei which slide over the potential energJ hump and get 

irrevocably committed to fission are those which have a component of velocity 

v outward in the fission direction and we must take accowrt of this. From such 

considerations BOHR and WBEELER °  derive the following expression for the 

fission rate 

Fission rate = dE f p* (E - Ef  - K) V 	 (11.39) 
K.  

'O- N. Bohr and J. A. Wheeler, Phys. Rev. 56, 426 (1939). 
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Fig. 11.15. TransItion 	 of the 
rate of fission according to. the qualitative dve1op-
ment of BOHR and WHRELE.4° 
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where the terms dE, p,  E, EK and K are defined above. V is the out-

ward velocity in the fission direction, 	is the momentum interval, 

and dK = vdp. 

In order to apply this equation we must have some way of getting the 

level den 	
*

sity p for excited transition state nuclei. There is no serious pub- 

lished literature which carries this statistical treatment beyond the qualitative 

development of BOHR and WHEELER. A more complete treatment would include the 

competition for de-excitation of the nucleus by neutron emission when the total 

energy exceeds the neutron binding energy. This is not a factor in the liquid 

drop "model t' but is an important effect for nuclei. BOHR and WHLER also out-

line a statistical tratrnent for decay by neutron emission. 

If the total energy of the system is reduced to some value very close to 

or less than the fission barrier energy the rate of fission will decrease markedly. 

In the classical ..case the fission rate becomes zero when the excitation energy 

is less than the fission barrier but in quantum mechanics there is a finite chance 

of barrier penetration. This leaking is responsible for the occurrence of spon-

taneous fission. Figure 11.16. shows a schematic representation of penetration 

of the fission barrier for a single nucleus in a specific initial quantum state. 

The situation is qualitatively very similar to the spontaneous emission of an 

alpha particle from a heavy element and, as the alpha case, we can distinguis. 

three regions..within which the nature of the wave function will be different. 

It is important to recognize, however, that the wave function in the fission 

decay picture is not a wave function for a particle penetrating a barrier but 

for the motion of a surface going through a potenta1 energy maximum in deforma-

tion space. 

The first potential energy region corresponds to small vibrations of the 

nucleus around a spherical shape which is stable toward these small distortionS. 

The potential curve is roughly parabolic and the wave functions of the system 

are very similar to harmonic oscillar wave functions. A complete treatment would 

also include supplementary wave functions to describe possible rotations of the 

drop. 

In the g'ound state there will remain some residual zero point energy of 

vibration. In Fig. 11.16 the wave function shown is for a nucleus excited above 	
V 

the ground state to some oscillator quantum state located below the barrier. 
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In .a calculation of spontaneous fission the proper wave function would be that 

for the ground state. 

In the barrier region the wave fuctiOn of the surface motion is an 

exponential function decreasing outward. For low-lying states of nuclei the 

wave function in the barrier region will be very small. Beyond the barrier the 

potential energy is governed by the Coulomb repulsion of two charged fragments. 

At great distances the potential energy curve has a -i-- dependence where 

is the distance of separation of the fraent centers. The wave function in 

this region rapidly reduces to a pure Coulombic wave function. 

The mathematical techniques for solving this barrier penetration 

problem would.be patterned closely after those used in the alpha decay problem. 

Order-of-magnitude estimates using a rough harrier penetration .equation show 

that the enormously long spontaneous fission half lives of such elements as 

uranium and thorium are quite understandable. In a quantitative sense, however, 

these rough estimates of spontaneous fission half-lives are still very crude. 

FOLAND and PRESENT 	nave carried through a barrier penetration calculation 

for spontaneous fission using a hydrodynamic model assuming irrotational flow. 

Theymade a comparison of their equations with experimental data on the isotO •S 

of fermium.WKEELER has also discussed the fission barrier penetration problem. 

It must also be noted that the views of SWMPECKI concerning the two 

branched nature of the BOER-WREELER family of equilibrium shapes which we dis-

cussed above havevery important implications fora quantum mechanical calcula-

tion of spontaneous fission rates. Above a critical value of x the fission 

process may become: 

barrier 	 barrier 
sphere 	=> elongated shape 	>. 2 fragments. 

It is necessary to consider the penetration of the system through two barriers 

instead of one. It.is important to have some way •of estimating the height and 

the thickness of both of these barriers. 

:l.. W. D. Foland andR. D. Prest, Phys. Rev. 113, 613 (1959). 
•1-2, 

 

J. A. Wheeler in the book ' tNiels Bohr and the Development of Physics1 
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FONG'S STATISTICAL TREATMENT OF FISSION 

43 In the mid nineteen-fifties FONG developed a statistical mechñical 

treatment of nuclear fission which differs in one important respect from the 
43 one we have discussed above. FONG focuses attentionon the nucleus just at 

the critical moment of scission into two fragments rather than at the moment of 

crossing the saddle point. He argues that the fission process is sufficiently 

slow that 8 nucleon might cross the nucleus many times as the nucleus moves 

from saddle point to scission. Therefore it is possible that an instantaneous 

statistical equilibrium will be established at any instant of the process from 

saddle point to separation. If this is true the crucial statistical quantities 

may be the relative densities of quantum states of the nuclear configurations 

corresponding to different fission modes just at the moment when statistical 

equilibrium is last established, presumably the moment just before separation. 

For convenience of calculation FONG approximates the configuration at 

this critical moment by two deformed fragments in contact and for further compu-

tational simplicity assunies deformation of the P 3  (cos e) type, where P3  is a 

Legendre Polynomial. This particular choice was made because it reproduces 

most closely our intuitive feeling of the dominant shape of the just-formed 

fission fragments. The density of quantum states obviously depends upon the 

excitation energies of the two fragments at the critical moment; hence it is 

important to estimate the excitation energy carefully. Larger excitation energy 

corresponds to a large density of quantum states and thus to larger relative 

probability. The density of excitation states of a nucleus was taken from 

the general statistical model of the nucleus to be 

W 
o 	exp 
(E) = c 	2 aE 	 (ll.0) 

where a and c are empirical parameters evaluated from other data and E is the 

excitation energy. Since this level density expression is a rapidly increasing 

function of the excitation energy, a small change in the latter may result in 

a large change of the relative probability. In the statistical theory of FONG 

the basic reason for the favoring of asymmetric modes of fission is that 

43. P. Fong, Phys. Rev. 102, 434 (1956). 
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asymmetric fission is believed to have an excitation energy larger by.some 5 

Mev than does symmetric fission. For the basic calculation of the total energy 

release in fission FONG derived his on semi-empirical.equation for the masses 

of the primary fragments in various modes of fission. This mass equation,un-

like the older euat,ion of BOHR and WHRELERO made allowance for shell effects 

in the mass surface. Hence, in a sense, the occurrence of asymmetric fission 

is related to the shell model of the nucleus, a suggestion which has been made 

also by other authors. 44-48 

The total energy release has to be divided between internal excitation 

energy and deformation energy of the fragments, the.energy of Coulombic repul-

sion, and the energy of translation. The internal excitation energy which is 

of crucial importance in determining relative probability of fission modes 

according to this theory depends on the mass numbers, the charge numbers and 

the deformation shapes of the fragments. FONG performed suitable integrations 

over these variables and was able to calculate a number of features. of the fission 

reaction such as the mass distribution curve, the charge distribution curve, 

the kinetic energy distribution, etc. In particular, the calculations were 
235 able to reproduce the mass distribution curve for 	very well. However, 

PERRING and STOREY were not able to obtain a fit. to the Pu 239  fission yield 

data using FONG's theory although FONG 8  was later able to secure a better fit 

by a revised choice of parameters in his mass equations. 

A number of objections have been raised to this purely statistical 

theory of fission. It places the entire emphasis on equilibrium level den 

sities just at the point of fission and takes no account of quantum state 

transition channels of.the fissioning nucleus at the top of the fission barrier 

at the saddle point. It uses a simplified model of fragment deformation energy; 

presumably one should use Njlsson-type calculations of deformation energy for 

all possible modes of deformation. The level density distribution which is 

M. G. Mayer, Phys. Rev. 14, 235 (191 8). 

L. Meitner, Nature 	2, 561 (1950). 

D. Curie, C.ompt. rend 	1286 (195 2 ); . .3, l--Ol (1953). 

J. K. Perring andJ. S. Storey, Phys. Rev, 98,  1525  (1955). 

8. P. Fong, Phys. Rev. (Letter to Eitor on Pu239  fission). 
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crucial to the theory is not based directly on-experimental infonnation and may 

not be correct for fission fragments close to the magic--numbers. -Also, it is not 

certain that the - level density formula is correctly chosen for deformed fragments. 

NEWTON9,50 	developed a level spacing formula which reproduces shell effects 

on the spacing of nuclear levels when nuclear excitation -is greater than one Mev. 

If this formula is substituted for the level density formula used byFONG.in his 

statistical model of fission the agreement with experimental mass yield curves and 

other characteristics is-no longer good. Furthermore, STEIN'andWIETSTONE 51 .in-a 

study of the prompt neutrons emitted from the spontaneously, fissioning nucleus Cf 252  

did not -find a variation in the number of neutrons emitted as a function of. the mass 

ratio-of the fragments which the theory predicts. 

Nonetheless we cannot ignore the great body of experimental evidence, to 

be discussed later in this chapter, which shows that shell structure in the 

fragments is correlated with many of the observed characteristics of fission--

such as, the total energy release,- the - mass charge distributions, and the probabi-

lity of neutron emission as a function of fragment mass. This evidence strongly 

suggests that statistical factors at some-time late in the fission process play 

a strong role in the ultimate results of fission. A more careful consideration 

will have to be given to the potential and 'kinetic energy -mapping of a deformed 

liQuid drop and of the dynamics of division before it will be possible to judge 

whether the fundamental assumptions of FONG'S -treatment are valid. 	- 

- 	 .EFFECT OF ANGULAR MOMENTUM 	 -' 

In the treatment of the liQuid drop model as reviewed here nothing has been 

said concerning the influence of angular momentum. This neglect is justified- in 

the case of spontaneous fission or of fission induced by capture of slow neutrons. 

However, when fission'is induced by particles of high energy the angular momentum 

may be quite high and may play an important role. - This is particularly true in 

the bombardment of heavy element targets with heavy -ions when the angular momentum 

of the compound system may range from 50 to-l30 units or mo'e. 

T. D. Newton, Shell Effects on the Spacing of Nuclear Levels, Can.. J. .Phys. 
, 8o4 (1956).  

See T. D. Newton, Paper Dl, Proceeding of the Symposium on the Physics of 
Fission, held at Chalk 'River, Ontario, May 14-18, 1956, report CRP-642-A. 
Atomic Energy of Canada-Limited, ChalkRiver, Ontario, Canada. 

W. E. Stein and S. L. Whetstone, Jr., Phys. Rev. 110, 476 (1958). 
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PIK-PICIIAK52  considered the influence of angular momentum on fission 

barrier height and cross-section. He assumed the validity of the liq .uid drop 

model and further assumed that moment of inertia of the rotating drop was 

equivalent to that of a rigid body. 

The change in total energy of the drop as the spherical drop is 

deformed contains a surfac,e energy and a coulombic energy term as before but, 

in addition, there is a term for the shift in rotational energy as the shape 

of the drop is changed. 

Total - 	+ q + Rot 	
(n.i) 

For a given value of angular momentum the potential energy mapping as a function 

of the deformation coordinates can be calculated and the saddle points corres-

ponding to points of unstable equilibrium again computed. PIK-PICHPJC52  shows 

that the energy of the saddle point is definitely lowered by the angular 

momentum and that fission probability is greatly increased. Thus, angular 

momentum must rank with nuclear charge as an important factor pushing toward 

nuclear fission. 
, 

For each value of the fissionability parameter, x = (z 
2  /A)/(Z 2  1A) . , 

there is a critical value of the ratio E: 
	

wh ich establishes a limit above 

which the spherical charged drop is no longer a configuration of stability. In 

the conventional picture of the liquid drop model all such nuclei would fission 

instantly. 

Some detailed calculations of the influence of angular momentum on 

saddle point energies and other characteristics of fission are being computed 

by HISKSS. 53  

11.2.2 The Unified Model and Fission, Theory. According to the unified 

model of A. BOKR5  some fission phenomena are expected to be correlated with 

G. A. Pik-Pichak, Soviet Physics JBTP , 238 (1958). 

J. Hiskes, unpublished results, Lawrence Radiation Laboratory Report UCRL-
9275, Berkeley California, 1960. 

A. Bohr, Paper No. P/911, "Proceedings of the International Conference on 
the Peaceful Uses of Atomic Energy", Vol. 2, p.  151, United Nations, New 
York (1956). 
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the properties of particular quantum states at the saddle point. As the 

excited nucleus approaches the saddle point its excitation energy is con-

verted into potential energy of deformation, with the result that at the 

saddle point the nucleus .is'cold' t . Only a few widely spaced levels will 

be available and the spins and parities of these levels will probably have 

a marked effect on the mode of fission. It is thought that the spectrum of 

low-lying levels at the saddle point will resemble that of the levels of the 

nucleus near its ground state configuration. In Chapter 9 it is shown that the 

low-lying states of even-even compound nuclei consist of a series of rotational 

levels (o+, 2+, ++, 6+, etc.) based on a 0+ ground state and a series of 

negative parity states (1-,3-, 5-, ...). The negative parity states are 

believed to represent a rotational set of levels based on a 1- base state 

which itself represents a deformation of the nucleus into an asymmetric shape. 

If the low-lying levels of an even-even nucleus deformed to the saddle 

point configuration are similar to the low-lying levels for the undeformed 

nucleus then the 1- negative parity state may play an important role in the 

fission of nuclei which are excited to some energy close to the fission thresh-

old. These ideas are given schematically in Fig. 11.17. Asymmetry in fission 

can possibly be related to the occurrence of these negative parity states. 

The angular distribution of the fragments may also be related to a fission 

process dominated by the passage of the nucleus through a 1- fission channel 

state. This is discussed more fully in Section 12.1.6 of the next chapter. 

At high excitation energy when the potential energy requirements of 

the deformation at the saddle point removes only part of the initial energy of 

excitation many alternate levels become available as fission channels. Then 

fission becomes more symmetric and angular anisotropy effects are washed out. 
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Excited state 

Excitation 
energy 

4+ 
2+ 
0 

so 

Deformation 

MU- 19014 

Fig. 11.17. Schematic view of A. Bohr's suggestion that a nucleus 
caused to fission by neutron capture may use up most of its 
excitation energy in deformation leaving only a few possible 
civantum states (channels) available. These states may resemble 
the low-lying states of the unexcited compound nuäleus. 
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11.3 THE PROBABILITY OF FISSION 

11.3.1 	icRe1ationshi s for..Fission Activation Energy, The 

theory of BOHR AND WHEELER 5  predicts a variation of fission-barrier or critical 

deformation energy for fission which has a strong dependence on Z 2/A. For this 

reason the quantity Z 2/A has come to be regarded as an important fissionability 

parameter. However, fission thresholds obtained from photofission and neutron-

fission cross section measurements show that the apparent fission threshold does 

not depend so strongly on Z and A as the theory predicts. 

Some years ago SEABORG 6  made an attempt to calculate the slow neutron 

fission threshold, or barrier, E,0 , from an empirical equation for spontaneous 

fission half lives determined from the characteristics of.a line like that shown 

in Figure 11.30 below. He noted that the general trend in the rate of spontaneous 

fission of even-even nuclei could be reproduced by the expression 

T = 1021 x 108 - 3.75 z2/A  

It is known that spontaneous fission is a quantum- me chani c al barrier penetra-

tion process and that the half-life must be a sensitive function of the fission 

barrier height. In particular, FRANKEL AND MHPROPOLIS 57  derived the relation-

ship 

T = 1021x 107 . 85 Eb seconds  

where the fission barrier, Eb,  is in Mev•. SEABORG 56  assumed the essential cor-

rectness of the form of equation 11.3 and used both equations to obtain 

B4O  = ( 19.0 - 0.36 z2/A)  

This equation is applicable only to compound nuclei of the even-even type over 

a limited range of Z 2/A because the equation 11. 2 upon which it is based applies 

5. N. Bohr and J. A. Wheeler, Phys. Rev. 56, 126 (1939) 

56.. G. T. Seaborg,Phys. Rev. 88, 1429 (195 2 ) 

57. Frankel and Metropolis, Phys. Rev. 72, 914 (1947) 
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only to this nuclear type. In section 11.3.6 below it is shown that the rate 

of spontaneous fission of even-odd and odd-even nuclides is less by an average 

factor of about 103 , and the rate of spontaneous fission of odd-odd nuclides is 

less by a factor of about 10 5 .Therefore, fission barriers might be effectively 

higher by about 0.11 and. 0.7 Mev, respectively, on the basis that each factor 

of ten increase in half life corresponds to an increase of about 0.13 Mev in 

barrier height. Thus the empirical relationship becomes 

Kb = (19.0 - 0.36 z2/A + €) Mev 

where e = 0 for even-even, 

E = OJI- for even-odd and, 

E = 0.7 for odd-odd nuclides. 	 (11.45) 

Since a measurable amount of neutron induced fission can occur at an excitation 

energy less than the top of the barrier at a point when the time for fission 

becomes comparable with the time for gaitmia emission -* that is, in a time of 

about 10
-14 

 seconds -- the req.uired energy of activation, E is less than the 

barrier height E,0  which represents a hypothetical fission time of some 1021 

secpnds. Thus if we use the relationshIp that each factor of ten in rate 

corresponds to some 0.13 Mev of energy, it follows that Ea  is, in general, some 

0.9 Mev less than Eb. 

When the energy difference B (neutron binding energy) minus Ea (cal-

culated activation energy) is tabulated as in Table 11.4 there results a cor-

relation with slow-neutron fission which.is  surprisingly good. The nuclides 

which show a positive energy'difference (B minus E) have a' fission cross sec-

tion greater than about one barn, and-the nuclides with a negative (B minus 

E 
a 
 ) energy difference have fission cross sections below this arbitrary line of 

demarcation of non-fissile and fissile nuclides. When the value of E exceeds 

the neutron binding energy ' , leading to a negative value for (Bn  minus Ea) 

in Table llJi-, this difference should be equal to the neutro'n energy threshold 

for fission. From the table; the following nuclides should have the indicated 

thresholds for neutron-induced fission: Th232 (0.9 Mev), Pa2 (0. : Mev),U23(0.3 wv)', 
u236(o,3 Mev), u238(o.9  Mev) and Np237 (0.3 Mev). 	Fission thresholds are not 

sharp i.e. are not true thresholds owing'to the barrier penetration nature of 

the fission process and therefore experimentally determined thresholds depend 

somewhat on the sensitivity of the measur!ing technique. The following 
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Table 11.4 Corë1atioN of slow neutron fissionability with activation 

energy for fission and corresponding neutron binding energy 

E 
E ** 

B B -E 
Slow neutron  

Nuclide (Mev 
a 

(Mev). 
n 

(Mev) 
n 	a 

(Mev).. 
fission-

ability 

Ra 22°  71 62 -17 - 

R 22  a 7.2 6.3 4.7 -1.6 - 

Ac 227  7.2 6.3 5.0 -1.3  

Tb227 	. 6.2 5.3 . 	7.1 1.8 + 

Th 228 	. 	. 6.7 5.8 5.3 -0.5 - 

Th 229  6.3. 5.4 6.8 1.4 + 

Ph 239  6.8 5.9 	. 5.0 -0.9 - 

Th 232  6.9 6.0 4.9 -1.1 - 

Th 233  6.5 	. 5.6 6.1 0.5 + 

Th23k 7.0 	. 6.1 4.6 -1.5 - 

Pa23° 	. 6.5. 5.6 6.7 11.1 + 

Pa 23' 6.8 5.9 5.7 -0.2 - 

Pa ?32  6.6 5 , 7 6.5 0.8 + 

Pa 33  7.0 .6.1 5.2 -0.9 - 

6.2 5.3 5.9 o.6 + 

U 231  5.9 	. 5.0 7.3 2.3 + 

6.3 5.4 5.8 	. o.k + 

6.0 5.1 6.8 1.7 + 

u23k 	. .. 5.5 	. 5.2 0.3 - 

6.1 52 6. 1.3 + 

u236 6.5 5.6 5.3 -0.3 - 

u 238  6.6 5.7 . 	4.8 -0.9 	. -. 
239 

u. 	. 6.3 5.4 5.9 0.5 + 

Np23k 6.1 5.2 . 	6.9 .17. + 

Np236 6.2 5.3. . 	6-7 1.4 	. + 

Np 237  6.6 5.7 5.5 -0.2 - 

N238 6.4 5.5 6.1 Q..6 + 

Np 39  6. 	. 5.8 . 	5.1 -0.7 - 

236 
Pu 6.0 5.1 6.0 0.9 + 

238 
Pu 6.1 5.2 5.6 o.k + 

Pu 239  5.7 4.8 6.4 1.6 + 
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* 
E 

** 
E 

*** 
B B -E Slow neutron 

Nuólide (MeV) 	•.. .'(MèV) . (NeV.) . 	. .(MeV) ....... 

240 Pu 62 5.3 	.. 0.1 + 
p2 

. 	59 5,0 63 1.3 .... 

p 22  u 6.3 5.4 5.0 - 

A 2  m 6.3 5. 5.6 	. 0.2 

22m Am 6.0 5.1 6.2 1.1 + 

Am22 6,0 5.1 6,2 1.1 + 

Am23 6.4 5.5 5.2 - 0.3 - 

22  m 5.8 4.9 5.6 0.7 ? 

m23 5.4 4.5 6.7 2.2 + 

Cm2 5.9 5.0 5.7 0.7 

Cm25 5,5 4.6 6.4 1.8 

Cf29 5.2 4.3 6.6 2.3 + 

E25 5,6 1, 7 6.0 1.3 

* This table reproduced from H. Vandenbosch and G. T. Seaborg, Phys. Rev. 
: 	jjj 507(1958). 	 . 	 ... 

* Potential barrier for fission calculated from equation 11. 1 5, The equation 
is, applied to the compound nucleus formed by addition of a neutron to nuclide 
in column 1. 

** Activation energy for fission thken to be 0.9 MeV less than Eb. 

*** Neutron binding energy for nuclide with mass number A + 1. 

**** The + denotes that the cross section for fission is greater than about 1 
barn; 	 .. 

The - denotes that the cross section for fission is less than about 1 barn. 
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approximate thresholds have been experimentally determined: Th232  (i.i Mev), 

Pa231 (b. Mev), u23  (0.3 Mev), u236  (0.6 Mev), u238 (0.9Mev), and N 237  

(0.3 Mev). It can be seen that the agreement between the predicted and the 

experimentally determined threshold values is good. 

It is possible to compare predicted and measured values even in those 

cases in which the threshold falls below the neutron binding energy. NORTHRUP, 

STOKES and BOYER 8  have developed an experimental technique, based on the (d,p) 

reaction, for adding a neutron to a nucleus without exciting the new nucleus 

to the neutron binding energy. Fission thresholds were obtained by measuring 

the energy spectrum of protons in coincidence with fission events induced by 

deuterons of known energy. More details are given in section 11.3.4 below. 

The results indicate that detectable fission occurs in U 235 , Pu239  and 

at neutron energies with "negative energies of 1.5, 2.0 and 2.01  respectively, 

in rough agreement with the values listed in Table ll,-i. 

	

11.3 .2 css 	ction for Fiss ion with Thermal Neutrons. The three nuclides 
235 	233 	239 
U , U 	and Pu 	stand out in importance from all other heavy element nuclides. 

Their importance in nuclear reactor and nuclear weapons stems from the facts that 

they are readily induced to fission byslow neutrons, and that they can be pro-

duced and isolated in large civantities. In this book we shall not be concerned 

with the technological uses of these nuclides. Table 115 lists the "international" 

values for the fission cross-sections for the "big three'. 59  The values given in 

this table are for neutrons of 2200 meters per second velocity. Because the cross 

sections and associated quantities are energy dependent, a slightly different set 

of values is required if a Maxwellian neutron energy distribution at room tempera-
ture is considered. It is also to be expected that continued experimental restudy 

of these important fission parameters will result in some minor revisions of 

"World Consistent" set. 

8. J. A. Northrop, H. H. Stokes and K. Boyer, Phys. Rev. L11, 1277 (1959). 

59. D. N. Hughes and R. B. Schwartz, "Neutron Cross Sections", Brookhaven National 
Laboratory Report BNL-325, Second Edition, Sup. of Documents, U.S. Gov't 
Printing Office, Washington, D. C. (July 1958). D. N. Hughes, Nucleonics J, 
No. 11, 132, 1939; D. N. Hughes, B. A. Magurno and M. K. Brussel, Report 
BNL-325 (Ii) Supplement 1, 1959. 

The threshold values deduced by Northrup, Stokes and Boyer from their curves 
are -0.60, -1.61 and _1,17 but these threshold are defined in a way less 
suitable for comparison with the "calculated" values of Table ii.-i-. 
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Table 11.5 Wold Values of 2200 m/s C:oss Sections of Fissionable Isotopes 

World Consistent Set World Weighted Averages 	. 

Uranium-233 
bs (barns) 580± 4 - 578 ± 4 

.F (barns) 523 ± 3 525 ±4 

of 0 099 ± 0.003 0 101 ± 0,004 

229±001 228±0,02 

v 2 50 ± 0 .02 2 51 ± 0.02 

CY 
abs (barns) 683 ± 3 683 ± 3 

Urnium-235 

F. (bar.is) 582 ± 4 ... 	 .. 582 	± 	4 •. 
	... 

0.179.± 0009 0.17 	± 0010 

..2.07-± 	0.01 . 2,07± 0.01 

243± 0.02. . 	 . 2.43 ± 0.02 

°ab 	(hns) 1,028 ±• 8 i,p.a ±8 Plutonium-239 

°F (barns) 742 ± 4 . 	 . 72 ± 4 

(X 0.38 	0.02 0.39 ± 0.03 

,.Oft± 0.02 2.08 ± 0.02 

2.89 ± 0.03 2.89 ± 0.03 

abs is the absorption cross section; a is the, fission cross section; 

is the ratio of radiative capture to fission; 

is the average number of neutrons emitted per neutron absprbed; 

.i is the average number of neutrons emitted per fission event. . 

Jrom B. J. Hughes, Nucleonic 17, No1 11,, l3 2 , 1950- See also Hughes, B. A. Ma€'; -

urno, M. K Brussel, BNL-325 (ii), Supplement 1, 1959 
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The cross sections for radiative capture of a neutronor for fission 

induced by neutron capture have been measured for many other heavy element 

nuclides and theâe are listed in Table 11.6. MOst of these were measured by a 

comparison method using U235  or Pu239  as a reference standard in a Maxwellian 

distribution of neutrons from a tthermal  column' of a reactor. Many of these 

nuclides have higher fission probabilities than do the "big three"; however, 

the half lives, the methods of production and other properties are not favor-

able for engineering uses. 

An examination of the results shown - in Table 11.6 reveals that a large 

percentage of- those nuclides which undergo slow-neutronfission contain an odd 

number of neutrons. This is understandable when one considers that the compound 

nucleus in such cases- - is excited to a greater extent because of the energy• 

released in the pairing of neutrons when the incoming neutron is absorbed. 
6o  

BOHR pointed out-very soon after the discovery of uranium fission that most 

of the fission in natural uranium was due to the odd-neutron isotope, U 235 . 

HUIZENGA- and DUFFIELD61,62 called attention to an interesting correlation 

involving the ratio of fission to óapture. The ratio of thermal neutron 

fission cross section to the thermal neutron capture cross section can be 

expressed as: 

- 

a 	F 
c 	c 

(ii. 1i6) 

where Ff /±'1 is the probability per unit time that the compound nucleus loses its 

N. Bohr, Phys. Rev. 22, 1 18 (1939). 

J. R. Huizenga and R. B. Duffield, Phys. Rev. 88, 959 (1952): 

J. R. Huizenga, Paper No. 26, "Proceedings of the International Conference 

on the Peaceful Uses of Atomic Energy", Vol. 2, United Nations, N. Y. 

(1956) p. 208. 
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Table 11.6 Thermal Neutron Fission Cross Sections 

a 	(barns) 
capture 

Isotope a1  (barns) Reference Pile neutrons 

223 Ba <100 1 1 25± 1 5 
226 

Ra <l.lxlO 2 18 

<0.05 3 
228 

Ra <2 -1 36±5 
227 

Ac <2 1 1 95±35 

Th227  1500 ± 1000 

Th228 < 0.3 5 123 ± 15 

Th229 	- 5 ± 11 	- 5 	- 

Th23°  < 0.001 6 26 ± 2 

Th232  < 0.0002 6 7.57 ± 0.17 

Th 232  <x10 5  40 

Th 233  15 ± 2 7 1400 ± 200 

Th23 < 0,01 4 1.8 ± 0.5 

230 
Pa 1500±250 8 

231 
Pa 0.010 ± 0005 6 293 ± 14 

232 
Pa 700 ± 100 8 760 ± 100 

Pa233  < 0.1 9 10 ± 20 

pa23(1.18 m) < 500 

Pa23(6.7 h) < 5000 

25±10 

U231  400 ± 300 

U232  80 ± 15 10 300 ± 200 

U233  532± 6 11 56± 2 

u 23  <0.65 12 72 ± 10 

U235  582 ± 10 11 112 ± 10 

u 236  24.6 ± 6 

u238 <0.5 13 2.76 ± o.o6 

U239  12 14 22 
Np 23 11- 

900 ± 300 15 

Np236(5000 y) 2800 ± 800 16 

Np 237  0,019 ± 0.003 17 169 ± 6 
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a 	(barns) c8.tUI' 

Isotope a(barns) Reference: Pile neutrons 

Np238 1600 ± 100 18 

Np 239  < 3 19 60 ± 10 
p236 170 ± 35 36 

Pu 237  2500 ± 500 36 
p238 18.2 ± 0.5 20 14.89 ± 	3 

18.4 ± 0,9 33 

16.5 ± 0.5
* 
 35 

Pu 239  738 ± 9 11 287 ± 13 
Pu 

** 
-0.8 ± 0.7 21 530± 50 

38 250 ± 14.0 

0.03 ± 0.0 145 39 
Pu io6o ± 210 22 390 ± 80 

950 ± 50 23,214. 
p2l4.2 <0.3 35 18.6 ± 0.8 

0 314 

P 2  u 170 ± 90 
Pu' 4  1.5 ± 0.3 
p25 260 ± 145 
A21 3.13± 0.15 33 :700 ±200 

3.0±0.2 26,27 
Am 2 	c 3000. 28 

2500 35 
* 

2000 29. 
Am242' 6000 29 5500 

6390± 500 33 
• 14.600* 

35 
A 2 3 m <0.072 33 133.8±0.8 

<0.05 .. 	35 
Cm22 * 

27 25. 
Cm23 490. ± 70 30 • 	250 ± 150 

690±50 33 
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Table 11.6 (cont' d..) 

Isotope a. 	(larns) Reference Pile neutrons 

24 
Cm . 25±10 

Cm25 	. 1880 ± 150 33 200 ± 100 

1800 ± 	OO 31 

C 26  m  15 ± 10 

• 	2 7 	. 
Cm 

. 	. . 180 

Cm 2  . 2.2±0.7 

Bk29 	. . 1100 ± 300 

Bk25° . 350 
2i° 

Cf 	-' 	'.. 
* 

60 32 270 ± 100 

Cf25° 1500 

Cf251 3000 

Cf 252  30. 

>E 	 20 

—>E 	 7; 

24 
E' 

* 
2000 30 

* 
- 2700  35 

E255 jQ 

y 	Values of a are reprinted from T&D1e5.l7in Chap. 	5 where 
capture  

the references on which they are based are listed. 

* 	Measurement made in pile neutron flux. 

** 	Pu2°  is of special importancein reactors. In a pile neutron 

flux it is important to consider the sharp resonance at 1 electron 

volt. 	See for example referenc.e 38 and 39. 

Pu21 has an important low-lying reonahce at 0.252 ev. 
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excitation by fission and P 1h is the probability per unit time that the corn-

pound. nucleus loses its excitaión by gamma ray emission. 1fF is a very 

slowly changing function of the nuclear excitation energy in the region under' 

consideration (5  to  7 Mev) and if F has a sensitive dependence on nuclear ex-

citation energy in the above energy range, then a correlation of Of/Oc with 

the energy difference B - E would be expected. Here Bn  is the neutron bind-

ing energy and H is the activation energy for fission. Of course, nuclear 

type may influence the Of /G ratio to some degree, but it i not possible to 

take this into account in a quantitative manner. For example, the probability 

for gamma ray emission may be less for the intermediate fissioning nuclei of 

the even-even type because of larger level spacing, which means that fission 

is relatively favored and would occur at lower excitation relative to the bar-

rier height. Values of B - H can he taken from Table ll.-!. Some values of 

af/a are plotted in Figare 11.18 against the energy difference B - Ea• Itn. 

can be seen that the ratio Of/a decreases sharply and rather smoothly with 

decreasing vaihe of B 	Ea 
 This correlation is useful in predicting the f is- 

sion cross section for nuclides for which this quantity has not been measured 
231 	237' 

or is difficult to measure. Nuclides such as Pa 	and Np , for example, 

are on the borderline of thermal neutron fissionability. In the next chapter 

we shall be concerned with fission probability of nuclei excited to higher 

energy and there it will be regarded as a matter of some interest to explore the 

somewhat related ratio 	= F/O 
as a function of nuclear type and excita- 

tion energy. See section 12.1.. 

11.3 3 Fission Cro ms Section asaFunction of Neutron Ener', in the 

Thermal and Resonance EnerjJgion. The variation in fissionability of the 

heavy element nuclides as a function of neutrOn energy is a matter of the 

utmost practical importance in reactor calculations and design and is of great 

fundamental interest as well for an understanding of the nature of the fission 

reaction. For this reason rery detailed studies have been made of the isotopes 

of thorium, uranium and plutonium with by far the greatest effort being devoted 

to U235  and Pu239 . These studies, which are still, in progress in many labora-

tories all over the world, consist in the measurement of scattering cross-sec-

tions, total absorption cross sections, fission cross sections and related 

q,uantities such as a (ratio of radiative capture to fission) and V average 

number of neutrons per fission, as a function of neutron energy. A great deal 
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of effort has gone into the development of monoenergetic beams of neutrons using 

time-of-flight techniques or crystal spectrometers. Accelerators and reactors 

have been used as sources of intense beams of neutrons. We have space to sketch 

in only a few of the results. Those requiring a more complete discussion of 

experimental techniques, results and interpretations can consult other refer-, 

ences. 63-70 

Consider first Figure 11.19 which shows the fission cross-sections for 
235 	239 as a functi 	

235 
U 	and Pu 	 on of neutron energy. For U , in the region from 

0 to 0.2 electron volts the curve follows roughly the v law. Above 0.2 electron 

volts there are many sharp peaks or "resonances" which reflect the capture 

D. J. Hughes, Pile Neutron Research, Cambridge, Mass.; Addison-Wesley, 1953 

and D. J. Hughes, Neutron Cross Sections, Pergaanon Press, New York 1957- 

D. J. Hughes and R. B. Schwartz,"Neutron Cross Sectionstt  Report BNL-325, 

Second Edition (1958). For sale by Superintendent of .  Documents, U. S. 

Government Printing Office, Washington 25, D. C. 

6. Vol. -l- "Cross Section Important to Reactor Design," Proceedings of the Inter-

national Conference on the Peaceful Uses of Atomic Energy, U. N. New York,1956. 

Vol. 15 "Physics in Nuclear Energy", Proceedings of the Second U.N. Interna-

tional Conference on the Peaceful Uses of Atomic Energy, Geneva, 1958. 

Progress in Nuclear Energy, Series I, Physics and Mathematics, Vol. 1, Charpie, 

Horowitz, Hughes, and Littler, editors, McGraw-Hill Book Co., New York, 1956. 

Conference on Neutron Physics by Time-of-Flight, held at Gatlinburg, Tenn., 

Nov. 1 and 2 1  1956, Oak Ridge National Laboratory Report, ORNL-2309, July 

1957. 

Proceedings of the International Conference on the Neutron Interactions with 

the Nucleus, held at Columbia University, New York, Sept. 9-13, 1957. Report 

TID-7547. Available for 03.25  from Office of Technical Services Department 

of Commerce, Washington 25, D. C. 

D. J. Hughes in American Institute of Physics Handbook, McGraw-Hill Book Co. 

New York, 1957. 

J. Rainwater in Handbuch der Physik, Vol. 40, Springer-Verlag, Berlin (1957). 
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of a neutron with kinetic energy such that the binding energy plus the kinetic 

energy of the neutron is precisely equal to the energy of some quantum state in 

the excited nucleus. These resonances correspond to energy levels about 6. Mev 

above the ground level in the compound nucleus system 0  In the region of 0.2 ev 

to about 60 ev there are many dozens of sharp resonances with an average spacing 

between resonances of about 1 electron volt, a very small value, On the scale 

of this figure the curve can only indicate the complexity of the resonance struc-

ture0  The extremely detailed experimental data on the individual resonances 

can be represented adequately only on a series of curves showing narrow cuts of 

the energy spectrum. We show here only one example of such plots (figure 11.20) 

since it is beyond the scope of our review to present-a criticalaccount of tlis 

specialized field of neutron physics, The total absorption cross-section curves 

are similar to the fission curves shown here; the same resonances appear in 

both capture and fission0  However, the value of a, the ratio of capture to fis- 

sion, is not the same for all resonances as can be seen in Figure 11,201s stated 

abovee the resonances observed in these studies correspond to energy levels 

about 6,4 Mev above ground level in the U 23 compound nucleus because of the 

binding energy of the captured neutron. 

The discovery of the sharp resonances in the fission cross-section curve 

and the large competition of radiative capture with fission was a surprise to 	
* 

most physicists at the time it was first discovered 0  Tt had been thought that 

the Td)ssionable nuclides would have such large fission widths after capture of 	 1 
neutrons in the low and intermediate energy ranges that all resonance structure 

would be washed out 0  (See for example the discussion of BOHR AND WHEELER 	in 

their 1939 paper.) The explanation of the sharp resonance structure is that the 

number of saddle point channels available for fission from any one resonance 

state is a number close to one. If a large number of channels were open for 

fission in a nucleus excited to a typical slow neutron resonance state then the 

resonance levels would become unresolved. This is presumably what happens at 

higher excitation energies 0  

The high value of a for some of the resonances, particularly for Pu 239  

means that a large loss of neutrons by parasitic capture in the fuel can occur 

in a nuclear reactor unless the neutrons are very rapidly decelerated through 

the resonance region 0  This resonance radiative capture is particularly harmful 

in the case of breeder reactor. The fission cross section for pu 29  as a function 
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of neutron energy (Figure 1119) shows that a very important resonance occurs 

at the low neutron energy 0.296 electron volts. Since the value of a for this 

resonance is quite high, 0.69, it is particularly important in reactor design. 

The analysis of the resonance peaks observed in capture and fission, 

is often carried out with the Breit-Wigner single level formula derived for a 

stationary nucleus and for a resonance isolated from its neighbors. The Breit- 

Wigner formula is 
F F 

CT 	
= 	 g 	fl 	f (ll.7) 

fission 	 4(E-E) 2 + F 2  

where 

7'. is the wave length of the neiitrons 

is the wave length of the neutrons at resonance 

F, the total width of the level, is the sum of the neutron 

width F , the radiation width F and the 
n 	 - 	 I 

fission width F f  

E is the neutron e.nergy.and E 0  refers to the neutron 

energy atexact resonance 

g isa statistical weight factor givenby g = 1/2 [1 ± 21+1 ] 

I =. spin of the target nucleus 

It can be seen that the shape of the.resonance is symmetrical with a maximum at 

the resonance energy0 The quantities B 0 , g, F, F1  and Ff  completely define a 

resonance; if these parameters are known for each resonance and if the effective 

nuclear radius is known, then the cross section can be accurately computed at 

any energy0 The need for data of this type for reactor design has made the 

accurate analysis of the resonances of considerable importance. Several of the 

i references 6i--66 cited n this chapter give tables of such parametrs. These 

tables are under continualrevision as more resonance peaks are resolved. 

In the neutron capture resonance spectrum many of the individual 

resonances have the expected symmetrical shape but in the fission spectrum many of 

the resonances have an asymmetric shae iev .iating marked],y from the prediction 
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of the single-level Breit-Wigner formula.
71-71  These observed asymmetries can 

be explained in two ways: (i) they are caused by small unresolved levels near 

the prominent ones; or (2) they are caused by interference between the resonance 

levels. An increasing amount of recent experimental evidence points toward inter-

ference as being the more frequent cause If this is truly the case, then one 

should use a multilevel Breit-Wigner formula to describe the fission resonances. 

The size distribution of the reduced widths of a large number of levels gives 

supporting evidence for this and provides some information about the number of 

channels open to fission. Analysis of these distributions indicates that slow 

neutron fission may involve a small number of fission channels. 75  The experi-

mental data favoring a multi-level Breit-Wigner analysis are presented by sev-

eral authors, particularly V. L. Saiior71727 A multi-level dispersion for-

mula has been derived in published theoretical papers to account for the experi-

mental data REICH and MOORE76. derive a formula which is valid for the case of 
74 

a single fission channel jhich SHORE and SLOR apply quite successfully to 

the resonance structuref U25 . VOGTTT  derives a inultichannel, few-level, dis-

persion formula which also accounts reasonably successfully for the experimental 

data. 

One difficulty in the interpretation of resonance structure is the lack 

of an experimental method for the determination of the angular momentum q .uantum 

number for each resonance level. 

The analysis of fission resonances in terms of a multilevel Breit-Wigner 

V. L. Sailor, International Conference on the Peaceful Uses of Atomic Energy, 

Geneva, 1955, United Nations, New York 1956, Vol. IV, p. 199 

F. J. Shore and V. L. Sailor, Proceedings of the International Conference on 

the Neutron Interactions with the Nucleus held at Columbia Univ. Sept. 9-13, 

1957, document TID-7547, p.107-111. 

J. E. Evans and R. G. Fluharty, ibid, pp 98-104,.. see also Fluharty, Moore and 

Evans, Paper P/6115 Vol. 15, Proceedings of the Second United Nations Internat-

ional Conference on the Peaceful Uses of Atomic Energy, September, 1958. 

F. J. Shore and V. L. Sailor, Phys. Rev. 112, 191 (1958); See also paper 

Vol. 15, Proceedings of Second United Nations International Conference on the 

Peaceful Uses of Atomic Energy, September, 1958. 

C. E. Portor and B. G. Thomas, Phys. Rev. lOt-, 483 (1956). 

C. W. Reich and M. S. Moore, Phys Rev. 111, 929 (1958); see also Phys. Rev. 

118, 718, 1960. 

E. Vogt, Phys. Rev. 112, 203 (1958); See also Phys.Rev. 118, 724, 1960. 
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formula has interesting theoretical consequences since it strongly suggests 

that slow-neutron fission is a process defined by one, or at most, a few re-

action channels, 	This seems strange at first consideration because it seems 

natural to 'assume that each pair of fission fragments in each possible state 

of excitation constitutes a separate fission exit channel, The brosi distri-

bution of fission fragment masses and energies would on this picture imply a 

l'ge number of channels. This anomaly can be removed in the model of the 

fission process hiefIy outlined by A.EOHR 8 at the 1955 Geneva Conference 	 - 

which is mentioned in Section 11,2,2, The essence of this theory is that the 

nucleus on its way to fission must pass through a transition state in which 

almost all of the excitation energy of the compound nucleus has been converted 

to potential energy of deformation. At this transition state the nucleus is 

relatively cold and only a few well defined quantum  states will be avilahle 

to it 0  These states may resemble the low-lying states found near the ground 

state for heavy nuclei which already at the ground state have considerable 

deformation. Thus, the original compound nucleus, although it could be formed 

by capture of the neutrons into numerous levels, could pass through only those 

very few avaiiah le trahsi tion states with the proper total angular momen'tuni 

and parity. The term 'fission channel' would be associated with these 1ransi- 

tion states, Each of the transition states or fission channels can sohsequentr 

lead to the formation of a whole spectrum of fission  fragments, 

11.3.4 Fission Threshold Measurements bthe (d 	FiomFission Method, 

It is not possible to investigate the threshold energy region for a compound 

nucleus formed by the capture of a slow neutron if this nucleus is already cx-

cited above the fission threshold when the neutron, is absorbed. At the Los 

Alamos Scientific Laboratory STOKES, NORTHRUP AND 	 have developed, a 

clever experimental technique for the measurement of fission cross sections of 

- 

78. 	A.Bohr, Proceedings of the 
S 	 - 	 - 

United Nations Conference on the Peaceful Uses 

of Atomic Energy, Geneva, 1955 	United Nations, New York, 1956, Vol.2 

p.151, 

H. H. Stokes,  J. A. Northrup and K. Boyer, Paper P/659 in the Proceedings 

of the Second United Nations International Conference on 'the Peacei'ul Uses 

of Atomic Energy, 

J,, A. Northrup, R. H. S"çok.es and K. Boyer, Phys 0  Rev, 115, 1277  (1959) 
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nuclei excited to a definite value below the neutron binding energy u  The ZA 
Mi . 

(d,p) 	 i Z 	reaction s used to produce the compound nucleus L + un an excited 

state0  As in the case of neutron bombardment compound nuclei can achieve excita-

tions greater than the neutron binding energy, 	(region B of figure 11,21), 

the compound::.nu.cieus is, however, not limited to this region of excitation as 

it is in the case of slow neutron capture, but in addition can achieve any exci-

tation from zero up to 6n (region A of figure 11.21) This region A where the 

absorbed neutron has negative  kinetic enrgy ismost iitere€ing because the 

probability for fission is not obs.cured by neutron re-emission and because the 

fission thresholds of many fissioning nuclei may appearhere 0  

It should be noted that fission induced by capture of neutrons by 

deuteron stripping differs from fission induced by slow nutron capture in that 

angular momentum greater than zero may be brought into the nucleus in the first 

case0 This angilamomentiim may have a noticeable effect on the fission process. 

The experiment consists in the bombardment of siitae.tgts with iIi-

Mev deuterons in the external beam of a cyclotron and thesimu1ian.epus measure-

ment of fission fragments and. of protons withaknbwn energy.• Achëmatic dia-

gram of the apparatus8l  is shown in Figure 11.22 The fission detector is a 

shallow proportional counter operating at xeduced gas pressure 0  This counter 

detects fragments in a cone with a 500  half angle centered at a 90
0  scattering 

angle 0  The A E counter is an ion chamber which is used to measure the rate of 

energy loss of light charged particles 0  After passing through the A E counter 

these particles are stopped in a small crystal of NaT and give up the remainder 

of their kinetic energy, E. The NaT crystal is connected to a light pipe and 

photomultiplier tube and finally to a 100 charnèl analyzer which deteinines the 

quantity E by measuring the size of the pulse from the photoniultiplier, 

The purpose of measuring both A E and E for the light charged particles 

is that discrimination of protons from other particles, chiefly deuterons and 

tritons, can be achieved by foring the products, AE x E 0  From a theoretical 

consideration of the ways in which such charged particlesasprotons, deuterons 

and tritons give up thei energy in passing through matter, it is found that 

the mass of a charged particle is nearly proportional, over a relatively large 

energy range, to the product of its initial rate of energy loss multiplied by 

its total energy0  In the experiment of ST01S, NORTHRUP AND 	
1~ 1 80 
 thAE 

- 0 t I r 	 - p - 	 - 	 - C O-c--O-t---o-  s-p-a-p - 	 - •_a-s._.-__ - 	 6- 	 - - 

81. Details of the apparatus a'e given in Reviews of Scientific Instruments, 29 
61 (l958) 
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Fig. 11.21. Energy relations for the (d,p) reaction on heavy 
elements. (Center-of-mass-motion is neglected). Ed  and 

are the kinetic and binding energy of the deuteron 
respectively. E is the kinetic energy of the outgoing 
proton and En  is the equivalent kinetic energy of the in-
coming neutron. En  is the neutron binding energy and Ex  
is the excitation above the ground state, both for the 
compound nucleus. a and G. are representative cross 
sections of the (d,p reaction and this reaction followed 
by fission of the compound nucleus. The experiment is 
mainly concerned with region ,A where the captured neutron 
from the (d,p) reaction is bound. Figure from Stokes, 
Northrup and Boyer, Phys. Rev. 112, 1277 (1959). 



F 
.10• 

Id 

1 	 AE 
	

b '  

E 

/ 
, 

T 
	

'.1 INCH 

MU- 18859 

Fig. 11.22. Schematic drawing of the experimental apparatus used 
in the study of.(d,p) fission with all counter sizes and 
distances drawn to scale. The main counters used in the 
proton-fission coincidence measurements are the following: 

• F, fission proportional counter; 	E, a thin transmission Ion 
chamber; E, a NaI(Tl) spectrometer. The auxiliary components 

• shown are these: (a) deuteron-beam path; (b) final gold 
collimator having a 1/16-in, aperture; (c) fissile target; 
(d) and (e) the alternate positions of the AE and E counters 
respectively during the Ed = 7-Mev runs; (f) 2-mg/cm 2  gold 
scattering foil; (g) NaI(Tl) counter used as the beam-energy 
monitor; and (h) Faraday cup. Figure from Stokes. Northrup 
and Boyer, Phys. Rev. L15, 1277, (1959). 
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counter takes out a sizable chunk of the initial energy so that AE x B is not 

quite the proper product for use in mass identification 0  Instead, they use the 

expression, fE + E + 1/2 A E) AE, whereE is a constant, and achieve very 

cleaW discrimination of protons, deuterons and tritons. A. high speed computer 

cirbuit utilizes coincident AE and E pulses to perfoin the required arithnieti-

cal operations. The output of the computor circuit is put through a simple 

discriminator which passes only those pulses identified as proton pulses 0  

The 100 channel analyzer is used to measure the energy of any particle which 

has been identified as a proton By a suitable arrangement of coincidence cir-

cuits it can also be used to measure the energy of any particle identified as 

a proton which.is coincident in time with a fission event 0  By analyzing many 

(d,p) reantion events in this manner, curves are obtained showing the total 

(d,p) probability and the (d,p-fission) probability as a function of the energy 

of the protons. Data for the target nucleus Pu 239  is shown in figure 1123 

The top spectrum is the fission-coincident proton energy spectrum corrected 

for chance rate Below this is the total (d,p) proton energy spectrum corrected 

for light element contamination. It is instructive to plot the quotient of 

these two spectra and this is done in figure 11.24 not only for Pu 239 but also 
2 33 

	

for 	U235  and u238  targets. These curves are normalized according to the 

known solid angle of the fission counter assuming an isotropic fragment distri-

bution 4  In figure 11.24 the energy scale has been reversed from the previous 

two figures to correspond to neutron energy increasing to the right 

The case of U28  is included since the fission threshold in this case 

falls in the region of positive neutron energies and a comparison can be 

made with the measurements made by more usual experimental methods. The agree-

ment in this case with the fission excitation function of LAI 2  is satis-

factory0  The other tiu'ee cases are quite interesting in showing fission thres-

holds in the region of 'negative" neutron energies 0  There appears to be consid-

erable structure corresponding to more than one distinct threshold in the case 

of Pu 
239 

 and U23 . STOS, NORTHRUPAND B0R' 8  suggest an interetation 

of these multiple thesho1ds in terms of A0 BOHRS 8  picture of the fission 

process as the passage of a deformed nucleus through a limited numbez of transi- 

	

-- 	__ 	• 	-._ 	 • 	- 	- 	-- 	• 	, 	-- 	,.- t 

p82. B. W. Lamphere, Phys 0  Rev. 7.04, 1654 (1956) 
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a p39 target in their (d,p-fission) experiment. The top 
curve is the energy spectrum of protons in coincidence with 
fissions (corrected for the chance rate) desnated as 
In the middle, a is the total Pu239 (d,p)Pu2' proton 
spectrum corrected for light-element contaminants and the 
target backing material. At the bottom P = o 1/aisthe 
ratio of the top two curves and xepresents, at least in the 
bound-neutron region, the probability of fission decay of the 
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shown. Figure from Stokes, Northrup and Boyer, Phys. Rev. 
L15 , 1277 (1959). 
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tion states resembling the low energy states of non-spherical nuclei. 

Two interesting comments can be made about the (dp - fission) experi-

ment 0  It was found that when uranium targets are bombarded with deuterons, 

most of the total fission cross section results from compound nucleus formation 

and only a small fraction comes from the (d,p) reaction followed by fission 0  

This conc1uion agrees with that made by SUGIHPRA AID COWORKERS 8  in a radio-

chemical analysis of fission product distributions. It was also found, as is 

evident from a glance at figure 11,24. that only a fraction of excited nuclei 

formed by the (d,p) reaction decayed by fission 0  

11,3, 5 

of Ener. We have seen that neutrons of thermal energy or of energy slightly 

above thermal in the so-called resonance region can induce fission when the 

excitation energy of the compound nucleus is above the fission threshold 0  With 

higher energy neutrons it is possible to induce fission in any heavy element 

nucleus, it is of interest to note how the cross section changes as the neu-

tron energy rises through the Mev range of energies, We can roughly classify 

heavy element nuclides in three classes as shown schematically in figure 11.25 

In Category A we consider nuclides which have a fission threshold above 

thermal energies and a sharp rise in cross section to a vblue which is.a sizable 

fraction of the geomericai cross section 0  The curve then flattens out over a 

several Mev range until a new rise sets in at about 5 to  7 Mev 0  This second 

rise is attributable to the fact that the excitation energy is high enough to 

permit evaporation of one neutron without reducing the excitation energy of 

the residual nucleus below the fission threshold; in this case, the system 

gets a second chance to undergo fission; (n,nf) reaction0 An excellent example 

of this behavior is the u238 case shown in figures 1126 and 11.27 

This te of fission excitation was predicted by BOI 8  in 190 Other 

isotopes for which experimental data are available88°  indicating an excitation 

curve of this general shape are Pa 231 , u 
2311 	236 	237 	2i-0 

, U 	, Np 	, Pu 	and Am 241  

83, T T. Sugihara et ..l., Phys. Rev, 108, 1264 (1957), 

81 	N. Bohr, Phys, Rev, 58, 864 (1940) 

85 R. W. Lamphere, Phys, Rev 0  104, 1654 (1956) 

86. R K. Smith, R. L. Henkel and R. A. Nobles, Bull 0  Am Phys 0  Soc 0  II, 2 

196 (1957)  and unpublished results, Los Alamos Scientific Laboratory 
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Fig. 11.25. Schematic behavior of neutron-induced fission cross 
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Category A. Targets with finite fission threshold. 
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Curves are given in reference 6. 

The measurements on U 23  have been extended to neutron energies as 

high as 22 Mev as shown in figure 11.28, taken from a publication of HEMMEI1D-

INGER 87. This figure is interesting because it shows a threshold for the 

(n,nf) reaction at 6 Mev, one for the (n,2nf) reaction near 13 Mev and a hint 

of one for the (n,3nf) process near 19 Mev 0  

The curve for the Tb232  has sevei!al of the features expected for a nu-

clide in Category A (threshold value above thermal region, a rise at 6 Mev when 

'second-chance" fi.ssion sets in, etc e ) but it also has some very special fea-

tures. This curve, shown in figure 11.19 has pronounced structure in the 1.5 - 

3,0 Mev range. This structure may be associated with the exction of a few 

fission channels. This interpretation is in agreement with the violent shifts 

in the anisotropy of the fission fragments which have been found to occur as 

the neutron energy is changed across this energy region, See the discussion 

of section 12.1.6 in the next chapter, 

Returning now to figure 1125, we can discuss Category B which includes 

nuclides which have high cross sections for fission with thermal neutrons, In 

the Mev range of energies the fission cross section drops to something of the 

order of one barn, stays almost constant over a range of several Mev and rises 

again to a new plateau when the neutron energy is 6-8 Mev, We show the data 
86 

of SMITH , HENKEL AND N0BLES in figure 11.27 for U233 , 25  and 239 which 

are representative of Clategory B e  

Category C represents nuclides of low fissionability with fission 

thresholds above the thermal region 0  We have no good experimental curve to 

show as an example. The plateau following the initial rise lies at a small 

fraction of the geometrical cross section. The peak in the region of the se-

cond plateau is expected because there should be a range of energies in which 

neutron emission will leave the intermediate nucleus with sufficient energy 

to fission, but not enough to emit a second neutron. When somewhat higher en-

ergies are reached, the emission of a second neutron becomes possible and 

since this is a more probable process for this class of nuclides, the observed 

fission cross-section decreases 

87. A. 	.ri-dinger, Paper P/663 Volume 15, Proceedings of the Second United 

Nations International Conference on the Peaceftl Uses of Atomic Energy, 1958. 
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An interesting empirical correlation of fission cross sections for 

neutrons with energy falling about in the middle of the first platea12, wa ti
prQ- 

88 	
ror 	s1on 

posed by HEI'KEL AND BARSCHLL Th plotted the fission cross sectionAinduced 

by 3 Mev neutrons against z ' /A and found the linear relationship shown in 

figure 11.29 This correlation is useful for predicting cross sections4 There 

is no presently know-n theoretical reason for the special significance of the 

quantity z/A. 

11.3.6 

HMF LIFE MEASUBEI1ENTS 

Spontaneous fission is generally observed for the even-even nuclides 

in the region of thorium and higher elements0 Spontaneous fission is very 

strongly dependent on the atomic number0 The rate is vanishingly small in 

Th 
32  but increases rapLdly with increase of atomic number until at element 

100 the rate for some isotopes becomes comparable to that for other modes of.  

decay. 

LIBBY 9made the first reported attempt to discover spontaneous fission 

in uranium but failed to find it because of the low specific activity for the 

effect0 PTRZHM AND FLEROV 9'0  made the first positive demonstration of spon-

taneous fissions they made their discovery with the element uranium. 

described measurements made by himself and his coworkers at Los Alamos during 

World War II on the following nuclides: Th 230 , Th232 , Pa231 , u233, U,34, u235, 

• 238 	237 	238 	239 	21i1 
U 	, Np , Pu , Pu , and Am 	In principle, -the experiments consisted 

of putting a thin layer of the material to be investigated into an ionization 

chamber connected to suitable amplif'Ying and recording circuits. These nuclides 

have such long half-lives for spontaneous fission that close attention must 

be given to discrimination against pulses from the manrfold more numerous alpha 
frEm •partic1esckground 	eet,and from possible fission induced by stray neutrons. 

Renkel and Brschall, private coimuniction from H. H. Stokes; See also 

Allen and Henkel, Progr, Nucl 0  Energy, 	• Series I, Vol IIQ 3 (1958) 

W. F. Libby, Phys. Revs 25, 1269 (1939) 

90, K. A. Petrzhak and G. I. Flerov, Compt 0  Rendu 0  Acad 0  Sci 0  USSR 28, 500 

(1940), J. Phys. USSR 3, 275 (1940). 

91. E Segre, Phys. Rev. 86, 21 (1952). 
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Self absorption losses can be severe These difficulties are greatly reduced as 

higher elements are studied 4  In particular, the study of spontaneous fission 

in californium and feium is comparatively easy For example, Cf252  and Fm25  

have spontaneous fission decay rates which are a few percent of the alpha decay 

rate while Fm 
256 

and Cf 
254

decay primarily by spontaneous fission 0  For such 

nuclides the measurement of spontaneous fission rates is a convenient routine 

method of detection and measurement 0  Spontaneous fission can also be detected 

and subjected to quantitative measurement by radiochemical analysis of fission 

products, a subject which is reviewed in section 11 0 4 0 4 later in this chapter. 

Table 117  lists the known data on spontaneous fission half-lives to-

gether with references to the original data. 

CORRELATIONS OF SPONTANEOUS FISSION DECAY RATES 

The data on spontaneous fission can be treated graphically in a number 

of ways. WHITEHOLJSE AND GALBBAITH 92  and G. T. SEABORG 93independefltly made the 

interesting observation that in the case of even-even nuclides the half-life for 

spontaneous fission seems to decrease exponentially with increasing Z 2 /A while 

nuclides with an odd number of nucleons (protons or neutrons or both) decay at 

a much slower rate 0  Thus a plot of the logarithm of the partial spontaneous 

fission half-life, T, against Z2/A resulted in a fairly good straight line for 

the limited data available at the time 0  
2 

T = 1021 x  10178 - 3075 Z /A seconds 0 	(1111-8) 

When more data were accumulated, it became apparent that although the parameter 

z /A accounted bro.dly in this manner for the variation in half-life over a range 

of Z values, for a given value of Z this aramter did not account for the taria-

tion of half life with A. Thus HFrZENGA9  pointed out that for a given value 

of Z the half life goes through a maximum as A varies 0  In addition, there is 

a dramatic increase in the decay rate for nuclides with more than 152 neutrons 

as pointed out by GHIORSO 95  A plot of the logarithm of the half life versus 

------------------------------
:92. W. J. Whitehouse and W. Galbraith, Nature, 169, 49 11- ( 195 2 ) 

G. T Seaborg, Phys, Rev 0  85, 157 (1952) 

J. R. Huizenga,.Phys. Rev. 94, 158 (1954,) 

A. Ghiorso, Spontaneous Fission Correlations", Paper P/718, Proceedings of 

the International Conference on the Peaceful Uses of Atomic Energy, Vol 7, 

United Nations, New York, 1956 
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8.o4 x 1015 

u238 
	

(5-9 ± 0.1c.l0l5 

(5.8 ± 0.5)x lo 	y 

1.32 x 1011 y• 

p 236 

Pu239  

Pu 210 

u238  

237  18 
>10 y 

3 , 5 x10  y 

x io y 

(5 ± 0.6)x 1010  y 

5.5 x1015  y 

1.2 x 1011 

(1.3 ± 0.2)x 10 16 

UCRL-9036- Rev. 

Table •11.7 	 Half Lives for Spontaneous Fission 

Reference 

E. Segr, Phys. Rev. 86 , 21 (1952) 

A. V. Podgurskaya etal., Zur. 
Eksptl. i Teoret. Fiz, 28,503 (1955) 

G. N. Flerov et alfr,Sov. Phys. - 
Doklady 3, 79 (195 8 ) 

A. H..Jaffey and A. Hirsch, unpublished 
work (1951). 

A. Ghiorso et al., Phys. Rev. 8, 163 
(1952). 	- 

E. Segr', Phys. Rev. 86, 21 (195 2 ) 

A. H. Jaffey and A. Hirsch, 
unpublished data (19+9) 

E. Segr, Phys. Rev. 86, .21 (195 2 ) 

P. K. Kuroda and R. R. Edwards, J. 
Inorg. Nucl, Chem. 3, 3115 (1957) 

E. K. Gerling et al. Radiokhimiya .1, 
223 (1959) 	 - 

N. A. Perfilov, J. Exp. Theor. Phys., 
USSR 17, 476 (1917) 

V. A. Druin et al., Soy. Phys., JETP 
13 913 (1961) 

A. Ghiorso et al., Phys. Rev. 87, 163 
(1952) 	- 

A. H. Jaffey and A. Hirsch, unpublish-
.ed data (1947) 

V. A. Druin et al., Soy. Phys. JEEP 
13 5913 (1961). 

E. Segr, Phys. Rev. 86, 21 (1952) 

0. Chamberlain et al., Phys. Rev. 94
156 (1954) 

E. M. Kinderman, Atomic Energy Com-
mission Declassified Report HW-27660, 
April 1953 

J. Mech. et al., Phys. Rev. 103, 340 
(1956) 

Jones et al., Knolls Atomic Power Lab-
oratory Report, KAPL-137 8  (1955) 

J. P. Butler, Lounsbury and Merritt, 
Can. J. Phys. 34, 253 (1956) 

2 
Pu 2  (7.06 ± 0.19) x 1010 

8.5 x1010  y 

(6.64 ± 0.10) x iolO 
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Pu2 	- 	(2.5 ± 0.8)x 1010  y 	p R Field.s et al,, Phys. Rev, 100, 172 (19 

(2 ± 0 8)x±0 y 	1 A Drum eu al , bOV ±hys J B T P.1,8b9 

• 	
.1a9 x 1 6  y 	 A,Ghorso et al,,, Phys, Rev 0  87,163 

(1952) 	- 

212 
Cm 

6 
7,2 x 10 	y A. Ghiorso and H. P. Robinson, unpub- 

llshed. results (1947);  G.C. Hanna et al., 
Phys. Rev 0  81, 466, (1951) 	- - 

x 101 y A, Ghiorso et al,, Phys, Rev, 8, 163 
-- 	 - (1952) 

(2 ± 0,8) x 107 y S. Fried., J. Tnorg, Nuc, Chem. 2, 415 
(1956) 

cm2)48 4,6 ± 005) x  10 	 y J,P. Butler, T o  A. Eastwood., H.G. Jack- 
son and R,P. Schuman, Phys, Rev, 	, 
965 (1956 ) 

250 
Cm -2 x 10 	y J. Huizenga and H. Diamond., Phys, Rev, 

107, 	1087 (1957) 

Bk2)49 6 	10
8 
 y A. Ghiorso et al,, unpublished. results 

- (1955G. 

>2 x 108  y L.B. Magnusson et al,, Phys. Rev, 96, 
- 1576 (1955) 

> i,li x 109  y L.A. Eastwood et al,, Phys, Rev, 107, 
1635 (1957) 	- - 

Cf26  (2,1 ± 0,3)x 10 	 y E. K. Hulet et al,, Phys, Rev, 89, 878 
--• 	 - • ( 1953) 

Cf28  7 X, 103  y E. K. Hulet, Ph,D, Thesis, University 
of California Unclassified. Report UCBL- 
2283 (August 1953) 

>15 x 10 	y E.K0 Hulet, Unpublished. results 

249 • 	1,5 x A. Ghiorso et al,, Unpb1ished. results 
(195)4) 	-- 

> 4o5 x 18 Y T.A, Eastwood et al,, Phys. Rev. 107, 
- 1635 (1957) 	- 

Cf25°  (1A5±0o5)x ,O 	y A. Ghiorso et al,, 	Phys. Rev, 94, 1081 
(195 11.); P.R. Fiéld.s et al., 	Nature 17)4, 
265 (1954); LB, Magnusson et al,, Physa 
Rev, 96, 	1576 (1954) 

Cf252  66 ± 10 y L,B. Magnusson et al., Phys, Rev, 96, 
1576  (1954); A. Ghiorso et al,, Phys, 
Rev, 94, 1081 (1954) 	- 
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T. A. Eastwood et a10, Phys. Rev. 107, 
1635 (1957) - 	 - 

J. R.Huizenga and H. Diamond, Phys. 
Rev. 107, .1087 (1957) 

• 	B. G. Harvey et al., Phys. Rev. .99, 
337 (1955) 

P. R. Fields etal., Phys. Rev. 102, 
.180 (1956) 	 - 

• 	W. C. Bentley et al., Vol. 7, .p 261, 
Proceedings of the International 
Conference on the Peaceful Uses of.  
Atomic Energy, q-eneva 1955, United 
Nations, New York,l956 

P. R. Fields et al., Phys. Rev. 
209 (1954);  A. Ghiorso .et  al., 
unpublished results (19) 

Jones et al., Phys. Rev. 102, 203(195 6 ) 

A. Ghiorso et al., unpublished results 
(1955) 

G. R. Choppin et al., Phys. Rev. 94, 
.1080 (1954) 	 - 

P. B. Fields et al., Phys. Rev, 9, 209, 
(1954) 	 - 

Jones et al., Phys. Rev. 102 , 203 (1956) 

Ghiorso.et al.,,unpublished results 
(1955) 	- 

Brandt, R. Gatti, L. Phillips,S.G.Thompson,ufl-
published results (1961) 

G. B. Choppin et al., Phys. Rev. 98, 
1519 (1955) 

T. Sikkeland, A. Ghiorso etal., (1961) 
unpublished 

82 ± 6 y 

Cf 254 
	

56.2 ± 0.7 d 

85± 15 d 

55 d 

60 ± 12 d 

E253 	3x105 y 

(7 ± 3) x 10 y 

E2 	 1.5.x 1O5 .y 

200 d 

220 ± 40 d 

- 	211-6d 

Fm 255 
	

>60 y. 

(1.2 ± o.6) x l0 y 

Fm 256 	3 h 

l0225 	 6 s 

y = years; 	d = days; 	h = hours; . s = second. 
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Z2/A is shown in figure 11.30 It is interesting to note that if the line is 

extrapolated to the region of instantaneous rate of spontaneous fission (i.e0 

half -life of the order of 10_20  seconds) the value obtained for Z 2/A is 17 

which eorresponds nearly to the predicted (Z2/A)iim of the Bohr-Wheeler theory. 

From the regular spacing of the curves for the even-even isotopes of 

the heavy elements it is possible to estimate positions for the corresponding 

curves for higher even elements. It is apparent on the basis of this correla-

tion that the longest lived even mass isotope of element 104 will have a half-

life of about 1 second, In the region of element 108 the maximum half-life 

will be in the range of microseconds. 

Another useful correlationti of spontaneous-fission half-lives has been 

provided by STUDIER AND BIJIZENGA9  who revived the KRAIISH97. cOrrelation of the 

ratio of half-lives for spontaneous fission and alpha decay versus Z 2/A except 

that, instead of connecting conscutive alpha decay products, they were able to 

show a more consistent reltioxhip by, correlating nuclides differing by two Z 

units and six A units The Studier-Huizenga systematics of spontaneous fission 

are shown in t'igure 11.31. 

GHIORSO95  pointed out that the measured spontaneous fission half-lives 

of Cf252 , 	 and 256  are substantially shorter than had been pre- 

dicted by the systematics of the above mentioned types. GHI0S0 interpreted this  

as additional evidence that a neutron subshell is closed at 152 neutrons and 

that the nuclear constitution for isotopes with more than 152 neutrons is someH 

what differeit, leading to a much sharper drop in spontaneous fission half livs 

with increasing A. In this connection, it will be recalled that a discontinuity. 

in alpha particle ergies for the even-even isotopes of californium, einsteinium 

and fermium is observed indicating subshell closure at 152 neutrons, (See for 

example, figure 2.6 in Chapter 2). 

If this 152 neutron effect is real the predictions of spontaneous-fis-

sion half lives for isotopes of elements 100 and above are markedly influenced 

In figure 11,32 we show Ghiorso 9 s modified plot of the spontaneous-fission sys-

tematics. The half-lives are plotted against neutron number, The vertical 

9.6. M. H. Studier and J. B. Huizenga, Phys. Rev. 96, 545 (195 1 ) 

97. A. Kramish, PhyB4, Rev, 88,. 1201,(1952) 
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line shows the 152-neutron shell and the predicted lines for elements 100, 102, 

10+ and 106 show a strong prejudice for the hypothesized 152-neutron shell 

effect. This correlation is not completely established. 

FOREMAN and SEAB0RG 8  have replotted spontaneous fission half lives 

against mass number as shawn in Figure 11.33. This plot indicates that all 

even-even isotopes with neutron number equal to or greater than 152 lie on the 

same straight line so that the spontaneous fission half lives for these iso-

topes appears to depend only on the mass number. These authors published, some 

predictions of spontaneous fission half lives of unmeasured isotopes with atomic 

number 100 or greater but doubt has been expressed on the correctness of these 

predictions by DORN99  and byJOIIANSSON10°  as mentioned below. 

SWIATECKI 
101  has made an important contribution to an understanding of 

the rate of spontaneous fission by pointing out the great sensitivity of the 

decay rate to the finer details of the ground state masses of nuclei. Swiatecki 

showed that any nucleus which had a special stability in the ground state as 

measured against some smooth reference is invariably associated with a longer 

lifetime than that given by a straight line Z 2 /A relationship such as given 

in Figure 11.30 Each millimass unit of extra ground state stability corresponds 

to about 10 times longer lifetime. Swiatecki corrected each experimental, half 

life, t, by adding a factor kbM where k is an empirical factor and 5M is 

the deviation of the ground state mass from the smooth reference mass surface 
102  given by GREEN . Thus, in effect, Swiatecki has an explanation for the 

variation of the spontaneous fission half life with A for a given Z and for 

the dramatic effect which occurs at 152 neutrons. Figure ,11.34  shows the 

remarkable smoothing of the data which occurs when this correction is applied. 

.The success of this correlation leads to the conclusion that the saddle-

point energy , surface is much smoother and freer of shell-effects than is the ground 
state surface. As the distance between the two surfaces decreases with increasing Z it 

B. Foreman and G. T. Seaborg, J Inorg. Nucl. Chem. 7,  305  (1958 ). 

D. W. Dorn, Phys. Rev. 121,1740 (1961). 

S. A. E. Johansson, Nuclear Physics 12, 449 ( 1959). 

W. J. 	. Swiatecki, Phys. Rev. 100, 937, (1955). 

A. E. S. Green, Phys. Rev. 	, 1006 (1954), 
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Fig.. 11.31. Plot of spontaneous fission half-lives against 
z2 /A. The otserved lifetimes Texp occuir the bottom 
left-hand part of the figure; the corrected" values 
Texp + kbM group themselves around the three curves. 
Experimental points for even-even nuclei are joined by 
straight lines. Odd-A nuclei are designated by special 
syrilbols which, reading from left to right along the 

odd-A curve, refer to U 235 , Pu239 , Bk29 , Cf2 9, E253  

(einsteinium, Z = 99), and Fm 255  (fermium, Z = loG). 
The odd-odd nucleus E2 54  is marked by a square. 
From Swiatecki, Phys. Rev. 100, 937 (1955). 
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might be expected that shell effects in the saddle-point surface might become inortant. 

DOR1\T99 	 1°l made a slight extension and revision of SWIATECKII s 	prescrip- 

tion and recalculated spontaneous fission half lives for nuclides. in the region 

uranium through element 106 The most significant result of his calculation is 

that the undiscovered nuclides above atomic number 100 are predicted to. have 

much longer half lives than 'suggested by earlier predictions 

J. 0, NEWTON103  and, later, WHEELER10  have offered an attractive ex-

planation for the reduced rates of spontaneous fission of odd-nucleon .nuclides 

using the strong coupling approximation of the unified model of Bohr and 

Mottelson. This exrlanation follows from the quantization of the intrinsic angular 

momentum 	of the nucleonic system about the symmetry axis, and the fact that 

this intrinsic angular momentum for the state of lowest energy changes with in-

creasing spheroidal deformat4on, b in the case of odd nuclei, whereas for 

even-even nuclei the nucleonic state = 0 lies -ldwest at all 'deformations. 

Thus in the case of even-even nuclei the top pair of protons or neutrons can 

readjust their orbits while conserving angular momentum as the energies associated 

-with the orbital change with inc'easing deformation. In the case of odd nuclei 

a given nucleonic component of angular momentum 'l can only be maintained during 

the change of orbital position with increasing deformation by introducing 

nucleonic excitation energy into, the system at the expense of kinetic energy in 

the fission mode. Wheeler makes a rough estimate of this excitation (which he 

terms sp.ecialization eneg) using Nils son 1  s curves for, the dependence of 

individual nucleon energy upoi deformation. In this manner, Wheeler estimatea 

sufficient additional activation energy, foi fission of odd nuclei to account 

on the average for the outstandingly slower spontaneous fission rates for odd 

nuclei 

JOHANSSON10°  has explored the influence of single particle effects in 

a q.uantitative way with interesting results. He considered the energy con-

tributions of specific Nilsson states to the total enerr required to deform 

a nucleus'to the saddle point shape. Some 'of the orbital energies rise quite 

steeply with i1creasing deformation so that a single nucleon or pair of. nucleons 

103.' J. 0. Newton, Prog 	Nuclear Physics, L, 234-286 (1955). 

104. J. A. Wheeler, uNuclear  Fission and Nuclear Stability", a contribution to 

Bohr 70th Anniversary Volunm, Pergamon Press, London. 	* 
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220,  

in such an orbital will soak up more energy than the liquid drop model would 

predict for an average nucleon and hence will raise the barrier toward fission. 

Some of the orbital energies on the other hand increase, more slowly and some 

even decrease in energy with the result that the fission barrier is lowered. 

The orbital switching effect noted by NEWTON 103  and WHEELER1°  as mentioned 

above also plays an important role in lowering the fission barrier of even 

nuclei. 

Because of the mathematical difficulties JOH.ANSSON did not, carry out 

an exact calculation of barrier heights and shapes by a rigorous unified model 

treatment. Instead, he computed deviations from the predictions of,a simplified 

liquid drop.model treatment. First the variation in barier height with de-

formation and with N and Z was calculated from the liquid drop model and the 

absolute value of the barrier height was normalized to agree with experimental 

data for uranium isotopes. A single nucleus was chosen as a reference nucleus 

and calculations relative to it were made for several heavier nuclei. In each 

case the effect of nucleons in specific Nilsson orbitals in causing a deviation 

of the barrier height relative to the barrier predicted by the liquid drop model 

was computed. This difference in barrier'height was inserted in a simplified 

barrier penetration formula to calculate a ,change in the expected fission rate. 

Nineteen nuclei were treated in this manner and it was found that by this 

consideration of specific neutron and proton orbital assignments that all 

deviations of these nuclei from the simple Z 2 /A dependence given by the liquid 

drop model for the half life could be accounted for quantitatively. 

The mass number dependence of the, fission probability for nuclei of a 

given Z, emphasized by figure 11.30, as well as the erratic lengthening of 

the half lives of odd-A nuclei are accounted for. 

It is of considerable interest to extrapolate these results to include 

heavier nuclei about which nothing is known. J'OEANSSON 100  considered'this 

problem briefly and computed a few half lives. He concluded that the precipi-

tate drop in half lives with mass number above 152 neutrons which occurs in 

californium and fermium (see Figure 11.30) will not continue as 'he'avie,r nuclei 

are considered. Hence, he predidts considerably longer half lives for the 

unknom heavy nuclei than do FOREMAN and SEAE0RG 8 (Table 118) who base their 

prediction on the extrapolation of Figure 11.33.' 
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The estimation of spontaneous fission rates of very heavy nuclei is 

important in research aimed at the synthesis of new nuclei 'oeyond.- the limit of 

the presently-known elements. Spontaneous fission half lives are competitive 

with alpha decay half lives for the higher mass, even-even isotopes of californium 

d feum and presumably even more competitive for higher elements. Cf 25  

decays chiefly by spontaneous fission with a half life of 56 days; the alpha 

half life is estimated to be about 100 years. In Fn25  the observed mode of 

decay Is spontaneous fission; the observed half life of 3.5 houisis much shorter 

th the predicted aipha half life of about 10 days 

The rapid shortening of spontaneous fission lifetimes makes it unlikely 

that elements beyond fermium can bemade in measurable quantities by neutron 

irrad±aIon techniques, at least not until much higher neutron fluxes are 

available. According to discussions in previous chapters, it is necessary to 

reach amass number of 259 before a beta-emitting fermium isotopeis reached. 
258 	260 

If the spontaneous fission rates of Fm 	and Fm 	are as large as estimated 

by FOREMAN and SEABORG9  most of the atoms of these isotopes will be destroyed 

by this proèess before they are converted to heavier isotopes by neutron capture. 

Hence it may prove difficult to build up element 101 and higher elements by 

Irradiation of heavy element samples in high flux reactors. 

FIELDS 	j105  and BENTLEY 	lQ6 have discussed the possible use- 

fulnéss ofsome Of the short-lived, spontaneously-fissioning isptopes as sources 

of neut'ons. Cf252  is attràtive for this purpose because it can be made in 

appreciable yield by prolonged neutron irradiation of plutonium or transplutonium 

elements. (This isotope has a neutron emission rate of 3 x 1012  neutrons per 

second per gram.) 

11.3.7 

Particles. The discussion of photofission thresholds, fission excitation 

functions in photofission and in charged particle induced fission and in other 

characteristics of fission induced in these waysis reserved for Chapter 12. 

105. P. R. Fields, M. H. Studier, L. B. Magnusson and J. R. Huizenga, Nature, 

174 .9  265 (195). 	. 

106, W. C. Bentley et al., paper P/809 "Proceedings of the Geneva Conference, 

Peaceful Uses of Atomic Energy," August 1955,  United Nations. 
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ll.-i- DISTRIBUTION OF MASS IN FISSION 

iiJi-.i Introduction. The techniques of radiochemistry led to the 

discovery of nuclear fission and have contributed greatly to an elucidation of 

the main features of the fission reaction. One of the most characteristic 

features of fission, is the asymmetric division of the fissioning nucleus and 

for many years our most complete knowledge of the mass division came from radio-

chemical research. HAHN and his co-workers working in Germany during World 

War II continued the initial studies 'of HAHN and STRASSMANN 07,108 on the 

fission product elements. At the same time radiochemists working in the 

United States and Canada were making an exhaustive study of these same products. 

The first goal of this work was to identify the atomic number, mass number, the 

half life, and the main features of the radioactive decay schemes of the indi-

vidual fission products. A second goal was to measure quantitatively the yields 

of the individual .fission product chains and, where possible, the independent 

yield of the individual fission product isotopes. 

The first work on fission yield and the introduction of the concept 

of fission yield was due to 	
109 

FERMI 	and his co-workers at Columbia. 

The determination of the fission yield of a specific species consists 

of a number of steps. 

(i) A measured amount of non-radioactive carrier material of a given 

fission product element is added to a solution of uranium in which a known 

number of fission events has occurred. 

(2) If it is necessary, chemical treatment is given this solution to 

insure complete isotopic exchange of the stable and radioactive isotopes of the 

element. For most elements this consists merely of stirring the solution. For 

some elements the exchange is incomplete unless certain experimental conditions 

are maintained. Iodine, for example, is a fission product element which does 

not show complete exchange with added iodine carrier unless a certain sequence 

of oxidation and reduction steps is carried through. 

Hahn and Strassmann, Naturwissen. 27, 11  (1939). 

Hahn and Strassmann, Naturwissen. 27, 529 (1939). 

Anderson, 'Fermi, and Grosse, Phys. Rev. 59, 52 (1941). 
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(3) The solution is subjected to an analytical procedure to separate 

the element from the solution in a state of chemical and radiochernical purity. 

)-i-)The fractional recovery of the inert carrier is determined by some 

quantitative analytical method. The chemical recovery of the tracer element is 

assumed equal to that for the inert carrier material. 

The radiations of the purified radioelements are measured to 

identify the isotopes and to determine theabsolute amounts of each species. 

Corrections are made asrbquired for back-scattering, absorption effects,, 

branching decay etc. Correction is made for radioactive decay from the time 

of fission to the time of counting. 

From the counting data, the chemical yield data and the knom number 

of fission events the fis•sior'i yield is calculated. The fission yield isde-

fined as the percentage of fissions leading to the formation of a measured 

product. 

It is to be noted that the radiochemical results do not in general 

give the independent yield of the specific isotope measured Usually the 

experimentally determined yield is the cumulative yield of the specific isotope 

including any precursers. which have undergone decay to the specific isotope 

before the chemical isolation occurred. 

The extensive American war-time studies by the workers in the Plutonium 
111 

Project are recorded in Volume 9 of the Plutonium Project Record. 0  In this 

three-book set of research papers the chemical methods, decay scheme studies, 

counting techniques, and fission yields are summarized. The fission of U 235 , 

U233 , Pu239 , and u238  are treated. Similar studies were reported by Grummitt 

and Wilkinson111  from the Canadian project 

Since 1946 the war-time data have been substantially improved. With the 

great advances in radiation detection instruments and with more time for careful 

study it has been possible to establish more detailed decay schemes for the 

fission product nuclides. ChemLcal purification techniques and absOlute count-

ing also have greatly improved. Furthermore for certain elements the application 

Radiochemical Studies: The Fission Products, edited by C. D. Coryell and 
N. Sugarman, National Nuclear Energy Series, Division IV Plutonium Project 
Record, Volume 9, McGraw-Hill Book Company, New York, 1951. 

W. E. Grummitt and G. Wilkinson, Nature 161, 520 (1948). 
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of mass spectrographic techniques have made it possible to measure the yield of 

stable and long-lived isotopes with increased accuracy. 

11.4.2 Sun]mary of FissionYields in Slow Neutron Fission. Several 

critical summaries of fission yield studies have been prepared. 	We 

reproduce here some tables and curves which summarize the data. 

Table 11.8 is a summary of fission yields and fission chains for slow 

neutron fission of U235  as determined by radiometric and mass spectrometric 

methods.. This table was compiled by Dr. 5eour 	
114  and represents a 

comprehensive review of all data published by 1960. These same chains of 

nuclides appear in the fission of other nuclei but with different yields than 

those given for U2 . 

In the beginning, most data were accumulated by the radiochemiCal 

method but later the mass spectrometric method was used for most of the main 

products.
115  Some of the mass_spectrometric measurements of the fission-produced 

isotopes of strontium, zirconium, molybdenum, cerium, barium, cesium, and 
9  neodium were made on an absolute basis by the isotope dilution teciqUe.  

For ruthenium the number of atoms of 1 year Ru 
io6 was determined by absolute 

beta counting since a suitable isotopic tracer was not available for isotopic 

dilution. The isotopic abundances of Ru101 , Ru102
, and Rul0 were determined 

relative to Ru106 by mass spectrometry. Relative isotopic abundances of fission 

 J. 0. Blomeke, Nuclear Properties of U235  Fission Products, Oak Ridge 

National Laboratory Report ORNL-1783, Nov. 1955; see also J. 0. Blomeke 
and M. F. Todd, ORNL-2127, Aug. 1957. 

E. P. Steinberg and L. E. Glendenin, Survey of Radiochemical Studies of 
the Fission Process, Paper No. p/614, 'proceedings of the International 
Conference on the Peaceful Uses of Atomic Energy," Volume 7, United 

Nations, New York, 1956. 

ll-. S. Katcoff, Nucleonics 18, 201 (19 60 ). 

A review of the application of mass spectrometry to fission yield deter-
minations was published by H. G. Thode, C. C. McMullen and K. Fritze in 
"Advances in Inorganic Chemistry and Radiocheiflistry" Vol. 2, 1960, 

Academic Press Inc., New York. 

W. H. Walker, Chalk River Laboratory Report CREP 913 (19 60 ). 

H R. Fickel and H. H. Tomlinson, Can. J. Phys. 37, 916-936 (1959). 

H. Farrar and R. H. Tomlinsofl, in publication, 1962. 

Glendenin, Steinberg, Flynn, Hayden, and Inghram, unpublished work quoted 
by Glendenin and Steinberg in reference 1113.. 
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Table 11.8 

235 Decay chains and yields from thermal-neutron fission of 

Prepared by Dr. S. Katcoff from data available to 1960; 
Reprinted from Nucleonics 	, 201 (1960). Copyright 1960 

McGraw Hill Publishing Company Inc. 

Underlined numbers give experimental fission yields. Last fission 

yield along any chain usually represents total chain yield.. Lower values 

for yields of earlier chain members may be caused. by (1) direct formation 

in fission of later chain members, (2) chain branching, (3) experimental 

uncertainty. Latter accounts for cases where early chain member has higher 

yield than later one. Where branching occurs )  arrows are shown only for decay 

modes observed experimentally; fraction in each branch is given where known. 

Parentheses indicate nuclide probably occurs but has not been observed.. 

References for fissipn yields are cited following chains, 



UCRL- 903 6  Rev. -115 - 

fl. 47-h Zn 72 —.- 14.1-h Ga—* stable Ge 72  

(2-rn Zn13 ) 	4.9-h Ga 73 	stable Ge 73  
I I 	IA 1 .

1 * IV
.d 

 

7.8-rn G' ___. stable Ge
74  

0.00035 

77rn o 

77 	0.22 	38.7-h As 77 -.--. stable Se 77  
0.0083 

11.3-h Ge 77  
0.0031 

2 1-h 	 91-m A s 7 M_-_.. stable Se 7  
0.020 	 0.020 

.89- 

QU.m As 

0.056 , 	4 . S 79 ___ 	H 7 
x tO - 	Q 	stable r 

57-rn Se $lm 

0.0084 

1. 	 stble Bt
st  

18.4-rn Sc 51  
0.14 

(1 . 2) 

(64) 

(3,4) 

(3.4) 

 

 



-116- 	 UCL-9036 Rev 

69-s se 	 114m 
83m 	

K83 r 

83. 	:<o.lo 	2.4-h Br83 	
(7-11) 

25-m se83 	 stable Kr 83  
0.22 	 0.544 

6.O-m Br84  

0.019 

84. 	
stable Kr84 	 (9-12,63) 

3.3-m Se 84 —*.. 31.8-n, Br84 
	

1.00 

0.92 

4.4-h K r 8 Sm 

IS. 	39-s Se85 —.- 3.O-m Br 85 	 0 225 	stable Rb 85  - Li 	 (9-11,63) 
1.30 - 

10 6-y Kr 85  

0.293 

. 	stable Kr 86  
2.02 
	 (9-11) 

stable Kr 86  

neutron 

$7. 	16-s se 87L.54.5s Br87 	 (9,15,63) 

2.49 



117- 	 UCRL-9036 Rev 

78-rn Kr 87  
neutron 

16.3-s Br88 	 (9.13) 

8-h Kr 88 	17 8-rn Rb88 	stable Sr 88  
3.57 

v.2.8-h.Kr 88  
+ neutron 	- 

99 4.4-s Br 

3.2-m Kr89 — 	15.4-rn Rb8!—..- 
4.59  

40,11. 
00 16-s y89rn 

%0.S.d Sr89N 

	

 
4.79 	 (14,16,17) 

stableY 89 

3.2-rn Kr 89  

	

- 	
neutron 

1.6-s Br 90  

'r 33-s )(90 	
2.7.m Rb90—... 

5.0 

28y- Sr90 —.- 64.3-h Y 9° 	stable Zr90 - 	(9,13,14,18,19) 
5.77 	5.77 

91 	10-s Kr91 	72.s Rb91  ___ 9.7-h 

51. m y 9 lm 
' -o 

"stable Zr"' 	 (13.14,17,18,19) 

5.4 



I18 
	

UCRL-9036 Rev 

92. 	3.0-s Kr92 -.-e.. 5.3-s Rb 92  - 2.7-h Sr" -. 

3.6-h Y 92 	stable Zr 92 
	

(13,14,20) 
6.03 

93 	20s Kr93  —.-56s Rb93 —'- 79mSr93 	 01hY93  

6.1 0.48 . 

	

12 - 	
flm.. 

Zr;, 
	

.. 

lJx 10 6-y 	 93 	 . 	 ( 13.14,62) 
6.45 

S.. 

stable Nb93 
 

94. 	1.4-s Kr94 	2.9-s Rb 94 	1.m Sr94  
0.10 

20-rn 	 stable Zr94 	 ... 	(I3,121) 

	

5.4 	•'- 	6.40 .  

short Kr95  - ( short 	40.s Sr95 - 1m 95 

0.007 

	

-hNb 95m 	
... .. 	 . 

95 
65-d Zr 	.. 	. 	 stable Mo 	 (13,14.22) 

	

6.2 	 . . 	 6.27 
35-d Nb95 	 - 

96. 	. stable Zt96 	 ... 	
.. 	..: ... 	

. 	 (13) 
6.33 	 ... 	,. 



-119= 	 UCRL-9036 Rev 

(short Kr97) -.- (short Rb) 	(shott Sr) _ (short Y)-s- 
<6x10 5  

0 s Nb 97m 

17.0-h Zr' 	 stable Mo97 	: 	
(13,14.16.22) 

6.09 
0'73-m Nb97  ' 

60-s Zr98 —... (short rJh98  

stable Mo98 	 (Ia) 
5.8 

52-m Nb98 7' 
0.064 

99 	3sZr 99 	24 m 	 66 h Mo 99  
6.06 	•.... 
- 

6.0-h Tc 99 m 

,stable Ru99 	 (16.23) 

99 2.1x10 5.y tc/' 

3.0-m Nb'°° - stable Mo100 	 •(13) 
6.30 

1.0-m Nb 101 14.5rn Mo 1 	14.0-rn .Tc 101 stab1e Ru 101 	(13.24) 



i •zO- 	 IJCRL-9036 Rev 

• 	 4.1-mTc 102  

11.m 	 stable R6 1102  
4.3 

Tc 

S Rh 103m 

1.2-m Tc 103 —.ø. 39.7-d Ru 103  

	

3.0 	°N- 

ctabI 

(2.5-m Mo t04) 	1ri rc.104 - 	stable Ru t04  
1.8 

(13,24) 

(25) 

(13) 

(<2-mMo' 05)-_..... 9-m Tc105 -. 4.45-h Ru t05  
0.9 

38-s RhIOSm 

36-h Rh1°5 -. stable Pd t05  

l.Ol- y  Ru 106 	2s Rh 10.6 	
stable Pd' 06  

0.38 

45.s RI 1 107 m 

(<i-rn Tc' °7)4 6-rn R'' 4 
22.m Rh 107

, 

0.19 

7x106-y Pd' °7 ._.0.. stable Ag 107  

(24,26) 

(13.25) 

(27) 



-121- 	 UCRL-9036 Rev 

108 	(<1-rn Tc' °8) 	4 3-rn Ru 10t 	18-s Rh 1 	stable Pd 108  

109 

109. 	25-s Rh 109 —... 13.4-h Pd109 	 (28) 

0.030 
stable Ag 109  

5.5-h Pdlm___.-74 s  Agmum 

x... (short Rh )0.75 	 \.. 	 (28)  

__ 	 k 

	

9 *23.mPd 11t . 	7.6-dAg 111 	u, s table CdlU 

0.019 

21-h Pd 2 	3.2.h Ag 2 	stable Cd112 	 (28,29) 

0.010 	 V  

12 	ll3m y . . rn 

g N 
1.4-rn Pd' 13 	 stable Cd 113  

5.h Ag 1  

' 4 	 114 	 ' 14  2.4-h Pd' 	5-s Ag 	stable Cd 
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liSm 	 lISm 

	

,,2O-sAg 	

Y' 1 . 	45. s Pd 	
0 . 0007 

 

	

 
21-rn Ag 116  - 	53-h.Cd 

S 

0 . 00 77
:0.91

0.0097 

4.51-h InliSm  
stable 	

(30) 

6x10 14 .y ln 15  

,. 30.s Pd116 	2.5-rn Ag 116 	stable Cd" 

3.0-h CdU..m 
0. 10 

	

117. 	<30-s Pd'' 7 	1.1-ni 	
0.011 

- 

2.hln uIrn _..-._I4dS fl h 17 m 

10.22 	 J 	. 	(31) 

11 iO-n In 117 
- 	slahie Sn 

2.9-m Cd''.? 

	

119. 	
.... 	..17.5-m in 	stable Sn 119  

l0-m Cd"7 
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5_yn l2Im... 

t1I 
I',. . 

	

	 stableSb121 

27 5-h Sn 121,,,  

0.015 

(40-rn Sn 123) 

	

123. 	 ' s t a b1 e Sb 123  

136-d Sn 123- 
0.0013 

(9.5 	12S m n 	 58 d Te 1251fl 

	

125. 	. 	 2.0-y Sb12

0.021 9.6.dSn125 	 stableTe125 
0.013 

19-m Sbl26m.p 

	

126.. 	2x10 3-y Sn 126 . 	 0.99 	stable Te 126  

12.5-d Sb 12  

105-d Te 127 m 	 . 	 S  

0.035 

IZI.  /I  

	

127. 	1.9-hSn 127---.-91-hSb 127 	0.98 	stable! 127  (28,37,38) 

/ 
9.3-h Te127 

 

1, 

(34-36) 
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10.3-m Sb 128  

Sl•m Snt28 	 \stable 1e8 	 (27) 

9.8-h Sb' 28 	 - 

0.05 

37.d Tel 29m 

I 
4.6-h Sbl29\ 	j 	1.7x1O 7.i 1' 29—.-stable Xe 129  ('37. 39  0 	 1 

72-m Te 129  

131 	2.6-m Sn130 . 	7.1-m Sb' 30 	stable Te 130 	 (40) 
2.0 

30-h Te 131m 

0.44 
131, 	3.4-m Sn 1 	23-m Sb' ' 	 0.20 

Nko 

2.6 	
01 INS 

24-m Te 131  

12-cf X e l 3 Im 

8.05-d 1 131  

3.1 
- 	stable Xe 131  

22 

(11,28,37, 
4::1.41,44) 

12. 22-10 Sn 132  - 2.1•m Sb 132  -' 77-h Te 132  
4.7 

2.30-h i l 32 	
stable Xe t32  - 	

4.38 
(11,37,44) 
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I 33m y .mTe 

•k 	of 4.9 

0.13 133. 4.1.mSbI3\ 	

ie133 	

2&8•hiI33N 

2.3-d Xe 133 m 

I stable Cs 133  
6.59 

5.27.d Xe 133  
6.62 

(50-s Sb' 3) 	43-rn T.' 34  - ft.S- 
'.9 

134 
st.b. Xe 

LIM 

(<0.5-rn Te 135) 	67h 

±.! 	
'>9.2.h Xe 1'. 

6.3 

2.6x'10 6-y Cs 135 	stable Ba 133  
6.41 

(9,37,42,44) 

(11,37,43,44) 

(9,37,42, 
45-47) 

86-s 1 136 	stable Xe 136 
	

(11,48) 

stable Xe 136  

neutron 

24.4..sI 137 	 .2.57rnBaI37m 	
(9,49) 

3.9-rn Xe 137  ...*30.yCs 
6.00 6.15 	0 0 	'stab1e Ba137 
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Xe1 37 
+ 	neutron 

 6.3-sI 138  

ON17.rnXe138 
32.2-m Cs 138  stable 	 138  

5.49 !Zi 

l7-m Xe 138  
+ neutron 

 2.0-s 1 139  

'ON 
Xe 139 	9m cst 39  

5.4 	 6.47 

83-rn Ba 139 -.. 	stable La 139  (14,16,17) 
6.55 

140 16-s Xe 140 	66-S Cs 1 —.- 12.8-dBa 14 ._..- 
3.8 	 6.0 	 6.35 

40.2-h La 1 i—.- stable Ce140 (14,16,51, 

635 	 644 52,65) 

 1.7-s Xe 141 	2s Cs' 41 	18-rn Ba 141  
1.33 	 4.6 	 6.3 

38-h La 14t  - 	33.d Ce 141 	stmble Pr141 . (14,17,53,54) 
6.4 	 - 6.0 

1.S-s Xe 142 —.'- '8-s Cs 2  .- 10-rn Ba 142  

0.35 

81-rn La 142 —.- stable Ce 142 	 (9,13,65,66) 
6.01 
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1-s Xe 143 —(short Cs) 	13-s Ba- 18-rn La t4  ._*. 
0.051 

33-h Ce 143 	13.7-d Pr 143 —..- stable Nd' 43 	(9,13,14,55,65) 

6.0 	 6.03 

short Xe 344 —_.- (short Cs)—(short Ba)—.'-(short La)-

0.006 

280-d Ce t44 	17,4-rn Pr 144 	510'-V Nd 144 	(9,13.14,65) 

3.O-m Ce 145 	5.96-h P r 145 _ ' . stable NdI4S 	 (9,13,65 
3.98 

13.9-m Ce 146 	24.4-rn Pr 	 stable Nd' 6 	 (9, 13,65) 
3.07 

1.2-rn Ce 14 .7 — 12.0-rn Pr 147  - 11.1.d Nd 147 —..- 
- 2.7 

26-y Pm 147—.- 1.3x10'.y Sm 147 	 (9,56,65) 
2.36 

40-S Ce 148 	1.9m Pr 14 	stable Nd'48 	
(9,13,65) 

1.71 

(2.0-h Nd 149) 	53.1-h Prn 149 	St9ble Sm149 	
(9,56,65) 

1.13 

1. 	stableNd150 	
(9,13,65) 

0.67 

151. 	(13-rn Nd' 51 )—.- 28.4-h Prn 151 -8O-y Sm' 51 -4-Stable Eu 151 	(9,65) 
0.44 
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stable Smt52 	
(9,63) 0.281 

47.h Sm 153 	stable Eu153 	 (28,57,65) 
0.15 	 0.169 

stable Sm154 	
(9,65) 

0.077 

247 m Sm 155 -.---... 4-y Eu 	 stable Gd' 55 	 (58,59,65) 
0.033 	0.033 

9-h Sm1 56 	
15.4-.d Eu1 	-.--.... stable Gd ' 56 	 (285759) 0.013 	 0.014 

15.4-h Eu 157-..  stable Gd 157 	
(60) 

0.0078 

60-m E u 	Sta 
158 	

ble Gd' 58 	 (60) -s-  

0.002 

18.0-h Gd' 59.-  S table Tb 159 	
(57,61) 

0.00107 

161. 	(3.7-m Gd 161
)—.*. 6.9-d Tb' 6 L._._... stable Dy 161 	 (57,61) 

7.6x1O 

166. 	82-h Dy 166 —. 27.3-h H0- 	Sta ble Er166 
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produced krypton, xenon, and cesium (references 120, 121 and 122) were nor-

malized to the data of reference 119. 

These mass abundances were converted to fission yields by imposing 

the criterion that the sum of all yields be 200 percent as expected theore- 

tically for binary fission. Radiochemical data for mass numbers not determined 

mass spectrometrically were used as an aid in the summation. In general, the 

U235  fission yields of Table 11.9 which are based on radioactivity measure-

ments are considered reliable to 10 to 20 percent although the uncertainty 

in a few cases may be only a few percent. The v&Lues. 0asea on mass 

spectrometry are believed to be somewhat more accurate and are considered 

reliable to about 5 percent. Values for total chain yields are plotted 

as a yield-mass curve in Fig. 11.35. 

Fine structure is clearly indicated by the mass spectrometric data 

in the regions around mass 100 and mass 134. This effect is ascribed to 

the influence of closed neutron shells in fission and is discussed below 

in Section 	 Here we wish to describe only the broad features of 

the mass yield curves. 

An important new set of fission yields was determined by FARRAR and 

TOMLINSON11  in 1962 by mass spectrometry. In this work the relative 

abundances of the isotopes of cesium, barium, cerium, neodymium, samarium 

and europium were first determined separately. Then in an another set of 

measurements the relative abundances of the isotopes of neighboring pairs 

of elements were related by means of a pair of isobars. For example the 

relative yield of 144 to the other cerium isotopes was measured in a 

H. G. Thode, Nucleonics (No. 3) 	, l (191 8). 

J. Koch, et al,, Phys. Rev. L6, 279 (1949). 

D. R. Wiles, et al., Can. J. Phys. 3, 419 (1953). 
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MASS NUMBER 

MASS NUMBER 
MU.19146 

Fig. 11.35. Yield-mass curve for fission of U 235  induced by slow 
neutrons. Curves plotted from Best' values taken froni 
literature by S. Katcoff. 
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Table 11.9 

Absolute yields of the heavy 'products from U235  thermal neutron fission 

Mass 	 N Absolute fission yield 
Element 	 Katcof 	Steinberg 	etrus Chain 	qL 

Glendenini) et al. ) 	Tomlinson 

117 Cd 0.010 0,011 0,.010 
118 0.010 
119 0.011 
120 0.011 
121 Sn 0.012 '0,015 0.011  
122 0.013 
123 0.014 0.013 O.0]J+ 
12 .0.017. 
125 Sb 0.036 0.021 0.023 
126 Sn 0,10' 0.1 
127 Sb 0.25 ' 0.25' 
-, 	Q 

129 	I 	1.00 	0.8 	1.0 
130 	 2.0 
131 	Xe 	.2.9 	' 	2.93 	2.9 	'2.92 	2.93 
132 	Xe 	l-.3 	,; 	,38 	4.3 	4,37 	4.38  
133 	Xe 	(Cs) 6.5 	6.62 	6,5 	6,59 	. 	6.62 
134 	Xe 	8.0 	8.06 	7.5 	8.03 	8.06 
135 	Cs 	6.4 	' 	6.41 	6.3 	6.41 	6.45 
136 	Xe 	6.' 	 6.16 	, 	6.2 	6,44 	6.47 
137 	Cs 	(Ba) 	6.0 	 6.15 	' 	5.9 	, 	6.15 	' 	6.17 
138 	Ba 	5.8 	 5,74 	5.7 	 6.68 
139 	Ba 	6.4 	 6.55 	6.2 	 6.42 
JJo 	Ba 	(Ce) 	6.4 	 6.41 ' 	6,,+ 	6.33 	6.25 
hi-i 	Ce 	5.8 	 6.0 	 5.7 	 5.73 
142 	Ce 	5.9 	 6.01 	5.9 	6.03 	5.80 
143 	Nd 	' .. 	'59 	: 	6.03 	,. 	6,2 	5.O 	' 	H 	5.71 
144 	Ce 	(Nd) 	5.6 	. 	5.62 	, 	6.0 	5.39 	5.30 
145 	Nd 	4.0 	3,98 	' 	4.0 	3.86 	3.80 
1J46 	Nd 	'3,1 	3.07 	3.2 	2.93 	2.89 
147 	Nd (Sm)'2.6 	2.36 	2.6 	2.38 	2.1 
148 	Nd 	1.7 	1.71 	1.8 	1.63 , 	1.61 
149 	Sm" 	' 	'i.3' 	'' 	1.13 	' ' 	13 	1.13 	. 	1.02 
150 	Nd 	0.70' 	0.67 	, 	' 	0.71 	o.6)# 	0.628 
151 	Sm 	O.45 	o.44 	' 	 0.115 	0.399 
152 	Sm 	0.28 	0,281 	 0.285 	0.260 
153 	' 	Eu 	0.14 	0.169 	0.14 	' 	 o.148 
154 	Sm 	0.08 	0.077 	 0.077 	0.072 11 
155 	Eu 	0.03 	0.033 	0.031 
156 	Eu 	0.015 	0.014 	0.013 
157 	Eu 	0.007 	7,8-;x io3 	7. 4  x b -3  
158 	Eu 	 2 x 	2 x i -3  
159 	Gd 	' 	' 	1.1 x lo-3 	1.1 X 10 

160 
161 	Tb 	 7.6 x 105 	7,8'x i - 

W. H. Walker, Chalk River Report C R R P 913 (i960)16. 
S. Katcoff, 	Nucleonics 18,201 (1960). 
E. P. Steinberg and L. E. Glendenin Proceedings of U N Conference on 
Peaceful Uses of Atomic Energy 7,3(1956). 
J. A. Petruska, H. G. Thode and R. H. Tomhinson Can. J. Ph,ys. 33 ,693 (1955). 
H. Farrar and R. H. Tomhinson. To be published 	Can J. Chm. 	1962. 
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sample some weeks after irradiation in a reactor i.e.,in a time short compared 

to the half-life of 285 day 
144 its gdd.aughter 

144 as meaured relative 

to other neodymium isotopes in a 16 year old sample of fission products. This 

method of intercalibration of fission yields in neighboring elements cuts out 

many of the sources of error present in previous intercalibrationS. 

The new results of FARRAR and TOMLINSON are listed. in Table 11.9 and 

there ccmpared with previous tables of yields. There are some significant 

differences from the earlier data quoted in Table 11.9. For example the 

yield at mass 138 is raised to 6.68 from the previous value of 5.74 percent. 

Figure 11.36  shows the heavy peak as reported by FPRRAR and TOMLINSON. The 

precision of these results is believed to be of the order of 1 percent. 
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Fig. 11.36. Yields of fission products in the heavy peak --
thermal fission of U235 . Results of Farrar and Tomlinson. 
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Fission yields for the fission of Pu 239  are listed in Table 11.10 

taken from KATCOFF'S review.paper. The mass yield curve is shown in Figure 

11.37. Most of the better data in this case have been measured by Canadian 

workers by the mass spectrographic tecbnique of isotopic dilution. 115,117, 12q123,  

124,125 See particularly the paper of FICKEL and T0MLINSON 7  A number of 

Russian workers have also contributed to the determination of Pu 239  fission 
126-128 

yields. 	Scmie of the very heavy rare earth products were analyzed by 

rad.iochemical techniques by BUNNEY and CO-W0RKERS) 9  

Fission yield data for U 
233 are also suxmnarized. in Table 11.10 and 

Figure 11.37. 

D. M. Wiles, J. A. Petruska and R. H. Tomlinson, Can. J. Chem. 3, 227 (1956). 

K. Fritze, C. C. McMullen and H. G. Thode, Paper P/187, p. 436, Volume 15 

Proceedings of the Second U.N. Conference on the Peaceful Uses of Atomic 

Energy, Geneva, 1958. 

W. H. Fleming and H. G. Thode, Can. J. Chem. 334, 193 (1956). 

L. M. Krizhanskii and A. N. Murin, Soviet Journal of Atomic Energy (in 

English translation) -i-, 95 (1958). 

.L. M. Krizhanskii, Ya. Malyi, A. N. Murin and B. K. Preobrazhenskii, 

Soviet Journal of Atomic Energy 2, 334 (1957). 

M. P. Anikina et al., Paper P/2040, p. 446, Volume 15, Proceedings of the 

Second U.N. Conference on the Peaceful Uses of Atomic Energy, Geneva, 1958. 

H. Bunney, E. M. Scadden, J. 0. Abriam and N. B. Ballou, Paper P/6 14i-, 

p. 444, Volume 15, Proceedings of the Second U. N. Conference on the 

Peaceful Uses of Atomic Energy, Geneva, 1958. 
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References for Table 11.10 

U233 . Yields from U 	 for stable and longer-lived radioactive 

nuclides are derived from D.R,Bidinosti,.D. E. Irish., R.IL Tomlinson, 

Chalk; River Symposium on Nuclear Chemistry, September, 1960; M. P. Pnikina 

et al. in "Proceedings of Second International Conference on the Peaceful 

Uses of Atomic Energy," vol. 15, p. 4J46 (United Nations, New York, 1959); 

E. P. Steinberg et al., Phys. Rev. 9, 867 (1954); W. Fleming et al., Can. 

J. Phys. 3, 522 (1954); E. A. Melaika et al., Can. J. Chem. 3, 830 (1955). 
Radiochemically determined yields: D. C. Santry, L. Yaffe, Can. J. 

Chem. 38, 421 (1960); R. M. Bartholomew et al., Can. J. Chem. 7, 660 (1959); 
E. P. Steinberg, L. E. Glendenin, in "Proceedings of ,First. International 

Conference on the Peaceful Uses of Atomic Energy,"vol. 7, p.  3 (United Nations, 

New York, 1956). 

U 2,35. See reference for Table 11.8.  

Pu239 . Yields from Pu239  for stable and longer-lived radioactive 

nuclides are derived from H. R. Fickel, B. H. Tomlinson, Can. J.Phys. 3, 
916, 926 (1959); K. Fritze et al., in "Proceedings of Second International 

Conference on the Peaceful Uses of Atomic Energy," vol. 15, p. 436; M. P. 

Anikina et al., op. cit.; D. M. Wiles et al., Can. J. Chem. 3, 193 (1956). 

Radiochemically determined yields: L. R. Bunney et al. in 

"Proceedings of Second InternatiOnal Conference on the Peaceful Uses of 

Atomic Energy", vol. 15, p. +44; R. M. Bartholomew et al., op. cit.; G. P. 

Ford et al., LA-1997 (1956); E. P. Steinberg, M. S. Freedman in "Radiochemical 

Studies: The Fission Products," C. D. Coryefl, N. Sugarman, eds., NNES IV-9 

1378 (McGraw-Hill, New York, 1951.). 
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Fig. 11.37.  The mass yield curves f or the slow neutron induced 
fission of u2 33 and Pu239 . Figure prepared by S. Katcoff. 



ucjiL-903611ev. 

From an examination of the tables and crve showing the mass yield 

data tar 	Pu 	and 	it. is apparent at once that the heary elenienb 

nucleus does not split into luio equal pieces. The two fragments have a mass 

1 3 L 3 0 1 4b i the on e of Lile most probable mass split in U 23 	It is also 

clear at a glsnceLlia'b the Tiasion process does not produce a unique pair of 

t'ragrrients. In any individual fission event it cannot he iredicted which pair 

at products will he formed; nuclide s ranging in mass from 12 to 161 and in 

atom c number from 30 to 65 have been identified. among the fission products. 

The preponderance of asymmetric fission compared to symmetrical fission 

is L'requenrly expresaed in terms of a peak-totrough ratio defined as Lhe ratio 

of the fission yieldft corresonding'bo' the t• maxima in the 'mass distrihut.ii 

and the fission yield al; the: niictimuni which occurs at the mass value corresponding 

to a symmetric split. The peak-to-trough ratio is greatest for spontaneous 

fission, next greatest fo:r,  fission wilh. neutrons of selected resonance ene:rgy, 

siiitly lower for slow neutron fission and mar1edly •  lower for fission induced 

by high energy neutrons (Mev range). For fission with high energy neutrons 

(tens ot M(.,v) and particulaily for fission induced by charged particles symmetric 

f:ission becomes much noe probable and in some caes becomes ;redominant. This 

is discussed fully inThi.pt;er, 12. The peak-lo-troagh ratio and certain other 

characteristics of the niass dibtributions for various fissile nuclides are 

tabulated in Tablc fl.l]. 

The sum of the values for the most probable mass numbers in the light 

and heavy peaks does not equal the mass of the initial heavy fissioning nucleus, 

hecaue of the neutrons emitted by the fragments. The difference of the two 

sums is the averagenumber of neutrons, V, emitted in fission. This quantity 

can be evaluated with much greater accuracy by direct measurement of the 

neutrons themselves as discussed in Section 11.7. 

A principal effect of the increase in mass of the fissioning nucleus is 

to cause a shift in the light mass peak to higher values, the heavy mass peak re-

maining fixed. In some instances this 'rule has been taken as a guide in estimat-

ing tile niass. of the fissioning nipacies in a complex reacting system. SWIATECKI 130  

has shown from very general arguments based on the liquid drop model why this 

should. be  so. He has presented the correlation between asymmetry and the para-

meter z 2/A given in Fig. 11.38, a correlation which should be useful for 

predictive purposes. 

13D. W. J. Swiatecki, Phys. Rev. 100, 936 (1955). 
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Table 11.11 

- Comparison of Mass Distributions 

Most probable Mass Ratio of most Ratio of 
mass number width probable masses peak to 

Fissile Type of Light Heavy at half in heavy and trough 
nuclide fission group group height light groups yields 

Th232  Fast neutron 92 139 1 1  1.51 115 
(fission spectrum) 

.U233  Slow neutron 91 138 11  1.17 150 

U235  Slow neutron 95 139 15 1.16 650 

u238 Fast neutron 98 139 16 1.12 200 
(fission spectruni) 

Pu 239 Slow neutron 99 138 16 1.)0 150 

Cm22 Spont. fission 103 136 16 1.32 

Cf252  Spont. fission. 108 139 16 1.29 >600 

This table may be compared with Table 11.22 which lists fragment energies and 

fragment mass raios derived from fragment ionization measurements 
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as M2 -M1/A, as a function of z 2 /A. From SWIATECKI.130 
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11.4.3 Closed Shell Effects and Fine Structure in the Mass-Yield Curve. 

The early radiochemical investigations indicated that the mass-yield curves 

were rather smooth and there was no indication of fine structure tspikesT  in 

the double humped distribution. Whenever a deviation from the smooth curve 

was found, further investigation usually revealed some error in the measurement. 

Some perturbations in the yield-mass curve are expected as a result of delayed 

neutron emison, but the total effect of the delayed neutrons cannot be large 

as there are only 1.58 delayed neutrons per 100 U 35  fission events. However, 

since these are emitted from a few nuclides, they can give rise to noticeable 

local effects. 

The first work which established the existence of large deviations 

from a smooth mass curve was the accurate mass spectrometric analysis measure-

ments of THODE and co-workers
131-133  of the abundances of krypton and xenon 

isotopes produced in U 235 fission. In particular, the yield of Xe
134  was 

about 35 percent higher than had been expected. Radiometric determinations 

by STANLEY AND KATCOFF13of the yield of 1136  in the fission of U233 , U235 , 

and Pu239  also establièhed a major departure from the smooth curve. 

Since these isotopes lie close to the 82 neutron shell the explana-

tion of the anomalous yields was sought in specific shell effects. Shell 

structure could influence fission yields by (1) specifying a preference in the 

fission act itself for fragments with a closed shell of neutrons or protons or 

(2) by causing additional boil-off of neutrons from fission fragments having 

one neutron•inxcess of a closed  shell or (3) by'causing a dcreásed boiloff 

f neutronè from fragments having closed shell of neutrons. GLENDENIN 135  

proposed the second of these two alternatives to explain the anomalous yields 

in the 133 to 135 mass number region. This postulate of additional prompt 

neutron emission (beyond the usua1 number emitted from every fragment) would 

result in perturbations in fission yields near closed shells since the loss 

in yield from a given chain would not always be exactly compensated by a gain 

in yields from the chain one higher inmass number. Calculations based on 

this mechanism and utilizing the primary yields along fission chains as given 

by the charge distribution function (Fig. 11.46) indicateda fine structure 

pattern for the krypton and xenon istotopes and an abnormally low yie1d 

H. G. Thode and R. L. Graham, Can, J. Research 25A, 1 (197) 

MacNamara, Collins and Thode, Phys. Rev, 78, 129 (1950), 

133. R. K. Wanless and H, G. ThodO, Can, J. Phys. 33, 541 (1955). 

134, C. W. Stanley and S. Katcoff, J. Chem. Phys. 17, 653 (1949). 

135. L. E. Gléndenin, Phys, Rev, 75, 337 (1949). 



UCRL-9036. Rev. 

-l1 .1f- 

for 113 in qualitative agreement with experimental observations 

PAPPAS136 extended the GLENDENIN hypothesis by arguing from neutron 

binding energy systematics that prompt neutron emission should he extended to 

include the third, fifth and perhaps the seventh neutron outside the closed shell. 

This post-fission, shell - influenced,neutron -boil -off effect runs, into difficulty 

however in explaining other fission yield data. A requirement of the. hypothesis 

is that any increase in yield of certain mass numbers over that expected from 

the 1 smooth curve t  should be counterbalanced exactly by dips in the observed 

yields for higher-numbered mass chains. These dips have not been observed. 

WILES137,138 for example, found a high yield for Cs 133 ' 135 ' 7  and for other 

products for which a low yield was expected on the basis of the GLENDENIN hypo-

thesis. (Sea also the comments of H. FAAR AND R. H. TOINSONl bn.this point) 

In the years which have elapsed since these earlier publications on 

fine structure much more detailed information-has been collected on the variation 

of neutron emission probability with mass number of the fragment. This new in-

formation requires some modification of the earlier hypotheses. In this connec-

tion we cite the discussions of TERRELL 139  in section 11.7 below, In figure 

11.89 of that section we note that there is a strong variation inneutron emission 

probability with mass number and that neutron emission drops to zero at the 

shell edges corresponding to N or Z equal to 50. By detailed calculations 

TERRELL has demonstrated that the pronounced structure in the final (radiochemical) 

mass yield curve can easily be generated from the relatively smooth prompt mass 

yield curve (determined from time-of9flight data as described in section 11,6,3) 

provided only that there exist slight changes in neutron emission probabilities 

frommass to mass. The sharp peak in the final mass curve at mass 134 is easily 

accounted for by a slight change in the slope of- the Vheavy  values seen in 

figure 11,89 at about mass 136. TERRELL does not rule out fine structure effects 

in the act of fission; he does conclude that the observed fine structure effects 

can easily be accounted for by slight neutron emission variations. 

A. C. Pappas, Laboratory for Nuclear Science, M.I.T., Technical Report No. 
63 (September 1953) ,  

D. R. Wiles, Thesis; McMaster University,Hamilton, Ontario, Canada 
(September 1950), 

Wiles, Smith, Horsley, and Thode, Can. J. Phys. 31, 419 ( 1953). 

J. Terrell - .Neutron yields from Individual Fission Fragments' t  to be sub-
mitted to Physical Review 1962. 
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137,138 

WILES 	suggested that the anomalous fine structure in fission 

must be caused, at least in part, by the favoring of fission fragments with 82 

neutrons in the fission act itself. According to WILES' hypothesis nuclides with 

82 neutrons such as Sb133, Te13,  1 7 , Xe 6 , and Cs137  would be expected to have 

an increased independent yield due to selectivity in the primary fission act. 

Furthermore, due to the high binding energy of the last neutron the post-fission 

boil-off of neutrons would be low for such species. An important cbnsequence of 

this hypothesis is that the high yield of these species must be reflected in the 

complementary fragments in the light mass region. Fission yield determinations in 
134 135 	136 

the mass region 99 to 101,the region complementary to Te 	, I 	, and Xe 

should establish if such a selectivity is involved in the fission act, GLENDENIN, 

STEINBERG, INGHRAM, and HESS0  looked for this "reflection peak" among the 

isotopes of molybdenum and zirconium and found abnormally high yields in the mass 

region 98 to 100. Molybdenum-100 in particular was found to be high by over 40 

percent. There is no reasonable basis for a preferential neutron boil-off effect 

for this mass region so it is quite likely that the high yields here are strictly 

• consequence of high yields for the 82-neutron nuclides in the heavy fragment. 
Further evidence for a shell preference in the fission act comes from 

of fission 	 l)-i-1 
• study of the velocity distribution/fragments. LEACHNP.N and SCHMITT measured 

the velocity distribution of fragments slowed by passage through absorbers and 

detected fine structure in the velocity distribution of the fragments from U 235  

No fine structure was observed for unslowed fragments within the energy resolution 

of their experiments. The later velocity measurements of MILTON AND FRASER did 

reveal fine structure in the velocity distribution of unslowed fragments. .See 
Figure 11,63 and the discussion in section 11,6,3. 

A careful study of the yields of krypton isotopes has revealed abnormal 

yields in the region of the 50-neutron shell, This work, carried out by the mass 

spectrometer technique by WANLESS AND THODE 13 3 , and by FLEMING, TOMLINSON AND 
TH0DE142, showed small fine structure effects in the neutron-induced fission of 

u235, u238,  and U233 . KAPIN and CORLL 	also looked for fine structure effects 
in the yields of krypton isotopes in several fissioning systems. Preference for 
a 50-proton configuration in the fission act has been proposed by WILES and 
CORYELL144  on the basis of radiometric studies of 15 Mev deuteron induced fission 

235 	238 of U 	and U . The influence of the 50 neutron or 50 proton 

10. Gleñdenin, Steinberg, Inghram, and Hess, Phys. Rev, 8, 860 (195 1 ). 
l)-t-1, R. B. Leachman and H. W. Schmitt, Phys. Rev, 96, 136(1954), 

Fleming, Tomlinson, and Thode, Can, J. Phys. 32, 522 (1954). 
M. Kaplan and C. D. Coryell, Phys. Rev, 124, 1949 (1961). 

144, D. R. Wiles and C. D. Coryell, Phys. Rev. 96, 696 (1954), 
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shells is much harder to observe in yield studies than is the influence of 

the 82 neutron shell, because the nuclides which are affected all lie in a 

mass region where the normal chain yields are changing rapidly with mass. 

Even so, the observed structure is quite small and perhaps may be completely 

accounted for by delayed neutron emission of one or two fission products 

above the 51 neutron shell. 

The generally accepted conclusion is that the fine structure effects 

in the slow neutron fission of U 
235 are partially accounted for by shell-

preference in the fission act, but that there is a definite contribution 

which is explained by the post fission boil-off hypothesis of GLENDENIN. It 

must be stated that many of the papers in the literature dealing with the 

explanation of fine structure are somewhat out of date. This is due largely 

to the fact that more recent and more careful determination of fission yields 

have altered significantly the detailed appearance of the mass yield curve. 

In addition some of the necessary assumptions in the analysis - such as 

charge distribution postulates, neutron binding energy predictions etc, have 

changed with time. Any quantitative recalculation of fine structure effects 

must take account of these changes as well as new experimental information 

on the prompt mass yield curve (determined by velocity measurements) and on 

the variation of the numbers of neutrons emitted as a function of mass number. 

The fine structure effects have also been studied for the neutron-

induced fission of U233, u238, and Pa 
239  although not in as great 

The PAPPAS136 analysis should apply as weilto these 

other nuclei; it does account qualitatively for many of the observed results, 

but there are some unaccountably discrepancies between experiment and theory, 

particularly in the fission of U233 . 

EMING, TO1flSON and THODE1 
2 find a peak in the yields of the 

xenon isotopes from the fission of u238 with fast neutrons, but the peak 

is lower than observed in the case of U 235  fission, and lower than predicted 

See references to Tables 11.10 and 11.11, references 133 and 11I0. 

W. H. Fleming and H. G. Thode, Phys. Rev. 92, 378 (1953). 

D. M. Wiles, J. A. Petruska andR. H. Tomlinson, Can. J. Chern. 34, 

227 (1956). 
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by the PAPPAS13  treatment. In the case of U233  fission WA1LESS and THODE133  

could fine no evidence for a spike in the xenon yields. It is hard to 

understand this sudden disappearance of this fine structure in going from 

U235  to U233 . On the other hand, STEINBERG, GLENDENIN, INGERAM, and 
148  find clear evidence for a fine structure peak in the light f is-

sion product distribution for U233 . The maximum of the peak occurs at 

about mass 99 which is complementary to the heavy fission products contain-

ing 82 neutrons. 

STEINBERG and GLENDENIN19 measured the yields of fission products 

of the spontaneous fission of Cm 
242 and found pronounced fine structure 

around masses 105 and 134. The effec1 is attributed chiefly to 82-neutron 

preference in the fission act. 

THODE, McMULLEN and FRITZE 115  supply interesting comments on the 

fine structure data and mention a somewhat different unpublished interpre-

tation by FICKEL and TOMrJINSON of the influence of the shell structure on 

the mass yield curves. Very briefly the idea is that there is a normal 

emission of neutrons (about 2) from all heavy fragments having more than 

82 neutrons, but those fragments with 82 or less neutrons have a reduced 

tendency to emit neutrons which causes a bunching up of the mass spectro-

graphic yields in the 131-136 mass range. This hypothesis differs from 

the GLENDENIN idea that there is an extra boiling off of neutrons from 

fragments with one or a few more neutrons beyond the 82 neutron shell 

because it does not predict the reflection dips required by the GLENDENIN 

hypotheses. 

THODE, McMULLEN and FRITZE115  call atteition to an important 

practical usefulness of the marked variation of the fine structure of the 

xenon isotopes in various fission systems. Because of these differences 

the xenon yield curve serves as an identification of the type of fission 

1148. E. P. Steinberg, L. E. Glendenin, M. G. Inghram, and R. J. Hayden, 

Phys. Rev. 95, 86 (1954 ). 

149. E. P. Steinberg and L E. Glendenin, Phys. Rev. 95, 431(1954). 
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which give rise to a particular xenon fraction and makes possible an un-

raveling of a mixture of fission products originating in several different 

fission processes. For example, the xenon analysis can conveniently be 

used to measure the fission contribution from U 23  and U235  in fuel elements 

of reactors wherein natural or enriched U 235  fuels are used. 

11. . 1i Di stribut ion of Mass in Fission Induced by Neutrons of 

Resonance Energy. Many of the characteristics of fission are probably 

strongly influenced by the specific fission channel or transition state 

through which fission occurs. The fission cross section as a function 

of neutron energy is known to have pronounced resonance structure in the 

electron-volt region (see Section 11.3.3). It is quite possible that 

different resonances may correspond to different transition states and 

that the mass-yield distributions resulting from different transition 

states may be markedly different. The mass yield distribution observed 

in thermal fission is probably some sort of average over two or more 

resonances. With these ideas in mind some investigations have been made 

of the shape of the mass-yield curve when fission is induced with neutrons 

of resonance energy. 

A detailed radiochemical study of resonance fission.faces the 

severe diffieulty that the available monoenergetic neutron sources are 

very weak. Nonetheless, some preliminary studies of this type have been 

made. 

NASUTHOGLU and co-workers150  irradIated samples of U 235  metal with 

neutrons of 1.1, 3.1, and 9.5 electron volts energy selected by a crystal 

spectrometer from the neutrons of the Argonne Research Reactor CP - 5. The 
89 

nuclides 	Ag111, Cd11 , and Sb121  were isolated quantitatively with 

an accuracy of about 20 percent. The preliminary data indicated no de-

tectable differences in the relative probabilities of asyimnetric modes 

150 . Nasuhoglu, Raboy Ringo, Glendenin, and Steinberg, Phys. Rev. 108, 

1522 (1957). 
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1 	5 
(represented by Sr 9 ) and near-symmetric modes (represented by Ag , Cd 

and Sb121  

REGIER, BURGUS, and TROMP151  performed a similar radiochemical 

experiment with U 233  targets at the NTR reactor. The neutron resonance 

energies chosen by them were 1.8, 2.3, and 4.7 electron-volts. It was 

found that the ratio of asymmetric to symmetric fission is larger by about 

20 percent at the 1.8 and 2.3 electron volt resonances than at thermal 

energies. At the 4.7  ev resonance, however, this ratio is the same as at 

thermal energies, to within experimental uncertainties. 

The Los Alamos Radiochemistry group 
152 did a somewhat similar study 

in which the relative yields of six selected fission products were measured 

for fission induced in a cadmium-wrapped U 235  sample placed near the center 

of the Los Alamos Water Boiler reactor. The cadmium absorbed the neutrons 

of. thermal energy and the observed fission products represented fission 

events induced by neutrons in the resonance energy region. No dramatic 

change was observed but there was a definite trend in the rad.iochemical 

yields indicating that the valley in the mass yield curve is deeper for 

fission induced by resonance neutrons than for fission induced by thermal 

neutrons. 

Extension of the radiochemical investigation of resonance fission to 
239 

Pu 	revealed much more dramatic changes in the ratio of symmetric to 

asymmetric products. In the Pu239  fission cross section curve as a function 

of neutron energy there is a strong, isolated resonance at 0.291 electron 

volts. (See figure 11.19.)  BEGIER, BURGUS, TROMP and SORENSON 153  showed 

that there was a threefold increase in the ratio of Mo99/Cd115  yields when 

neutrOns of this resonance energy were used to induce fission in Pu 239  com-

pared to the yield ratio in thermal fission. In an analysis based on the 

assumption that the spin difference is the principal cause of the change in 

the asymmetric/symmetric ratio it was concluded that this ratio differs by 

a factor of at least 5.3 between the two spin states of Pu 239 . 

The difficulty of obtaining a sufficient counting rate for a careful 

study of the mass-yield curve in resonance fission has prompted BOLLINGER and 

R. B. Regier, W. H. Burgus, and R. L. Tromp, Phys. Rev. Letters 2, 274 (1959). 
See also R. B. Regier, W. H. Burgus and B. H. Sorenson, Bull. Am. Phys. Soc. 
II 5; 33 (19 60 ). 

Phys. Rev. 107, 325 (1957). 

R. B. Regier, W. H. Burgus, R. L. Tromp and B. H. Sorenson, Phys. Rev. 119, 
2017 (1960). 	 - 
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his associates15  at the Argonne National Laboratory to devise a clever, method 

of obtaining a mass-yield curve by a physical method. In this method a thin 

sample of fissionable material is placed in a double ionization chamber and 

exposed to a beam of neutrons. The pulses produced by the two fission frag-

ments in the double Frisch gridded ion chamber are amplified linearly to yield 

pulses proportional to the energy of the fragments. One of these pulses 

independently and also the sum of the two pulses is fed to an electronic 

circuit which converts the ratio of these two pulse heights to two pulses 

having a time difference proportional to the ratio of pulse heights. This 

time difference is recorded on a 1024 channel time analyzer. Because of con-

servation of momentum in the fission process the ratio of pulse heights is 

proportional to the mass of one of the fragments. The mass-yield curve 

obtained in this fashion from ionization chamber pulses is better than the 

mass-yield curve derived in the more conventional way from ionization chamber 

data as discussed in Sections 11,6.1 and 11.6,2. This difference can be 

attributed to the great spread in total fragment energy inherent in the fission 

process for a given mass split. ROELAIW, THOMAS and BOLLINGER 15  applied this 

technique to the case of U235  and U233  fission in a filtered beam of neutrons 

with a high proportion of neutron energies near one of the prominent resonances. 

The upper part of Fig. 11.39 gives the measured mass distribution for thermal 

neutron 	
235 

fission of U 	. The peak-to--valley ratio is li-OC, a value that is 

almost as high as the value of 600 obtained radiochemically. The mass distribu-

tion was also measured in a filtered beam of neutrons containing chiefly 
235 

neutrons centered at the prominen.t U 	resonance at 8.9 electron volts. The 

ratio of the yields in corresponding channels for the resonance neutrons com-

pared to the thermal neutrons is plotted in the lower part of the figure. 

This ratio does not deviate markedly from unity but there does appear to be a 

slight increase in the center of the distributiom. lt' this effect is real it 

would indicate that U 235  fission with 8.9 electron volt neutrons has a 

slightly lower peak to valley ratio than does thermal fission. This result appears 

tobe in direct contradiction to the radiocheniical results cited above. 

1511. 

 

L. W. Roeland, L. M. Bollinger and G. E. Thomas, Paper P7551, Volume 15, 
Proceedings of the Second U.N. Conference on the Peaceful Uses of Atomic 
Energy, Geneva, 1958, 
Later pork by Glendenin, Flynn, and .Bollinger by the 'radiochemical technique 
with the same source of filtered neutrons led to the finding of a 20% 
decrease in yield of synm-ietric products in agreement with earlier, radio-
chemical work. 
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Fig. 11.39. Mass distribution for U235  for thermal neutrons 
is given in (a) as determined by the special ion-chamber 
technique of Roeland, Bollinger, and Thomas. In part 
(b)the u235 is caused to fission with a filtered neutron 
beam in which 50 percent of the neutrons have the resonance 
energy 8.9 electron volts. What is plotted in (b) and 
(c) is the ratio of the yields in corresponding channels 
of the distribution for the resonance neutrons and for 
the thermal neutrons. (b) shows raw results (c) shows 
corrected results. 
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The Los Alajnos radiochemistry group 155  overcame the neutron intensity 

problem by a novel experiment performed during field tests of nuclear explosive 

devices. In this experiment a small nuclear explosion was used as a source of 

neutrons. The neutron intensity was many orders of magnitude greater than was 

available on a reasonable time-scale from the best laboratory neutron sources. 

The experimental arrangement is shown in Fig. 11J40. A rotating wheel with 

several layers of 93% U 235  fastened to its rim was located. 100 feet from the 

explosion. Neutrons traveling with different velocities struck the U 235  

target at different points along the rim. The fluxes at the target were 10 10 

or more neutrons per cm2  per ev with an energy spread at half width of the 

order of a few percent from energies below 10 ev to in excess of 100 ev. 

Radioautographs of the target made it possible to identify many of the main 

resonances. 

The rim was sectioned and radiochemical analysis was carried out for 

specific products. Molybdenum-99 yields were used as a measure of total 

fissions in each section of the U235  wheel rim. Silver-ill was used as a 

monitor of symmetric fission. Many of the chief results are displayed in 

Figure llJi-l. The strong variation in fission yield as a function of distance 

along the rim strongly indicates that fissions induced in U 235  by neutrons of 

various energies in the resonance region were isolated; this conclusion is 

reinforced by the calculation of resonance energy values at the fission yield 

peaks which agree with known resonances or closely-spaced groupsof resonances 

in U 	 fission cross section curves. The knownresonances are displayed at 

the top of Figure 11.41. The ratio of Ag 1  activity to Mo99  activity was 

used as an indication of the change in the ratio of symmetric to asymmetric 

fission. There is definitely resonance structure in this ratio (see curves d, 

e, f of Figure 11. 111) but there is no indication of a marked shift in favor 

of setric fission. The ratio for individual resonances swings from 0.9 x 10 

to 1.1 x 	whereas the value for fission of U 235  induced by thenial neutrons 

is 1.0 x 10. Detailed analysis of the results indicated that in the energy 

155. G. A. Cowen, A. Turkevich, C. I. Browne, and LASL Radiochemistry Group, 

Phys. Rev.. 122, 1286 (1961).. 	 . 
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Fig. ll.-iO. Sketch of Los Alamos wheelt experiment for 
measurement of resonance fission characteristics. 
Figure supplied. by G. A. Cowan. 
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Fig. 11.41 - Experimental results on fission density and Ag111/Mo99  activity 

ratios from time-of-flight experiment. The ordinates are the distance 

on the wheel rim on the bottom and the corresponding energy of the 

neutrons hitting the wheel at this point (top ordinate). The arrows 

just below the top ordinate indicate the position of strong maxima in 

the fission cross section of U
235  . The section A shows the position of 

all known maxima in the fission cross section of U235 . The section B 

shows the observed regions of high fission density on the radioautograph. 

These are carried down through the rest of the figure by vertical lines 

to facilitate comparison of structure in the curves with observed levels. 

Curve a is a plot of the fission density (as measured by the M0 99  

specific activity) in the 10 mil U foil as a function of perimeter 

distance in the wheel. The units are arbitrary. The lower curve, in 

the region 	cm represents the data on the 20 .mil piece. Also indicated, 

by the approximately horizontal dashed line, is the background level of 

fissions outside the area illuminated by the slit. 
í 

Curves d and e are observed Ag
lll 

 /Mo99  activity ratios in the 10 and 

20 mil U235  foils respectively as a function of distance on the wheel. 

Curves b, c and f are the calculated fission densities and the 

activity ratios in the 10 and 20 mil U 235  foils. 

This figure reproduced from reference 155. 
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range from 10 to 63 electron volts, five resonances, with reasonable certainty, 

are associated with an increase in fission symmetry; another four resonances 

are probably associated with increased symmetry; eleven re.sonances are 

identified which, with reasonable. certainty, are associated with a decrease in 

symmetry; and niie more are p±'obably associated with a decrease in symmetry. 

Considering the enery range from 10 ev to 400 ev the authors conclude that 

none of the first 500 resonances of' ,U 235  give rise to setrical fission. 

It is clear that a series of experiments of this type would permit 

a very fruitful analysis of many features of the fission of heavy nuclei with 

neutrons of rsonanäe energy. 

ll.)+.5. FissjonFroductYie1dsinS2uissi2. It seems likely 

that spontaneous fission must' involve a single fission channel. It might 

be expected that the mass distribution of the fission products, as well as 

other characteristics, of spontaneous fission would provide very exact 

information on the nature of fission in.a single-channel process. However, 

the number of nuclei for which detailed studies of the characteristics of 

spontaneous fission can be made is limited by the strong dependence of the 

probability of spontaneous fission on atomic number and on nuclear type as 

discussed in Section 113.6; 

The study of spontaneous fission of thorium or uranium is greatly 

hampered because of the measured. half lives of greater than 1021 years and 
16 

1.3 x 10 years, respectively, for these elemeits. See Table 11.7. None- 

theless, a few investigations have been carried out. The most successful 

have been the extraction  from uranium and thorium minerals, of the stable 

xare gas isotopes which have been accumulating in the minerals throughout 

The U. S. Atomic Energy Commission reported that additional wheel ex- 

periments of this type were conducted during the GNOME test explosion 

set off underground in the Carlsbad Cavern region on December 10th,1961. 
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geological time. For example, the spontaneous fission from one gram of 

uranium produces about 10 cc of Xe 13  in 300 million years. In a 6% uranium 

mineral having this age the ratio of fission product Xe
136 

 to normal Xe
136 

 

should about 60. Thus in radioactive minerals the total amount of xenon 

and krypton as well as the isotopic distribution should be very different 

from that found in ordinary minerals. Modern techniques of mà.ss spectrometry 

are so sensitive that the isotopic composition of gas volumes of this extremely 

small size can be determined accurately. In 1947, KHLOPIN, GERLING and 

BARONOVSKAYA156 found that pitchblende contained more xenon than is usuaLLy 

found in minerals and that the quantity of xenon is in rough agreement with 

the assumption that the xenon was produced by spontaneous fission. In 1950 

MACNAMARA and THODE157  reported measurements on the isotopic abundances of 

xenon and krypton extracted from a sample of pitchblende with an age of about 

9 	 . 	. 	 . 	 129 	131 .132 	1311. 
.1.)-!- x 10 years. Five fission product isotopes of xenon (Xe 	, Xe ,Xe. ,Xe 

	

36) and three of krypton 
( 83 	84 	86 

and Xe1 	 ) were identified. It is 

interesting to note that Xe 129  is an observed product of the spontaneous 

fission of u233 since it is not seen in the fission gases of the slow neutron 
235 	 . 	. 	. 	 129 

fission of U 	. The reason for this is that its precursor I 	has a half 

life of 1.7x 10 years. WEATHERILL158 measured the isotopes of xenon and 

krypton from samples of the uranium minerals, euxenite and pitchblende, and 

of the thorium mineral, monazite. FLEMING and THODE 159  measured the fission 

yields of these fission gases in six samples of pitchblende and one sample 

of uraninite. When all the results were compared it was clear that the 

pattern of xenon isotopes varied to some extent from sample to sample. It 

became clear that one must be cautious about attributing all the observed 

xenon and krypton in a uranium mineral to the spontaneous fission of the 238.  

Some fission of U235  with the neutrons of natural origin may contribute to the 

rare gas fraction. The extent to which neutron fission of U 
235 

 competes with 

natural fission of U 23  . depends on the concentration of uranium in the mineral, 

the age of the mineral and the nature of the impurities. The measurement of 

Khlopin, Gerling and Baronovskaya, Bull. Acad. Sci. USSR Classe Sci. Chim. 
222 (191); Chem. Abs. 11.2, 3661+ (191+8). 

J. Macriamara and H. G. Thode, Phys. Rev. 80, 1+71 (1950). 

G. W. Weatherill, Phys. Rev. 9, 907 (1953). 
W. H. Fleming and H. G. Thode, Phys. Rev. 9, 378 (1953). 
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minute amounts of plutonium in uranium minerals1 
0  resulting from the capture 

of natural neutrons by U 28  is a very direct indication of a measurable 

neutron concentration in uranium minerals. This is fully discussed in Section 

6.6 of Chapter 6. The neutrons come chiefly from the spontaneous fission of 
238 

U 	and from (a,n) reactions caused by the action of the alpha emitters from 

the uranium series on the light elements in the ore. 

YOUNG AND THODE161 in a further analysis of the isotopic abundance in 

the rare gas fractions from 6 uranium minerals concluded that neutron-induced 

fission of U23  in addition to neutron-induced fission of U235  must contribute 

some xenon and krypton to the gas found in the mineral. 

By an examination of the trends in the xenon isotope ratios in various 

uranium minerals it was possible for WEATHERILL158 and for FLEMING and THODE 159  

to state three important ways in which spontaneous fission yiëlds differ from 

fission yields in neutron-induced fission. 

The mass yield curve for spontaneous fission is much steeper in-

dicating a more selective division of mass. The lighter isotopes of xenon are 

foimied in much lower yield than they are in slow neutron induced fission. 

The "fine structure" characteristics are different. In the case of 
235 	 133 	l3)-- 

U 	fission Xe 	and Xe 	have abnormally high yields, whereas in natural 

	

132 	 134 

	

i 	
. 

fission the yield of Xe 	s abnormally high and the yield of Xe 	is markedly 

down. 

The yield of xenon relative to krypton is higher in spontaneous fission. 

YOG and THODE161 applied the isotope dilution teciue to measure the 

absolute yields of xenon and krypton isotopes in the spontaneous fission of 238.  

With various corrections for contributions from neutron induced fission, rare gas 

contamination, gas leakage from the minerals, etc. results were obtained which 

are summarized in Table 11.12. 

The measurement of the fission yields of other products by more standard 

radiochemical techniques has not proceeded far because of the extremely low 
be 

counting rates of the fission elements which are to/found in uranium samples of 

manageable proportions. PANR and IODA162  for example isolated molybdenum 

from 3420 grams of purified uranyl nitrate and found an ecjuilibrium amount of 6 

C. A. Levine and G. T. Seaborg, J. Am. Chem, Soc. fl, 3278 (1951). 
B. G. Young and H. G. Thode, Can. J. Phys. 	, 1 (1960). 

P. L. Parker and P. K. Kuroda, J. Chem. Phys. L5, 1084 (1956); J. Inorg. 
Nuci. Chem. 5, 153 (1958). 
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Ta1e. 11.12 Aso1ute Yields in u238  Spontaneous Fission 

Mass No. 	Nuclide measured 	Percent fission 	Reference 
yield 

8 Kr 0.036 ± 0.015 	 a 

Kr 0.0327 ± 0.0028 

84 Kr 0.119± 0.040 	 a 

Kr 0.122 ±0,012 

86 Kr 0.75 ± 0,11 	 a 

Kr 0.951 ± 0.057 

89 Sr 5.9±1.1 	 c 

Sr 2.9±0.3 	 d 

90 Sr 6.8±0.6 	 d 

91 Sr 5±.4 	 c 

Sr 6.9±0.5 	 d 

92 Sr 11.± 	-- 	 c 

99 Mo 6.3±0.6 	 c 

Mo 6.0±0.5 	 d 

109 Pd < 0.02 	 d 

111 Ag <0.05 	 d 

115 Cd < 0.05 	 d 

129 Xe < 0.012 	 a 

131 Xe 0.455 ± 0.02 	 a 

Xe 0.524 ± 0.031 

I 0.42 ± 0,14 	 c 

132 Xe 3.57 ± 0.06 	 a 

Xe 3.63 ±0.22 

I 3. 47 ± 0J2 	 c 

Te 4.5±0.5 	. 	d 
133 I j.)-- 	± 	0.3 	 c 
131 Xe 4.99 ± 0.07 	 a 

Xe 5.14 ± 0.31 	 b 
1 5.0±0.6 	 c 

135 . 	I 4.9±0.6 	. 	c 

136 Xe 6.00 (assumed) 	 a 

Xe 6.3 ± 0.38 

140 Ba 9.6±1.2 	 c 

13 Ce 7.9 ± 1.4 	 c 

Pr 7.5.± 	0.5 	 d 
1J44 Ce 6.5± 0.5 	 d 

17 Nd 4.2 ± Q.. 	 d 
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Mass spectrometric data of Wetherill, Phys. Rev. 9, 907(1953). 
Mass seOtrometric data of Young and Thode, Can. .J. Phys. 18, 1 (1960). 

C. Radiochemical data of Kuroda and co-workers as sunmiarized by Menon and 

Kuroda, Nucl. Sci, Eng. 10, 70 (1961). 

d. Radiochemical data of I.J. Russell, Ph.D. Thesis, University of Chicago 

1956. Note—fission yields of Reference a, Pare normalized to yield of 

Xe136  assumed equal to 6.00. Those of References b, C. and d. are normalized 

to a half life of u235  for spontaneous fission of 8,0 x iolS years. 
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hour Mo99  equal to only 1 count per minute in their counter. They calculated 
99 2 38  

an eauilibrium activity of 1.26 x 10 	curies of Mo per gram of U 	which 

corresponds to a spontaneous fission half life of(8.4± 0.8)x 10
15 
 years for 

u238 assuming a Mo99  fission yield. of 6.2 percent. ASHIWA and k0DA163 

measured the amounts of several iodine isotopes in 1.5 kilograms of highly 

purified uranium and found the following equilibrium amounts in units of 10 

disintegrations per second per gram of u238  i131 	 T , 0.3 ± 0.1; 12  2.5 ± 0.3; 

1133, 1.0 ± 0.2; 113 , 3.6 ± 0.; 1135, 3.5 ± 0.. k0DA and EDWDS16 
l0 -iii 

i measured Ba 	present n 4.5 kilograms of uranyl acetate and found 1.6 x 10 

counts per minute per gram of U23  Radiochemical studies of this te serve 

to verify that the natural fission rate of uranium measured by physical means 

iS of the correct order of magnitude. The data are not extensive enough, and 

are not likely to become extenâive enough, to permit a careful exploration of. 

the structure of the spontaneous fissionyield curve in U 23  . For example, 
238  

a ton of U 	would be required to obtain a measurable activity of a fission 

product with a fission yield of 0.01 percent. 

For a more complete radiochemical. study of spontaneous fission products 

it is quite essential to study isbtopes of heavier even-Z elements. Some of 

the more suitable can4idates from the standpoint of their availability as well 

as their radiation characteristics are the ones listed in Table 11.13. 

163. F. T. Ashizawa and P. K. Kuroda, J. Inorg. Nuci. Chem. 2, 12 (1957); 

See also preliminary study by Küroda, Edwards and Ashizawa, J. Chem. 

Phys. 	, 603 (1956). 

16L P. K. Kuroda and. R. R. Edwards, J. Inorg. Nucl. Chem. 3, 311.5(1957). 
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able 

Specifie fission rates of selected transuränium element nuclides 

Isotope 	Partial half life for spontaneous 	Spontaneous fissions 

	

fission decay (years) 	 per minute per milligimm 

22  Cm 	 .7.2 x 10 	 4.66 x lo 

Cf252 	 66 	 4 .5 x 1010 

Fm
.254 	 0.60 	 . 	 5 	x io12 
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STEThBERG and GLNDENINT6  studied the fission products from a:..one 

milligram sample. of Cn22. Procedures were worked out for isolating several 
12  

fissionproductelements fromthe7 xl0 alphadisintegrations per minute.of 

Cm2.. The yields of 21 nuclidesi enough to define the majoi:featurs. of. .the 

mass -  yieldrcurvé, - eré aetermined. Theiirocéduré was to purify the parent 
24-2 	 - sample of Cm ,., to let it stand for a certain period of time and then to 

isolate and measure specific fission products by quantitative radiochemical 

techniques. The results given in Table 11.l4- and Fig. 11.42 show that sponta-

neous fission of Cm
242  is more asymmetric than the thermal neutron .fission of 

u235 , U23  or Pu239 . - The peak-to-trough ratios-are .h.igher and- the light and 

heavy peaks are higher and narrower. The light peak shifts toward heavier 

mass numbers. The fine structure effect in C 2 2  m 	,due to preference for 82 

neutrons in the fission act is very pronounced in both peaks. It was estimated 

that the excess yields due to this effect over the 'smooth" curve was about 7 

percent. 

GLLENDENIN and STEINBERG16  also investigated radiochemically some pro-

ducts of spontaneous fission of Cf 252  using a 10_10  gram source possessing a 

spontaneous fission rate of a few thousand.per minute. CUINGHA1V1E1 ' also 

contributed to this investigation. The most comprehensive radiochemical study 

of Cf252  was carried out by NERVIK1 8 with the assistance of several co-workers. 

One source of 1 x 10 6  and another of 2 x. lO fissions per minute were used to 

obtain the data. The results are presented in Table 11.15 and in Fig. 11.43. 

The fission yield curve has maxima of 6.05 percent at masses 107 and 141 with 

the width at 1/10 maximum of each peak being approximately 27 mass units. The 

peaks are much narrower than the comparable ones in the slow neutron fission of 

U235 . There is a very narrow "trough" with a minimum value of 8 x 1O per -

cent at mass number. 1211. In addition, while the curve as a whole is symmetrical 

about mass 124, each peak is not symmetrical about its own maximum, being signi- 

ficantly spread toward the most asymmetric fission modes. A small fine-structure 

peak was observed at mass 113. There was no evidence of activities which could 

be ascribed to ternary fission events, upper limits of iO% fission yield being 

E. P. Steinberg and L. E. Glendenin, Phys. Rev. 95, 431  (1954 ). 

L. E. Glendenin and E. P. Steinberg, J. Inorg. Nuclear Chem. 1, li-S (1955). 

J. G. Cunninghame, J. Inorg. Nuclear Chem. 4, 1 (1957). 

168, W. E. Nervik, Phys. Rev. 119, 1685 (196). 
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Table 11.14 
242 

Fission yields in spontaneous fission of Cm 
Observed fission Calculated independent Total fission 

yield fission yield of daughter° yield of chain 
Nuclide (%) (%) (%) 

9.7-hr Sr91  0.94 ± 0.3 0.01 0.95 ± 0.3 

2.7-hr Sr92  l; 	± 0.3 0.1 1.2 ± 0.3 

67-br Mo 
go 

5.7 	O.T.± 0  5.7 ± 0.7 

40-day Ru103  7.2 ± 1.5 0 7.2 ± 1.5 

4.5-hr Ru105  9.5 ±. 0.9 0.4 9.9 ± 1.0 

1.0-yr Ru106 7, 	± 0.8 1.0 8. 	± 1.0 

13.1-hr Pd109  2.9 ± o.4 0 2.9 ± 0. 

21-hr Pd
112 

 0.95 ± 0.15 0.15 1.1 ± 0.2 

53-hr Cd 5  0.033±0.01 0 

B_dayCdflSm (0003)a 
0 0.036±0.01 

3.0-hr Cdlm <0.01 0 <0.01 

93-hr Sb 7  035 ± 0.1 0,02 0.37 ± 0.1 

.2-hr Sb129  1.3 ± 0.3 0.4 1.7 ± 0. 

30-hr Tel3lm 2.3 ± 0.5 

8.0-day 1131  2.0 ± 0b 0 4.3 ± 0.7 

77-hr Te132  5.8 ±0.9 1.6 7. 	± 1.3 

21-br 1133 5.7 ± Q.8 0.3 6.0 ± 0.9 

52-5-min 113 6.9 ± 1.0 1.1 8.0 ± 1.3 

6.7-hr 1135 3 , 9 ± 0,6 3.4 7 , 3 ± 1. 

13.7-day CS136: 0.80 ± 0.12 --- 

85-min Ba139  6.6 ± 0.7 0 6.6 ± 0.7 

12.8-day Ba10 5.9 ± 0.8 0 5.9 ± 0.8 

Assumed yield from known branching ratio in indued fission. 

Yield independent of 30-1,r Tel3lm. 

C. Calculated independent yields assume validity of equal charge displacement 
hypothesis and a V value of 3. 
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Fig. 11.2. Yield mass curves for spontaneous fission of Cm22  

(solid line) and pile neutron fission of Pu 239  (dashed line). 
Circles represent observed yields and triangle estimated 
total chain yields. Steinlerg nd Glendenin.105 
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TA13LE_11.15_Spontaneous_Fission_Yields_of_Cf 252 . 

Fission yield % 

No, of Giendenin 
determin- 168 and 	166 167 

Nuclide ations Nervik Steinberg Cunninghame 

28  Mg 1 7.1 x 10 .  

2 1.1x10 

Ni66  2 6.8 x 10 

Zn' 2 / = 6.2 x10-5.. 

As77  2 8.8 x l0 

As 8  3 197:± 0.18 x .10-3(a) 

Br8  3 2,114. ± (93 x .10 
r8  2 0.32 ± 001 

2 0.59 ± 0.06 

3 0.83 ± 0,03 
95 Zr. 1 1.37 

Zr 97 3 1.5 14  ± 0.15 2.1± 0.3 

M099  3 2.57 ± 0.03 2.2 ± 0.5 3.0 ± 0.14.5 

Mo101  . 4.1± 0.8 

Rh107 14. 5.99 ± 0.21 

9.2 ±1.14 

Pd109  5 	. 5.69± 0.59 6,8 ± 1.3 

Ag111  14. 5.19± 0.29 14.5±0.9. 

Pd112 
5 3.65 ±0.18 	 . 14.5 ± 0..9 

Ag113  14 14.23 ± 0.38 142 ± 0.8 

Cd115  4 2.28 ± 0.13 2.8 ± 0.5 
117 In =1.0 
121  Sn 3 	. 0.1142 ±. 0.008 

Sn125  2 9.3 ± 0.14 x 

Sb12T  3 0.130 ± 0.008 

Sb129  3 0.615 ± 0.017 
131 3 1.27 ±0.18 	. 	. . 

aAverage deviation of multiple determinations. 
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IABLF 11 15bJ Ldneous Fission Yields of Cf252  (continued) 

.., Fission yieid% 

l4o: 	Of Glendenin 
determi*r 168 

and  166 167 
Nuclide itiqns Nervik . 	. Steinberg Cunintie 	- 

1 3 2 Te 1.75 ± 0.03 . 	2.8 	± 0. 4 

133 3 2.77 ± 0.20 .. 4,8 ± 0.7 

113 . . .4.2 	± o.6 

135 . 	. . 	.0 	1 0.6 

Xe13  3 . 	•.33 	± 	0.08 

CsL3b 3..5 x 10_2 .. . 

94 0 9 

Ba 9  5 73± 0 16 6 2 ± 0.9 

Ba 	. 6 . 32 .± 0.54 .  . . 

Ce 5.9 ± 0.3 

5.9±0.35 . 	. . 	7.8± 1.5 

Pr . 	. 7.4 ± 1.5 

Nd 6 	. 469 ± 0.08 . . .0 ± 0.8 

pmlk9 1 2.65 

Prn1  . 1 2.18 .. . 	.. . 

Srn15  6 .. 	1.1 ± 0.03 . 1.3 ± 0.3 

.3. 7.03±0.08x10 
-i 

. 	.. 

15 x 10_
1  . 	. 

Dy16C .3 	.. 1.80 ± o.16 x 10_2 . . 

Er169 3 1.72 ± o.i x io 

3 4.0 x 10 . . 
175 < 2.3 x 10 . 	..... 	. 	.. 	. 

Lu177  I < 9.6 x 10 .. 	. 	.. . 
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Fig. 11J3. Cf252 spohaneous fission yield as a function of mass 
number. All plotted points are measured, none refelected. The 
curve as dravn is syimnetrical about mass 12+.1. The yield curve 
for the fission of U235 with thermal neutrons is included for 
comparison. From Nervikl68. 
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set for individual nuclides between mass numbers 28 and 72. 

11.4.6 	'Fiion. All studies of low-energy fission indicate 

that the process results predominantly in the division of the fissioning nucleus 

into two fragments plus two or three neutrons. PRESENT1  showed that the liquid 

drop model of fission does not rule out the possibility of ternary fission into 

three fragments of roughly equal masses. Evidence for tripartite fission has 

been sought by a variety of methods, chiefly by the examination of fission tracks 

in nuclear emulsions impregnated with fissile material and by studies using 

multiple ionization chambers.*  The findings of these studies can be grouped in 

three categories for the case of U235  caused fission with slow neutrons. 

(i) The most prominent and best-established type of ternary fission 

is the emission of high speed alpha particles in coincidence with two heavy 

ragments of the conventional type. The abundance of this type of fission is 

roughly one in 400 of normal binary fission events. The alpha particles have 

a distribution in energy up to 29 Mev but the distribution shows a definite 

broad peak at 15 Mev. The angular distribution of the alpha particles shows a 

strong peaking at an angle a few degrees less than 90 0 with respect to the di-

rection of the lighter of the two heavy fragments. We discuss this type of 

tripartition more fully below. 

Atype of triple fission relatedthtype 1 is the emission of a 

triton in coincidence with two heavy fragments. There is only a limited amount 

of data concerning triton emission in fission.' ALBENESIUS and ONDREJCIN 170  first 

found convincing evidence for the presence of tritium in samples of normal or 

enriched uranium after neutron irradiation. They measured a rate of formation 

of 1 or 2 tritons for every 10,000 fission events. WATSON 	identified tn- 
252  tons emitted in the spontaneous fission of Cf 	with an E - dE/dX counter 

detector. He found one triton per 4500 ± 900 fission events and measured an 

energy spectrum centering at 8 Mev with a half-width of 7 Mev. 

The third type of ternary fission is the splitting of the nucleus 

into three or four fragments of roughly equal mass. A conservative upper limit 

R. D. Present, Phys. Rev. 59, 466 (1941). 

E. C. Albenesius, Phys. Rev. Letters 3, 274  (1959); E. C. Albenesius and 
R. S. Ondrejcin, Nucleonics 18, 100 (1960). 

J. C. Watson, Phys. Rev. 121, 230 (1961). 

* An excellent and detailed discussion of ternary fission is given by Demers 
in his book, "lonographe; les Emulsions Nucleaires," Montreal University 
Press, Ottawa (1958). 
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to this process for low-energy fision of U 235  is one such event in 100,000 

normal binary events. The low incidence of this process puts severe conditions 

on its study. In nuclear emulsion studies, aside from the necessity to inves-

tigate hundreds of thousands of events, there is the difficulty of positively 

distinguishing , between a triple track due to a triple fission event and a 

triple track due to a binary fission event plus a heavy recoil originating in 

the emulsion at approximately the point of fission. On the other hand when 

tripartite fission is investigated by observing the thtiee fragments in a 

multiple 'ionization counter coincidence experiment it is necessary, to e1imiiiate 

accidental coincidences produced by two binary fissions occurring within the 

resolving time of the coincidence equipment. ROSEN and HIJDSON 172  made a prti- 

ular1y Oareful study by the coincidence method and in the case of U 235  they 

arrived at a frequency of ternary fission of (6.1 ± 3.0) in 106  binary fissiOns. 

PERFILOV173  points out that this measurement does not apply to the possibility 

of an asymmetric division which led to a kinetic energy < 40 Mev for one frag-

ment. 

In the wartime radiochemical research on the fission products 17  a 

determined search was made for possible products of ternary fission in which• 

one fragment might have a mass in the range of 35-60 units. Nuclides of sulfur, 

chlorine, calcium, scandium and iron were investigated and upper limits of 10 

percent or less were set on the total number of fissions resulting in the 

production of suchnuclides. In 1961 R0Y1 15  set an upper limit of 4.2 x 10 

percent to the yield of Mg 
28 
 and measured a value of 2 x 10

-8  percent for the 

Ni formation of a. 
173, 176, 177, 178 

Several authors 	 have found individual three-pronged 

L. Rosen and A. M. Hudson, Phys. Rev. 78, 533 (1950). 

N. A. Perfilov in Physics of Fission, English Translation of a Conference 
of this title published as Supplement 1 to the Soviet Journal of Atomic 
Enrgy, 1957. 

See papers by Metcalf, Seiler, Steinberg, and Winsberg in Book 1, of 
Radiochemical Studies: The Fission Products, National Nuclear Energy 
Series, edited by C. D. Coryell and N. 'Sugarman, McGraw-Hill Book Co., 
N. Y., 1951. 

175 ,  J. C. Roy, Can. J. Physics. 39 315 (1961) 

S. P. Dutta, md. J. Phys. 27, 547  (1953). 

J. Catala, J. Casanova, and V. Domingo, Nature 184, 1058  (1959). 

Z. W. Ho, S. T. Tsien, L. Vigneron, and R. Chastel, Compt.. rend. 223, 
1119 (1946), 224, 272 (1947); J. Phys. Rad. 8, 165, 200 (1947). 
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tracks in emulsions loaded with normal uranium or U 235  which survived all checks 

which might have classified them as spurious. The common featUre of these 

reports. is that the third fragment has a mass .substantiallylower than the other 

two. A mass of about 30 is most commonly estimated. 

MUGA, BOWMAN and 'THOMPSON179  have looked at fission tracks of Cf252  in 

nuclear emulsions impregnated with this spontaneously-fissioning nuclide. They 

found several definite events in which triple fission of type 3 had occured 

and estimated roughly that one triple fission occurred for every 20,000binary 

fission cases. The true rate' may be several-fold greater. Hence, triple 

fission of this type may be considerably more frequent in the spontaneous 
235 fission of Cf252  than it is inthe slow ncutron fission of U. 

HO, TSEIN, VIGNERON, and CHASTEL178  reported cases of quadripartition 

:of U235  into roughly equal masses occurring with a frequency of 1 per 3000 

binary fission; however, TTTTERTON1O  was unable to confirm this result. 

TITTERTON and BRINKL 	on the other haãd reported tentatively in the case 

of Cf252  one case of quaternery fission in every 5000 cases of fission. This 

frequency seems inconsistent with the radiochemical results of 	
168  

summarized in figure 1l.+3 above.. 

(Ii-) A fourth type of triple fission- consists of the emission of light 

particles of low Z (variously reported as 1,. 2 or, in some cases,, higher than 

2) and of low energy (of the order of 1 Mev). These particles are distinguished 

by their frequency and their energy -  from the energetic a-particles comprising 

type (i). 	 . 

Several studies 
182-185 dealing with these light fragments of low-

energy assign rather high probability to their occurrence (about one percent). 

It is difficult to distinguish such particles from protons and other nuclear 

recoils produced by fission fragments in their passage through nuclear emulsion 

or counter gas and the interpretation of the data is open to some question
186 

 

It has been suggested also that some of these light fragments might have nuclear 

charges gre&terthan 2. The - emission of light fragments with the nuclear charge 
•179-O-M-.---L--Muga-4I .... R-.-Bowman,- S. G. Thompson, Phys. Rev. 121,270 (1961) 
180, E. W. Titterton, Nature 170, 794 (1952). 

E. W. Titterton and T. A. Brinkley, Nature 187, 229 (1960). 

Tsien, Ho, Chastel and Vigneron, J. Phys. radium 8, 165,  200 (1947). 

K. W. Allen and J. T. Dewan, Phys. Rev. 82, 527 (1951) 

L. L. Green and D. L. Livesey, Trans. Royal Soc. (London) A241, 323 (1948). 
E. W. Titterton, Nature 168, 590 (1951) 
See for example the discussion by Demers p357 IONOGRAPBE; Les Emulsions 
Nucleaires, Montreal University Press, Ottawa (1958). 
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of beryllium seems to be ruled out conc1usivelç'by radiochemical experiments. 

C00K187 set an upper limit of 10 percent to the formation of Be7  in uranium 

fission and ROY175. reduced this limit to 3 x 10 7percent. FLYNN, GIENDIN 

and STEINBERG188 set an upper limit of ' x 10 percent to the formation of 

2.5 million year Be 10 

We shall not consider further triple fission of type 4. 

We turn nowto a fuller acount of triple fission of the first type. 

ALVAREZ1B9 in 19 1 3 was the first to observe triple fission .into two heavy 

particles and one light particle, but this discovery was not reported until 

after the war. The first published literature was that by SANr]BIANG ZAH-WEI 

CHASTEL and VIGNERON190 . The literature on the subject up to 1950 is well 

reviewed by ROSEN and HUDON 191  and by ALLEN and DEAN 3. An excellent later 
192  

review is that of DENERS 	. The ionization and range characteristics of the 

light particles leave no doubt that they are helium ions. Experiments dealing 

with the frequency of this type of triple fission are summarized in Table 11.16. 

There is a spread in the results for individual isotopes greater than the cited 

experimental error. Aside from this,' however,.one is impressed with the rough 

constancy of the frequency for all reported cases. 

The energy distribution of the long-range alpha particles has been 

stmdied by measurement of 	in nuclear emuisions,185  by. ionization chamber 

measurements 123  and by magnetic analysis.19 The results, which agree rather 

well, are summarized in Fig. 11.44. MUGA, BOWMAN, and THOMPSON179  investigated 

the energy distributions of the 'long range alpha particles in the spontaneous 
252 

fission of Cf 	. Their results )  summarized in Fig. 11.45 show a peaking at 19 

Mev, a somewhat higher energy than in the U 235  case. WATSON171  and NOBLRS (1962) 

reportcvalues of 16 Mev and 17 Mev, respectively for the peak of the alpha 

spectrum for the spontaneous fission of Cf 252 . 

G. B. Cook, Nature 169, 622 (1952). 

K. F. Flynn, L. Glendenin and E. P. Steinberg, Plays. Rev. 101, 1492 (1956). 
V 	189. L. W. Alvarez as reported by 'Farwell, Segrè and Wiegand, Phys. Rev. 71) 

327 (1947). 

San-.Ts.iang Zah-Wei, Chastel and Vigneron, Compt. Rendus 223,986 (1946); 
224 1  272 (191 7); and Phys. Rev. 71, 382 (19 1 7). 

L. Rosen and A. M. Hudson, Phys. Rev, 78, 533 (1950). 

P. Demers, lonographie, Les Emulsions Nucleaires, Montea1 University 
Press, Ottawa (195 8 ), pp. 353-355. 
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Table 11.16 

Probability of Emission of Long-Range Alpha Particles in Low-Energy Fision 

Target 	 Frequency compared 
to total 

Investigators 	Nucleus 	Neutron source 	Fission events 

Fulmer and Cohen U235  pile neutron i to  310 

Allen and Dewan U thermal neutrons 1 to +05 ± 30 

Allen and Dewan U235  thermal neutrons 1 to 505 ± 50 

Allen and Dewan Pu23  thermal neutrons 1 to 45 ± 35 

Titterton U235  thermal neutrona 1 to 422 ± 50 

Farwell, Segre.and U235  cyclotron slow 1to 250 
Wiegand neutrons 

Farweil, Sere and cyclotron slow 1 to 500 
Wiegand. neutrons 

Green and Livesey 
U 235 cyclotron slow •l to 300 

neutrons 

Demers U235  Ra-Be source •l to 250 

Marshall U 35  thermal 1 to 230 

Titterton and 22 
Brinkley Cf Spontaneous fission 1 to 280 

Muga, Bowman and Cf252  Spontaneous fission 1 to 415 
Thompson 

• 
Watson 

252  
Cf Spontaneous fission 1 to 345 

• 
Henderson et. al 	• 

252 
Cf Spontaneous fission 1 to 312 

Henderson etaI 
24 Cm2 Spontaneous fission 1 to 978 ± 21Q 
.244 

Henderson et0al Cm Spontaneous fission 1 to 273 

Nobles U235  thermal neutrons 1 to 449 ± 30 

Nobles U235  1 Mev neutrons 1 to 534 ± 35 

Nobles U233  thermal neutrons 1 to 414 ± 26 

Nobles Pu23  thermal neutrons 1 to 411 ± 26 

Nobles Pu239  1Mev neutrons 1 to 4Q3 ±25 

Nobles Pu thermal neutrons 1 to 44o ± 28 

Nobles pu20 spontaneous fission 1 to 314 ± 20 

Nobles pu22 spontaneous fission 1 to 365 ± 29 

1Tobles Cm22 	• spontaneous fission 1 6o 257 ± 17 

Nobes 
244 

Cm spontaneous fission • 1 to 31 ± 20 

Nobles 25  Cf.. spontaneous fission 1 to 299 ± 18 
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C. B. Fulmer and B. C. Cohen, Phys. Rev. 108, 370 (1957). 

K. W. Allen and J. T. Dewan, Phys. Rev. 80, 181 (195 0 ). 

K. T. Titterton and F. K. Goward, Phys. Rev. 16, 12 (1949). 

T. Titterton, Nature 168, 590 (1951). 

G. Farwell, E. Segr'6 and C. Wieand, Phys. Rev. 	, 327 (1947). 

L. Green and D. L. Livesey, Nature 159,  332 (1947). 

P. Demers, Phys. Rev. 70 , ,  974  (1946). 

L. Marshall, Phys. Rev. 	, 1339 (1949). 

L. Muga, H. Bonian, and S. G. Thompson, Phys. Rev. 121, 270 (1961). 

J. C. Watson, Phys. Rev. 121, 230 (1961). 

E. W. Titterton and T. A. Brinkley, Nature 187 ,  229 (1960). 

D. J. Henderson, H. Diamond and T. H. Braid, Bull. Am. Phy. Soc. II 6, No. 5, 
p. 1 18 (1961). 

V. N. Dmitriev et. al., Soy. Phys. JETP II, 718 (1960) report a freecy rate 
relative to U235  of 1.22 ± 0.06 for u2 3 and l.l ± 0.06 for .Pu3 

R. A, Nobles, Phys. Rev. 1962. 
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Fig. ll.. Energy distribution of long-range alpha particles 
from the pile neutron fission of 1J 35 . Curve A is the 
distribution determined by FULMER and C0HEN 19 by manetic 
analysis. Curve B is the work of ALLEN and DEWAN. 193 
Curve C is the distribution determined by TITTERTON185 
using an emulsion technique. Figure reproduced from 
FULMER and COHEN l9 
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fission of U 235  (TITTERTON1  5). Figure prepared by L. 
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The angular distribution follows that to be expected of an alpha 

particle formed at the instant of fissioii and traveling away from the origin 

in the Coulombic field of the heavy fraents. TITTERTON185  investigated a 

hug.e number of U 35  fission events by the emulsion technique and found .a strong 

peaking of the angular distribution at 82 0  with respect to the lighter of the 

fission fraguents. MUGA, BOWMAH, and THOSON 179  studied Cf252  and reported 

a strong peaking at 85 0  with respect to the lighter of the fraients, 
179,193, 195-197 

Some investigators 	 have interested themselves in 

possible differences in the distribution of the fraaent energies in fission 

events accompanied by a long-range alpha particle, compared to the distribution 

in normal binary fission. The results seem to indicate a lowering of about 6 

Mev in the most probable energy of the heavy.franent and of about 8 Mev in the 

light fragment. Other than this, the characteristics of the fraguents in triple 

fission are remarkably similar to those of fraguents in binary fission. It has 

been noted', that the total kinetic energy lowering of the two fraients is about 

equal to the most probable kinetic energy of the alpha particle. 

The occurrence of these alpha particles with this energy and angular 

distribution can be explained from a simple qualitative picture based on the 
.,198 

lquid.drop model of nuclear division 0 This explanation has been well stated 

by HILLS  and WHEEL 199  whom we quote here 

K. W. Allen and J.. T. Dewan, .Phys. Rev, 80, 181 (1950) 

C. B. Fulmer and B. L. Cohen, Phys. Rev, 108, 370 (1957). 

L. Marshall, Phys. Rev0 75,1339  (1949). 

V. N. Dmitriev, L. V. Drapchinskii, K. A. Petryhak, and Yu, F. Romanov, 
Soviet, Physics Dokiady li, 823 (1959);  Soviet Phys. JMP 12,390 (1961) 

V. I. Mostovi, T. A. Mostovaya, M. Sovinskii, and Yu. S. Saltykov, 
Atomnaya, Energ 	372 (1959). 

S. T. Tsien, Compt. rend. 22+, io56 (19 )-i-7). 

B. L. Hill and J. A. Wheeler, Phys. Rev0 89 .,  1102 (1953) 
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T1From classical hydrodynamics it is well known that the disintegration 

of a liquid jet into drops leads to the formation between these fragments of 

tiny droplets. Likewise in the case of nuclear fission it is not surprising to 

find some portion of the nuclear substance set free between the fission fragments 

in the act of sclssion. It is necessary to distinguish between alpha-particles, 

protons and neutrons. Of these only the alpha-particles represent nearly 

saturated nuclear matter, and only they are energetically capable of emerging 

from the original nucleus already in its unexcited state. But an alpha-particle 

at the surface of the original nucleus is far tlow the level of the Coulomb 

potential, on account of the coupling to its surroundings. In contrast, an alpha-

particle in the region of scission lies at the point of maximum Coulomb potential, 

and yet has less than the normal amount of nuclear matter immediately around it 

with which to fona bonds. This particular alpha-particle has in .effect been 

raised to a point but little lower than the top of the barrier, by means of the 

changes of nuclear form which took place up to the monnt of scission. An 

alpha-particle in such a position will have a significant probability to pass 

through the barrier, Thus it is reasonable to connect up the energy of the 

observed alpha-particles with the value of the electrostatic potential in the 

small interval between the newly formed fission fragments. On this view the 

alpha-particle will be expelled in a direction roughly perpendicular to the line 

of separation with an energy of about 20 Mev, The unequal repulsion by the 

lighter and heavier fission fragments will be responsible for some deviation 

from perpendicular emission, as observed. 

Similar effects will be expected for other light nuclear fragments, 

except that here the relevant potential barriers will be higher, and emission 

probabilities lower. 

mission of protons will be practically forbidden in comparison with 

alpha-particle emission, because the binding of the particle to nuclear matter--

even near the scission neck--places its energy far below the top of the Coulomb 

barrier. Tinse protons which are observed have rather to be interpreted as due 

to processes of impact between fission fragments and the stopping material through 

which they pass. Their energy distribution is consistent with this view, and 

quite contrary to what would be expected if they came directly from either the 

dividing system or the fission fragments.' 
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11.5 DISTRIBUTION OF NJCLEPR CHARGB IN FISSION 

In the discussion of this section we shall use the term primary fission 

product to refer to the nuclear species formed after emission of the prompt 

neutrons but before any beta decay has occurred and primary fission fragment 

to refer to this nuclear species before emission of the prompt neutrons. The 

general term fission product will refer to the primary fission products plus 

any nuclear species produced by the beta decay of the primary products. 

An important part of the information that one would like to have about 

the fission process is the division of nuclear charge between the primary 

fission fragments. Unfortunately, to determine this is a difficult experimental 

problem and the available data are limited. The reason for the difficulty is 

that the primary fragments are so far from beta stability that most of them 

have very short half lives. Hence by the time the necessary chemical 

separations have been carried out the primary products have been completely 

converted into different elements. This is not true in the case of shielded 

nuclides and their fission yields are of necessity ind ependent rather than 

cumulative chain yields. A shielded nuclide is one which cannot be formed by 

beta decay because the isobaric nuclide of the next lower atomic number is 

stable. There is another group of nuclides whose independent yields may be 

measured; namely, those nuclides which can be chemically isolated in a time 

shorter than the half life of their beta-decaying precursors. For example, 

La 	is formed in fission chiefly from the decay of its parent, 12.8 day Ba 

but if La1 
0  is isolated within a few minutes of the completion of a short 

irradiation of uranium with neutrons, the activity isolated will be chiefly 

attributable to the La1  formed as a primary fission product. 

Before the matter of charge division was subjected to much study, 

various conjectures were put forth as to what might be expected. One might 

have expected the neutron to proton ratio of the light and heavy fragments to 

be identical with that of the fissioning nucleus. This postulate• of unchanged 

charge distribution would lead one to expect much longer beta-emitter chains in 

the light fragments, which is not in accord with the facts. One might also have 

postulated, as did WAY and WIGNER 20°  in an early unpublished report that the most 

200. See K. Way and E. P. Wigner, Chicago Report CC-3032 (1945) unpublished; 
see also Phys. Rev. Ya ,  1318 (1948). 
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probable charge distribution would correspond to that division giving rise to 

• the naximumkinetic energy of the fragments and the minimum potential energy in 

the form of radioactivity decay energy. This postulate'predictsa longer 

average chain length for the heavy fragments which also is not in accord with 

the facts. 

PRESENT201  postulated that the nuclear ,charge would be distributedto 

give a minimum for the sum of nuclear potential energy plus the Coulombic 

repulsion energy. This corresponds to maximizing the excitation energy. 

Many years laterthe treatment of charge distribution from this point of view 

was again discussed by F0NG and by SWIATECKL202  The contribution of the 

Coulonibic term is less important than that of the nuclear potential energy. 

The calculation of the latter depends strongly on the choice of a mass equation; 

the way in which the mass equation handles shell effects is patticularly 

important. By proper choice of parameters it is possible to achieve reasonably 

good agreement with experimental data. The equations derived from these ideas 

of minimum potential energy and maximum excitation energy are the closest 

approach to a theory of charge distribution in fission. (See remarks of 

HALPERN203 ). 

However, in most of the literature which we review below the charge 

distribution data have been correlated in a strictly empirical way. 	In the 

beginning the empirical approach was necessary and expedient in the absence 

of any clear theoretical guidance. It has remained quite useful because after 

a considerable evolution it is still able to correlate and predict data more 

successfully than any theoretical model. It is emphasized, however, that 

the correlations discussed below are strictly empirical. 

201 R. D. Present, Phys Rev. 	, 7 (1947) 

W. Swiatecki, unpublished results •cited by Blann in Univerity of 

California Radiation Laboratory Report, UCRL-9190 (May 1960). 

I. Halpern, Ann. Rev. Nuclear Sci. , 320-325 (1959). 
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The problem of nuclear charge distribution may be considered. to have 

two aspects:.. (i), the detennination of the most probable mode of charge didsion 

for a given mass. split, and (2) the distribution function for primary formation 

(independent yield) about the most probable nuclear charge among fiss,on products 

of the same mass number. 

The empirical facts regarding the division of charge in slow-neutron 

induced fission are satisfactorily summarized by the hrpothesis of equal charge 

displacement put forth by GLENDENIN, CORELL and EDWARDS.2O20 According to 

this hypothesis the most probable charges for one fission fragment and. for its 

complementary fragment lie an equal number of units away from beta stability. 

It was further postulated, to cover point (2) above,, that the distribution. 

about the most probable charge is asymmetrical function with. the same form for 

all mass splits and all fissile nucLides. . The empirical charge distribution 

curve is shown here in.Fig. 11.116.. 	. . 	. 	,.. 

From the equal charge displacement hothesis 

Z . 	Z = 	
- 	" 	(n.li9) 

where ZA and  ZA  are the most stable charges of the complementary fission 

product chains and Z and Z are the most probable charges for the'primary 
p 	p  

fission products of mass numbers A and A". ZA  and Z (and ZA  and z) are 

not restricted to integral values and in iearly all cases are non-integral: 

The sum of the primary chargesZ and Z * must equal the charge of the fission- 
.p 	'p 	 , 

ing nucleus Zf . The complementary fission product masses A and A are related 

by  

	

A+ A* = Af  - 	.•. . ,. 	(11.50) 

Glendenin, Coryell, and Edwards, Distribution of Nuclear Charge in Fission, 

Paper 52 in ttRadiochemical Studies: The Fission Products" C. D. Coryeil 

and N. Sugannan, editors, National Nuclear Ehergy Series, Plutonium Project 

Record, McGraw-Hill Book Co., Inc., New Yoik, (1951). 

L. E. Glendenin, Laboratory for Nuclear Science, Massachusetts Institute 

of Technology, Technical Report No. 35, December, 1949. 
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z-z 2 
P(Z) = 	exp - 

	

L 	c 	- 
where c is an emficâ1 constant 145.  The curve is normalized in 
such a way that the sum of all points along the curve (which 

	

can occur only at intervals of one 	unit) is 1.0. 
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where Af  is the mass number of the fissioning nucleus and v is the average number 

of neutrons emitted per fission. The equation for the most probable charge of a 

fission product of mass A Is then 

Z= Z - 1/2 (zA  +ZA - Zf ) 

In the driginal treatment of GINDEIN, CORYELL and EDWARDS,aQ  the 

values of ZA  were evaluatedfroni the BOIR_WHEELERa0 mass equation. This con-

tinuous ZA function smodths over the mass discontinuities involved in crossing 

shell edges; hence appreciable error in estimating ZA and Z is likely to result 

for those fission products having proton numbers close to the 50 proton shell 

or a neutron:, number close to the 50 or 82 neutron shell. To eliminate this 

difficulty PAPPAS497  modifiedthe method of estimating ZA and based his calcula-
tions of Z on the treatment of beta stability of CORYELL, BRIGHTSEN and 

PAPPAS. 	In this: treatment empirical Z curves are, used which are essentially 

straight lines for nuclides whose nucleon numbers lie within a.,,given shell but 

separate ZA lines are used in different shell regions and discontinuities appear 

at the shell edges. Hence the calculated Z curves show. discontinuities at the 
p 

shell edges and at points complementary to the shell edges. In PAPPAS treatment 

attention is focused on the fragments at the time of scission before prompt 

neutrons have been emitted; in this respect his approach also differs from that 

of GLENDENIN, CORYEIL and EDWARDS. 

Table 11.17 shows the values of •Z in the mass ranges of interest in 

fission and gives values of AA  for convenience in interpolation. For mass 

numbers in the vicinity of shell closures 'there is an uncertainty in the 

value to be used in Eq 0  (ll.j). This is indicated in column .2 of Table 11.17 

by the occurrence of mass numbers 87-90, 116-120, 137-140 and 155-158 in two 

N. Bohr and J. A. Wheeler, Phys. Rev 0  56, 11-26 (1939). 

A. C. Pappas, "A Radiochemical study of fission yields in the region of 
shell perturbations and the effect of closed shells in fission" Laboratory 
for Nuclear Science, Massachusetts Institute of Technology, Tech. report 
No. 63, September, 1953; 'see also A C. Pappas, Paper P/881, Volume 7, 
Proceedings of the U.N. Conference on'the Peaceful Uses of Atomic Energy, 
United Nations, Geneva, 1955. 

CoriLl, Brightsen, 'and.Papas,Phys.Rev. 85, 732 (1952); see also 
C. D. Coryell, BetaDecay Energetics,Ann. Rev. Nucl. Sci. .2, 305 (1953). 
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Table 11,17 

Values of 

Shell group A• ZA : 5 ZA/5 A 

Z < 50, N < 50 70 31.2 0.384  90 38.9 

Z <50, N > 50 87 38.6 0.39 
120 51.7 

Z > 50, N <82 116 49. 0  0.35 
140 57.4 

z < 64, N > 82 137 57.8 0.35 
158 65.3 

z > 61, N > 82 155 63.6 0.37 
165 67.3 

A. C. Pappas, as quoted in reference 207. 
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shell groups. In these mass regions STEINBERG and GLENDENIN209  suggest the use 

of the average of the ZA  values from the two groups. 

A sunmiary of, the experimental data on independent fractional chain fission 

yield is given in Table 11.18.. In the previous discussion of "fine structure" 

in the mass-yield curve it was suggested that certain nuclides may be pre-

ferentially formed in fission giving rise to regions of fine structure in 

the mass yield curve. For the purposes of, an analysis of charge distribution 

the "excess" yields of such nuclides are considered anomalous, and a "normal" 

chain yield is used to calculate the fraction of chain yield represented by the 

observed independent fission yield. These T normal?T chain yields represent the 

yields which would have occurred without the extra contribution of a specific 

preferred membe' of the chain. In their 1955 Geneva Conference report 

STEINBERG and GLENDENIN209  compared the charge distribution curve, shown here, 

as Fig. 11.46 with the data available at that time from several fissile nuclides 

and found reasonably good agreement with the equal charge displacement hypo-

thesis. 

In 1956 KENETT and THODE21°  reported some new results which were not 

in good agreement with the curve shown in Fig. 11.46 and indicated a need for a 

revision in the charge distribution prescription. These authors used ultra-

sensitive mass-spectrometer techniques to measure the yields of Xe 12  and Xe130  

relative to the heavier isotopes Xe 131  whose fission yield was accurately known. 

The amount of Xe 128 and Xe 130  so found could be taken as the measure of the 

primary yields of 1128  and 1130 which had decayed into the stable xenon daughters 

before analysis. KENNETT and TH0DE obtained yields which were too high by a 

factor of more than 100 to fit Fig 11.46. 

They reasoned that while PAPPAS 207  was correct in alloing for shell 

effects in the evaluation of ZA  it was necessary to go further and make a 

correction for shell effects in Z . KENNETT and THOIJE21°  postulated a charge 

division such that the greatest energy release ,  occurs in the fission act. To make 

B. P. Steinberg and L. E. Glendenin, Paper P/614 in Volume 7, Proceedings 
of the International Conference on the Peaceful Uses of Atmiic Energy, 
August 1955, United Nations, Geneva (1956). 

T. J. Kennett and N. G. Thode, Phys. Rev. 	, 323 (1956). 

t I. F. Croall has compiled data an independent fission yields in a variety 
of fissioning nuclei besides u235. His compilation is available as a 
Harwell report AERE-R3209, January 1960. 
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Table 11.18 

Independent Fractional Chain Yields: 	Fission of 
with Thennal Neutrons 

Fission Independent fractional 
product chain yielda Reference 

91 min A5 8  0.09 b 
(0.026 ± 0.006) z2: 

*36 hour Br82 6 x 10 	: c 
1.4 x10 . 	d. 
1.6 x ip e 
3xl0 

*19 day R 86  1.2 x 10 
. 

e 
f 1.5x106 

0 
6.7 x 1 

6 	hour Y9  <3 x 10 h 
<8x10 5  
<5x10 

w 

14 min R 91  0.35 ± 005 	. V 

9.7 hour Sr91  0.06 ± 0.0 V 

58 day Y91  <9 x 

*23 hour Nb 96 
1.x10 
(i.o + 0.2) x 10 y, 

72 min m97 (1-7 ± 1.3) k 103  

year Tc 8  0.011 ± 0.00 

*210.day Rh °2  <2 x.10 k 
*25mm 	28 1.0 x io C .  

*12 6 hour 1 130  2.8 x l0 c 

2min Te131  0.14.. 	. 1 
0.15± 0.07 m 
o.o4 	0.12 n 
0.11 g 

8.05 day 1131 <0.01. 	 . n 

77 hour Te132  0.36 ± 	0.17 	.: . 	,. 

2.3 hour 1132.. <ü..:i 	 ., 	. 

20.8 hour I 133 <0.05 	- -. 

5.3 day Xe133  . <0001- 	 .. .. 	,- 	-.. 	 .. 

5 2 .5 min I 	. . . 

9.2 hour Xe 135  0.035 	 . .: 

0.09 
0.027 r 
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Table 11.18 (cont'd.) 
Fission 	 Independent fractional 
product 	 chain yielda Reference 

Cs136 	1.0 x *13 day 
9x10 3  e 

27 yr Cs137 	0.025 

32 min c138 	0.05 ± 0.005 z 

9.5 min Cs139 	0.17 ±0.03 

84 min Ba 9 	0.011 ± 0.005 v 

66 sec c10 	0.34 ± 0.05 v 

12.8 day Ba10 	0.07 ± 0.03 v 

0.2 hour La10 	7.0 x 10 W 

26 sec Cs 	 0.52 ± 0o8 x 

18 min Ba11 	0.27 ± 0.06 x 

3.7 hour La11 	(3.6±1.7) x 10 x 

77 min La2 	0.019 ± 0.006 x 

1.0 sec Xe13 	8.5 x 10 g 
148 	 -1. *5.3 day Pm 	< 10 e 

2.7 hour Pm150 	0.0022 z3 

*Indicates shielded isotopes. 

 Based on measured total chain yield. 

 N. Sugarman, Phys. Rev. 89, 570 (1953). 

C. T. J. Kennett and H. G. Thode, Phys. Rev. 103, 323 	(1956). 

d. M. H. Feldman, L.E. Glendenin, and R. B. Edwards, P. 	598 in ref. u. 

e. G. B. Cook, results cited in m. 

f. L. E. Glendenin, Technical report no. 35, Laboratory for Nuclear Science, 
M.I.T. (1919). 

g. A. C. Wahi, J. 	Inorg. and Nuclear Chem. 6, 263 (1958). 

h. G. W. Reed, Phys. Rev. 	98, 1327 (1955). 

i. J. S. Gilmore, unpublished results cited in g. 

j. G. D. O'Kelley and Q. V. Larson, unpublished results citedin g. 

k. J. A. Swartout and W. H. Sullivan, P. 856 in u. 

1. L. E. Glendenin, unpublished results cited in g. 

m. A. C. Pappas, Proceedings of the International Conference on the. Peaceful 
Uses of Atomic Energy, Geneva, 1955, Vol. 7, pp. 3-14, United Nations 
(1956). 
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Table 11.18 (cont'd.) 

A. C. Wahi, Phys. Rev. 9, 730 (1955). Data for Te 31  corrected for the 
,i 	131 	 131 5o Sb 	decaying to Te 	. 

A. C. Pappas, Technical Report No. 63, Laboratory for Nuclear Science, 

M. I. T.,September, 1953- 

P. S. Katcoff and W. Rubinson 3  Phys. Rev. 	, 111.58 (1953). 

E. J. Hoagland and N. Sugarman, p.  1030 of U. 

F. Brown and L. Yaffe, Can. J. Chem. 3j, 242 (1953). 

N. Sugannan, p. 1139 of U. 

C. P. Ford and C. W. Stanley, Atomic Energy Commission Document, AECD-3551 

(1953). 

"Radiochemical Studies: The Fission Products", edited by C. D. Coryell 

and N. Sugarman, NNES, Plutonium Project Record, Div. IV, Vol. 9, McGraw-

Hill Book Co., Inc., New York (195 1 ). 

F. L. Ferguson, Thesis, Department of Chemistry, Washington University, 

January, 1959; see also Phys. Rev. 126, 	(1962). 

w. W. E. Grurmnitt and G. M. Milton, J. Inorg. Nuclear Chem. , 93 (1957). 

X. D. F. Néthaway, Ph.D. Thesis, Washington University, September, 1959; see 

also Phys. Rev. 126, 	1962. 

D. E. Troutner, Ph.D. Thesis, Wa6hington University ( 1959); see also Phys. 

Rev. 126 , 	(1962). 

K. Wolf sberg, Ph.D. Thesis, Washington University (1959); see also Phys. 

Rev. 126, 	(1962). 

A. Kjelberg and A. C. Pappas, J. Inorg. Nucl. Chem.fl, 173 (1959). 

Y. Y. Chu, unpublished result. 

z3. I. F. Croall, J. InorgNucl. Chem. 16, 358 (1961). 
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quantitative predictions it was necessary to have some means for estimating. 

masses of nuclides far removed from stability. They used the mass formula of 

K[JMAR and PRESTON211  which includes shell effects and spin terms. The calcula-

tions of KNNETT and THODE210  based on this mass equation resulted. in a Z p 
curve which remained near 70 for fis.sion masses from A = 128 to A = 132, which 

is quite different from the behavior of Z determined from the treatments of 
204 	 20' 128  

GLENDENIN, CORYELL and EDWARDS 	or of PAPPAS. 	The primary yields for I 

were accoted for thuch more satisfactorily. GRITT and MILTON212  also dis-

cussed the maximum energy release hypothesis. 

ALEXANDER and. CORYLL213  asSrtd that the general application of the 

method of KENNETT and THODE210  to all mass regions is open to serious question. 

This method of calculating Z p'edicts longer chain lengths in the heavy frag-

merits than in the light. They attempted to correlate measured fractional chain 

yields in low energy fission, with Z calculated accordig to the postulate 

of maximum energy release and concluded that the scatter of the data was worse 

than for the original postulate of equal äharge displacement. 

Subsequent t these reorts w2 made a substantial new contribution 

to the problem of charge distribution in fission. First of all he materially 

increased the data by uslng an ingenious method to measiire the primary and 

cumulative yields of nine short-lived isotopes of krypton and xenon. In his 

experimental method the fission products recoiling from a thin semple of U237  

were caught in a layer of bariim sitearate powder, a material which has a 

negligible tendency to retain occluded gases (a characteristic referred to as 

high emanating power). The rare-gas fission products then immediately escaped 

into a large evacuated space. There the inert gases decayed depositing their 

longer-lived descendents ona ±i1terLàper liner. Comparison of the descendent 

activities found on the liner and in the barium stearate powder gave the 

fractional cumulative yields 6f the inert gases. 

K. Kumar and M. A. Preston, Can. J. Phys. 33, 298 (1955). 

W. E. Grunimitt and G. M. Milton, Chalk River Laboratory Report CRC-69, 
AECL-453 (1951). 

J. M. Alexander and C. D. Coryell, Phys. Rev. 108, 1274 (1957). 

211. A. C. Wahi, J. Inorg. Nuclear Chem. 6, 263 .  (1958). 
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WAHL 214 combined his new data with all the previous data on independent 

yields. Because of the uncertainties which we have just recounted about the 

proper method of calculating the Z function, WAHL reasoned that it might be a 

good idea to determine it empirically. He assumed that the charge distribution 

curve of Fig. 11.46 was co'ect. Then when each independent fractional chain 

yield (plus a few cumulative yields) was placed precisely on the assumed charge 

distribution curve, the corresponding value of Z was automatically fixed. The 

results are plotted in Fig. 11.7 in which the light and heavy region.s are folded 

so that the total Z = 92 and the total A = 233.5 (v = 2 , 5). A smooth continuous 

curve passes through all the points except those for mass numbers 96 and 98 in which 

case reasonable explanations could be given for the small discrepancy. Some 

general features of the empirical Z curve are the following: 

In the regions where .the ZA  functions are not influenced by shell 

edges, the Z curve is approximately equi-distant (for complementary mass numbers) 

from the two ZA  lines as proposed in the postulate of equal charge displacement. 

The ZA  lines shom are those proposed by CORYELL, 208 

In the regions where the ZA  functions are discontinuous due to 

crossing of the 50 and 82 neutron shell edges the Z curve makes a smooth con-

tinuous transition. There are no large discontinuities in the Z function of 

the type observed in the PAPPAS treatment, 207 

The Z line tends to approach and remain close to the 50-proton 

shell edge as proposed by KNNETT AND THODE. 	However, there is no pronounced 

tendency for it to remain close to the 82 (or 50) neutron shell as they proposed. 

Several of WA}IL'S students 215  have contributed newer data on independent 

and cumulative yields which are significant for an analysis of the equal charge 

displacement hypothesis in its various formulations; the comprehensive summary 

paper on this work is a .key paper in the literature on charge distribution. 

Much of this data is listed in Table 11,18, Out of this work has developed the 

charge distribution curve shown in Fig, 11,48 which is very similar to GLENDENIN's 

curve. (Fig, 11,46)but in somewhat better agreement with the data available in 1961. 

Experimental data are shown in the figure to indicate the extent 

215. See 1959 thesis stüdies Department of Chemistry, Washington University, 
by Ferguson, Nethaway, Troutner and Wolfsberg. See also paper entitled 
"Nuclear Charged Distribution in Low Energy Fission" by W.ahl, Ferguson, 
Nethaway. Troutner,. and Wolf sberg, submitted to The Physical Review, 
1962, Vol. 126, p. 1112 
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Fig. 11J7. Wahi's empirical Z function for thermal fission of U 23 Ø 
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-2 	-1 	0 	I 	2 
z-zp 

MU-26176 

Fig. 11.+8. Conventional charge distribution plot as constructed by Wahl, 
et al. The central curve conforms nearly to the Gaussian expression 

(z-z) 
P(z) = 	exp 	c 	

• where c = 0.94 

This Gaussian was determired by the fractional yield data for decay chains 
with A = 91, 139, 14O, 141, 142 and 1J43 in which yield values are available 
for two or more members. Additional experimental data are plotted at Z p  
values determined by an empirical Zp  curve nearly identical to that shom in 
Figure 11.47. Data from thermal fission of 233, u235 and Pu239 are shom 
as sGuares,  circles and triangles, respectively. Data from spontaneous 
fission of Cm22  andCf 2 5 2  are shon as inverted triangles and diamonds. 
Those points on the left hand branch are cumulative yields while those on 
the right are independent. This curve is normalized so that the sum of all 
points taken at unit intervals on the ZZ scale is unity. 
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of the agreement or disagreement. In this figure Z values were determined by 
212l5 	 p 

WAHL's :'. 	empiricalc1irve:(Figurel1. 1 -7). 

Since so much depends on the validity of this charge distribution curve 

it is important to check its correctness by determining the independent yields 

of several members of the same fission product chain. FERGUSON 21  collected 

data on three members each of the chains of mass 91, 139, and 140 and found 

that the data for all three chains was consistent with the standard curve. 

It would appear that a combination of WAHL's
214   empirical Z curve and 

the empirical curves of Fig. 11J48 provides a satisfactory basis for correlating 

the data on low energy fission and for predicting the independent yield of 

products which cannot be directly determined. It must be emphasized that the 

correlation is strictly an empirical one. The fundamental factors governing the 

division of charge have not been explained by any comprehensive theory of fission. 

CORYELL, KAPLAN and FINK27  reviewed all the proposed treatments of the charge 

distribution data as these were knon in 1960 and strongly endorsed the WAEL 

prescription. MILTON. and FRASER21B  supplied independent supporting evidence 

for the WABI Z curve from an analyses of the total kinetic energy released in 

fission as a function of mass split. This is mentioned below in section 11.6.3. 

Up to this point we have discussed the charge distribution almost 

exclusively as it relates to the special case of thermal fission of U 235 . Most 

data have been obtained for this case and more interest has centered on U 235 . 

In addition however tlLe.re are some figures available on .independent yields in 

the case of neutron-induced fission of U 233  and Pu239  and in the case of 

spontaneous fission of several heavy element nuclei. These data seem to 

conform reasonably well to the equal charge displacement hypothesis formulated 

by WAHL, once the necessary changes are made for the change in composition of 

the compound nucleus. 

R. L. Ferguson, Thesis, Washington University, January, 1959- Some of 
Ferguson's data is given in Table 11.18. 

P. D. Coryell, M. Kaplan and R. D. Fink Can. J. Chem. 3, 646 (1961). 

J. C. D. Milton and J. S. Fraser, Can. J. Physics in publication (1962). 
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The ciuestjon arises whether these same correlations hold in the case of 

nuclei caused to fission with high energy neutrons or high energy charged 

particles. WA11L219  measured fission yields for U 235  induced to fission with 

lii- Mev neutrons and discussed nuclear charge distribution. He showed that the 

Z - Z correlation could be taken to be the same as that for low-energy, fission 

by assuming V of about 5 but he considered that there was insufficient evidence 

that the nuclear-charge distribution pattern remains the same. FORD22°  presents 

the case for close similarity in the distribution patterns, using data for Br 2, 
i13 2 ,  il3, and Cs 6  from U235  irradiated with 14 Mev neutrons. ALFXAER and 

CORYELL213  considered the cases of u238 and Th232  caused to fission by capture 

of 13.6 Mev deuterons and by capture of fast neutrons .(produced'in a beryllium 

target at a cyclotron and containing a spread of energies up to 19 Mev). Using 

independent fission yields on 5 products in each case they found reasonable 

agreement with the equal charge displacement postulate in every instance and 

poor agreement with the hypothesis that the neutron-to-proton ratio of the 

fission products was the same as that of the fissioning nucleus. 

CORELL, KAPLANand FINK217  took these cases as encouragement that the 

Equal Charge Displacement hypothesis was valid generallyand proceeded from 

this to formulate a prescription for the intercomparison of z(A) data from 

various types of fission differing in compoimd nucleus and in excitation 

energy. One important assumption in their treatment is that the charge 

distribution curve along any 'isobaric sequence which has been found valid 

for thermal fission of U 235  is also valid without change in shape for other 

fissioning'nuclei; only its position varies with the compound nucleus and the 

excitation energy. 

These authors derived the following expression for computing the value 

of Z for any mass number A. The expression uses the Z function for thermal 
p p 

fission of U235  as a reference curve; the shift in the Z p function, called 

Z(A), is computed as follows: 

z(A) = z(A) - z(A 
235,

) 

z(A) = 1/2 	c92) - 0.19 (A-236) + 0.19 (VT - 2.5) 	(11.52) 

219, A. C."WahJ' ?hy.' Rev. 22 730 (1955) 

220.' G. P. Ford, U. S. Atomic Energy Commission Report AECD-3597, Unpublished 



UCRL-9036 -Rev. 
- 19 - 

In this expression 

Z and. A are atomic number and mass nunther of the 
C 	 c 

= 	compound nucleus. 

VT.is the average number of neutrons emitted 
during fission. 

This expression contains the assumption that neutron boil-off increases 

with excitation energy according to 

d 

	

T 	0.12 Mev 1 	 (11.53) 
dE 

TheZ values as given by the above expression are independent of A 

and can be computed easily for a given Z 
ci 
 A and E*. In tests of this method 

of computing Z(A) :values CORYELL, KAPLAN and FINK 211  conclude that it provides 

an adequate correlation of data for heavy -nuclei excited from 20 to 60 Mev. 

Hence presumably one could use this method to-estimate independent yields of 

unmeasured nuclides. 

Some authors however have obtained independent radiochemical yields in 

cases of fission induced by charged particles which cast doubt on the general 

applicability of the equal charge displacement postulate. 

For example, a thesis study by GIBSON 221  of fission induced in the 

following cases--(P 239  + 20 Mev deuterons), (Np231  + 31 Mev deuterons), 

(Np231  + 1 6. Mev helium ions), and (U233  + 23 Mev deuterons) indicated better 

agreement with the ,postulate that the most probable primary fission products 

have the same neutron to proton ratio. There was very poor agreement with the 

equal charge displacement hypothesis; .Howevr, certain features, of the 

independent yield. disti'.ibutions whiöh GIBSON. got . when the plotted his data.. 

according to the constant -charge -to-mas s -ratio hypothesis led him to the 

conclusion that the actual charge distribution may be intermediate to the two 

oases.. 	. 	. 	 . 

221. W. M. Gibson, Thesis, University of California, November, 1956; also 
published as University, of California Radiation Laboratory Report UCRL-3493; 
see also B. M. Foreman, Jr., W. M. Gibson, R. A. Glass, and G. T. Seaborg, 
Phys. Rev. 
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222 	
i 	 fi CHU and MICUEL 	studied ndependent ssion yields of.several.isotopes 

in the fission of U23  and u238  targets bombarded with 45.7 and 2 1  Mev helium 

ions. They agree with GIBSON 221  that the true charge distribution must fall 

between the two postulates but that the equal-charge-displacement hypothesis in 

its typical form gives the poorer fit. CHtJ and MICUEL 222  tried various pres-

criptions for computing the Z and ZA  parameters. One interesting fact they p 	 20822 
noted was that if one abandons the ZA  functions ' 	which trace out all the 

shell influenced discontinuitiés in the ground state masses of stable nuclei 

and uses instead a smooth ZA  function which ignores pronounced shell effects 

then one can use the equal-charge-displacement treatment and obtain an ex-

cellent fit of the experimental fractional chain yield data to.a smooth curve. 

This may mean that fission at this level of excitation is not greatly affected 

by the shell properties of the fragments, whereas.in  low energy fission it 

clearly is. 
202 

BLAM 	studied the fission products resulting from the fission of 

gold induced by 110 Mev carbon ions. He found rather poor agreement of his 

experimental Z values with those predicted by the equal charge displacement 

prescription. . He reports much better agreement with a minimum Potential Energy 

prescription by SWIATECKI. 202  

In the case of fission induced by protons or helium ions of.large energy 

(> 50 Mev say) it becomes more difficult to interpret data on independent yields 

in terms of the correlations we are discussing in this chapter. One of the 

chief reasons for this is that the identity and excitation energy of the fission-

ing nucleus is not unique. Instead the fission products come from a variety of 

fissioning nuclei excited to a variety of 

222, Y. Y. hu and M. C. ,Michel, unpublished results (1959); see thesis study 
by Y. Y. Chu, issued as University of California Radiation Laboratory 
Report UCRL-8926, Nov. 1959. 

223. W. E. Grunimitt and G. M. Milton, J. Inorg. Nucl. Chèm. 5, 93 ( 1957). 

A similar study was made by,Colby and Cobble, Phys. Rev. 121, 1410 (1961). 
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energies. This is fully discussed in the next chapter. PATE, FOSTER, and YAFFE22 

give a typical discussion of this problem in a studyof nuclear charge distribution 

in the fission of thorium with protons at nine proton energies between 8 and 87 Mev. 

It is known definitely from the wokof PERLMAN and GOECKERMANN 225  on the fission 

of bismuth withl90 Mev deuterons that in this case at least the equal charge 

displacement hypothesis appears to be inapplicable. For this system the fission 

product yields show a definite preference for those nuclides, with the same 

neutrOn to proton ratio as the fissioning nucleus. Other authors225a  discuss 

charge distribution in uranium and thorium fission induced by particles with energy 

in the hundreds of Mev range. 

A method of investigating the nuclear charges of the primary fragments 

which is fundamentally different from any discussed so far, in this seOtion is 

the one  tried by CARTER, WAGNER,WAGIER, and WM.226  These experimentalists observed 

the energy spectrum of x-rays in coincidence with fission fragments by using a 

thin Nal crystal for K x-rays and a proportional counter for L x-rays. The 

resolution of this method is only fair but with improved technique this approach 

may give a good picture of the entire distribution in nuclear charges. The 

observed x-ray spectra are influenced by several effects which need further 

examination and which may severely limit the applicability of this method. These 

include (i) internal cOnversion of prompt gamma rays, (2) fluorescent yield 

corrections and (3) the number of K and L vacancies produced by the formation 

of the fragments. 

The radiochemical method of investigation of charge distribution in 

fission probably cannot be extended much beyondits present.limits. It is to be 

hoped that some fundamentally new experimental methods will be developed to extend 

our knowledge of this important feature of the fission process. 

B. D. Pate, J. S. Foster, and L. Yaffe, Can. J. Chem. 3, 1691 (1958); 
B. D. Pate, Can. J. Chem. 3, 1707 (1958). 

R. H. Goeckermann and I. Penman, Phys. Rev. 	, 628 (1949); see sectionl2,2.8 

225a. A. C. Pappas and J. Aistad, J. Inorg. Nuci. Chem. fl, 195 (1961); P. 
Aagaard et al. J. Inorg. Nucl. Chem. 5, 105 (1957); A. K. Lavrulthina and 
L. D. Krasavina, Atomnaya Energia 2, 27 (1957). 

Carter, Wagner and Wyman as reported by Leacbman in Paper P/665, Proceedings 
of the Second International Conference on the Peaceful Uses Af Atomic Energy, 
United Nations, 1958. 
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n.6 KINETIC ENERGY OF THE FISSION FRAGMENTS 

Shortly after nuclear fission was discovered by the radiochemical work 

of HAHN and STRASSMANN, 227  the large energy release in fission was measured 

experimentally by FRISCH
228 
 . 	He measured ionization pulses produced in an 

ionization, chamber containing a uranium sample irradiated with neutrons. A 

short time later JENTSCHKE and PRANKL 229  resolved the ionization pulses into 

two groups which corresponded to fragment energies of about 60 and about 100 

keV. JOLIOT 
230

demonstrated the large kinetic energy of the fission fragments 

by radiochemical measurements of the penetration of the fission fragments 

through thin foils. Since this early work, a great body of information on the 

kinetic energy of .  the fission fragments has been collected by refined experi-

mental techniques. We discuss four types of experiments in the following pages: 

ionization chamber measurements of kinetic energy release, (2) time-of-

flight measurement of fragment velocity, .() ranges of the fragments in gases 

and foils, and (Ii)  calorimetric measurement of total energy release. 

11.6.1 Ion-Chamber Measurement of'Fragment Enerv Distribution in Slow 

The energy of fission fragments can 

be obtained from the measurement of the total ionization produced in the gas of 

a suitable ionization chamber. Fission fragments are heavily ionizing particles 

with a maximum range in air at NTP of about 2.5 centimeters; hence, a shallow 

ionization chamber is sufficient to stop the fragments completely. The ioniza- 

tion charge collected is very closely proportional to the fragment kinetic energy. 

The method involves (i) an ionization chamber into which a sample of fissionable 

material can be inserted and at the same time be exposed to a flux of neutrons; 

for the study of spontaneous fission 'a neutron source is not required. 

An electrode system in which the rapidly collected charge generates across 

the chamber capacity a voltage pulse of many millivolts, the magnitude of which 

is proportional to the fragment energy, (3) a linear 

0. Hahn and F. Strassmann, Naturwiss. 27, 11, 89 (1939). 

0. R. Frisch, Nature 143, 276 (1939). 

W. Jentschke and F. Prankl, Naturwiss. 27, 134 (1939). 

F. Joliot, Compt. rend. 208, 341 647(1939). 
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pulse amplifier which amplifies this pulse up to a voltage suitable for detection 

and (Ii.) an oscilloscope, a pulse height analyzer, or other device for deter-

mining the relative number of pulses of various sizes. If the pulse height to 

energy relationship is correctly calibrated, a plot of the number of recorded 

events versus pulse height gives the distribution of fragment energies. The 
23i-27  reader is referred elsewhere 	for a detailed discussion of the ionization 

process and of the design of ionization chambers. 

If fission fragment energies are studied in a simple ionization chamber, 

only one fragment from each fission event is observed, since the other is stopped 

in the foil upon which the fissionable material is deposited or in the wall of 

the chamber. Since it is completely random whether the light or the heavy frag-

ment in any one case is slowed down in the ionization chamber gas, a study of 

the pulses from a large number of fissioning atoms will show a double humped 

distribution corresponding to the light and heavy fragments. 

More information is obtained if both fragments are studied simultaneously 

in a twin-back-to-back ionization chamber in which the fissionable material is 
238- 2i10 

mounted on a thin film, which serves as a common cathode. 	This method 
9i 

was 	 by BRUNTON and HANNA 	and BRTJNTON and THOMPSON. 

231. ciorso, Jaffey, Robinson, and Weissbourd, Paper No. 16.8, "The Transuranium 
Elements", National Nuclear Energy Series, Div. IV, Vol. hi-B, McGraw-Hill 
Book Co., Inc., New York, 1949. 

232,. Bunneman, Cranshaw, and Harvey, Can. J. Research 2A, 191 (1949). 

231. D. H. Wilkinson, "Ionization Chambers and Counters", Cambridge University 
Press, Cambridge (1950). 

23Lf Herwig, Miller and Utterback, Rev. Sci. Inst. 26, 929 (1955). 

235.. B. Rossi and H. H. Sbaub, "Ionization Chambers and Counters", 
McGraw-Hill Book Co., Inc., New York, 1949, 

H. H. Staub, "Detection Methods", Vol. I, "Experimental Nuclear Physics", 
edited by E. Segre, John Wiley and Sons, New York, 1953. 

H. A. Bethe and J. Asbkin, "Passage of Radiations through Matter", Vol. I 
"Experimental Nuclear Physics", edited by E. Segre, John Wiley and Sons, 
New York, 1953. 

2.38. W. Jentschke, Z. Phys. 120, 165 (1942). 

29.. Flammerfeld, Jensen and Gentner, Z. Phys. 120, 450 (1942). 

2110. M. Deutsch and M; Ramsey, Report MDDC-945 ( 1945). 
211-1. D. C. Brunton and G. C. Hanna, Can. J. fles. 28A, 190 (1950), 

242. D. C. Brunton and W. B. Thompson, Can. J. Res. 28A, 498 (1950). 
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These experimenters constructed a double ionization chamber of the type shown 

in Fig. 11J49. A thin sample of uranium or plutonium mounted on a thin backing 

was placed in the center of the chamber on the common cathode. When the 

chamber was placed in a flux of slow neutrons to induce fission, the two 

fragments travelled in qpposite directions into the two chambers. The electrons 

formed by ionization in the argon-carbon dioxide gas mixture were collected on 

the two collecting anodes. Frisch grids were used to shield the collecting 

electrodes from charges induced by the slowly-moving positive ions. The 

fissioning sample was mounted on one side of a collimator consisting of a plate 

with closely spaced holes. The purpose of this was to reject all fragments 

coming off at a low angle from the source. These would have excessive ionization 

losses owing to oblique passage through the source, and to loss of electrons to 

the chamber walls caused by fringing field effects. Only coincident pulses 

were accepted for measurement. In addition, pulse-height analyzers were used 

to determine the size of the coincident pulses. On the gate side the analyzer 

consisted usually - of a single-channel analyzer with a window widbh of 5 Mev, 

although operation with a wide open gate was also possible. The coincident 

pulses from the second chamber were passed into a 30-channel analyzer. 

To convert the observed pulse heights to energy it was necessary to 

determine the amount of energy required to produce an ion pair in the chamber 

gas. In practice this was done by measuring pulses due to the alpha particles 

of knom energy from U 233 , U235  and Pu239  and assuniing that the number of 

electron volts per ion pair in argon is the same for fission fragments as for 

alpha particles. Appreciable error is involved in this assumption, as is dis-

cussed a few pages later. 

When the gate discriminator was adjusted to pass fission pulses of all 

energies, the energy spread of the pulses from the second chamber appeared as 

shown in Fig. 11.50. The double-humped curve is reminiscent of the radio-

chemical mass yield distribution. Certain properties of lhese three curves are 

given in Table 11.19. 

The results obtained by BRUWPON and IIANIA2  for U235  are shown in 

Fig. 11.51. In this series of experiments the gate was systematically moved 

from the low-energy side of the low-energy peak to the trough region and 

across the high-energy peak. Similar curves (not reprod.ucd here) were taken 
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MTJ-19019 

Fig. 11.9. Double ionization chamber of BRUNTON and INNA 
(195 0 ). The chambers employ electron collection to 
secure fast rising pulses. Frisch grids are used to 
shield the collecting electrodes from charges induced 
by the slowly-moviig positive ions. •  From Can. J. Research, 

reference 241. 
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Fig. 11.50. Energy spectrum of fission 
fragments. 1950 data of BRUNTON, 
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rected for an ionization loss of 
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235 Fig 11.51. Spectra of fission fragments of U 	in 
coincidence with companion fragnents of the energy 
specified (BRUNTON and HANNA). 1  Gate width was 
5 Mev. From Can. J. Research. 
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Table 11.19 

Comparison of fragment energy distr±bution in slow-neutron fission of 

U235 , U233  and Pu 239  (Refs.241, 242) 

u233  U235  Pu239  

Most probable energy of light fragment (Mev) 93.0 9.5 9.6 

Most probable energy of heavy fragment (Mev) 56.6 60.2 65.2 

Ratio of most probable energies 1.64 :1.57 1.45 

Width at half maximum of high-energy peak (Mev) 14 1Z 14 

Width at half maximum of low-energy peak (Mev) 22 20 24 

Width at half maximum of total energy curve (Mev) 22 25 27 

Mass ratio for most probable total energy 1.26 1.23 1.20 

Totalenergyor most probable fission mode (Mev) 119.6 1 5 4.7 159.8 

* 
Note: The.se values are not corrected for an ionization defect; see Table 

11.20, 
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233 	239 	 • 
in the case of U 	and Pu 	. The results of these runs are interesting and 

somewhat diffei'ent than might have been expected. 

When the energy gate is set onthe heavy fragment group the energy 

distribution of the corresponding light group is almost independent; 

of the position of the gate, and, conversely, when the gate is set 

on the light fragment group the energy distribution of the coinci-

dent heavy group is almost independent of the position of the gate. 

The partial distribution covers nearly the whole range of the com-

plete spectrum of one group s  The distributions are not identiced 

hcwever, and the Chift that does occur is such that as the gate 

energy is increased, the corresponding distribution maximum also 

increases. 

. Item (2) may be restated in this way: a heavy fragment of lower 

than average energy for the heavy group will be paired on the 

average with a light fragment of lower tian average energy. The 

corresponding situation with the mass distribution curve is quite 

different. Since the sum of the masses is constant, a heavy frag-

meht of higher than average mass for the heavy group must be paired 

with a light fragment of lower than average mass. Thus the double-

humped energy distribution curve is not even approximately a simple 

inversion of the double-peaked mass distributiai curve, as was first 

pointed out by JNTSCfflc.E and PRANXL 243  and re-emphasized by 

BU0N and HANNA. 	 •. 	 . 	 . 

4, A particularly interesting curve is Fig. 11.51  (h) which shows that 

if the gate pulse is chosen to correspond to the central energy 

minimum the coincident pulse distribution iistead of being a single 

peak elsó centered at he central energy minimum (as one might have 

expected) is a c6lé-humped curve with maxima close to the energy 

peaks of the total distribution 	If the energy curves were. an  

inverse picture of the mss curves, this experiment would have 

resiiItedin.a single maximum at the same energy as the gate or 

perhaps two small maxIma Very close to this energy. 

243 	W. Jentschke and F. Pranki, Z. Physik 119, 696 (1942) 
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Making use of the fact that the energy ratio is the inverse of the 

mass ratio (ELML = EHMB where M and E(refer to mass and energy, and 

L and H to light and heavy fragments, respectively) it is possible 

to calculate the most probable mass ratios. 

Wide ranges in the release of kinetic energy are observed. The 

maximum variation associated with a fixed mass ratio is about 50 

Mev which is close to the maximum variation for the total distribu-

tion. The spread at half the maximum probability is 20 Mev. A 

corollary of this is that a coincidence measurement of the energy 

or velocity of the fragment pairs is needed to obtain the total 

energy or mass distribution in any fission event. Observations of 

energy or velocity of only a single fragment, even if carried out 

with great accuracy, are insufficient to give this information. 

The variation in the most probable total kinetic energy with mass 

ratio is shown in Fig. 11.52. The interesting fact is that total 

kinetic energy does not show.a linear variation with fragment mass 

ratio. The maximum kinetic energy release occurs for a mass ratio 

of 1.2 to 1.3 instead of for 1.0. This hump in the kinetic energy 

curve was also noticed by KATCOFF, MISKEL and 	 244 in an analysis 

of fission fragment ranges (see Fig. 11.77)  and has been fully con-

formed in all measurements of fragment energies or velocities done 

since. 

The results of all measurements by the back-to-back ionization chamber 

coincidence method can be summarized compactly in a contour diagram of the trpe 

shown in Fig. 11.53. The masses ML  and  MB,  the velocities VL  and  VH  and the 

total kinetic energy, Ek,  are determined at any point on this diagram through 

conservation of momentum except for uncertainties resulting from variations in 

neutron emission and by ionization dispersion. Several ty-pes of probability 

distributions may be read from this contour diagram. 

The values for kinetic energy- . given in these reports of BRtJNTON and 

HANNA2 l  and BRUTTON and THONPSON2I2 do not check within experimental error with 

the values obtained by calorimetric measurements or by velocity measurements on 

the fragments discussed later. This discrepancy has prompted a reconsideration 

of the assumptions of the calibration method. The basic assumption has been 

that fission fragments and alpha particles expend the same 

244. S. Katcoff, J. A. Miskel, and C. W. Stanley, Phys. Rev. 74, 631 (1948). 
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average energy per ion pair forme& so. that alphaparticles of riO'.1n energy can 

:be used to dalibrate the chaiTer. KNIPP and LING' ' poiited out that the energy 

loss ot i 1 ow hc iv i p ii 	e is due pi edmii n nO 1 y 0 i 	1 ing atoms so that 

ionization 1iy seconda:ty heavy pa rt'i den rontributs a large "frac - ion of the 

to't;al :Lonizat:Lon resulting from i slow hea:vy p.-:Lmary iJ'3r;iCie 'sb' pcd in a gas. 

If the secoOdary heavy pa:rticie ionizatioi.i Officiency is low, as : is .i 

argon, the overall effic :tency for the production of Oil p irs is g'reatiy 

1 edu cd for low cnei gi e' of the ps LniaT y pa b cJ a 	ftc tic r  eic in io .olzo tiun 

over that expected from the energy-ionization ratio, 	derived from data on 

alpha particles is referred to Os 'the ionization defedti Because of this 

ionization defect fission fragments expend larger averages of energyper ion-

pair in the counter gas. Furthermore thd energy -ionization, ra ..lAo o:[ tF.ie hairy 

and light fragments, wOnd w respectively, are slightLy different. 
246 

	

LEPCI'II'4AN 	- 	has analyzed ionization chamber data to deduce the 

fact or leading to these discreparici as 	He F ound that to nnke the m s.-y id d 

curve derived from ionlzation chamber data agree with the r,adiochemical results 

he needed an. ionization dispersion of 8 Me..v per fragment (full-width at half-

siaximum) in the resolution of fission fragment. energ.ies. In addition, Leachinan 

had to assume an ibnizetion defect of 6 lo '7 Mev in the' ionization energies at 

the most probable mode. The existence Of the defect was confirmed by trans- 
22 

forming the ionization energy contourC of PRUNTON and HANNA 	to a velocity 

distribution and comparing the position of these distributions with the directly 

observed single fragment velocity distributions. The shift in energy from 

BRUNTON and HANNA?S  value is then computed [rom the equation 

2AV. 	. 

	

.. 	 . E. 	. 	M. 	V. 	.. 	. 
1 	1 	1 

where i.:stands for light' or heavy fiagment. and E, a, and V are energy, mas, 

and velocity rO'dpcct'i'vely The result of this ca lchlation is that an ionization 

215. J. K. Knipp and B. C. Lihg, Phys. Rev. 82 30 (1951)' 

2)i6 	H B. Jeachiiian, "Ionization Yields of Fission F ragment s i! ,  Phys Rev. 83,  17 (1951).. 

247 	R. B. LeachmOn, Phys. Rev. 87, 1411.  (195) 

248 	TI W. GOLF L and R. B. teachnian, Pirys Rcv. 10 7 , 183 (1956) 
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defect of 5.7 Mev and 6.5 Mev were found for the light and heavy fragments, 

respectively, of U235  when the chamber gas was argon plus a few percent of CO 2 . 

If 	is the energy/ionization ratio for alpha.particles. these figures . cor- 

respond to. fragment energy/ionization ratios,. u 	1.06 i):. , and 	,4.1.11 

When this total energy differential of (AEL )  Av +(EH  AV = 
6.5 Mev = 12.2 Me.v is added to the 154.7  Mev reported for the average total 

kinetic of the fragments from U 235 , a corrected value of 166.9 Mev is obtained 
in excellent agreementwith the calorimetric value of 167.1 + 1.6 Mev and the 
fragment velocity value of 167.1 Mev. 

In this connection it is important to note that the calorimetric and 
ion chamber results refer to kinetic energy release after emission of the 

prompt neutrons, whereas, as usually treated, the velocity data give the 
kinetic energy of the fragments before neutron emission. The difference is 

252 
approximately 2 Mev for U 235  fission and slightly higher for Cf 	and other 

fissioning nuclei with higher 	values. See comments of TERPELT. 29  

STEIN250  performed a similar series of velocity measurements and con-

firmed fully LEACBMAN'S analysis. Figure 11.54 shows the energy distributions 

of single fragments computed from STEIN'S velocity distributions and compared 

with BRUITON and HANNA,S2  and BRIJNTON and THONPSONtS22 ionization data. 

The shift of the two sets of data with respect to each other clearly reveals 

the ionization defect. The two sets of data are compared again in Table 11.20 

where the ionization defect vues are given in numerical form. 

SCH1ITT and 	 2P48 studied the ionization-versus-energy relation- 

ship for fission fragments of U235  in several gases. The values of 

ionization defect which they obtained for these gases are given in Table 

11.21. HERWIG and MILLER251  have measured relative ionization yields for 

fission fragments in various gases. 

11.6.2. 

Spontaneous Fiss ion. The distribution in the kinetic energy of fragments from 

the spontaneous fission of natural uranium and of Pu 210 has been determined in 

a preliminary way by the ionization chamber method. 252 ' 253  Such experiments 

are difficult because of the low specific activity toward sogtaneois fission. 
Plutonium-240 has a spontaneous fission rate of only 1.6 x 10 per, gram per 

hour and the corresponding figure for u238  has the much smaller value of 25. 

219. J. Terrell, Phys. Rev. 113,  527 (1959). 

W. E. Stein, Phys. Rev. 108 94 (1957). 

L. 0. Herwig and G. H. Miller, Phys. Rev. 95, 413 (1954 ). 

W. J. Thitehouse and Galbraith, Phil. Mag. )-i-i, 429 (195 0 ). 

E. Segre and C. Wiegand, "Energy Spectrum of Spontaneous Fission 

Fragments", Phys. Rev. 94, 157 (1954). 
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Fig. 	Energy distributions of single fragments from 
u233, U235 , and Pu239 . The solid curves represent 
conversion of STEIN'S250  velocity data into an energy 
distribution. The dashed curves are renormalized data 
from double-ionization-chambe.r measu'ements of BRUT0N 
and HNNA, 21  and BRUNTON and THOSON.22  Figure from 
Stein, reference 250. 
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Table 11.21 

Ionization defect and energy/ionization ratio of U235 fission 
fragments in various gases 

[Schmitt and Leachman, Phys. Rev. 102, 183 (1956)] 

• 

Gas 
Fragment Ionization fragment/w 

a • group defect•V• •. " 

Argon + 3% CO2  Heavy 6.3 ± 0.5 1.10 ± 0.02 

V Light 	• 6--5 ± 0.8 1.07 ± 0O2 

Argon Heavy 5.5 ± 0.5 1,09 ± 0.02 

V  LIght 5.1 ± 0.8 1.05 ± 0.02 

Nitrogen 	• Heavy • 	5.3±0.5 1.09± 0.02 

Light 6.3 ± 0.8 	• 1.07± 0.02 

Neon Heavy 14.3 ± 0.7 1,08 1 0.02 

Light 	• • 	14.3 	± 1.0 1.05 ± 0.02 
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MOSTOVAYA has nonetheless measured the fragment energy distribution in the case 

of Pu 
240 

 using the double ionization-chamber techniques. 25  

In the case of even-even isotopes of higher Z elements the spontaneous 

fission half-lives are much shorter, as is apparent at a glance in Fig. 11.30 

of Section 11.3.6. This opens up the possibility of a detailed study of fission 

fragment energy distributions. JiANNA and co-workers 255  reported some preliminary 

measurements on Cm2)42  using a single ionization chamber. SHUEY 25  has studied 

Cm2)42 using a double ionization chamber similar in general design to that of 
2)41 

BRUNTON and HANNA. 	Instead of electronic pulse height analysis SHUEY used 

photographic measurement of pulse height as registered on an oscilloscope to 

determine ionization caused by individual pulses. One scope was provided for 

each chamber and suitable circuitry was provided to make it possible to identify 

pulses which ocurred simultaneously. SHUEY 
	collected data on a few thousand 

events and plotted a contour: diagram similar to Fig. 11.53. The principal 

characteristics of the energy distribution in the spontaneous fission of Cm2 2 

are given in Table 11.22; the numbers quoted there have been corrected for 

ionization defect. 

SMITH, FIEJDS,  and FRIEDMAN251,260  hayeused the double chamber 

technique to collect fission fragment data for the spontaneous fission of Cm 2)4)4 
240 	242 	252 	254

Pu 	Pu 	, Cf 	and Fm 	. These authors have also studied fragment energy 

distributions for neutrons induced fission in Th 
229 

 and Pu 241  

The isotope of most general interest has turned out to be Cf 252  as it 

is almost ideal for studies of this type. This nuclide has a half-life of only 

254. T. A. Mostovaya, Paper P/2031,  Volume 15, Proceedings of the Second United 
Nations International Conference on the Peaceful Uses of Atomic Energy, 
Geneva, 1958. 

255 	Hanna, Harvey, Moss, and Tunnicliffe, "Spontaneous Fission in Cm2 2,, 
Phys. Rev. 81, 466 (1951) (Letter). 

R.L. Shuey, "Fragment Energy Distribution in the Spontaneous Fission of 
Cm242 11 , University of California Radiation Laboratory Report UCRL-959 (1950). 

A. Smith, P. Fields, and A. Friedman, Phys. Rev. 106, 779 (1957). 

A. Smith, A. Friedman, and P. Fields, Phys. Rev. 102, 813 (1956). 

A. Smiti, P. Fields, A. Friedman, and B. Sjoblom Phys. Rev. 111,1633 (1958). 

Smith, Fields, Friedman, Cox and Sjoblom, Paper P/690  in the Proceedings 
of the Second United Nations International Conference on the Peaceful 
Uses of Atomic Energy, Geneva, 1958, United Nations Publication, 1959. 
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References to Table 11.22 

• a. See •reference 259. 
b. See reference 25cs. 

• c. See reference 260. 	•' 
d. See reference 2.5. 

e 0  Shuey, reference 256. 
E.. P. Steinberg and L. E. Glendenin, Phys. Rev. 95, 431 (1954). 

Refer to Section 11J4.2. 

L. Giendenin and E. Steinberg, J. Inorg. and Nuclear Chem. 1, 15 (1955). 

See reference 258. 

• Seereference 261. 

)c. R, Bra1t and S. G. Tbornpson unpublished data 1961. 
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82 years for spontaneous fissidn and an alpha_decay-to-spontaneOuS-fiSSiOfl- 
252 

decay ratio of only 30. One microgram of Cf 	gives rise to -i.  x 107  

spontaneous fission events per minute; hence a very thin source provides a 

very convenient number of fission events for rapid collection of data and 

there is only.a modest background of alpia particle radiation, from which the 

fission fragments can be discriminated easily. In addition to the work of 

SMITH, FIELDS, and FRIEDMAN 
258 the double ionization chamber technique has been 

applied to Cf 252  by BOAN and THOSON 61,  and by HICKS and co-workeis 2 2 

This nuclide has also been carefully studied by the time-of-flight techniques 

as is discussed below.  

Figure 11 55 gives a contour plot of the results taken from an analysi5 

of 5000 spontaneous fission events Fragmenb mass distribuLion, energy distribu-

tion and asymmetry.can be obtaibed directly from this diagram. It is perhaps 

easier to visualize the kinetic energy distributionby the plot shown in Fig. 

11.56. The gross probability distributionfor the fission fragment energies 

are shown and in addition, tIe distribution in the energy of onefragment when 

the energyof the second is selected. Thiafigure is similar in all respects to 

Fig. 11.51 •whih shows the analogous energy d1stributons in the fission of U 23  

induced by slow neutrons. All the comments ia:de, previously about Fig. 11. 51 

apply to Fig. II.. 56 as well. Again it can be noted that if the gate energy is 

selected at the minimum between the two peaks the energy distribution in 

coincidence does not peak at the same energy but is a two-humped distribution 

very similar.to  the total distribution. Curves of this type can be obtained 

directly from the contour diagram of Fig. 11 , 55. 

The fragment energy distributions can be converted into mass-ratio 
* 

distributions using the approximate equality 

2 	261, H. Bowmn and S. G. Thompson, University of CaliforniaRadiatiOn Laboratory 
Report, UCRL-5038, March, 1958; see also Paper P/652 in Proceedings of t1 
Second United Nations Conference on the Peaceful.Uses of Atomic Energy, 
Geneva, 1958. 

262, Hicks, Ise, Pyle, Choppin, and Harvey, Phys. Rev. 105, 1501 (1957). 

263.. W. E. Nervik, Phys. Rev. 119, 1685 (19 60 ) * 
These two ratios are not precisely the same but for the present purpose they con 

be considered identical. A good discussion of the relation of these two rntio3 
is given in an appendix of a paper by Terrell, Phys. Rev. 113, 527 (1959); 13Cc 

ol so Brunton and Ha one 2'-1 
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tribution. The circled points indicate energy intervals 
selected by 3 Mev window on gate pulses from one-half 
of a double ionization chamber. The correspondingly 
labelled distributions are the coincident energies measured 
in the other chamber. BOWMAN and THOME>SON 61  An ioniza-
tion defect correction of 6.1 Mev has been added to all 
experimental data. 



	

220 	 ucm-9036 Rev. 

M.. 	E 
= 	 ::.• 

.ME 	EL 

This conversion has been made in Fig. 11.57  where: the resulting mass-ratio 

distribution is compared with the radiochemical yield data of IERVIK. 6 . The 

ionization data give a most probable mass ratio of 1.33  compared to the value 

of 1.311. obtained from the chemical analysis. Thesedata are in excellent 

agreement with the time-of-flight measurements reported in Section 11.6.3. 

It is interesting to make an overall comparison of fragment:energy data 

for many fissioning nuclides obtained by the double ionization chamber technique. 

This is done in Table 11.22. We note that the properties of fissioi are very 

much the same in general features for all: the fissioning nuclei listed. The .0 

total fragment energy is a slowly increasing function of the fiSsion parameter 

z2/A 1ip hDou ii  C 122 .  At::bf252  the trend is reversed with decreasing total 

energy for higher values of Z2/A. The mass of the most probable heavy fragmert 

stays constant at about 140 except for the heaviest nuclei, Cf 	and Fm 

To compensate for this the mass of the most probable light fragment must shift 

steadily upward with the mass of the fissioning nudleus, except for Cf 252  and 
254 

Figure 11.58 shows a correlation of the total kinetic energy with the 

parameter z2/Au/3. 

One might: éxpect such a correlation from  very general considerations 

as discussed by WBITEH0USE,26 by  HALPERN,265  and by TERRELL.249  The kinetic 

energy derives from the coulombic energy of repulsion of two fragments at the 

point of scission. If the fragments are:  approxiivated by two tangent spheres 
1/2 

with ratio given by r = r A / the final kinetic energy if the fragments 

should be proportional to Z2/rAl/3  for a given mass ratio, if the charge 

divides in the same : ratio as the 1ass;.. if varying mass ratios are taken into 

account the correlation becomes: 

W. J. Wliitehouse, Progress in Nuclear Physics, 2, 120 (1952). 

I. Halpern, Ann. Rev. Nuclear Sci.,.9j 289-291 (1959). 
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0.793 	Z 

Bk = 	1/3 + 	
(11.56) 

The double ionization chamber technique of establishing fission modes 

can be used in coincidence with other detectors to measure other properties 

of, fission. Such applications are discussed in later sections of this 

chapter. We wish also to call attention again to the neat use of the double 

ionization chamber technique by BOLLINGER to deduce the mass-yield curve 

This application is discussed in Section 11J1,.4 and a sample curve is shown 

in Fig. 11.39.  

11 6 3 

LEACHIVIAN266 introduced the time-of-flight method for determining the velocities 

(and hence 'idireetly 'he'•'energies) of the fission fragments. As is shown 

schematically in Fig 11 59, velocities were measured by the time-of-flight of 

the fission fragments through an evacuated drift tube The time origin of each 

measurement is provided by the pulse P from the fission fragment traveling the 

266. R. B. Leacbman, "Velocity of Fragments from Fission of U233 , U235 , and 

PU 
239, 

 Phys. Rev. 8, 444 (1952). 
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Fig. 11.59.  Schematic diagram 	Ill of IACAN,s266  time-of-flight 
equipment.. The time sequence illustrates that the less 
frequent pulses P1  from the fragments which travel the 
length of the drift tube initiate the oscilloscope dis-
play, the pulses P 0  from the complementary fragments are 
delayed by the maximum transit time, and the mixture of 

and P0  are in addition, delayed for proper oscilloscope 
presentation. 	• 	 • 
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1 cm distance from the fission source to the nearest anthracene scintillation 

detector. The time-of-flight of the conr1ementary fragment through the 343- cin  

drift distance determines the time of occurrence of P 1 , the pse from the 

remote detector. Fission was induced by a beam of thermal neutrons from a 

reactor. 
I

In order to dec.rease the nunibe;r of the recorded data the less frequent 

pulses P1  from the remote detectOr were used to initite the oscillocope dis-

plays of the pulses. Photographs of these sieeps were analyzed for the distri-

bution in time-of-flight The detectors and circuits used in the eperinient 

gave pulses with rise tims of 	seconds, short compared to the 0.2 to 0.5 

microsecond fJight time pt fragments through the. 3 11-3-cm drift distance. 
266 

LEACHMAN 	me-sured the velocity distribution of fragments from the 
233 	235 	. 	239 	 . . fission of. U 	, U 	, and Pu 	and compared his results with veloc'ity distri- 

.241,21+2 
butionu derived from the earlier ionization measurements 	. . . of fragment 

energy distributions. The time-Of-flight data we±'e more sat.isactory because 

of the lower dispersion introduced by this method of measurement and because of 

the ionization defect inherent In the ion-chamber technique. The time-of-flight 

technique can achieve, with reasonable fragment flight distances, energy 

dispersions perhaps half the ize of those estimated to be inherent in the 

ionization-chamber method. Furthermore, since the time-of-flight measurements 

permit the mass.ratio of the fragments to be determined from.a velocity ratio, 

rather than from an energy ratio, the dispersion in the measurement of a mass 

ratio by time-of-flight is slightly less than half the corresponding dispers Ion 

obtained by the ion chamber method. The 1imitatLon in the time-of-flight 

precision in principle lies in the effects of the fragment recoil from neutron 

emission. 	 .. 

LEACHMAN and scmvirp267 measured the velocity distribution of fission 
fragments slowed by passage through aluminum or nickel absorbers and detected 

fine structure in the velocity distribution of the fragments from U 235 . No 
fine structure was observed for unslowed fragments. Comparison of this velocity 

fine structure with the fine structure in the fission mass yield confirms the 

influence of the 82-neutron shell in the fissIOn at as distinguished from its 

267 R. B. LeacFmian and H. W. Schmitt, "Fine Structure In the Velocity 
Distributions of Slowed Fission Fragments", Phys. Rev. 96, .1366 (1951+). 
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influence in post-fission boil-off. No velocity fine structure was observed by 
233 this method in the fragments from U 	and Pu 

239  

The usefulness of the time-of-flight technique was greatly increased by 

providing for the measurement of the velocity of both fragments in a double 
268-270 drift tube apparatus 	analogous in conception to the double ionization 

chamber apparatus we have discussed previously. A schematic diagram of the 

apparatus is shown in .  Fig. 11.60. A thin sample of fissionable material 

mounted on a thin foil is pJaced in the center of the double drift tube. The 

velocities of the two fragments from a single fission event are measured by 

their time-of-flight through flight paths of 269 centimeters.. The flight time 

for the light fragment is about 180 mlllimicroseconds; the time resolution is 

about 5 millimicroseconds corresponding to a mass resolution of two to three 

mass units. Fission was induced in the fissile material by a beam of thermal 

neutrons. The apparatus may also be used .for a spontaneously-fissioning sample. 

One difficulty in this type of experiment is setting the initial time of fission 	- 5 

since neither fragment is available to trigger the recording sequence. This 

problem is solved by utilization of the large numbei' of electrons (about 50 to 

100) ripped out .of the thin backing foil when one of the fragments passes through 

it on its way down the drift tube. These electrons are accelerated to a high 

potential and electrostatically focused on a p1asic phosphor mounted on a 

photomultiplier tube. This ray electron detection system: 71  prQduces a pulse 

P0  which signals the beginning of the fission event with a time resolution of 	/ 

5 x10 	seconds. The fission fragments are detected in scintillation.crystals 

of 2-inch diameter and 8-inch diameter, respectively, mounted on photomultiplie:' 	- 

tubes;  at the opposite ends of the drift tubes. The larger diameter detector 	
. S 

corrects for non-collinearity introduced by neutron emission and by fragment 	S 

scattering in the source, The time sequence of detector pulses is displayed in 

the schematic diagram. 	 . 

268 W E. Stein, Phys 	Rev. 108, 94 (1957) 
269.. W. E. Stein and S. L. Whetstone, Jr., Phys. Rev. 110, 	1176 (1958). 

 J. C. D. Milton and J. S. Fraser, Phys, Rev. 111, 877. (1958); also published 
as Paper P/199, Proceedings of the Second United Nations Conference on the 
Peaceful Uses of - Atomic Energy, Genera, 1958.. 

 W. E. Stein and B. B. Leachman, Rev. Sd. 	Instr. 27, 1049 (1956). 
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Fig. 11.60. Schematic diagram of STEIN,s263  time-of-flight 
apparatus. Pulses were amplified by Hewlett-Packard 
460A and 460B amplifiers and delayed by appropriate 
lengths of RG7/LJ cable. The franent time-of-flight 
is the time between the occurrence of P 0  and P1  and that 
of the complementary.fragment is the time between the 
occurrence of P0  and P2 . The P1  pulses were used to 
initiate the oscilloscope displays of the pulses. 
Photographs of these sweeps were analyzed for the times 
between pulses. The time scale was provided at fre-
ciuent intervals by photographs of a 50-Nc/sec signal 
from a crystal-controlled oscillator. 



-228- 	 UCRL-9036 Rev. 

Some of STEIN ,s268 data on the slow neutron fission of U233 , U235and 

PU 
239 

 are shown in Fig. 11.54 and Table 11.20 which appear in Section 11.6.1. 

In his paper STEIN presents contour plots of his data, from which more 

detailed correlations and deductions of fission properties can be made. 

MILTON and FRASER'iepeated the experiments of STEIN on U233 , U235  

and 239 with improved resolution'which was achieved by use of higher fluxes 

and improved experimental technique. Of 'the improvements in technique one 

feature is worth special mention. In STEIN'S apparatus (Fig. 11.60) the 

fragment detectors consisted of scintillator crystals mounted on the faces of 

photomultiplier tubes, while the t 0  signal came from the s-ray electron 

detection system described above. MILTON and FRASER218 replaced the fragment 

scintillation detectors with secondary electron detectors similar :irl principle 

to the t0  ,indicator.... This detector is illustrated in Figure 11.61., The 

fission fragment traveled down the drift. 'tube and near its end struck a thin 

plastic foil Li..inches in diameter. This foil was held at -15 kv electrical 

potential. The secondary electrons ejected from this foil were focussed by 

a simple electrostatic lens system onto. 'a small area in the center of a 

plastic phosphor, mounted on a photomult'iplier tube., This phosphor was 

masked from the diect fragment beam. This detection system resulted in 

considerably better time resolution and cleaner discrimination from background 

radiation. 

A typicàl single fragment time-of-flight, spectrum is shown in figure 

11.62. This represents the data coming from one half of the apparatus without 

reference to the other half. Figure 11.63 represents a mass-yield curve 

which was computed from the measurements 'on pairs of fragments velocities by 

application of the law of conservation of momentum. This mass-yield curve 

applies to the fragments before neutron emission. The radiochemical and mass-

spectrometric mass-yield curve is shown in the form of crosses on the same 

figure. As one would expect the radiocheinical curve is displaced to lower 

mass values because of the emission of neutrons from the fragments. In 

additioi,' however; :there: are''.'striking .differencs,. .in the fine, structure effects 

in the two curves for which there is no'::'clear explanation. Merely from the 

fact that there is a strong preference for certain masses in the prompt mass-

yield curve one concludes that there is preference in the mass split due to 

something basic to the splitting process. In addition there must be shell-

influenced factors involved in the post. -fission process of neutron emission. 
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Fig 11.62. Milton an Fraser's data2l8  on the velocity distribution of 
fragments from neutron induced fission of U 3 , U23 , and. Pu239 . 
These data represent measurernents;takenona single fragment. 
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Certain average quantities are summarized in Table 11.23, while 

Figure 11. 6Li shows the single franent kinetic energy distribution. 

The figures shom up to this point deal with average distributions 

and do not display all the detailed information which the coincident measure-
ment of velocities provides. This information is presented most compactly 
in the form of contour plots or two-dimensional probability distributions, 

P (vL, vH). Such distributions can be displayed directly in terms of the 
experimental ojantities, VL  and  VE, or in terms of any pair of quantities 

calculated from them. For many purposes the most useful pair of variables 

is the fraguent mass, either ML  or  MH,  and the total kinetic energy EK.  We 

display the results in the form of such P (ML, ET) contour plots in 

Figure 11.65. 
The wiggles appearing in these plots are statistically significant 

and indicate fine structure in the energy release;.. The structure is related 

to fine structure in the prompt.niass-yield curve. It ismost obvious at 

high total kinetic energies where the excitation energy is least. In fact 

the fine structure seems to be mainly determined by the inhibition of fission 

owing to limitations on the amount of available energy. This idea can be 

tested by calculations.based on modern mass equations. 270  The total energy 

release so calculated as a function of mass split into even-even products 

has fine structure• in it rather similar to the fine structure in the experi-

mental kinetic energy for the highest energy contours. 

MILTON and FRASER 8  suggest that when fission occurs at low total 
excitation energy there is a preferential selection of the even-even set of 
fission fraguents and that thi 

I 

s is responsible for the fine structure. (See 

also the conmiants of VA1'DENBOSCH and THOMAS. 272) 

It is possible to display the fine structure in the kinetic energy 

spectra in a more dramatic way. To do this we quote from a paper of GIPSON, 

THOMAS, and MILLER273  who used p-n junction semiconductor particle detectors 
to make simultaneous measurements of fission fragment energies in the thermal 
fission of U235 . Figure 11.66 shows the very pronounced structure observed 
when the light fragment energy was held to a .  fixed value and the kinetic 

energy of the coincident heavy fragments was displayed. When the light 

fragment energy was less than 100 Me there was no fine structure, while at 

the highest total kinetic energy, corresponding to final fragments formed at 

low excitation energy, the structure is very pronounced. 

R. Vandenbosch and T. D. Thomas, Bull. Am. Phys. Soc. '(, 37 (1961). 

W. M. Gibson, T. D. Thomas, and G. L. Miller, Phys. Rev. Letters 7, 

65(1961). 
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Table 11.23 

Avé:a 	Quantities i 	the Slow Neutron Induced Fission of U233 , U235  and Pu239  

(MILTON and FRAS,. Can. J. Physics, 1962) 

u235'  

Tota1 167.6 ± 1.7 168. 3 ± 1.7 :175. 0  .± 1.7 

Total 11.2 12.2 

Heavy 	. 67.7 ± 0.7 63. 	± 0.7 73.2 ± O7 

°EH 7.3 7.5 8.2 

ELit 
99.9 ± 1.0 99.8 ± 1.0 101.8 ± 1.0 

°EL 6.2 .6.0 6.4 

VLiht (cth/ec) 1.22 	 .. 1J09 1.392 

1T 	Light (cm/nsec) .068 .062 .068 

Heavy  (cm/nsec) .963 0.966 1.001 

Heavy (cm/nsec) .070 .071 .076  

MLiht 91.57 96.08 1O0. 1 7 

eavy 139.3 139.92 139.53 

C'm .5.85 5.77 6.36 
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At this pointwe should like to referback to.Figure'lI.63.and to 

discuss the,upper portion of that figure wher,ein the ..verage total kinetic 

energy is plotted, as a function of mass. Te statistical error on 'MILTON and 

FRASER.T S data for the rare events near smietric mass division: was sifficieiItly 

low to establish beyond question the reality of the pronounced dip. in ktnetic 

energy release for near-symmetric fission. Analogous results were observed in 

the fission of U233  and.pü239 .  

The queation nowarisés whether this dip in kinetic energy can 'be.' cor-

related in some way with the masses." of the fision products computed from a 

modern mass equation. As a..first 'approach to such. a' correlation MILTON 'and 
24 FRASER computed from CARONS mass formula 7' the maxiiñufli possible energy 

release for a given mass and assumed-that this was also the average energy 

release., Before this computed ave rage enegy' release, can be. compared with 

the experimental total fraguent energy,' 'it must be corrected for the energy' 

removed in the" form of gamma 'radiat, ion and kinetic plus binding :energy of the 

	

neutrons.. The.general equation covering this correction is 	. . 

EK 	= ETOT - v (EBfl + E) - E 	(11 51)kr~ 

where EB 'is the neutron binding energy,  

is the neutron kinetic energy, and kn 

is the y -ray, energy  

Ekn and E do not vary strongly with mass number and suitable values 

such as 1.2 Mev and 7.5 Mev can be substituted for them. The trickiest 
decision concerns the choice of )-variation with fraguent mass. Experimental 

and, empirical analyses of V-variation are discussed, in Section 11.7.3. It 

is well established that there, is a strong variation of V,with fraguent mass 

and MILTON and FRASER concluded from an.analysis by TERRELL 2T5  (see for 

example Figure 11.90 below) ,that 
' depends more upon the fraguent mass than 

upon the nucleus undergoing fission, i.e.,, that ..-vaiation with..mass may be 

274 A. G. W. Cameron, Can J. Phys 35, 1021  (1957) 
275. J. Terrell, tt Neutron Yields from'Individual Fission.Fraguents, to be 

submitted to Phys. Rev., 1962. 	.
' ' 
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read from a universal curve applicable to all fissioning nuclei.: This as-

sumption was then used to evaluate E 	from the above'foinula at' each mass 
233 23 	Kin2 split forfission of U 	,TJ '.., and pu 39  andforspontanous 'fission of' 

252 
The results are shown in Figure 11.67.' The agreement between the 

experiruental and theoretical points is unexpectedly good. This'. agreement 

does not prove the validity of the assumptions; but if the analysis is cor-

rect, we can summarize the explanation of the dip in total fragment energy 

fox symmetric.fission by stating that because of shell effects symmetric 

fission of U233 , U235 , and pu239  produces fragments with a large excess of 

excitat ion: energy whichresults in the emission of a large nuniberof neutrons. 

MILTON and FRASER tried a second approach to an'explanation of the 

central dip in the kinetic energy curve ofFigure 11.63. Inthis calculation, 

theyabandoned the assumption that.excitation'energy was a function of 

fragment mass and on the contrary assumed it to be equal to the measured 

average excitation energy:(23 Mev in the case of u235 ) for all fragments. The 
decrease in kinetic energy is then attributed to a decrease in total energy 

release caused by an unfavorable charge splitting. The total energy release 

was calculated from a modern: mass equation (namely CA1vRONS) for a variety 

of charge divisions until the most probable chargeZp required to give the 

observed kinetic energy was found. MILTON and FRASER plotted a curve of the 

resultant Zp values as a function of mass number and found it in agreement 

with WAHL'S empirical Zp curve based on radiochemical data. WAEL'S curve 

is presented above in Figure 11.47. The trend of the Zp curve indicates that 

at ho time does the heavy fragment reduce its charge below the proton closed 

shell of 50: 

- 	Firther research is required before a clear choice can be made between 

alternate explañtions of the kinetic energy dip. Such research must reveal 

more definitely the charge and excitation energy coitent of fragments in rare 

modes of fissIon. 

To complete the discussion of MILTON and FRASER t S fraent velocity 

sdiês, we"include igure 11.68 which shows average velocities and average 

energies as a function of mass. Such curves are important for the measure-

ment of certain properties as a function of mass, such as the radiochemical 

meaurenient of' the range of specific fragments in various materials, dis- 

cussed in the following pages. 	 " 	" 
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Velocity measurements have also been made2 
9,270 

 on the fragments 

emitted in the spontaneous fission of Cf 252 . The time-of-flight detection 

equipment has been used in connection with neutron2  and ganima-ray detectors 70  

to measure neutron multiplicity and ga2mua-ray spectra coincident with specific 

modes of fission characterized by total kinetic energy and mass ratio of the 

fragments. These measurements are sunlnRrized later in this chapter. We 

• 

	

	 present here Figures 11.69 and 11.70 which show, respectively, the single 

fragment time-of-flight spectrum of Cf 
252

and the prompt mass-yield curve for 
252 

Cf 	deduced from the simultaneous measurements of the velocities of both 

• 	 fragments and from conservation of momentum. The results are compared with 

NERVIK'S radiochemical data. 

1-1.6.4 	 £FisionFrant 	s: The calculation of the 

interaction of fission fragments with matter is a :fhctm.lt undertaking as can 

be seen by considering the  process inoonly noderate detail. At the time of 

• 	scission the fr.gments are ac.celerted to quit.e h 	velocities. These frag 

ments are highly charged due to serious disruption of the uranium electron 

cloud during the fission process. As early as 1940 PERFILOV276  measured the 

deflection of fission fragments expelled from thin  layers of U08  and reported
277  a net charge of about 20. The later measurements of COHEN and coworkers 

97 show that the. iost probable electronic charge of a Zr fragment is 21 units. 

Due to this charge the fragments ionize and excite atoms which are at some 

distance from the fragment path and thereby lose energy. Some of these electrons 

are captured by the fragment and the net charge of the fragment is gradually 

reduced. Occasionally thav are direct collisions with atoms resulting in a 

complicated rearrangement of the electronic system of the fragment and the 

struck atom. These nuclear encounters in which kinet±c energy is imparted to 

the stopping atom as a whole play an important part at the end of the range. 

As the fragment slows down at the end of the range its average net charge will 

tend to decrease and eventually reach zero, when only close collisions will be 

of any importance in reducing the fragment energy to the thermal equilibriuin 
value. 

N. A. Perfilov., Compt. rend. Acäd. Sd. USSR 28, 5 (194O). 

B. L. Cohen, A. F. Cohen, and C. D. Coley, Phys. Rev. 104, 1046 (1956). 
* The subject matter of this sectionwas reviewed by G. N. Walton, "Fission 

Recoil and Its Effects", Prog. Nuclear Phys. 6, 193-232 (1957). 
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This slowing don process would be very difficult to calculate for a 

single fragment species with a well defined initial energy and charge. This 

calculation is all the more difficult for the fission fragments which consist 

of a wide variety of products. Even when a single species is considered there 

is an appreciable dispersion in energy and net charge. C0HFN, COEEN, and COLBY 277  

used magnetic analysis to study the charge and energy distribution of Zr 97  

fragments ejected from a thin film of uranium and found a width of llJi- percent 

for the energy distribution corrected for broadening due to prompt neutron 

emission. STEIN268 found the somewhat lower value of 8.1 percent from an 

analysis of the velocity distribution of fragments of mass.97;  MT0N and 

FRASER21B from similar neasurements round a value of 12.2%. From COHENIS 2T7  

work the most probable charge for Zr97  fragments was 21 but large percentages 

of charge-states 20, 22, and others were present. 

There are important qualitative differences between the energy loss of 

fission fragments and alpha particles along their range. Due to the slower 

velocities and continual decrease in net charge of fission fragments the 

ionization sharply decreases along the range in contrast to the case of alpha 

particles or protons which exhibit an increasing ionization with decreasing 

velocity. At the very end of the range of fission fragments the energy loss 

due to nuclear collision increases. In alpha tracks observed in cloud chambers 

nuclear branching due to nuclear collisions is rare, occurring only once in 

several thousand tracks. Nuclear scattering is prominent in fission fragment 

tracks and sometimes occurs repeatedly in a single track. 

Theoreticaltreatments of the energy loss of fission fragments have 

been made278281 by several authors with reasonably good success as far as the 

N. Bohr, Phys. Rev. 58, 654 (190); 59, 270  (191);  Kgl. Danske. 

Videnskab. Selskab, Mat.-fys. Medd. 18, 8 (1948). 

W. E. Lamb, Jr., Phys. Rev. 58, 696 (1940). 

J. Knipp and E. Teller, Phys. Rev. 59, 659 (1941);  see also Brunings, 

Knipp and Teller, Phys. Rev. 60, 657 (1941). 

See general review of Bethe and Aslikin and Vol. 1 of "Experimental 

Nuclear Physics", edited by E. Segre, John Wiley and Sons, Inc., 

New York, 1953. 
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general features go. It is beyond lhe scop.e. of our review to discuss these 

theories aht we limIt ourselves to a few comments about the results due to 
278. 

BOHR; 

• 	 According to BOHR'S development the total energy loss per centimeter is 

expressed as: 

2 ser 

	

3 M 	-V a 
1 dE 	IiTe / eff 	l.lc3 my 	)-l7ce 	2 2 	1M 	l 

= 2 	l 	Z2bog 2 eff 
-F --- Z1  Z2  log L+M 	2 

my 	 we Z 	Mv 	
Iv i 
	ZZ2 e 

The terms in this expression have these meanings: 

N is number of atoms of the stopping medium per cubic centimeter. 

Ml and M2  are the masses of the fragment and of the absorber.  * 

Z1  and Z are the charges of the fragment and of the absorber. 

e is the electronic charge and m is the electronic mass 

v is the fragment velocity 

is the effective charge of the fragment; at the beginning of the 
range this quantity is about 20. 

a' i8 an impact parameter which tells at what distance the energy loss 
12 in nuclear collisions is effectively zero owing to the screening 

of the charges of the nuclei by atomic electrons. 

w = I/-s is an average oscillation frequency of the electrons in the atom. 

The first term -expresses th energy loss attributable to electronic excitation 

of the absorber atoms while the second describes the transfer of energy by 

nuclear collisions. At the beginning of the range,where Z 	 is about 20, the 
eff 

electronic term is dominant but toward the end of the rang when 	drops 

toward 2,the fractional contribution of the nuclear term rises rapidly and 

becomes more important. When protons or alpha partices are stopped in matter 

the nuclear scattering never becomes important because of the low value of Z1 . 

The greater importance of nuclear scattering in the total range of heavy frag-

ments has the important consequence that the range will show an appreciable 

• 	straggling. The dissipation of an appreciable fraction of the total kinetic 

cneigy by nuclear scattering also accounts for the ionization defect whLch is 

discussed in Section 11.6.1. In stopping gaes such as ardn, commonlr used 

in ionization chambers, several Mev of kiiietic energy may be lostin the motion 

of recoiling atoms which do not lose electrons but remain neutral. 
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A critical step in the application of the Bohr relation is the evalua- 
eff 

tion of Z1  . As the fragment passes through matter it continuously gains and 

loses electrons and it is very difficult to calculate the equilibrium charge at 

every value of the kinetic energy. BOHR assumed as a first approximation that 

the fragment loses all of its electrons whose orbital velocity is smaller than 

the velocity of the fragment itself. This assumption has been commonly used in 

evaluating this and related equations. More recently FULMER and C0HRN282  have 

measured the equilibrium charges of fission fragments of a variety of fragment 

masses and velocities by magnetic analysis of fission fragments slowed by gases 

at various pressures. Their results indicate that BOHR'S assumption is only a 
283,28)4 

rough approximation. An earlier study by LASSEN 	also gathered data on 

the variation of equilibrium charge with gas pressure. 

We turn now to a discussion of experimental data on the stopping of 

fission fragments. In the first years after the discovery of fissLor., a number 

of authors 2 	studied the mean ranges of the two main groups of fission products. 

Ranges were measured in air, in various gases, in plastic films, aluminum and 

various other materials. These studies indicated a maximum range of about 2.0 

cm air equivalent for the heavy group and 2.5 cm for the light group. 

From studies carried out by the cloud chamber technique, BØGGILD and 

co_workers86287 determined the mean ranges of the fragments in the gases listed 

in Table 11.24. 

LASSEN 
288 studied the ionization produced in an ionization chamber by 

fission fragments after passage thrOugh various amounts of the chamber gas and 

thus obtained a differential ionization curve along the range. Measurements 
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C. B. Fulmer and B. L. Cohen, Phys. Rev. 109, 9)4(1958). 

N. 0. Lassen, Phys. Rev. 69, 137 (1946). 

N. 0. Lassen, Kgl. Danske. Videnskab. Selskab. Mat-fys. Medd. 26, No. 12 
(1951), see also Vol. 30, No. 8 (1955). 

See for example the references and discus 	 4 .spp.givenn.Ref. 353 below and 
the review article bf L. A. Turner, Rev. Modern Phys. 12, 23 (1940). 

BØggild, Arroe, and Sigurgeirsson, Phys Rev, 71, 281 (1947) 

Bggild, Minnhagen and Nielsen, Phys Rev 76, 988 (1949) 

N' 0. Lassen, Dan. Matt. Fys. Medd. 25,  No. 11 (1949). 
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Table ll;2 

Mean Range of Fission Fragments of U 5  

Air 	Hydrogen 	Helium Argon Xenon 
- (mm) 	( mm) . 	 (mm) 

( 
mm) (mm) 

Light fragment 25J4 	21.1 28 23.9 .23 

Heavy fragment 19.5 	17.7 23 	.. 19..k .18 

(Total range) 4.9 	38.8 51 43.3 

Values for air taken from 4ggi1d, Minnhagen and Nielsen, Phys. Rev. 76, 988 
. 	 ,. . 	 . 	 . 	 . 

Other values taken from B$ggild, Arre, and Sigurgersson, Phys. Rev. 	., 	281 

(1947). 	. 	. . 	 . . 	 . . 	 . . 
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were made in argon, xenon, hydrogen, deuterium and helium. Such measurements 

show clearly the predicted rapid drop in specific ionization during the first 

part of the range where electronic interactions are dominant. By combining 

his results with experimental range values of others and by use of that part 

of BOHRts stopping formula which should describe the nuclear collision part of 

the energy loss expression, LASSEN constructed- curves such as that shown in 

Fig. 11.71 showing energy loss along the entIre range. The ionization defect 

effect was not found. until later and a proper correction of the data would 

change LASSEN'S curves somewhat, as FULMER
289  has pointed out. 

289  measured the energy of fission fragments after passage through 

various thicknesses ofabsorbers. The energy measurement was made with a CsI 

scintillation, detector whose pulse height-versus-energy'cUrve was well cali-

brated.by reeence to the data of LEACIAN and SC}ITT. 290  These latter 

authors used the very accurate timeof-f1ight technique (Section 11.6) to 

measure the velocity distributions of fission fragments of U 25 23 , U 	and Pu 29  

which had passed through a thin metallic absorber. Three absorber thicknesses 

of a1unainum.,. two of nickel..,. one of igold and one of platinum were used.. 
289 	 i 

255 
FULMFR 	separated fi ssion fragments of U 	nto light and heavy groups by 

means of a magnetic fission fragment spectrometer placed close to a research 

reactor. These selected fragments were reduced in energy by passage through 

gaseous or metallic stopping materials and then allowed to impinge on a CsI 

scintillation crystal. The data are summarized in Figs. 11.7 2  and 11.7. 

These figures shOw the energy of median-mass light and heavy fragments as a. 

function of the thickness of absorbers through which they have passed. The 

intercepts of these curves on the zero energy axis are based on the radiochemical 

range measuremèhts of SUZOR 291  and of KATCOFF, MIS}L and STAIY292  cited 

below. 

In a related series of measurements FULMER and COHEN282  used their high 

resolution magnetic spectrometer to measure the equilibrium charges of U 25  

fission fragments as a function of velocity after passage through an absorber 

gas. The results are summarized in Figs. 11.74  and 11.75. 

C. B. Pulmer, Phys'. Rev. 108, 11l.(l957). 

•R. B. Leacbman and H. W. Schmitt, Phys. Rev. 96, 1366 (1954). 

F. Suzor, Ann.. de Phys. 4,269 (1949). 

S. Katcoff, J. A. Miskel and C. W. Stanley, Phys. Rev. 74, 631 (1948). 
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Fig. 11.71. Energy loss curve for fission franents stopping 
in hydrogen and deuterium. Curves were constmcted by LASSEN 288  
from his experimental measurements and the N. BOHR energy loss 
formula.278 The open circles are the experimental values found 
in H2  (after normalization) and the full circles are the corres-
ponding values in D2 . Data uncorrected for ionization defect; 
see reference 289. 



-250- 	 JC1L-9036-Rev. 

ltAJ 

80 

.60 

>- 

w 
40 Uj- 

20 

C) 

VENEEMENEENE  
~ IN 0 HYDR6GENJ- 

HELIUM 
- 

111 
NE 

ALUMINUM 

GOLD 

IL. u_rn. :I1 U_ 

289 
Fig. 11.72. FULMER .S 	curves showing energy of median-mass 

light fission fragments of u235 (magneicany selected) 
as a function of range in various materials. The residual 
energy after traversing the absorter was measured by a CsI 
(Ti) scintiflator. 



Rt 
> a) 

>- 
40 it 

Lii 

Lii 

20 

0 MEN NONE 
HYDROGEN 

~ VIL, 	AIR 
ALUMINUM ARGON 

 NICKEL 11W? ,r 	 I, 

No IN, MEN 
ME NNEMOM  so 

2 	4 	6 
	

8 	10 

RANGE (mg/cm 2 ) 

MU- 18843 

-251- 	 UCRL-9036-Rev. 

Fig. 11.73. FIJLMER S 
289

curves showing energy of median-mass 
heavy fission fragments of u235 (magnetically selected) as 
a function of range in various materials. The ordinate 
shows the residual energy of the fragment after traversal 
of the absorber. 
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MU- 18841 

Fig. 11.7 11. Equilibrium charges of median-mass light and 
heavy fission fragments as functions of velocitX  in 
various gases as measured by FULMER and COHEN.262 
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Fig. 11.75. Eui1ijrimn charges of unslowed fission fragments 
as functions of atomic number of stoing gas. Solid 
lines are data of FULMER and COHEN; 2° broken lines are 
data of LASSEN. 288  Figure by FULI'kIER and COHEN.282 
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Radiochemical studies of the range of specific fission.fragments have 

been carried out. In one type of experiment the fragments are allowed to 

penetrate a stack of thin foils which are dissolved separately and analyzed 

radiochemically for •specific fission products. FINKLE, HOAGLAND, KATCOFF, and 

SUGARMAN293  studied the ranges in aluminum of light fission products from the 

slow-neutron induced fission of U235 . SUZOR291  studied the ranges of Te 132 , 

Mo 99', and Zr 97  from U235  fission in several foil mter1als. He studied the 

effect of slow neutrons and fast, neutrons. Some of his results for aluminum 

are given in Table 11.25. SUZOR made a very careful determination of the shape 

of the range curve and gave a good' description of the factors - influencing range 

straggling. He also studied the 'stopping power' of several materials relative 

to aluminum. ALEXANDER and GALL LAGHER29  measured several ranges in aluminum 

and compared them with the'results' of previous studies. , When plotted on one 

curve the data shown in Table 11.25 form a smooth curve provided the numbers of 

FIN1LE, HOAGLAND, KATCOFF and.SUGARMAN 293  are multiplied by the factor 1.081k 

A more detailed radiochemical study of fission fragment ranges was made 

by KATCOFF, MISKEtJ, and STANLEY29'2  who studied the ranges of twenty individual 

nuclides with mass numbers-between 83 and 157 formed in the slow neutron fission 

of 
239  Collimated fission fragments passing through air at 120 or 10 mm 

pressure were deposlte'd' after being stopped by the air on a series of 111 

extremely thin Zapon lacquer films. These foils were analyzed radiochemically 

for individual fission products. The corrected activities were plotted against 

distance traversed yielding differential range curves whose widths at half 

maximum were 11.7 ± 1.3 percent. (See Fig. 11.7 6 ). This range straggling can 

be attributed to a distribution in the initial energy of the fragments, to an 

experimental dispersion caused by the analytical method, and to true range 

straggling attributable mainly to the nuclear collision part of the stopping 

B. Finkle, E. J. Hoagland, S. Katcoff, and N. Sugarman, Papers 45 and 46, 
"Ranges of Fission-Recoil Fragments of Known Mass Numbers" in "Radio-
chemical Studies - The Fission Products", Div. IV, Vol. 9, McGraw-Hill 
Book Co., Inc., New York, 1951. 

J. Alexander and M. F. Gallagher, Phys. Rev. 120, No. 3, 871886 (1960). 
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Table 11.25 

- 	 Ranges of Specific Fission Products in Aluminum. U235±slow neutrons. 

Extrapolated 
Fission range 2  
product (mg/cm ) Uranium target 	 Author 

Zr97  4.20 U on Ni backing 

. 27 U on Cu backing 

Te132 	. 3.62 U on Ni backing Suzor 1  

3.55 U on Cu backing 

M099  .27 U on Cu backing  

sr8  

Sr91  

Ag 111 

Cd115  

1131 

1140 
Ba 

r89 

Zr95  

Ru103  

Te129  

1131  

Ba 
1140 

Ce 1141 

Ce 11414 
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Fig. 11.76. Differential range curves for typical fission 
products as determined by KATCOFF, MISL and STANLEY. 292  
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process. The major part of the observed straggling is caused by the first 

of these factors. 

The activities found beyond each distance were plotted against 

distance yielding integral range curves from which mean and extrapolated 

ranges could be derived. These ranges are tabulated in Table 11.26 and 

presented graphically in Fig. 11.77. The most striking feature of this 

fire is the dip in the center which suggests that the division of the 

nucleus into two equal franents minimizes the kinetic energy release. 

Similar dips are seen in the ionization chamber measurements of kinetic 

energy and time-of-'flight measurement of the. velocities of the franents as 

can be seen in Figs. 11.52  and 11.61, respectively; however, the mass re-

solution of these other methods is somewhat poorer so that the dip and the 

interpretation are less definite. 

PETRZHAK and co-workers measured ranges of u238  (ref. 295) and U233  

(ref. 296) fission franents in several gases by an experimental technique 

closely resembling that of KATCOFF, MISIL and STAILEY.
292  Their results 

233 for U 	franents are summarized in the Table 11.27. 

NIDAY297  has remeasured ranges of about. 20 selected fission products 
235 	 t 	235 of U 	by an integral range technique. A foil of U 	was irradiated 

with slow neutrons and those fission products which escaped:fr.om:the uraxxium 

were caught man aluminum catcher foil. The thickness of both the uranium 

and the aluminum foil was greater than the range of the fra.ents so that 

only those fraients fomned in a thin surface layer of the target foil 

escaped into the catcher. Qualitative radiochemical analyses were made of 

specific ±raients in both foils. From the relative amounts of specific 

franents in both foils, and from the thickness of the uranium foil it was 

possible to compute the range of the product in uranium metal. NIDAY'S 

results are given in Table 11.28 and Fig. 11.78.  The shape of the curve is 

very similar to that of Fig. 11.77.  One interesting result, which does not 

K. S. Petrzhak, E. C. Nikol'skaya, Yu. G. Petrov and E. A. Shlyamin 

Radiokhimiya 1, 227 (1959). 

K. S. Petrzhak, Yu. G. Petrov and E. A. Shlyamin, Soy. Phys. JETP II 

No. 6, 12241 (1960). 

J. Niday, Phys. Rev. 121, l47l (19 61). 
t Foils of normal ujanium andofuranium enriched in U 235  were used. 
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Table 11.26 

Extrapolated and mean ranges of plutonium fission fragments in normal air, 
and the straggling as indicated by the widths at 1ialf-height of 

the differential range curves. KATCOFF, MISKEI and STA1LEP' - 

Normalized 
extrapolated Normalized Average width a b 

Mass range mean range half-maximum 
nunther Isotope (cm) (cm) (percent) 

83 2.4-hr. Br 2.895 2.63 13.4 ± 1.5 

91 9.7-hr. Sr 2.738 2.55 ll. 4 ± 0.7 

92 3.5-hr. Y 2.717 2.55 10.5 ± 	(0.6) 
: 	10-hr. Y 2 .697 2.53 10.1 ± 0.7 

(94) 20-mm, Y 2.687 2.52 10.5 ± 0.7 

97 17-br Zr 	. 2.661 	. 2.50 10.7 ± 1.1 

99 67-hr. Mo 2.635 2,48 10.8 ± 0.5 
105 36.5 -hr. Rh 2.587 2.12 11.1 ± 0.6 

109 13.4-hr, Pd 2.508 2.36 10.7 ± 0.9 

112 21-br. Pd 2.116 2.24 	. 13.4 ± 	(0.2) 

117 1.95-br. In 2,246 2.08 10.1 ± 1.7 

127 93-hr. Sb 2.248 2.09 11.9 ± 	1.3) 

129 4.2-hr. Sb 2.243 2.09 12.5 ± 0.5 

132 77-hr, Te 2.198. 2.05 11.5 ± 0.6 

133 60-mm. Te 2.180 2.04 11.8 ± 0.8 

(1314) 43-mm. Te 2,180 2.04 11.4 ± 1.3 
110 128-da' Ba 2.080 1.92 12.6 ± 1.3 

113 	. 33-hr. Ce 2.040. 	. 1.89 11.8 ± 0.6 

149 47-br. 61 1 .977 1.82 13.1 ± 1.2 

(157) 15.4-hr. Eu 1.949 1.79 15.1 ± 1.3 
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Table 11.28 

Integral ranges of fission products of U 235  measured in uranium metal 
- 	

- J. Niday, 	97 .  

Rang e Standard 
Mass Number of deviation 

Element number,  determinations rng/cni Cr 

As 71 1 12.9 0.2 

Eb 86 1 10.5 0.1 

Sr 89 	. 6. 	. 11.55 0.05 

Sr 90 	. 1 11.9 0.3 

Sr, Y 91 3 11.5+ 0.07 

Y 93 1 .. 	11.35 0.08. 

Zr 
. 	 95 2 11.36 0.O 

Zr 
. 	 97 .2 	. 11.36 0.03 

Mo 	. 99 7 	.; 	. . 	. 	11.17 0.06 

Ru  103 	. 2 	. r11..?8 0.08 

Ru 106 . 2 10.94 0.10 

Pd 109 	. 2 10.14 0.1 

Ag 111 	.. 2 9.74 0.1 

Pd 112 2 	. 9.61 0.05 

Cd 115 3 . 	 9.52 0.09 

Sn 125 3 9.14 0.09 

Sb, Te 127 	. 3 	. 9.58 0.06 

Te 129m . 	 . 	2 9.75 0.03 

Te 132 3 9.63 0.03 

Cs 	. 136 2 	. . 	 8.36 006 

Cs 137 2 . 	 .,i8 0.06 

Ba . 	 140 . 	 4 8.7'4 005 	. 	. 

Ce 141 3 8.55 : 	 0.06 

Ce 143 	.. . 	 4 	. 8.42 0.04 

Ce 144 .  2 8.37 0.11 

Nd 147 .  1 . 	 8.07 . 	 0.05 

Sm 153 	. 1 743 . 	. 	0.07 

Eu 	. 156 	. 1 	. 7.1 . 	 0.1 
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have an obvious explanation, is the low values of the ranges f Or c136  and 

Rb86 , both of which are Itshieldedu  nuclides. Thefr ranges fall about 10 

percent below the curve. 
136 The abnormally low range for Cs . 	 was confirmed by BR0N and 0LIVER 8  

who rechecked the ranges of Cs 136 
 , Cs137 	

1L10 
, and Ba 	in aluminum by use of an 

ingenious anodizing technique to strip thin layers from a thick aluminum 

foil. The mean ranges measured in.their experiments were 2.64, 2.91, and 2.82 

mg/cm2  for Cs136, Cs137, and 	respectively. The percentage full-widths- 

at-half-height of the Gaussian-shaped range distributions were 17.7,  17.0, 

and 17.5  respectively. By application of a rangeenergy relationship the 

authors computed a kinetic energy deficit of 21 Mev for fission events 
136  leading to Cs 	compared to a normal total of kinetic energy for fission 

events leading to mass136 in the heavy fragment. 

The authors compute that this deficit can be accounted for by two 

considerations: 

Cs136  is neutron deficient (for a fission product) and hence is 

associated with events which involve greater than average neutron.emission 

which implies greater than average internal excitation and hence less kinetic 

energy. 

The charge division required to produce the shielded nuclide 

C 13  s 	is much different from the most probable charge distributions; hence 

there will be a smaller total energy release. 

ALEXANDER and GALLAGHER2  carried through a series' of experiments in 

which the penetration of selected fission products through a stack of thin 

collector.foils of aluminum and gold was measured radiochemically. The data 

were used to derive average range and relative rates of energy loss in the 

two materials. In addition, by combining these radiochernical data with the 

velocity data of LEACI]MAN and SCHMITT 9  on fission fragments which had 

penetrated variotis thicknesses of absorber ALEXANDER and GALAGIR2 were 

able to construct curves showing range-versus-velocity and range-versus-energy 

for fission fragments of median-light mass and median-heavy mass-1 This is an 

important p.per for those who use range measurements on fission fragments or 

F. Brom and B. H. Oliver, Can J. Chem. 38, 616 (1960). 

H. B. Leacbman and H. W. Schmitt, Phys. Rev. 96,1366 (1954). 
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other heavy energetic charged ions as a way to determine the energy of such 

ions. The curves derived by these authors are appreciably different from 

those of FULMER289 given in Figs. 11.72  and 11.73. 	30O also contributed 

•a general review-of recoil measurements. 	 - 	 - - 

- 	 - 	
- 

 

11.6.5 Calorimetric Measurement of the Energy ReleaSed in Fission. 

In 194O HENDERSON 
31

made a calorimetric measurement of the energy released 

in a 13 gram sample of metallic natural uranium when the sample was irradiated 

with m.oderated neutrons from a beryllium target bombarded with protons. He 

obtained a value of 177 Mev + 1 percent per fissioning nucleus. 

- In 1955  LEACHJ'IAN and SCHAFER 302  were able to repeat the measurement 

under considerably more favorable conditions and obtained a value of 167.1 + 

1.6 Mev. LEACHMAN and SCHAFER 302  used a differential type calorimeter - 

employing a null indicator for heat rneaureinent. To determine both the heat 

produced by the fissions and the number of fissions producing the heat a 

combination of a calorimeter and a fission pulse counter was used. The 

number of thermal neutrons passing through the sample was determined by small 

U235  moiitor foils placed in front of and in back of the calorimeter. The 

amount of heat released in a 220 mg sample of U235  (93 percent isotopic 

purity) was determined by the amount of electrical energy required to heat 

the sample to the same temperature. The uncorrected result indicated 170.1 

Mev + 1.0 Mev per fission. The possible contribution of beta-particles, 

gamma-rays, and neutrons to the observed heat release had to be considered. 

It was calculated that energy supplied to the calorimeter by gamma-rays and 

neutrons was negligibly small. For the beta rays a correction of 3.0 -f 1 Mev 

was estimated. The final result was 167.1 + 1.6 Mev. It is gratifying that 

this agrees so well with the value of 167.1 + 2 Mev determined by LEAC}Th'1AN 303  

by velocity measurements of fragment velocities. It is significantly larger 

300. B. G. Harvey, Ami. Rev. Nucl. Science 10, 235 (19 60 ). 

301: M. C. Henderson, Phys. Rev. 58, 774  (1940). 	 - 

R. B. Leacbman andW. D.' Schafer, Can. J. Phys. 33, 357 (1955). 

R. B. Leachnian, Phys. Rev. 87, 444(1952). 
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than the value of 15.7 originally reported by BRON and HANNA N4  from 

ionization chamber measurements and confirms the necessity for applying a 

correction for ionization defect as described in Section 11.6.1. 

GUTJN, HICKS, LEVY, and STEVENSON 305  redetermined the average total 

kinetic energy of the fragments by avery similar calorimetric measurement 

and obt,ained a value of 166 + 2 Mev.in excellent agreement with .LEACIHVIAN 

and SCHkFER. 302  

STEVENSON, HICKS, ARMSTRONG, and GUNN306  repeated this measurement 

on the heat releasedin the fission of U 235  and u238  by 14 Mev neutrons. 

The average total fragment kinetic energies were found to be 17 + 4 and 

175 -F 2 Mev, respectively. 

304. D. C. Brunton and G. C. Hanna, Can. J. Research A28, 190 (195 0 ); see 

Sectionll.6.l. 

305 S. H. Gunn, H. G. Hicks, H. B. Levy, and-P. C. Stevenson, Phys. Rev. 

107, 1622 (i)  

306. P. C. Stevenson, H. G. Hicks, J. C. Arm.strong, Jr., and S. R. Gunn, 

University of California Lawrence Radiation Laboratory Report UCBL - 54 55, 

March, 1959; see also Phys. Rev. 117,  186 (1960). 
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11.7 PROMPT NEUTRONS EMITTED IN FISSION 

11.7.1 Measurements of , the äverge number of neutrons emitted in 

fission. The average number of neutrons released in-nuclear fission is of the 

utmost prctical importance in the application of the nuciear chain reaction in 

nuclear reactors or explosions. The measurement of v, the average number of 

neutrons emitted per fission event, ofa, the ratiO of the cross sections for 

radioactive capture and- fission-, and of rl, the average number-of neutrons - emitted 
* 

per neutron captured , has been carried out in many laboratories in many countries 

for the important isotopes .U 23  U235  and Pu239 . Many of these determinations 

were discussed in the papers presented at the 1955  and 1958 Geneva Conferences on 

the Peaceful Uses of Atomic Energy. The cross sections group at the Brookhaven 

National Laboratory compiled and evaluated all data published up to May 1958 and 

arrived at the ?tworld  consistent  setit  of values reproduced in Table 11.5. given in 
section 11,3.2. 

The variation in V as a function of the energy of the neutrons causing 

fission is shown in figure 11.79 plotted from the data listed in Table 11.29, The 

figure and the table are taken from a ppei  by LEACBIVIAN307. Table 11,30 also taken 
from LEACHMANtS3O7 paper lists data on v for a few other nuclei. 

Values of v do not change greatly with the energy of the neutrons over 
the range of neutron energies encountered in most nuclear reactors. However, the 

quantity a undergoes strong fluctuations -in the range of neutron energies where 

resonance absorption gives considerable structure to the cross section curve. See 
Section 11.3.. Therefore the value of I must also go through strong fluctuations 

with neutron energy. This variation in r, the number of neutrons emitted per 
neutron absorbed, is an important quantity in reactor design; for example in 

calculating the temperature coefficient of reactivity. Hence considerable ex-

perimental work has gone into a study of this variation by direct counting of the 

fission neutrons ejected from a sample irradiated with a monochromatic beam of 

neutrons. A discussion of such data is given by HARVEY AND SANDERS 3°  
All neutrons, except for the small percentage of delayed neutrons, dis 

cussed later, are emitted within a very brief period of time after the moment 

* These quantities are related by the expression - V 

307. H, B. Leahman, Paper P/2467, Proceedings of the Second United Nations 
Copfereio pP th Peaceful Uses of Atomic Energy, Genev, 1958. 

308 	J-A Harvey--and J, E. Sanders, Chapt. 1, Progress in Nuclear Energy, Ser. 

.1, Vol. 1, - Physics and Mathematic - , McGraw-Hill Book Co., New York, 1956. 
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4.0 

MU- 18847 

Fig. 11.19. Dependence of V on the energy of the neutrons 
inducing fission. The data and references are given in 
Table 11.29. The lies show the dependence of V on E 
given by the theoreticat considerations of LEACIvIAN3 09 
normalized to the thermal neutron experimental values. 
Figure from a paper of LRACH1VIAN.307 
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Table 11.29 The Average Number of 	' of Fission Neutrons 
* 

as a Function 
of the Neutron Energy En Thbie. prepared, by R. B. Leachman 

(Mev) 
233 

U +n 
U 235 

+n U 
238 

+n Pu 239 +n n 

a 2.7 ± .05(x)
**  

2.54 	± .O(a)t 2.46 ± .O3(a)t 2.88 ± .0)-i ( a )t 

2.55 ± .os(b)tt . 	. . 
2.95 ± .o6(b) 

-6.3 	. . 2.26 ± .05(b) 
• 

. 2.26 ± .05(c) 

2.22 ± .11(d). 

0.08 2.58 ± .06(c) 2.17 ± .03(c) 3.05 ± .08(c) 

0.7 2.52 ± .10(d) 

2.52 ± .06(f) 

0.7 2.48 ± .05(g) 

1.0 . 2.84 ± .30(h) 

2.8 	± .5(0 

1.2 .2.60 ± .05(i) 

1.25 . 2.65 ± .09(c) 

2.69 ± .0.50) 2.61 ± .09(g) 3.08 ± .050) 

1.5 2.57 ± .12(j) 2.65 ± 	.09(c) 

1.6 •• 2.58 ± .05(g) 

1 .8 2.75 ± .06(1) 2.72 ± .06(1) 3.28 ± .06(i) 

2.15 ± .08(m) 

2.60 ± .13(n) . 3.01 ± .15(n) 

1.9 3.04 ± .55(h) 

2.0 2.80 ± .15(o) 

2.1 3.12 ± .15(o) 

2.5 • 2.64 ± .19(p) 2.35 ± 	.18(p) 
2.5** 3.04 ± .20(f) 
2 . 6** • 

• 3.5 ± .2(q) 

3.1 
• 

2.36 
.12 	.1 

± 	.05 z' 3.1 2.86 ± 	.10 1 

3.11 ± .35(h) 
2.80 ± 0.05(z) 

3.13 ± .31(n) 
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Table 11.29 (cont'd.) 

E (Mev) 	U233+n 	 U23 +n 	 U 238+n 	 Pu239± 

3.06 ± .12(r) 	3.01 ± 	.12(r) 3.11 ±.1O(r)3..43+11(r) 
.25 3.10 ± .O(n) 3.66 ± .o(n) 

• 	3.26 ± 	.31(n) 
4.8 3.20 ± 	.08(b) 
5.0 3.24 ± 	.35(h) 
1.0 4.1± 	.15(s) 3.5 ± .15(s) 4.2 ± .15(s) 
1.1 	 3.86 ± .28(p) 	4 .52 ± 	32() .13 ± .25(p) •.85 ± .50(p 

.13 ± 	.21(t) .50 ± .32(t) .75±Q. 1 (x) 
± 	.30(y) 4.28±.30y) 

4. 	
± 0.5(z' ) 
± .15(v) 

14.8 .7 ± .5(w) 
4 

 
1 5. 0 4.42 ± .17(r) 	4 .51 ±.19(r) 4 .71 ± .20(r) 

References given in parentheses. Uncertainties include that of the standard 
value. 

** 
Not plotted in Fig. 11.9 This value was used as a standard to convert data 

reported as a ratio with thermal-neutron induced fission of, U 235 . 
Calculations normalized to these values. 

tt 
These values were used as a standard to convrt data reported as a ratio 

with thermal-neutron induced fission of U 233  or Pu 239 . 
Spontaneous Pu2 0 fision. 

*1: Effective energy of a neutron energy spectrum4 

Hughes, D. J. and Haey, J.A., 'Neutron Cross Sections", Brookhaven 
National Laboratory Report BNL-325, Superintendent of Documents, Washington, 
D.C., (1955). 

. and Sowerby, M. G., "Precision Measurements of v by the Boron 
Colvin, D. W.  
Pile", P/52 1  Proceedings Second Geneva Conference. 

C. 	Diven, B. C., Martin,H. C., Taschek, R. F., and Terrell, J. Date given by 
Terrell, J, "Distributions of Fission Neutron umbers", Physical Review, 
lo8. 783-9 (1957). 

d. 	Kalashnikova, V. I., Krasnushkjn, A. V., Levedov, V. I., Pevzner, M. I., 
and Zakharova, V. P., "Dependence of the Number of Neutrons Eitted in the 
Fission of Heavy Nuclei on the Excitation Energy of the Fissionable Nucleus", 
Conference of the Academy of Sciences of the USSR on the Peaceful Uses of 
Atomic Energy, 156-70 (1955). 
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Terrell, J., and Leland., W. T., (see Reference c). 

Usachev, L. N. and Trubits, V. P., "Neutrons Emitted by the Fission of 
and its Dependence on the Energy of the Neutron Producing Fission, 

OTCHET FIGUIAE (1955). (see Bonclarenko, I. I., P/2187, proceedings Second 
Geneva Conference.) 

Hanna, R. C., Atomic Energy Research Establishment, Harwell, unpublished 
report, (1956). 

Fowler, J. L., Oak Ridge National Laboratory unpublished repoi't (1956). 

Kuzminov, B. D., Kutsaeva, L. S., and Bondarenko I. I. "Prompt Neutron 
Numbers for the Fast Neutron Fission of U235, u28 ,  Th22, and Np 237 , 
Atomnaya Energiya, 4:187-8, (1958); J. Nuci. Energy, 2 153 (1959). 

Hansen, G E., Los Alamos unpublished report ( 1958). (See Leachman, R. B., 
P/665, proceedings Second Geneva Conference). 
Blair, J. M., Los Alamos unpublished report, (1915). 

1. 1  Kalashnikova, V. I., Lebedov, V. I., and Spivak, P.E., "Re1ae Mure- 
me 	of the Mean Number of Neutrons Emitted in Fission Of U , U , and 
Pu 	by Thermal Neutrons and by Neutrohs Characteristic Of a Fission 
Spectrun{, Atomnaya Energiya, 2:18-21 (1951). 

Auclair, J. M., Landon, H. H., and Jacob, M., "Measurement of the Depen-
dence of V on Neutron Energ Physica, 22:1187-8 (1956). 
Bethe,H. A..Beyster, J. R., and Carter, R. E., Los Alarnos unpublished 
report, (1955). 

Aev, V. 	"Effective Number of Neutrons Produced by the Fission of 
U 	and Pu 	with Energies 30, ltiO, 220 and 900 key" OTCHET FIGUIAE, 
( 1957). (see Bondarenko, I. I., et al., P/2187, proceedingsSecond 
Geneva Conference.) 

Johnstone, I., Atomic Energy Research Establishment, Harw1l, unpublished 
report (1956). 

Nargundkar, V. R. Prabhi.i, H. B., Ramanna, H., Umakantha, N., and Khopkar, 
P 23g., "Number of Neutrons Emitted per Fission from the past Fission of 
U ", P/1632, proceedings Sec ond Geneva Conference. 

Smirenkin, G. M., Bondarenko, I. I., Kutsaeva, L. S., Mischenko, }th.D., 
Prokhorova, L. I., 	Shtenko, B 2 ., "Mean Prompt Neutron Numbers 
in the Fission of U 	, U 	and Pu 	by -1d15.-Mev Neutrons," 
Atomnaya Energiya, :188-90 (1958). 

S. 	Graves, E. H., Los Alamos unpublished report (1954). 
t. 	Fov, N. 21 and Taltszin, V. M., "Average. Neutron Number V in the Fission of 

U 	and U 	by ]AMev Neutrons;' A.tomnaya Energiya, , 653 (958). 
U. 	Flerov, N. N. and Tamanov, E. A., "Average Neutron Number V .ithe Fission of U - 

by 14 Mev Neutron Atomnaya Energiya, 2, .654 (1958). 
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Table 11.29 references (cont'd.) 

v. 	Gaudin, M. and Leroy, J. L., "Measurements of Fission Cross-Sections and 
of Neutron Production Rates", P11186  (b), proceedingsSecdnd.aeneva 
Conference. 

Protopopov, A. N. and Blinov,M. V., "Detennination.ofan Neutron 
Numbers Emitted from the 14.8-Mev Neutron. Fission of U ", Atomnaya 
Energiya, 4 :374_6 , ( 1958 ). 

• Harvey, J. A., and Sand, J., "Summ 	of Data on the Cross Sections 
and Neutron Yields of U , U , and Pu a",  Progress in Nuclear Energy, 
Series I, 1:1-54 (1956 ).. 

Yu. A. Vasiltev,et al., Zhur. Eksptl. i Teoret Fiz. 3, 671 (1960). 
G. C. Hanna, Atomic Energy of Canada Ltd., Report AECL-1056, June (1960). 
This is an average of published values. 

zt. R. Shev and J. Leroy, J. Nuclear Energy, Pt A Reactor Science 12, 101, 
(1960). 

z". J. Leroy, J. Phys. radium 21, 617 (1960). 
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Table 11,30  Variation of the Average Neutron Nuniber* v from Fission Induced 
by Neuirons With Energy E for Nu1ides not Shown in Fig. 11.79 

(Table prepared byR. B. Leachman) 

E(Mev) 	Th229  + n 	Th232+n 	Np237+n 	Pu+n 	Pu+n 

0 	 2.13±0.03(f). 	 3.03±.06(d) 

	

-6.1 	 ef2.18±.09(e) 
it 	

2.81±.o9(b) 

3.26±2l(b) 

	

1.6t 	 2.90±.0(b) 	3.37±.10(b) 

	

2.5 	 2.72±.15(a) 

	

3.5 	 2.35±.07(a) 

	

1.2 	 .6±.20(c) 

* References given in parentheses. Uncertainties include that of the standard 
value. 

** Spontaneous Pu 212 fission, 

t Average energy of neutron spectrum. Unlike Table 11.29, the spectra are not 
combined with a (E) 

n 

Kuzminov, B. D., Kutsaeva, L.S., and Bondarenko, 1.1., "Prompt Neutron Numbers 
for the Fast Neutron Fission of u235, U238,  Th23 2 , and Na37," Atomnaya 
Energiya, 4:187_8, (1958). 

Hansen, G.E., Los Alamos unpublished report (1958), (See Leachman, R.B., 
P1665, proceedings Second Geneva Conference), 

C. Gaudin, M. andLeroy, J.L,, "Measurements of Fission Cross-Sections and of 
Neutron Production Rates," P/1186(B), Proceedings Second Geneva Conference. 

Average of USSR, U.K., and U.S.A. values given by Egelstaff, P.A., Morton 
K.W., and Sanders, J.E., unpublished Atomic Energy Research Establishment 
report (1955). 

Hicks, D.A., Ise, J., Jr., Pyle, R.V., "Probabilities of Prompt Neutron 
Emission from Spontaneous Fission", Phys. Rev., 101, .1016-20 (1956). 

V. I. Lebedev and V.I. Kalashnikova Zhur. Eksptl.i.Teoret. Fiz. 35 535 (1958) 
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310 of scission, the moment of separation of the fragments. FRASER 	set a limit 

for the time of emission of prompt neutrons. of less than 4 x .10*'seconds.. 

The value of v for nuclides decaying by spontaneous fission is given 

in Table 11.31. The most accurate values reported in this table.were measured 

by counting neutrons absorbed in large tanksof cadmium-loaded liquid scintillator. 

solution. The efficiency of this detector (80 percent) is :supérior to hàt of most 

oth'e±.. .detectiOnmethhods... 	Because of the importance of this .neutron counting 

technique for the determination, not only of v, but of the probability distribu-

tion P (v) for the. emission of 0,1,2 ...neutrons we shall give a.few details of 

the method in the next section. 	. 

An interesting correlation of v with mass number of the spontaneously 

fissioning nucleus is revealed by figure 11.80. The significance of this trend 

is not obvious since there is no apparent correlation with the total energy avail-

able or with Z 2/A. 

11.7.2 MeasurementsofP(v.  REINES AND C0-W0RKERS 31  developed the 

use of large scintillator tanks as neutron detectors in connection with the Los 

Alamos Neutrino experiment. Several groups have applied these neutron decectors 

as counters for the neutrons emitted in fission. The dimensions of the tank are 

not critical so long as a large volume is enclosed. A typical tank consists of a 

right cylinder 3 feet long and 3 feet in diameter made of steel.. The inside sur-

faces are,coated with a highly reflective and protective coasting such as tygon 

plastic paint. The scintillator solution may consist of toluene in which are 

dissolved several organic compounds including cadmium propionate. Fast neutrons 

entering the tank are slowed by collisions with hydrogen atoms. After thermaliza-

tion the neutrons are captured by cadmium which has a huge thermal neutron capture 

cross section. The mean capture, time is roughly 10 microseconds. The gamma rays 

released in the (n,y) reaction excite fluorescent radiation in the liquid scin:. 

tillator which is reflected from the walls and partially gathered up by the 

numerous large, photomultiplier tubes facing into the solution from the periphery 

of the tank. The efficiency for detection depends on several factors but is 

usually 70-85 percent.' .Each captured neutron gives rise to.a pulse in the photo-

multiplier circuits'. Since the capture t,imes are not identical, the neutron 

indicator pulses.from a single fission event are separated in time. 

J. S. Fraser, Phys. Rev. 88, 536 (1952) 

Reines, Cowan, Harrison and Carter,, I?Detection  of Neutrons with a Large 
Scintillation Counter, Rev. Sci. Instr. 25,  1061  (1954). 
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Table 11.31 	: 
Average Number of Neutrons (v) Released in Spontaneous Fission 

IsOtope v Neutron Detector . Standard . Ref. 
u238 2 L±0 2 BF3  proportional counter Standard Ra-Be source 1 

U 8  . 21±008 Subcritical pile experiment 	. = 2.7) 12 

'Th23 . 2.6±0.lö' BF 	prbportioxa1 counter u238(= 2. 1 ) 	. 	. 2 
236 

Pu 	. 1 .89±0 . 20  
3 

LiI(Eu) 	. . 	. Ba-Be n-ouice 3 

2.30±0.19 Large scinti1ltor tank Pu2(.= 2.251) 
p238 2.0±0.10 LiI(Eu) .. Standad Ba-Be source 3 

233±O.O8 Large scintilator tank . Pu ° ( v = 2.257) 
pu2kQ 2...09±0.1i Lii(Eu). . Standard Ba-Be source 3 

2.257±0.06Large'scintillatortank . U235. 	+n(v = 2.6) 5 
p 22  u 2.32±0.16 LiI(Eu) StandardRa-Be source 3 

2.l8±O.09. .•Largé scint11ator•tank .. .pu20( 2.257) 
Cm2 .2  . 3.0 ± 0.3 . 	. . . 6 

2.33±0.11 LiI(Eu) . Standard Ba-Be source 3 

2 .65±0 . 09 Large scintillator tank . 	 =2.257) 
244 

'.2,61±0.13 . LiI(Eu). 	: Standard RaBe source 3 

.2'8±0.09.' Large scintillator tank = 	2.257) 	.. 	. 

.2;.810±0.059 Large scintillatortank U235+n(v '= 	2.6) 5 

2.60±0.111 Manganbussulfatesoluticin Standard Po-Be source 9 

Large scintillator tank Fu(' 2257) 11. 

Cf 2.9±0.l9 Large scintlilator tank Pu2O( = 2.257) 11 

.:'.:Cf22 ',. 3.52±0.16 LiI(Eu) 	. 	, . 	. Standard Ba-Be souce 3 

.3.53±0.15 'Manganous sulfate solution Cm 	. 

, . 	, ... 	 .. . 	. . Ba-Be source 	. 7 

3.82±0.12 Large scintillator tank 
240 

Pu(V =2.257) 4  

3.869±0078 Large scintillabr tank' U235+n(v = 26) 5 

3.8 ± 0.16 Large scicitillatbr tank 	' Ba-Be source 10 

Cf25 3-90+-0 4 14 Large scintillator tank 	" Pu20( 	2.257) 	' 11 

Fm25 ..05±0..19. 'Large scintil1ator tank.' Cf 
252 

(V 3.82)' 	' 	' 3 
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Table ii. 31(Rel'erences) 

D. J. Littler, Proc. Phys. Soc. (London) A64, 638 (1951);  A65, 203 (1952). 

Barclay, Gaibraith and Whitehouse, Proc. Phys. Soc. (London) A65, 73 (1952). 

W. W. T. Crane, G. H. Higgins and H. R. Bowman, Phys. Rev. 101, iBo (1956); 

There is a systematic difference of 7 percent between the v values from 

this report and those from reference i-i-; this is caused by a difference in 

standardization of neutron counting efficiency. 

D. A. Hicks, J. Ise, Jr., and B. V. Pyle, Phys. -Rev. 101, io16 (1956). 
B. C. Diven, H. C. Martin, R. F. Taschek, and J. Terrell, Phys Rev. 

101, .1012 ( 1956). 
F. R. Barclay and W. J. Whitehouse, PrOc. Phys. Soc. (London) A66, 447 

('953) , . 

W. W. T. Crane, G. H. .Higgins, and S. G. Thompson, Phys. Rev. 97, 242 

(1955; erratum Phy. Rev. 97, 1727 ( 1955). 

Choppin, Harvey, Hicks, Ise, and Pyle, Phys. Rev. 102, 766 (1956). 

G. H. Higgins, W. W. T. Crane, and S. Gunn, Phys. Rev. 99, 183  (1955). 

H. R. Bowman and S. G. Thompson, University of California Radiation 

Laboratory Report UCRL-5038, March 1958; also published as Paper P/652. 

Proceedings of the Second Geneva Conference on the Peaceful Uses of 

Atomic Energy, Geneva, 1958. 

R. V. Pyle, "The Multiplicities of Neutrons from Spontaneous Fission", 

Unpublished results. 

R. Shev and J. Leroy, J. Nuclear Energy, Part A, Reactor Science, 12, 101 (19 60 ); 

J. Phys. radium 21,617 (1960). 
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Fig. 11.80 Average nunther of neutrons V as a function of mass 
nunther of fissioning nucleus (spontaneous fission). 
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The large tank is provided with a well along the axis of the cylinder 

or a passage going clear through, into which an ionization chamber containing a 

spontaneously fissile sample can be placed. A typical circuit arrangement is 

shown in -figure 11.81. The sequence of events in the experiment is the 

following: 

The fragments from a spontaneous fission event give rise to a pulse 

in the ionization chamber which serves to trigger the sweep of the oscilloscope. 

This fission event is accompanied by prompt gamma rays and neutrons. The neu-

trons transmit practically all of their energy to recoil protons in a time much 

shorter than a microsecond. These recoil protons and any of the absorbed prompt 

gamma rays from the fission appear as one -prompt pulse from the phototubes look-

ing into the scintillator tank0 The thermalized neutrons then are capture ex-

ponentially in time by the cadmium-113 (a = 27,000 barns) or the hydrogen (a = 

0.33 barns) in the solution The Cd113  radiative capture immediately releases 

a gamma ray cascade with a total energy of 9.2 Mev some fraction of which is 

converted to scintillation photons in the tank and gives a pulse in the photo-

tube circuits indicating a neutron capture. A photograph of the oscilloscope 

screen gives a permanent record of the type shown in figure 11.82. 

From such experiments accurate values are obtained not only for V the 

average number of neutrons butalso for P (v) the probability of emitting v 

neutrons per spontaneous fission. The v measurements reported by several groups 

using this technique for spontaneous fission are recorded above in Table 11.31, 

Values of P(v) are summarized in Tables 11.32, 11,33 and 11.34, 

DIVEN-, MARTIN, TASCIIEK AND TERRELL 312  were able to use this technique 

f or the measurement of neutron multiplicities in the neutron induced fission 
233 	235 	239 of U 	, U 	and Pu 	by using the apparatus diagrammed in figure 11.3, 

It was possible to use thermalized neutrons from a Pu-Be source or 80 key 

neutons from the T (p,n) He 3  reaction to initiate fission. Values of V are 

312, Disien, Martin, Taschek and Terrell, ' tMultiplicities of Fission Neutrons,?t 

Phys. Rev, 101, 1012 (1956)., 	 - 

I! 
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Fig. 11.81. Typical circuit arrangement for measuring the 
number of neutrons emitted in individual spontaneous 
fission events. See HICKS, ISE, and PYLE, Phys. Rev. 
101, .1016 (1956). 
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Fig. 11.82. Oscilloscope trace of pulses showing neutron 
pulses from a single fission event. Sweep triggered. 
by fission chamber pulse. Pulse produced by prompt 
gamma rays and recoil protons in the scintillator 
tank is delayed 1 microsecond and appears as the first 
peak on the left-hand side. This pulse is followed in 
this case by four neutron-capture pulses. From HICKS, 
ISE and PYLE, Phys. Rev. 101, 1016 (1956). 
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Table ii. 32* Prdbabilities of emitting v neutrons per spontaneous fission, 

v ), 	and the average number of neutrons perontaneous f is- 

sion, 	, based on = 	2.251 ± o.016 for Pu 2  

v PU 236 p23B 240 pu?2 m22 Cm - Cf252  

0.062 o.oti-ti. o.o41 0.063 0.011 0.001 0.001 

P ±0.035 ±0.009 ±0.009 ±0.013 ±0.005 ±O,004 ±0.001 

0.356 0.175 0.219 0.192 0.126 0.099 0.021 

p 1  ±0.090 ±0.026 ±0.021 ±0,034 ±0.018 ±0.017 ±0.007 

0.38 0.384 0.351 0.351 0.323 0.281 0.111 
P2  ±0.33 ±0.026 ±0.021 ±O.O41 ±0,018 ±0.022 ±0.019 

0.28 0.237 0.241 0.324 0.347 .0.365 0.271 
±0.12 ±0.027 ±0.020 ±0.0)4.7 ±0.020 ±0.018 ±0.019 

0.096 0.1-2 0.127 0.033 0.139 0.198 0.326 
±0.086 ±0.021 ±0.018 ±0.026 ±0.013 ±0.220 ±0.01-8 

0.033 0.036 0.020 0.036 0.050 0.049 0.178 

P 5  ±0.036 ±0.009 ±0.006 ±0.013 ±0.009 ±0.009 ±0.016 

0.001 o.004 0.007 0.077 
P6  ±0.002 ±0.002 ±0.002 ±0.013 

0.001 0.013 
±0.001 . 	±0.004 

0.003 

	

P8 	±0.001 

	

v 	2.30 	2.33 	2.257 	2.18 	2.65 	2.84 	3682 

	

±0.19 	±0.08 	±0.0)4-6 	±0.09 	±0.09 	±0.09 	±0.12 

* D. A. Hicks, J. Ise, Jr., and R. V. Pyle, Phys. Rev. 101, 1016 (1956.). 
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Table 11•33* Measurement ofand the prohahilit.y,of P(v) of emitting v neutrons 
in spbntaneous fission 

Nuclide 	 Crn 
E44 	 Cf 252** 	 p 20 

Fissions 
analyzed 33 01  4 5 4 5 8355 

v 2.810±0.059 3.869±0.078 2.257±0.05 

( V)av 
 9.20±0.3• 16.59±0.62 6.37±0.21 

( ir2 0.810±o.p08 0.850±0.006 0.807±0.008 
v  

P0  0.009±0.005 0.005±0.002 0.09±0.006 

P 1  0.109±0.016 0.00±0.009 0.21±0.01-2 

P 2  0.292±0.023 -  0.138±0.019 0.321±0.0l 

P3  0.315±0,027 0.223±0.032 0.282±0.017 

P 0.22±0.027 0.356±0.035 0.112±0.013 

P 5  0.030±0.017 . 	 0.175±Q.034  0,021±0.008 

P6  o.oai±o,oio . 0.071±0.028 0.001±0.003 

P7  0.000±0.003 6.022±0.017 0.000±0.002 

P8  0.000±0.000 0.00±0.007 . 	 0.000±0.000 

*Div•en, Martin, Taschek and Terrell, Phys. Rev. 101, 1012 (1956) 

**  
Similar data for Cf252 

 taken by STEIN AND WHETSTONE, Phys. Rev. 110, 476 
(1958) 

and <V 
2 
>av are the average and the average square of the number of neutrons 

per fission P0, P1 , P2 .... are the respective probabilities o emission of 
0, 1, 2 .... neutrons per fission. The quantity [(v2 ) 	- v ]/v is a 
nea sure of the relattye' width of the neutron multiplicity distribution.  
.:[t would be equal to 1.0 for a Poisson distribution. 
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o 31 314* Probi1i Ly of emission ,F (j1 ) p.L V neutio 	in the spoitanc'ons 

fissin of 	determ:Ued by 'lrge scintllIator tank t'ecimtq;t 

Nthiber of events imeord.ed = 14197 fi'Si'Ons 

P0 	
0.062 ± o.006-' 

0.198 ± 0.017 

P2 	 03714±0022 

P 3 	 0.228 ± 0.0214 

P14 	 0.1114 ± 0.022 

P 5 	 0.027 ± 0.013 

P6 	 , 0.000 ± 0.005 

V = 2.20 ±0.03 

(value used to ca1irate neutron detection efficiency) 

* J. E. HanThe1 and. J. F. Kephart, Phys. Rev. 100, 190 (1955) 
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LEAD-7 	. 
/ FISSION COUNTER 

NEUTRON SOURCE 	/ r - 	I - 

WATER & N 	 LIQUID 
BORIC ACID N 	SCINTILLATOR 

PARAFFIN &Nj /  

BORON 	 - 
COLLIMATOR 	. 	PHOTOMULTIPLIERS 

lET 	. 
MU- 188 53 

Fig. 11.83. Schematic diagram :ofexperimenta1 equipment 
used to measure neutron multiplicities for samples 
which underwent the fission reaction in a collimated 
beam of 80 key neutrons from the T(p,n)He3 reaction. 
The shielding serves to eliminate spurious counts in 
large liquid scintillator. From DIVEN et al. Phys. 
Rev. 101, 1012 (1956). 	. 	. 	. 	. . 



JOEL .-9036 -Rev. 

given in Table I.J. 29.  Valnes of p ( v) are given in Table 11.35 

In section 11.7. 6 the experimert:al data on neutron multiplicity are 

correlated with simple models of the evaporation of neutrons from excited 

f:Lssion fragments. 

11.7.3 Mca, reei:so' as a function of fission mode. It is poss- 

hie to carry this experimental technique a step further to get even more d.e- 
1 

tailed information on individual fission events. HICKS AND COWCRKERh
3 3 and 

01)4 
BOWMAN AND THOMPSON 3  have combined the back-to-back double ionization chamber 

method for the simultaneous measurement of fragment energies (discussed. in 

Sections 11.6,1 and 11.6.2) with the large scintillator tank in order to 

measure neutron mbltipiicities as a functioxl of the specific mode of fission. 

A scheii tic drawing of BOWMAN AND 	 S.314 apparatus is given in figure 

3-184. The shallOw back-to-back ionizatio charfibers are placed in the center 

of a cylindrical passageway installed along the axis Of the tank. When a spon-

taneous fission eventooccurs the sequence of events is the follOwing: first 

the ionization pulses developed by both fragments are applied to the vertical 

and horizontal deflection plates corresponding to the first oscilloscope elec-

tron beam. This produces a spot on the scope screen whose location gives the 

sizes of the two pulses and hence, the kinetic energy of both fragments. 

Simultaneously, the pulse fron fragment one is used to initiate the sweep cir-

cuit for the second electron gun. in the oscilloscope. The pulse developed in 

the scintillator tank-photomultiplier system is applied to the vertical deflec-

tion plate (after a built-in delay of one microsecond) producing a peak in the 

trace of the second electron beam. The neutrons emitted in fission are quickly 

moderated and then captured after delays of many microseconds., Each neutron 

at the time it is captured produces a pulse in the tank-photomultiplier system 

which is displayed as a peak on the scope screen. A camera photographs the 

screen during all this time and records simultaneously the spot specifying the 

fragment energies and the trace indicating the number of neutrons captured. 

The film is then advanced to be ready to photograph the tiext spontneous fission 

event separately. With this technique, BOAN AND THOMPSOL 314  recorded data 

on 20,000 spontaneous fission events in Cf 252 • These data were recorded on IBM 

313. Ricks, Ise, Pyle, Choppin, and Harvey, 'Correlations Between the Neutron 
Multiplicities and Spontaneous Fission Modes of Californium-252 Phys. Rev. 
105, 1507 (1957) 

214' H.R ?  Bowman and S. G. Thompson, Univ. of Calif. Radiation Laboratory Report, 
UCR1-5038, March 1958; also published as paper P/65 2  in the Proceedings of 
the 2nd Geneva Conference on the Peaceful Uses of Atomic Energy, Geneva, 1958. 
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Table 11.3 	ProbabiJ.ity of emission P(v ) 	vneutrons in the fission of

235 u 3,U 	 and Pu 239  induced by 80-key neutrons 

Neutru- induced fi S Si 

Nuclide 	 -- 	 U25 	 Pu 3  

Fissions 
analyzed 1632 10715 . 1376 

2 .585±0 . 062  .2.170.03 3.08±0.079 

(v) 7.8±o.3 T.32±0.15 10.62±0.53 
av 

() 	-v]/2 . 	0.786±0.013 0.795±.007 0.81.5±0.017 
av 

P0 . 	0.010±0.008 0027±0.00 -0.01±0.03. 

P 1  .0.1-51±0 . 02  0.158±0.Q10 0.11±0.03 

P2 	 . 0.326±0.037 0.339±O.Oi 0.13±0.06 

P7  0.30i±0.04 0.305±0.015 0.560.08 

P 0.176±0.01 .0.133±0.913 0.11±0.08 

. 	0.042±0.028 0.038±0.009 0.06±0.09 P5 

P6  -0 010±0.017 -0 6 001±0.003 0.05±0 . 08  

P . 	0.006±0.009 0.001±0.002 0.00±0.06 

P8  -0.002±0.002 0.000±0.000 -0.01±0.03 

Results given are for 80-key nutron.s. 

Normalizing value. 

* 	DIVER, MARTIN, TSCBEK A1\1DTEREELL, Phys. Rev. 101, 1012 (1956). 

See bottom of TabJ..e 11.33 for meaning of terms. 
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DUAL BEAM 	 VERTICAL DEFLECTION 

1J 	
PLATE

DEFLECTION 
PLATE 

2  SWEEP 

V1 	 CIRCUIT 
 N  

AVERAGE NUMBER OF NEUTRONS 
AND FISSION FRAGMENT KINETIC ENERGIES 

MU- 19422 

Fig. 11.8. Schematic.diagram of H. BO\MAN and S.G.THOMPSON?S3 1  
apparatus for measuring neutron multiplicity and kinetic 
energies of both fraients simultaneously in spontaneous 
fission. S denotes large volume of cadmium-loaded. scintillator. 
N denotes phototubes. The oscilloscope used in this experiment 
had two electron beams. 
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cards which make it easier to examine neutron multiplicity as a function, of many 

variables. Such correlations can provide many crucial tests of fission theories. 

As examples of the many possible correlations BOWMAN AND THOMPSON show the varia-

tion of v with change in the fragment mass ratio and with change in the total 

kinetic energy of the fragments. 

Rather than discuss these data we wish to turn to a description of a 

similar experiment done by a technique with inherently higher resolution. STEIN 

AND W}TSTONE'335  combined the high resolution provided by the fragment time-of-

flight method of determining the fission mode and the high-detection efficienOy 

of the large cadmium-loaded liquid scintillator as a neutron counter. With this 

combination of apparatus they determined how the total number of prompt neutrons 

emitted in the spontaneous fission of Cf 252  is affected by the division of mass 

between the fragments and by the amount of energy going into kinetic energy of 

the fragments. 

A schematic diagram of'the..apparatus and of the electronic recording 

system is shom in figure 11 .85.. Data were collected on 15,333 events and 

processed on an IBM-704 data processing machine. We show two correlations of 

the data in figures 11.86 and 11.87. In the first of these we see that there 

is a correlation betweenT and the total fragment kinetic energy Ek particularly 

in the interval of Ek  containing the majority of the events. The observed cor-

relation is what one would expect qualitatively if there is a given average 

amount of available energy to be shared between the kinetic and excitation en-

ergies of the fragments. In figure 11.87 it is readily apparent that varies 

with the mass ratio RA  but the variation is complex and not easily explained. 

In the range of mass ratio covering the great majority of fission events the 

variation is approximately linear. STEIN AND WBETSTONE31  also show the 

variation of V with Ek  for data. separated into intervals of HA  and similarly 

the variation of T with RA  for data separated into intervals of Ek.  The authors 

subjected the data covering the majority of fission events to a detailed analysis 

to correct for the resolution effects in their experimental technique and de-

rived the true dependence of on HA  and  Ek  listed in Table 11.36. The quanti- 
- 	-1 	-1 i 
ty v(Ek , HA)/ Ek = -0,1 143 neutrons fission Mev 	s in reasonably good agree- 

:L:. W. E. Stein and S. L. WhetOtone, Jr., Phys. Rev. flO, 476 (1958) 
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Fig. 11.85. Schematic diagram -of the STEIN and WHETSTONE315  
equipment for determining the correlation between neutron 
emission and the Cf252  fission mode. Drift lengths were 
each .152 cm. The scintillator tank was approximately 75 
cm in diameter and- height with a 6, 8 cm transverse hole 
in which the time-of-flight drift tube was placed. Pulses 
from the bank of 90 photomultiplier tubes -  fed through 
Hewlett-Packard distributed amplifiers (HPA) time-to-
pulse-height converters (Time-P.R.), conventional linear 
amplifiers (AMP'S and L.A.) to pulse-height-to-digital 
converters (P.H.-Digit). The time of fission detector 
was a thin plastic scintillator which collected the 
electrons ripped out of the backing foil supporting.the 
Cf2 5 2  source as one of the fragments passed through this 
backing foil. 
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TabI€ 11 .3 6 	Variation of with mass ratio and fragment kinetic energy in 

the spontaneous fission of Cf 52  according to STEIN AND WBETSTOWE315  

Slope 	 Ohserve -1 value 	 Corrected value 

(Ek, BA)/ 	 -0.070 ± 0 00)a 	 -0 1L3 ± 0 020a 

(Ek , RA)/ HA 	 -3 8 ± 0 8b 
	

-6 3 ± 1 

[(E)/ Ek] all R A 
	

-O 056 ± 0 003a 	 -0 079 ± 0 008a 

[ 	(RA)/ BRA] all Ek 
	

-2 5 ± 0-5 
b 	

-2.8 ± 0 

a In units of (n(:,outrons/f±ssion)/Mev.  

b In units of (neutrons/fission)/unit mass ratio 



UCRL-9036 Rev. 
-292- 

ment with calculations based on a theory of LEACHMAN AND KAZEK316  discussed in 

Section 11.7.5 below. The results imply a nuclear "temperature' of < 1 Mev and 

a 7,0 Mev decrease in the average excitation energy for the emission of each 

neutron. 

The experimental result for 	= -0. . 11I3  is in even better agree- 

ment with Terrell's 	theoretical value of -0,149 based on the more general 

considerations discussed in Section 11.746 below, 
FRASER AND MILTON3 17 have also studied the variation in prompt neutron 

emission probability as a function of fission mode for thermal neutron induced 
fission of U233 . This study, carried out earlier than the studies just described, 
makes use of a different type of neutron detector. The apparatus is shown 
schematically in Fig. 11.8. The kinetic energies of both fragments were measured 
in a double gridded ionization chamber. The u233 source was deposited on the 
common cathode and covered with a collimator. The pulse heights of the pulses 
from the two ionization chambers were recorded only when coincident with prompt 
fast neutrons detected in either one of two neutron counters placed on opposite 
sides of the fission chamber. . These neutron detectors consisted of ionization 
chambers two inches in diameter filled to a high pressur.e of methane. The angle 
subtended by these counters at the fission source is small, but the strong angular 
correlation of the direction of motion of the prompt neutrons with the direction 
of motion of the emitting fragment overcomes this disadvantage somewhat. Never-
theless, the neutron detection efficiency is much less than for large scintilla-
tor tank detectors and in most respects the characteristics of prompt neutron 
emission could not be studied as completely as in the methods just described. On 
the other hand, the method of FRASER AND MILTON 317  has the distinct advantage that 
it identifies the fragment from which each recorded neutron originates. This also 
is a consequence of the strong peaking (in the lab system) of the neutrons in the 
direction of the fragments. 

One of the interesting conclusions which FRASER AND MILTON came to after 
an analysis of 20,000 events measured in their experimental apparatus is that 
neutrons are emitted preferentially by the heaviest light fragments and by the 
heaviest heavy fragments and that there is a considerable slope to the fragment 

neutron yield V.L  and  VH  through each mass peak. 

WBETSTONE318 later restudied. the .variation in prompt neutron emission 

R. B. Leachman and C. S. Kazek, Jr., Phys. Rev. 105, 1511 (1957) 

J. S. Fraser and J.C.D. Milton, "Distribution of Prompt-Neutron Emission 

Probability for the Fission Fragments of U233 , "Phys. Rev, 93, 818 (195 1 ). 

S. L. Whetstone, Jr., Phys. Rev. 114, 581 (1959). 
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Fig. 11.8. Schethatic diagraan of FRASER and MILTONt S 317  
apparatus for measurement of prompt-neutrons in coinci-
dence with' fragment: pairs whose' energies are measured 
in a double back-to-back gridded ion chamber. The 

'neutron detectors are ioni'zationchambers fiiléd:with ' 	 U  

high pressure methane. 	U 	 ., 
Events are recorded only when triple cQincidences 

U 

are registered between a pair of fragments and one or 
the other of ;,the.neutron detectors. Th recor. of each 
event consists of pen deflections proportional to the 
ionization energies of the two fragments and a side pen 
deflection specifying the neutron-emitting fra Lent. 
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probability as a function of the mass number of the fragment from which the 

neutrons are emitted. His experimental technique was superior in some respects 

to that of FRASER AND MILTON317  and some striking results were obtained 

The experimental apparatus was similar to that used by STEIN AND WHET-

STONE315and.isL:1lustrated in Fig. ll.5 The chief difference was that the Cf 252  

spontaneous fission source was located at the end of the large cadmium-loaded 

liquid scintillator rather than in the center. Because of the strong forward 

peaking of neutron emission in the direction of travel of the fragments (assum-

ing isotropic neutron emission in the frame of the moving fragment) the neutrons 

detected in the sôintillator tank can be attributed almost entirely to one of 

the fragments:' From the simultaneous measurement of the velocity of both frag-

ments the approximate mass number of each fragment could be obtained 

The chief result of the experiment is given in:  Fig. 11.89 which shows 

the average number of neutrons as'a function of mass nimiber. The earlier results 

of FRASER AND MILTON was fully confirmed; namely that there is a strong variation 

of v with fragment mass number. In the raw data there is a striking discontinuity 

of one whole unit' at the mass number, corresponding to symmetric fission, although 

in the corrected data this discontinuity is seen to be spread over about 6 or 8 

mass units. TheY average number of neutrons. emitted from all the light fragments 

compared to the average number emitted from all the heavy fragments turns out to 

be 1.02±0.02where the uncertainty is the statistical standard error. 

If this neutron emission discontinuity is real, it is very difficult 

to reconcile with the passage'of the dividing nucleus over a symmetric saddle 

point38  since in the picture of a symmetric saddle point shape leading to two 

fragments of almost equal mass one would expect to get two fragments with almost 

equal shapes and internal excitation. WHETSTONE318  speculated on a possible 

explanation of the effect based on the idea that the saddle point shape is ac-

tually asymmetric. He takes this idea from the writings of VLADIMIRSKII 319  who 

showed by some qualitative calculations that within the framework of the unified 

This figure does - not agree with the later value of. VL/VH = 1.16 determined by 

Bowman, Thonpson, Milton, and Swiateck1 347  in an experiment which neutron 

angular and velocity distributions were measured in co-incidence with fraents. 	I 
The latter experiment probably gives a more direct measure of this ratio 

WHETSTONE'S válüe for VL/vH  was 1.17 before applying geometry corrections for 

neutrons emitted in the backd direction from that of the fragment But 
see also comments of TERRELL. 	cited later. 

319. V. V. Vladimirskii, Soviet Physics 5, 673 (1957). 
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model of the nucleus one might explain a marked softening of the distorted 

nucleus toward asymmetric shapes in terms of a favoring of nucleonic states of 

high 0 quantum number. If one assumes that this is true and that asymmetric 

shapes are favored at the state of critical deformation, then one can devise a 

simple model of the fission process which will reproduce qualitatively both the 

observed mass distribution and the strange dependence of v on mass number. 

Quoting WHETSTONE31.8,  One can easily imagine that just before the 

fissioning nucleus breaks in two, there exists a fairly long neck connecting 

two relatively large volumes, and that usually,, if not always, these volumes 

are of unequal size (see figure 1190). The nucleus will be expected to break 

with greatest probability somewhere near the middle of theneck, which will favor 

the asymmetric mass divisions observed and which will partition the deformation 

energy of the neck fairly equally between the two fragments. Since the two ends 

of the nucleus would be expected to have fairly small internal excitation energies 

before the split, the excitation energies of the fragments after the split, and 

therefore the number of neutrons emitted from each fragment, should be on the 

average, equal for the most probable mass division. The shape and volume of the 

neck can now be tailored to imply a point-of-splitting probability, such as is 

drawn schematically in figure 11.90 which will reproduce the observed fragment 

mass distribution. It is obvious that symmetric mass division will correspond 

to the relatively very rare splitting close to the large end of the nucleus, and 

it is seen that this kind of a split gives almost all of the large amount of 

deformation energy to the light fragment. Splittings very far frOm mass symmetry 

correspond to breaking points close to the small end with the deformation energy 

of the neck given to the heavy fragment. Thus the observed (A) dependence is 

obtained." This hypothetical picture of the fission process is discussed also 

by HALPERN, 320  

VK.Apalin and Co-workers 321  have made a comprehensive study of the 

distribution of neutron emission probabilities as a function of fission mode for 

the neutron induced fission of U 235 , Their experimental techniques resembled 

I. Halpern, Annual Reviews of Nuclear Science, 9, 245  (1959). 

V. K. Apalin, V. P. Dobrinin, V. P. Zaharova, I. E. Kutikov and L. A. 

Mikhaylan, Atomnaya Energiya, 8, 15 (1960) (in Russian); M.I.T. English 

translation by B. M. Lomonosoff. 



MOST PROBABLE 	I 	 I 
MASS DIVISION 

I 
P(X) 

I 	SYMMETRIC 
!iAss DIVISION 

-297- 	 UCRL-9036-Rev. 

x 

MU-18862 

Fig. 11.90. A picture of a fissioning nucleus shortly before 
it breaks in two. The two lobes are unequal in size. The 
mass ratio is determined by the point along the neck at 
which division occurs. The P(x) curve is a probability 
curve for the points of division adjusted to give an overall 
distribution of fragment mass ratios in agreement with the 
observed distribution. According to this picture a division 
of the nuclear mass into two equal parts will produce a near-
ly spherical heavy fragment and a markedly distorted (hence 
excited) light fragment. From WHETSTONE.318 
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those mentioned previously in this section. A double-chambered ionization 

chamber was placed in the center of an aperture passing through the center of 

a cubical tank holding 200 liters of cadmium .- loaded liquid scintillator. A 

thin layer of U235  was vaporized on a collodion film located on the central 

electrode of the double ion chamber. A well collimated beam of neutrons from a 

reactor was passed through the U 235  foil to cause fission. The two fragments 

were detected in the two halves of the ion chamber and the neutrons emitted from 

the fragments were measured in the .scint:Lllation detector. Stiitable coincidence 

circuitry was employed to correlate fragment and neutron data from individual 

fission evenis. 	 .. 

The results of this study are not listed in detaill here, but a few of 

the principal findings can be briefly summarized. Strong variations in P(v) as a 

function of the mass ratio of the fragments are observed and these variations are 

qualitatively similar to those observed. in the spontaneous fission of Cf 252 . The 

greatest number of neutrons are emitted by the heaviest light fragments and by the 

heaviest heavy fragments. The saw-tooth effect illustrated for Cf 252  in Figure 

1189 also occurs in U 235  fission and is, in fact, even more pronounced. The 

total neutron emission from both fragments varies somewhat but not violently as 

a function of mass ratio of the fragments in a manner somehwat like Figure 11.80. 

A further conclusion was that 17 percent more neutrons on the average were emitted 

from the light fragment. However it is not clear that the experimental results 

were properly corrected for the effects of the transformation of the neutron 

emission spectrum into the laboratory system. The careful considerations of 

TERRELL in appendix II of his paper275  suggest that the true ratio VL/VH  is close 

to 1.0. 

At this point it is worthwhile to mention an alternate method of getting 

information on the variation in neutron emission across the mass range of the 

fragments--a method which is independent of data taken with neutron detectors. 

The most detailed development of this. method has been mOde by TEBRELL 275 , The 

method is based on a comparison of the mass-yield curve measured by radiochemistry 

and mass spectrometry and the pronipt mass-yield curve deduced from time-of-flight 	I 
measurents of fragment velocities. In recent years the. data supporting these 

two mass-yield curves have been considerably improved. The radiochemical mass-

yield curve is shifted one or two units to lower masses from the prompt curve 

owing to neutron emission. When this shift is analyzed in detail a surprising 

amount of neutron information can be obtained. We do not have space here to 

reproduce TEIRRELL'S calculations but limit ourselves to the presentation of a 
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single figure which summarizes his analysis of the slow neutron fission of 

u233 , U235  and Pu239  and the spontaneous fission of Cf 252 . It will be noted 

that the neutron multiplicity as a function of fragment mass is nearly the same 

in the four cases. The striking effect first reported by FRASER AND MILTON 317  

that more neutrons are emittedby the heaviest light fragments and by the heaviest 

heavy fragments is fully corroborated. There is a nearly zero yield of neutrons 

at the magic numbers N=50  and  Z=50.  TERRELL speculates that the drop-off to 

zero probability for neutron emissiOn in fragments with Z<50 and N <50 and the 

low yield of symmetric fission products are related phenomena which may be 

qualitatively explained in the following way. Nuclei with magic numbers strongly 

resist deformation from a spherical shape and hence have smaller maximum radii 

than non-magiOcnuclei. This leads to higher Coulomb energies for fission fragments 

at the point of scission when one fragment contains a closed configuration of 

nucleons. When both fragments are non-magic and elongated they can be brought 

into contact with less expenditure of Coulomb energy. Thus fission mass-splits 

involving a magic fragment have a higher fission barrier to overcome and pre-

sumably occur with greatly reduced frequency. The fragrnts well away from 

closed shells are born with considerable shape distortion which implies high 

excitation energy which later is released in the form of neutrons. 
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Fig. 11.91. Terrell's results on neutron multiplicities'derived from 
an analysis of the difference of the radiochemical mass-yield 
curve and the prompt mass-yield curve based on time-of-flight 
data. If these curves are represented approximately by two 
straight lines in the light and heavy fragment regions the value of 
V for asymmetric fission is given by 

v 	0.08 (ML_  82) + 0.10 (- 126) 
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11,7. 1 

Neutrons from Fission. The distribution in energy of the neutrons emitted in 

the fission of U235 , U233  and Pu239  has been studied by two fundamentally 

different meth 	
322- 

ods 	
329

In the first, the energy of the neutrons is 

obtained from the ranges of knock-on protons in photographic emulsions, 

cloud chambers, ionization chambers, proportional counters, etc. In the 

second, the velocity of the neutrons is measured by time-of-flight techniques. 

330-331 A combination of the two methods is often used to cover the whole 

range of neutron,energies. The time-of-flight measurements have been extend-

ed to include simultaneous measurement of fraient velocities asis discussed 

below in seótion 11.7.5. 

A compilation of three sets of data taken at the Los Alamos ScientI-

fic Laboratory is presented in Fig. 11.9 2 . These data are compared with a 

semi-empirical expression published by WATT 325  for the U235 :iieutron spectrum. 

N. Nereson, "Fission Neutron.Spectruni.of U 235 ", Phys. Rev. 85, 600 

(1952); "Fission Neutron Spectrum of Pu 239 ", Phys. Rev.88,823-4(1952). 

Bonner, Ferrell and Rinehart, 'A Study of the Spectrum of the Neutrons 

of Low Energy from the Fission of U 2351t , Phys. Rev. 87, 1032 (195 2 ). 

These authors cite many,earlier references. 

B. L. Hill,"The Neutron Energy.Spectrum form U 235  Thermal Fission," 

Phys. Rev., 87, 103 11 (195 2 ). 

B. E. Watt, "Energy Spectrum of Neutrons from Thermal Fission of U235 ," 

Phys. Rev. 8-7, 1037 (1952) 

Unpublished data of Barton, Cranberg and Nereson, and of Frye and Rosen 

quoted by R. B.. Leachman in Paper P/592,Vol. 2, "Proceedings of the 

lifternational. Conference on the Peaceful Uses of Atomic Energy," United 

Nations, New York (1956). 

L. Cranberg, G. Frye, .N. Nereson and L. Rosen, "Fission Neutron Spectrum 

of U235 ," Phys. Rev. 	662 (1956). 

K. N. Mukhin, L. M. Barkov and Gerasimova; see B. G. Erozoiimsky, 

Neutron Fission, Supplement No. ito Atomnaya Energiya 74-98 (1957). 

B. B. Nicodemus and H. H. Staub, Phys. Rev. 89, 1288 (1953) 

L. Cranberg, "Proceedings of the International Conference on.the Peace-

ful Uses of Atomic Energy," Geneva.l955(United  Nations, New York, .195 6 ), 
Vol. 2, Paper P/577. 

A. B. Smith, P. R. Fields, R. K. Sjoblom, and J. H. Roberts, Phys. Rev. 

	

11i4,.1351 (1959). 	 . 
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IC 	 I 	 I .. 	 I 	 I --- 	 I 	 I 

I 	 + CLOUD CHAMBER 

TIME-OF-FLIGHT 

EMULSIONS 

_N (E) cc Fexp (-E/.965)1 sinh 	J 

Il(E)cc,Texp(-E/I.29) 
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MU- 18981 

Fig. 11.92. Comparison of semi-empirical expressions of the 
energy spectrum of fission neutrons with experimental 
measurements at Los Alamos on neutrons from thermal 
fission •of u235. Figure from reference 326. 
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N(E) 	exp -E 	[sinh 	V79 E J 	(11.59) 
0.96_5 

N(E) is the probability of emission of a fission neutron with energy 

E. This expression is derived from simple considerations of neutron emi.ssion. 

mechanisms and transformation of velocity frames. The constants in the eua-

tion are derived from nuclear "temperatures" and franent eriergychoices 

adjusted to fit the experimental data. A further simplification Qf this senI'i-

empirical expression results in the form 327 332  

N(E) 	VE 	exp 	
E i 
	

(1.6o) 
l29 

which is shown in the figure similarly to provide a satisfactory fit to the 

experimental data. This expression assumes a Maxwellian distribution for the 

neutron spectrum but it is based on no simple theoretical derivation. The 

constant 1.29 may be named a spectrum parameter. It is not to be.identified 

as a nuclear temperature. This fit with such a simple expression cortaining 

only the coefficient in the exponent as a parameter is regarded as fortuitous 

in view of the dependence of the neutron spectrum on many variables such as 

fraient excitation, neutron binding energy, angular dependence of neutron 

emission, etc. 
235 	233 	239 The neutron spectra of the iission neutrons from U , U 	and Pu 

causedto fission with slbw neutrons are very similar 322,325,327,328 TRELL 

333 has analyzed all three spectra using the expression given aboye and gets 

a good fit to the experimental spectra by setting the spectrum parameter equal 

to 1.290 Mev, 1.307 Mev, and 1.333  Mev, respectively. See Fig. 11.93. 

The fission neutron spectrum of the spontaneously-fissioning Cf252  

has aiso been 	 We show.the results of SMITH, FIELDS and 

R0BTS336  in figure 11.94, The spectrum is very similar to that of the 

Frye, Garnel and Rosen, Los Alamos report, LA-1670, May 1954 and 
L. Cranberg and N. Nereson, Los Alamos report LA - 1916 , May 1955- 

J. Terrell, "The Fission Neutron Spectrum and Nuclear Temperature," 
Phys. Rev. 113,  .527, .1959; see also appendix I of Paper byTerrell 
Phys. Rev. 762) To be published. 

E. Hjalmar, H. Slatis and S. G. Thompson, "Photographic Emulsion 
Measurements of the Energy Distribution of Neutrons from Spontaneous 
Fission of Cf 252 ," Phys. Rev. 100, 1542 (1955) 

H. R. Bowman and S. G. Thompson, "The Prompt Radiations in the Spon-
taneous Fission of Cf 2 5 2 "University.of Calif.Rad.Lab. Report, UCRL-5038, 
March 1958; also published as Paper P/652, Proceedings of the 2nd Inter-
national Conference on the Peaceful Uses of Atomic Energy, Geneva 1958. 

A. B. Smith, P. R. 	lds and J. H. Roberts, "Spontaneous Fission Neu- 
tron Spectrum of Cf", hys. Rev. 108, )-i-1l, (1957) 
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THERMAL-NEUTRON FISSION 
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Fig. 11.93. Experimental data on,  fission neutron energy 
compared to the expression 

-E 
N(E) 	.r 	exp  

This comparison made by TEBRELL 333  as quoted by LEACIAP.326 



-305- 
	 UCRL-9 036 -Rev. 

>. 

a: 
LJ 
z w 
U- 
0 
I- 

2 

a: 

(I) 
z 
0 
Cr 
I.- 

Ui 
2 
U- 
0 
Cr 
Ui 
CD 

2 
Li 
> 

-J 
Li 
a: 

I 	I 	2 	3 	4 	5 	6 
ENERGY IN Mev 

MU —18904 

- 

Fig. 11.9. Energy spectrum of Cf 252  fission etrons as 
ebermined by SMITH, FIELDS, andJ R0EERTS. 3 . 



-306- 	 UCRL-9036 Rev. 

neutron-induced fission of U 235  except that it is shifted slightly to higher 

energies. The solid line follows the Watt formula (equation 11.59) evaluated 

as follows: N(E) 
	exp(-0.88E) sinh 	j2.OE 	 (11.61) 

TERRELL333  was able to get a good fit also with a Maxwellian distribution of 

the type given by equation 11.60. 

It is apparent that all measured fission neutron spectra are fitted 

rather well by the WATT formula and perhaps slightly better by an equation 

based on a simple Maxwellian distribution (equation 11.60). The neutron 

intensity varies as El/2  at low energies and exponentially at high energies. 

Many attempts have been, made to derive neutron spectra using 

WEISSKOPF s 331 concepts of.the statistical model of the nucleus since it has 

seemed that excited fission fragments should be quite appropriate systems for 

the application of the model. In its most approximate form this model leads 

to a simple evaporation spectrum of the form 

E exp (-E ) 

which gives a poor fit to the experimental data if the nuclear temperature T 

is single-valued throughput the neutron evaporation process. A great improve-

ment can be made by consideration of the fact that the second and subsequent 

neutrons will be emitted from a less-excited nucleus for which a lower nuclear 

temperature would be appropriate. Several 	 have shown that 

even a simple combination of two evaporation components with different values 

of T can produce good agreement with the neutron spectra in the laboratory 

system. TERRELL333  has carried out a more sophisticated analysis in .which 

the wide distribution in initial fragment excitation energies is converted 

into a distribution of nuclear temperatures appropriate for the evaporation of 

neutrons. In the U235and Cf 
52 
 cases he carried through a sample calcula-

tion by weighting together i-- evaporation spectra using a separate fragment 

velocity for the light and heavy fragments and seven different nuclear 

temperatures weighted according to his derived temperature distribution. 

This calculation yields a laboratory neutron spectrum in excellent agreement 

with experiment but not significantly better than the more approximate 2-corn-

ponent analyses mentioned above. 

V. F. Weisskopf, Phys. Rev. 52, 295 (1937); J. M. Blatt and V. F. 
Weisskopf, Theoretical Nuclear Physics, John Wiley and Sons, Inc., N.Y., 
1952, pp.3E5-37. 	 . 	 " 

J. S. Fraser, Phys. Rev. 88,  536 (1952) 

J. C. D. Milton, unpublished data 

Smith, Fields and Roberts, Phys. Rev. 108, 411 (1957). 
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On the basis of this analysis, it appears that the result of the 

assumption of an evaporation spectra based on the WEISSKOPF statistical model 

for fission neutrons in the center-of-mass system leads to a spectrum which is 

essentially equivalent to a Maxwellian distributior (equatton 11.60) in the 

laboratory -system. Isotropic emission of neutrons in the center-of-mass system 

is assumed. 

TE1RRELL'S 333 analysis implies that the average energy of the reutrons 

will be eqtiai to the average energy.per nucleon of the fissdn fraients (about .  

0.78 Mev) plus some quantity related to the average number of neutrons emitted. 

Specifically, TERRELL finds a good fit to many sets of data with the expression- 

-- 	. - 	EAerge. 	0.7+0.653 ( +l)l/ 2  	(11,62) 

	

(in Mev) 	 - 

The whole subject of the analysis of fission neutron spectra and of its 

meaning for neturon evaporation models and nuclear temperature parameters is 

well reviewed by TERRELL333  in a paper which covers all pertinent work publish-

ed by mid-1958. - 

• 11.1.5 Neutron Velocity and Angular Distributions Measured in Coincidence 

with Fission Franents. 	 -  

In the preceding section we have discussed neutron energy spectra 

measured in the laboratory system and analyzed with analytic treatments based 

on.the fundamental assumption of isotopic neutron emission from moving frag-

mer1ts. Obviously, it is imortan.t to establish with some certainty the true 

angular and energy distributions of the neutrons with respect to the center of 

mass of the fraents. The experiments to be discussed now were designed to 

collect more dire-ct evidence on this question. 	 - 

In the first published -studies of this type 338,341,342 the angular 

distribution (without specification of velocity or energy) was measured with 

respect to the fraent direction of motion. The dominant feature of the 

laboratory distribution is a strong peaking in the directions of the -two frag-

ments. Let us consider briefly RRASER'S - 	experiments in which the thermal 

neutron fission of U233 , U235 , and Pu239  was measured. Collimated, fission 

fraients were selected :inenergy in a 
I

gridded ionization chamber and coinci-

dent prompt neutrons in a given direction were counted by -proton recoils in 

R. R. Wilson, Phys. Rev. 72, 189 (197) 	- 

R. Ramannd and P. N. Rarna Rao, Paper P/1633, p. •361, Vol.15, Proceedings 
of the 2nd International Conference on the Peaceful Uses of Atomic Energy, 

	

Geneva, 1958.- 	 - 
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an electron collecting chamber filled with methane. By proper energy discri-

mination on the fragment pulses it was possible to study neutrons in correlation 

with the total distribution of fission fragment energies or with the light 

fragment distributions only. Significant differences were noted in the two 

cases. The results in the case of Pu239are shown in Fig. 11.95. Neutron 

emission is strongly peaked in the direction of motion of the fragment. The 

angular distribution expressed as a ratio N(0 0 )/N(180° ) is about 70 percent 

greater when light fragments only are observed than when all.fragments are 

observed. FRASER was able to accomodate his observed angular distributions to 

an evaporation model with.isotropic emission of neutrons in the moving fragment 

system provided he assumed a 30 percent greater probability of emission of 

neutrons from the light fragment than from the heavy. RAMAA AND RA032  came 

to a similar conclusion. However, a later reanalysis by MILTON 343  of the data 

of both experiments using better data for the low energy neutron spectrum in 

the laboratory system led to the altered conclusion that both fragments emitted 

the same number of neutrons within 10 percent. Any conclusions on the relative 

rates of neutron emission from the fragments is indirect and sensitive to the 

neutron energy spectrum measurements. See also the remarks of Terrel1 on this 

point. 

Some of the most definitive information on neutron emission character-

istics has come from coincidence experiments in which neutron velocity and 

angular distribution.were measured simultaneously with the velocities of the 

two fragments. Such experiments lead to the most clear-cut answers regarding 

the angular distribution of the neutrons in the center-of-mass system of the 
344-347 moving fragments. Several research groups 	have contributed preliminary 

results from studies of thistype but we shall quote here excliisively from a 

comprehensive study by BOWMAN THOSON, MILTON AND SW]TECKI. 347  

* 	J. Terrell in appendix. 2 of reference 275. 

J. C. D. Milton and J. S. Fraser, private coxnication.to author; see 
also footnote on p.540 of T errell s  article 	and appendix 2 of 
reference 275. 

H. Bowman and S. G. Thompson, unpublished results; preliminary. experi-
ment described in Paper P/652  Vol.  15,  Proceedings of the 2nd Int'l 
Conf. on Peaceful Uses of Atomic Energy, Geneva, 1958. 

A. Smith, P. Fields, and R. Sjoblom, Bull. Amer. Phys. Soc. II, 31, 1959- 

36. 	J. S. Fraser and J. C. D. Milton, Chalk River, unpublished. 

3117. 	H. R. Bowman, S. G. Thompson, J. C. D. Milton and W. J. Swiatecki, 
submitted for publication in The Physical Review, 1962. 
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Fig. 11.95. Angular distribution of prompt neutrons from Pu239  
induced to fission with theimal neutrons. See FRASER.338 
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In this experiment the velocities of the two fragments in spontaneous 

fission disintegrations occurring in a thin sample of Cf 252  were found from the 

time-of-flight of the fragments over a distance of 100 cm. Measurement of the 

velocities of both fragments determined their masses and energies. This part 

of the experiment was done with apparatus essentially the same as that describ-

ed in section 11.6.3 above. Neutrons were simultaneously detected in thick 

plastic scintillators placed at various angles with respect to the direction of 

emission of the fragments. Neutron velocities were determined by measuring 

their flight time over a known distance. The central piece of apparatus consis-

ted of a steel drum with a radius of 100 cm evacuated to a pressure of 10 mm 

Hg. The Cf252  source ias mounted in the center of the drum and the end-of-flight 

detectors for the fragments and neutrons were mounted on the circum.ference of 

the drum. A schematic drawing of the apparatus is given in figure I1.96.. 
A Cf252  source of strength '-1.5 x 106  spontaneous fissions per minute 

was mounted on a thin nickel foil (901g/cm2 ). The time-zero pulse (or time-of-

fissiOn pulse) was formed from the secondary electrons emitted when one of the 

fragments passed through a thin nickel foil placed as close as possible to the 

source. An electron lens focussed and accelerated these electrons onto a 

phosphor mounted on aphotomultiplier tube. The two fragment detectors, F1  

and F2 , were mounted at 180 0
.to each other. The position of one neutron detec-

tor, N1 , consisting of a 2 inch thick plastic scintillator mounted on a .5-inch 

photomultiplier could be varied through a range from .22.5 0 
 to 900  in steps of 

11.25 0 . The position of neutron detector N 2  was held constant at 1,1.25 degrees 

throughout the series of measurements. 

The great majority of the recorded events involved the detection of one 

neutron in coincidence with fragments but rare events in which two neutrons 

were detected in coincidence with both fragments were also measured. The flight 

times, ranging from about 20 to 200 nanoseconds, were determined through the 

use of time-to-pulse-height converters of conventional design, in which time 

was measured by the amount of charge collected on a condenser in the interval 

between two timing pulses. We shall not describe the details of the circuitry 

shown in block form at the bottom of the figure except to state that the four 

pulse heights recording.thetime-of-flight information from detectors F 1, F2 , 

N1 , and N2  were recorded for each event on paper tape, then transferred to 

magnetic tape in a form that was directly acceptable to IBM 704 and 709 com-

puters. Data were collected on millions of individual events. 
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Fig. 11.96. 	Schematic diagrari of the apparatus used by 
Boimr, Thompson, Milton, and Swiatecki to measure 
the velocities and angulLar distribution of prompt 
neutrons relative to fission fragments. 
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The first set of calculations were expressed in terms of a distribution 

where the probability per fission that a neutron making an angle 0 with 

the fragment has a velocity V in the interval dV within the solid angle dw is 

0(v, 0);V2  dV 	 The values of V, 0, and w.are all determined in the lab 

oratory system. In the first examination of the data the fragments were divided 

only into the two broad classes of light and heavy. A graphical representative 

of some of the data appears in figure 11.91. A visual examination of this 

figure suggests at once that the over-all features of the neiitron distributions 

associated with californium fission are consistent with approximately isotropic 

emission from two moving fragments. Thus the .general appearance of the figure 

with the lines of constant p in the form of elongated ovals suggests that 

neutrons have been emitted from two sources moving in opposite directions with 

velocities about the same as those of the fragments. The relative intensities 

in the direction of the light fragment, in the direction of the heavy fragment, 

and at right angles are about 9, 5, and 1 respectively. 

However, a closer examination reveals that there are small discrepancies 

which suggest deviations from this picture. The dêvlations..take the form of an 

excess of neutrons around 900 
to the fission direction as well as an anomalously 

high number of neutrons at the two angles of 11.25 and 168.75 degrees. It is 

not entirely proved that the small peculiarities at 11.25 and 168.75 degrees 

are not a result of a systematic experimental error and we do not discuss them 

further. The excess of neutrons at 900  seems to be a real effect which we shall 

discuss further after we describe a more quantitative analytic treatment of the 

data. 

This more refined analysis was carried out by representing the neutron 

velocities by evaporation spectra with parameters adjusted for best fit to the 

experimental spectra referred to the fragment center-of-mass. The neutron dish 

tributions were assumed to fit analytic evaporation functions of the type: 

() 	(/T. 2 ). exp (-./Tj 	 (11.63) 

Hèie Ov)'i s the.'neutonnegy ii the tettevof -mass and 
T. is a temperature. The i-index on T indicates that 

several components characterized by different values of T 

and by some weighting factor a. might be required to 

reproduce the energy dependence of the neutrons over the 

entire range of measured velocities. In practice up to 

three components proved necessary. 

The experimental data requiring fitting by such analytic functions are 

illustrated by figure 11.98, where the neutron spectra from the light and heavy 

fragments as deduced from measurements at 11.25 and 168.15 degrees are shown. 
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90.000 

MUb-4l 

Fig. 11.97. Contour diagram in polar coordinates of observed 
neutrondensity distribution p(V, e) as a function of 
neutron velocity and angle. From paper of Bowman, Thompson, 
Milton, and Swiatecki. The contour lines are lines of 
constant neutron density. The average velocities of the 
light and heavy fragments are also shown. 
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The data have been plotted in such a way that a pure evaporation spectrum with 

a single temperature would appear as a straight line; it is clear that the 

observed spectra require the superposition of several evaporation components 

at different temperatures. This is not surprising both on account of the 

rather wide range of initial excitatioii ehegieS of he fIents and on account 

of the dEcrease in excitatioti energy in the cOiirs 
I 

e,of-emission;of successive 

neutrons. A notable feature of the figure is the virtiial identity of the new-. 

tron energy spectra from the light and heavy fragments, extending over almost 

four decades of intensity; this identity is not soeasy to understand. 

Table 11.37 shows sample results of parameter fitting of the data of 

figure 11.98 to a three component expression of the evaporation analytic 

formula. The first entry gives the best parameters obtained in a calculation 

based on the assumption of isotropic neutron emission. The second shows the 

best fit for a center of mass angular distribution of the type 1+A 2  P 2 (çps •'V) 

where P 2  is a Legendre polynomial and A 2  is a weighting parameter. The low 

value of A2  obtained when the computer program was free to include the P 2 (coslr) 

term shows that little or no anisotropy is called for by the data. The last 

column gives the VL/VH  ratio; the analysis indicates that 16% more neutrOrth are 

emitted from the light fragment. 

The data fitting represented by table 11.37 again indicates that the 

greater part of the neutron velocity and angular distributions can be accounted 

for under the assumption of neutron emission from the moving fragments. But a 

quantitative comparison of the data taken at each laboratory angle with calcu-

lated values computed from a summation of the contributions of the light and 

heavy fragments (thWs computation being based on the Ib est_fit! center of mass 

parameters for all the data taken together) reveals that only about 90 percent 

of the neutrons can be adequately accounted for by emission from the moving 

fragments. The major deviations occur at 900  suggesting that a third source 

of neutrons at rest in the laboratory system is contributing several percent 

of the neutrons. The average energy of these neutrons.is higher than that of 

the rest of the neutrons. 

One may hypothesize that these neutrons are emitted at the time of 

scission or immediately afterward before the fragments pick up velocity. Such 

a hypothesis is not unreasonable since the rather violent disturbances associa-

ted with the snapping of the neck at the moment of scission and the retraction 

of the stumps into the fragments might well be responsible for the emission of 

a fraction of the neutrons. This possibility was in fact suggested in the classic 

1939 paper of Bohr and Wheeler who expressed it in.these words. 
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Table 11.37 	Parameter values obtained by least squares fit of 

evaporation formulae to neutron velocities given in figure 11.98. 

(Bonian, Thompson, Milton, and Swiatecki) 

Description 	i 	
Weighting 	(T) 	°T 	A2 	VL/VH 

factor (Mev) 	 (Mev) 	(Mev) 

• 	All points 
included; 0.991 

isotropic 
emission 0.3729 

in cm 0.0731 

All points 0.9906 
included; 

l+A2P2  

cos 	V) 
0.3682 

emission 

permitted 0.0699 

0.5720 

0.4061 	0.7217 	0.316 	0 	1.16±.oi 

0.0219 

0.5774  

0.11.020 	0.72111. 	0.316 	o.o16±.012 	•1.16±.oi 

0.0206 

T ia a nuclear temperature in ecjuation 11.63. 	(T) is the average value of T. 

is the variance; the rms deviation. vL  is the number of neutrons emitted 
per fission event from the light fragment. 
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"We consider briefly.the third possibility, that the neutrons in question 

are produced during the fission process itself. In this connection attention 

may be called to observations on the manner in which a fluid mass of unstable 

form divides into two smaller masses of greater stability; it is found that 

tiny droplets are generally formed in the space where the original enveloping 

surface was torn apart. Although a detailed dynamical account of the division 

process will be even more complicated for a nucleus than for a fluidmass,the 

liquid drop model of the nucleus suggests that it is not unreasonable to expect 

at the moment of fission a production of neutrons from the nucleus analogous to 

the creation of the droplets from the fluid." 

One puzzling feature in these results is the near identity of the 

center-of-mass neutron spectra from the light and heavy fragments while at 

the same time the light fragment apparently is emitting 16 peróent more neutrons 

than the heavy.*  From the vL/ VHt1O and from estimated neutron binding 

energies one can estimate that the lighter fragment is about 30 percent "hotter." 

It is difficult to reconcile this with the identity of the spectrashown in 

figure 11.98 . 
Up to this point in our discussion of the experimental study of BOWMAN, 

THOMPSON, MILTON AND SWIATECKI, the fragments have been divided into only two 

groups - the light and the heavy. It is possible however to make a much more 

detailed examination of the neutron properties as a function of fragment energy 

and mass division by a more seleot.iiee use of the experimental data. The 

results of such an examination were presented in a second paper by these au-.:. 

thors. 348  

11.7.6 

The probability P  of emission of any given integral number V of prompt neutrons 

from fisibn can be calculated from the distribution of excitation energy among 

the fission fragrientsif sufficiently accurate information can be obtained. 

LEACII&9_350.has Carried out such calculations: based on sinle neutron eva-

poration theory and the results are in good agreement with experiment We shall 

While the results of this study indicate greater neutron emission from the 
light fragment it'is not clealy proved tht this is true See comments of 
Terrell onthis point in appendix 2 of his 1962 paper, reference. 275. 

Bowman, Thompson, Milton, Swiatecki, in preparation 1962 

R. B. Leachman, Phys. Rev. 101, 1005 (1956). 

R. B. Leachman, Paper P/592, p. 195,  Vol. 2, Proceedings of the Int'l 
Conference on the Peaceful Uses of Atomic Energy, United Nations, N. Y.,1956. 

t 	A specific theoretical model for the emission of scission neutrons was 
formulated br R. W. Fuller, Phys. Rev. 126, 684 (1962). 
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Fig. 11.98. The center of mass neutron energy spectm ON 
divided by . The large dots represent neutrons emitted 
in the direction of the light - fragments; the triangles 
represent the neutrons emitted in the direction of the 
heavy fragments. The curve for light fragments was reduced 
by the factor 1.16 which is the ratio of the number of 
neutrons from, the 'light fragments to the number from the 
heavy fragments if all neutrons are emitted - from moving 

	

fragments. 	- 
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outline LEACIIMAN'S idethod. 

LEACHIVIAN first writes down the mass equation of fission: 

M (A z) +E +B = M(AL LZL) + M(A116 ZB) + 	E 

whe.r 
M = atomic mass 	 En = energy of incident neutron, 

A = mass number 	 B = binding energy of neutroh, tp 
target nucleus 

Z = nuclear charge 
E = total kinetic energy of fragments . 

S = even-odd parameter 	 - 	- 
- 	 Ex'• = total excitation energy of 

fragments  

The massof the fissioning nucleus' can be obtained from experimental 

mass determination or frOm minor extrapolations of experimental measurements. 

The masses of the primary fragments have to be estimated from some empirical 

mess eqiation. LEACHIVAN based his estimates on the treatment of CORYELL351 . 

351. C. D. Coryell, "Beta-Decay Energetics,'Ann..Revs. of Nuci. Sci. 2,.305- 
(1953).  
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No attempt was made to evaluate the masses of all the possible fragments but, 
HL to simplify the analyses., only three mass ratios, RA = A /A , were considered. 

L 	H A and A refer to the ma 	nirmlier of the 1iht e.m1 hevv fr.omn1- 

tively. For fission of U 235  by neutrons the chosen ratios were 133/103, ii/ 

95 and 149/87. Also only the most probable non-integer 	and Z values for 

each A L 	H and A were used. These most probable Z values were estimated from 

the equal charge displacement relations discussed in Section 11.5. 

With these simplifications it was possible to calculate the suni of 

the kinetic and excitation energy, EK + Ex, of the fragments properly weighted 

over the known distribution in fragment mass ratios. The next step was to 

calculate the distribution in Ex  from the experimentally observed distribution 

in EK.  The raw data obtained.in ionization chamber experiments of the type 

described in Section 11.6.1 cannot be used without some correcbions for ioni-

zation defect and experimental dispersion. When these corrections were made 

by a suitable mathematical treatment of the data (not a simple matter) and 

the assumpbion was made that the distributions in Ex  were independent and 

identical for the light and heavy, fragments, the upper curve of Fig. 11.99 was 

obtained for the typical excitation energy distribution. The width of this 

curve per fragment is about 11 Mev. The width agrees well with the energy 

distribution for Zr97  fragments observed by COHEN 352 The negative excitation 

energies and probabilities implied by Fig. 11.99  have no physical significance 

but are retained because they have mathematical significance in computing the 

probability, for emitting zero neutrons. The next step is to calculate the 

neutron emission probability. This is done by an evaporation calculation 

based on simple neutron emission concepts originally, introduced by'WEISSKOPF353 . 

The expression, N(E) 	E exp (----E 	
i ), s used for neutron boil-off. In this 

equation N(E) is the emission probability for neutrons with energy E. The 

nuclear temperature, T. was taken to be l.-i- Mev. 

B. L. Cohen, Phys. R.ev. 104, 1046 (1956) 

J. M. Blatt and V. F. Weisskopf, ttmeoretical Nuclear Physics, tT "John 

Wiley and Sons, New York (1952). 
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Fig. 11.99. LEACHMANTS calculations of the distribution in 
fragment excitation 'energy (upper curve) and of neutron 
emission probability as a function of fragment excita-
tion energies (lower curves) for the most probable mode 
of thermal fission of iJ 235. R. B. Leacbman, Phys. Rev. 
101, 1005 (1956). The abscissa scales for the three 
sets of curves are the same. 
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The curves in the lower part of the Fig. 11.99 are the neutron emission 

probabii:Ltles as a function of excitation energy for- each fragment. It is as-

sumed that a neutron is always eriiittecl when emission is energeticaLLy possible. 

The binding energies of fission neutrons involved inbhese calculations are 

estirnatecl-fcom a mass surface @1 the :n...clides based o n CORYELL 'S treaLment of 
351 

parametgrs. 
Thicombination of•the excitation and. neutron emission data of the 

type shown in Fjg. 11.99 with proper weighting of the possible mass spi its make 

it possible to calculate a distribution in the number of fission neutrons as 

shown in Fig. ll.lOOfbr neutron induced fission and in Fi9.11.101 for spontan- - 

eous fission. LEAC}]1N'S multiplicity distributions are shown as histograms 

and the measured dist±'ibutions as solid circles. The agreement is considered 

to he quite satisfactory. 

According to the assumptior.is of this treatment, neutron emission occurs 

to the complete exclusion of gamma ray emission when neutron emission is pos-

sible. Once the fragments are dc-excited below the neutron binding energy of 

the least bOund neutron, the residual. energy is released in gamma radiation. 

As a by-product of the theory it is posbib].e to calculate the average energy 

release in gamma radiation. This turns out to be 4.6 Mev per fission in the 

case of U25  which is difficult to reconcile with recent. measurements of this 

- quantity which.are about twice that value. See Section 11.9. There is no 

satisfactory explanation of this discrepancy. MILTON35  has suggested that 

gamma emission might be able to compete with neutrhn•emiaston in the highly 

deformed fragment nuclei at the ii'ioment of scission. 

LEAC}HVIA1'T AND KAZc 355  applied this theory of neutron emission to the 

type of experimental data cliscused in Section 11,7.3 in which the neutron 

multiplicities were recorded simultaneously with the energy or velocity of 

both fission fragments. 1AC1N AND KAZ( considered the case of the most 

probable mass ratio in the slow neutron fission of U 235  and the spontaneou.s 
252 	 - 

fission of Cf 	and for this mass ratio calculated v as a function of the 

total kinetic energy. In both cases the quantity d / d EK  was linear. 

The results are shown in Table 11.38. 

3514. J.C.D. 4i1ton, Chalk River Laboratory report CRP-642-A, unpublished, 1956. 

355. R. B. Leachman and C. S. Kazek,Jr., 'Neutron Emissidn from Fission Modes, 
P1LyS. Rev. 105, 1511 (1957). 
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Fig. 11.100. Calculated and observed variations in V for neutron-
induced fission. The statistical uncertainties in the U 233  
and Pu239 data are considerably greater than those indicated 
for théU235 data. Figure from R. B. Ledcbian,.Phys. Rev, 101, 
1005 (1956). Data from Diven, Martin, Taschek and Terrell, 
Phys. Rev. 101, 1012, (1956). 	. 	 . . 
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Fig. 11.101. Calculated, and otserved, variations in \) for spontaneous 
fission. The histograms were calculated by LEACHMAN. The data 
are taken from Tables 11.32, 11.33 and 11.34. 
The TBerkeleyU data are from Hicks, Ise and Pyle, Phys. Rev. 101, 
1016, (1956). -The ,  Los 'Alamos data are from Diven, Martin, Taschek 
and Terrell, P.hys..Rev. 101, 1012, (1956). The third set of points 
for Pu20 is taken from Hammel and Kephart, Phys. Rev. 100, 190. 
(1955). 
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Ta1oie 11.38. 	The variation of the average number ofneutrons V with 
the kinetic energy EK  of the fragments as calculated by LEACEMAN 
and KAZEK355  for the most probable mass ratiosRA  of fission .. 
The I?temperatureU  of neutron emission is given by T.  

Fission case RA 	.. ,T 	. . 	.dV/dE 	(Mev) 
(Mev) 

U235  + 

thermal neutrons .. 	141/95. l. -0.121 

1.0 -0.130 

Cf252 	. 	. 1 5/107 l. -o.116 
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252 
In the case of Cf 	the calculated value can be compared with the 

value of -0.1 1 3 ± 0.020 neutron fission MeV 1  derived by STEIN AND WRETST0NE 6  

from 'pheir experimental data. See Table 11.36 and discussion in Section 11.7.3. 

The LEACFIIVIANmethod.of calculation of neutron emission probabilities 

is rather complex and TERRELL35 T found it desirable to correlate the various 
sets of.experimental.data•on.neutron.emissjon probabilities by means of a 

simpler calculation based on a minimum of parameters. In TERRELL'S tratment 

it is assumed (1) that neutrons will be emitted whenever this is energetically 

possible, (2)' that the emission of any neutron from any fission fragment re-

duces the excitation of the fragment by a value which is nearly constant around 

an average value E, and (3) that the total excitation energy of the two prim-

ary fragments has a Gaussian distribution with rms deviation a E from the 

average excitation energy E. E is of the order of 7 Mev and a is of the order 

of 1. Since the excitation energy has a Gaussian distribution and each 

emitted neutron reduae.s the exitation...en.ergy. by ..E 6  the .neutron emission prob-

abilities also follow a Gausian law. This conclusion is essentially indepen-

dent of the manner in which the two fragments share the excitation and should 

also be true if a few neutrons are emitted before fission with about the same 

value of E 
0 
. TERRELL derives the relationship 

V 	 -1/2 
ZPn = 2t 	

j (v- + 1/2-I-b ya exp(-t2/2)dt 	
(11.65) 

- 

 CO 

in which P is the probability of observing n neutrons
12  
V is the average number of neutrons 

a, as mentioned above, is the rms width of the total exictation in 

units of the average energy charge, E, per emitted neutron, and 

b is a small adjustment (b < 102). 
This equation was applied.to all experimental data on the probability distri-

butions P;  namely, the data listed in Tables 11.32, 11.33 and 11.34. It 
was found that all data are reasonably well-represented by this distribution 

252 
if the parameter a was chosen = 1.08. An exception was Cf 	which required a 

W. E. Stein and S. L. Whetstone, Jr., Phys. Rev. 110, 476 (1958) 

J. Terrefl, Phys. Rev. 108, 783 (1957) 
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a value of 1 21 ± 0.01. The closeness 01 the fit of the semi-empirical curve 

to the experimental data is shosm in Fig 11 102,taken from TERRELL t S paper. 

With a a value of 1.08 and a reasonable choice of 6.7 Mev for E the 
0. 

rrns width of most of the fragment exciLation eiergy distributions is 7.2 Mev 

and the full width at half maximum is 17 Mev, The corresponding figures for 
252 the exceptional case of Cf 	(a = 1.21) are 8,1 and 19 Mev, These values are 

in reasonably good agreement with the excitation energy distributions deduced.. 

from the experimental work on fragment kinetic energy described in Section 11 6 
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Fig. 11.1.02. Rxperimental non-cumulative neutron emision 
Probabilities. Sandarcj deviations are shown. The 
continuous cures are for the "Gaussian' distribution 
derived by TERRELL. Figure from reference 357. 
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n.8 DELAYED NEUTRONSI IN FISSION 
235 

	

11.0.1 Introduction and Resume
f  of Early Investigations. When U 	or 

some other heavy element nulide is caused to fission, a neutron radioactivity 

may be observed. The total number of these "delayed tt  neutrons is of the order 

of 1% of the prompt neutrons. The "delayed neutrons are actua±±y erniILeu 

prothptly from a highly-excited nuclide produced by the P decay of a precursor, 

whose p-decay half-life controls the rate of emission of neutrons. If chemical 

separation of fission products is made, the neutron radioactivity is separated 

chemically with the precursor. 

Delayed neutrons play an important role in the control of reactors and 

this has stimulated an extensive study of their abundance and other character -

istics. These studies can be divided into two groups. The most extensive 

studies have consisted of the examination of the gross neutron activity of 

activated samples of fissionable material not subjected to chemical processing. 

The second ty-pe of study consists of the chemical processing of fission products 

immediately after irradiation and the identification of delayed-neutron periods 

in specific chemical fractions. 

KEEPIN358 360061  has written excellent reviews on the subject of delayed 

neutrons and we follow his treatment in much of what follows. 

Less than a month after the discovery of nuclear fission in 1939 Enrico 

Fermi3 2 suggested that delayed neutrons might be emitted from fission frag-

ments after these had undergone one or more beta transitions. This was made 

plausible by the theory of fission advanced by BOHR and WHEELER 	 and 

364  because it could be shown that in certain cases the energy released 

358; .G. R. Keepin, "Delayed Neutrons — A Review as of October 1955", Los Alamos 
Sieñtific Laboratory Report, LA-1970, October 1955. 

G. R. Keepin, "Delayed Neutrons" in Chapter 7 of Progress in Nuclear 
Energy, Series One, Physics and Mathematics, Volume 1, McGraw-Hill Book 
Co., New York, 1956. 

G. R. Keepin and T. F. Wimett, Paper P/831, Volume 4, p. 162, Proceedings 
- of the International Conference on the Peaceful Uses of Atomic Energy, 

United Nations, New York, 1956. 

G. R. Keepin, J. Nuclear Energy 7, 13 (195 8). 

See L. Szilard and W. H. Zinn, Phys. Rev. 55, 799 (1939). 

N. Bohr and J. A. Wheeler, Phys. Rev.., 56, 426 (1939). 

J. Frenkel, J. Phys. USSR 1, 125 (1939). 
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in beta decay could exceed.the binding energy of a neutron in the daughter 

nucleus Under these conditions a tdelayedu  neutron could be emitted with an 

observed period equal to that of the preceding beta- emitter by the., process 

illustrated schematically in Fig. 11. 103. 

The role of.'delayed neutron.s in the cdntrol,of the nuclear chain reaction 

was first suggested in the literature by ZELDOWICH and, HARITO1. 65 More than a 

year. before achievement of the first, self-sustaining chain reaction FERMI 366  

independently pointed out the importance of delayed neutrons in controlling the 

rate of fission in .a chain-reacting assembly. When the multiplication constant 

k slightly, exceeda unity the effect,of the delayed neutrons is to make the rate 

of neutron increase much less (roughly a factor of  150 less) than it would have 

been had all the neutrons been released promptly. This greatly simplifies the 

problem of keeping the chain, reaction under control. Hence, a knowledge of the 

effects of delayed neutrons is a matter of great practical importance in 

reactor .esign. 	. 

The first evidence for delayed ethission of neutrons was reported by 

ROBERTS, MEYER, and WANG, 	These TT delayed' t  neutrons whose reported half life 

was 12.5 ± 3 sec,, were believed either to be photoneutrons produced by the 

y-activity of the fission fragments or to be emitted directly from one of the 

'

68 
fission products. ..Subsequent yield measurements 	quickly ruled out the first 

possibility; two months later the B0III-WHEELER hypothesis3b3  was advanced, thus 

providing a plausible mechanism. for the experimental fact of delayed-neutron 

emission. Following this, other workers soon found more delayed-neutrons 

periods; BOOTH, DUNNING, and SLACK3  found two periods of half life 15  seconds 

2nd 10-15 seconds with , a total yield of -002 delayed neutrons per' fission. 

GIBBS and THOMSON3U  observed no :periods of appreciable yield between 10. an.d 

101 secoids. BRØSTROM, KOCH and' URITSEN '  found two periods with, half 

lives of 12.3 and 0.1 - 0.3 dcdds'' 	 .....
. 

365. Zeldowich and Haritbn, USFEIaIF. NAUK 23, No, Ii-, 354 (1940). 

366. '  E. FermI in a letter to S.K. Allison, Oct. 19 1 1; see A. H. Sneli et al., 
Phys. Rev. 72, 545  (1947),  

R. Roberts, R. Meyer and P. Wang, Phy's. Rev. 55,' 510  (1939). 
R. Roberts, A. Meyer, L. Hafstad and L. Wang, Phys. Rev. 55, 661 (1939). 

369., E. T. Booth, J. R Duniing and F. G. Slack Phy. 'Rev. 55, 876 (1939). 

370 	D. F. Gibbs and G. P. Thomsói, Natiii'e 144 202(1939). 

371, K. J. BrØstrom, J. Koch, and T. Lauritsen, Nature 11,  830 (1939)b 
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Fig. 11.103. Schematic drawing of mechanism for slow neutron 
emissiOn Partial beta decay to excited levels in daughter 
may reach levels lying above the neutron binding enerr. 
Paitial beta decay to ground state results in conventional 
beta decay chain with no neutron emission. 
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The earliest detailed ineasurmenLa on delayedneutrons from U235 fission 
were mode in 1942 by SNELL and coworkers at Chicago 72  A BF 3  counter surrounded 
by paraffin was used to rncnjor the decay of delayedneutron activity from a 

106lb, block of U303  bonirded with Be + D neutrons. Five delayed-neutron 

period.s (half lives) were found ranging from 0.4 sec. to 56 sec0 The two 
longer periods were attributed to Br 8  and 1137 p-activities preceding neutron 
emission from excited states of Kr 7 ènd Xe137, HEDMAN and SAXON373  were the 
first to study delayed neutrons using a nuiear reactor: - the Argorme graphite 

pile. The Chicago and Argonne results showed significant disagreement only for 

the shorter periods 

With the highe±-  neutron flux available at the Argonne heavy water pile 
(central flux lO 	etons/c 2/sec.) and a newly-constructed rapid transfer 

system (for improved short period work), the delayed neutrons from U 235  were 
studied again in 1945 by IIUGJS, DABBS, CA1U', and 	 374 The decay of delayed 
neutrons from an irradiated pample of U 235  (.- 89% isotopically enriched u308 ) was 

recorded on elctrocardiograph tape, and then analyzed graphically into six 

periods. The results, given in Table fl..39..have served as a standard of corn-

parison for all subseguent delayed-neütrcn studies on U235 , as well as the other 
fissionable isotopes. In 1945 DE HOFFMAN, F'ELD, and STEIN 75  utilized very 

short bursts of prompt neutrons from the "dragon" assenbly (Los Alamos) to 

irvestigate delayed neutrons from 235 particularly the shorter periods. They 

obtained five periods in substantial aeernent with those of HUGIS et al., and 

reported indications of a sicth short-period group of 4 millisecond half-life 

and abundance 2% that of the total delayed neutrons. Later studies on the 

contribution of 1t ot" neutrons indiöated that this observed 4 iniUi-
second period could be accounted forby neutrons scattered back to the " dragon 't  
assembly from surroundjg walls and floOr. 

------- 

A. H. Snell, V. A. Nedzei, H. W. Ibser, J. S. Levinger, R. G. Wilkinson, 
and M. B. Sampson, Phys. Rev. J, 541 (1947). 
W. Redmari and D. Saxon, Phys, Rev. 	, 570 (19I7). 

374 	D. J. Hughes, J, Dabbs A. Cairn, and D. B.Häll, Phys. Rev. 	ill (1918). 
375. F. de Hoffnmn, B. T. Feld, and P. R. Stein, Phys. Rev. fl, 1330 (1948). 
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The six periods listed in Table 11.39 account for all the delayed 

neutrons in the fission of U235 . Although, as we shall see below, some of 

these delayed-neutron periods represent complex mixtures of activities with 

similar half-lives. These same periods with different abundances also account 

for the delayed neutrons observed in the fission of other heavy nuclides. 

Before summarizing later reserach on the well-established delayed-neutron 

periods, •wewish. to mention the extensive work which has been done-to find 

whether other periods: of shorter or longer half life are present in the 

delayed-neutron decay. curves. 

--The firstreported search for short delayed neutrons of very short 

periods was made by GIBBS and THOMSON 37°  with modulated (D,D) neutrons on 

UAs mentioned earlier, they fouiadno delayed-neutron periods of appre-

ciable abundance between 10 and 10 seconds. The work at Argonne (cf. 

Table 11.39) revealed a new short delayed-neutron period from U 235  of half 

life 50 msec and relative abundance 0.033%. No period between 1 and 50 msec 

was found. These short-period activity studies were made with a thermal neutron 

shutter (ttguillotineT) to produce short irradiations at the Argonne heavy water 

pile. The short period (t l 	
msec) from U235  reported by DE HOFN, 375  

2  
has been discussed. BROLLEY et al.

376  ,using a pulsed cyclotron beam to 

generate short neutron bursts, found no U 235  fission product activity shorter 

than 03 sec. half life. Using a bare U23  critical assembly ulsed at 

intervals with an 11 Mev. betatron BET and SCOTT. 377  measured a short-period, 

delayed-neutron group of half life 150 ± 41 milliseconds and abundance 2.7 ± 

0.7 percent. No shorter period was found. The authors discussed the hypothesis, 

that this group of delayed neutrons follows the decay of Li 9 , the latter being - 

formed as a light fraent in ternary fission. However, COOK 37  finds that Be7  

is produced in less than one in about 10 fission; also FLflN, GLENDENIN and 

STEINBERG319  set a similar upper limit on the yield of Be 10 . From this.and other 

evidence, it is doubtful that the Li 9  assignment of this period can be c -orrect. 

376 	J. E. Brolley, D. H. Cooper, W. S. Hall, M. S. Livingston and L. K. Schlacks, 
Phys. Rev. J, 990 (1951 ). 

P. J. Bendt and F. R. Scott, Phys. Rev. 9, 7 	(1955). 

G. B. Cook, Nature 169 ,  622 (1952). 

Flynn, Glendenin and Steinberg, Phys. Rev,lO 1492 (1956). 
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Table 11.39 

Half lives and abundances.of-delayed.neutrons from U235  

Gx'oup 	 Relative 

index 	 Half life. (sec) 	abundance 

1 	 55.6 ± 0.2 	0 . 03± 0.009 •  

2 	 22.0 ± 0.2 	0.220 ± 0.0231 

3 	 4.51±01 	0282±0017 

1.52 ± 0.05 	0.319 	0.011 

5 : 	 Q13± 0.05 	0.112± 0.011 

6 	 005± 002 	0033 

Ratio of total delayed nei..tronsto-tota1 neutrons = 0.00755 

This isa widely ciuoted table from Hughes et al., (ref 374).; 
for a more -recent table see Table .ii.--i. 
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With modern high flux reactors as fission sources, it has been possible 

to look for delayed rieutron periods appearing, in low abundance with half"lives 

of minutes or longer. No confirmed reports of any periods longer thar the well-

established 75 second activity have appeared. One experimental problem in the 

search for such activities is caused by the fact that hard-gamma radiation from 

some of the fission products can give: an apparent delayed-neutron period by 

photodisintegration of the deuterium present in.the moderating material or in 
the'neutroh detector. 

11 8 2 Recent Results on Delayed-Neutron Pe 

In the summary.,reports of IEPIN 86°. there appers a complete tabula-

tion of all determinations through 1956 of the delayed-neutron periods and 
235 abundances for U. . and for several other fissionable nuclides. We thould like to 

report here only the work of KEEPIN, WIMETT and ZEIGLER38O because it is more 

extensive than other published studies.3 
1  We shall describe this work briefly. 

A bare U235  metal assembly at the Los Alamos Laboratory known as the 

"Godiva" reactor was used to provide a high flux of neutrons through small 

samples of fissile material',centered.in the reacting assembly.3 2 Such samples 

could be irradiated for short bursts (TTinstantaneous  exposure) or for long 

times ("infinite exposure") to emphasize the shorter-lived or longer-lived 

components, respectively, in the neutron decay curve,. A pneumatic system 

rapidly transferred the sample of fissile material.from the reactor assembly to 

a well-shielded neutron counter. The decay of the. delayed.-neutron activity was 

monitored by a multi-channel, recording, time-delay analyzer with 0.001, 0.01, 

0.1, and 10 second channel widths following, in automatic. sequence; the number 

of channels of each width was variable, thus permitting selection of the most 

suitable channel-width distribution for a given decay curve. The decay curves 

G. R. Keepin, T. F. Wett and R. .K. Zèigler, Phys. Rev. 107, 10 	(1957); 
see also J. Nuclear Energy6,,l (1957). 

233 
A rather silar study of delayed neutron periods and abundances for 
u235,'238, pu239; and Th232  caused to fission 'with the fast neutrons of 
the Zephyr assembly has been published by Smith, MàVicar, Thorne and Rose, 
J. Nuclear 'Energy' 4,.133(1957). 

H. C. Paxton, "Critical Assemblies at Los Alamos", Nucleonics 13, 49  ( 1975); 
R. E. Peterson and G. A'. Ne'wby, Nuclear Sci. and Eng. 1, '112 (1956). 
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which were obtained were composite curves rather. difficult to resolve, graphically 

with confidenoe. The authors programmed a. least-squares. analysis of the counting 

data on an IBM-TO)-- digital computer. The three longer periods .(T1  T2  'r3 ) and 

their abundance ratios were calculated from the "infinite irradiation' data; 

the four shorter periods and their abundance ratios were calculated from the 

"instantaneous irradiation data. The six relative abundances so obtained were 

then normalized to unity to give directly the fraction of delayed neutrons in 

each group. When total yield measurements were desired the number of fission 

events in the sources was determined by radiochernical isolation of Mo 99  from 

the irradiated sample. 	 . . 

The Godiva central spectrum (for "fast" neutron irradiations) is a 

slightly degraded fission-neutron spectrum. When it was desired to study de-

layed neutrons from a sample caused to fission with thermal neutrons a "thermal" 

pectrum was obtained within"an 8-inch cubic polyethylene block, cadmium- 

shielded and mounted near Godiva. 	 . 	. 	. 

Fast-fission delayed neutron data taken with"samples of U235 , U238 , 

233 Pu23, pu2 	and Th232  are sumarized in Table 11.40. Thermal-fission 

data are presented in Table 11;41. The 'absolute total yields of delayed neutrons 

perflssioh are giver' in Table 11.12. in all cases, the data were completely 

described by 'six neutron periods although there were slight differences in the 

values of'the periods from'one 'isotope'to the next.' The 'differences in relative 

and absolute abundances in different' fissining nuclei are reasOnable on the 

basis of shifts in the 'mass and charge distribution of the fission products. 

Differences 'in the periods reported in this work compared to the 

earlier wbrk of HUGI-IES (Table 11.39) and others are attributed largely to 

different amounts of data in the critIcal time'interval 5 to i-O seconds and 

or the different' methods of'analysis - least squares fit versus the more 

subjective graphical "exponential peeling.'i method. 

It was ñatüral in'the beginniig to assume that the six delayed-

neutron periods which constantly recur in studies of the gross neutron radio-

activity of most fissile heavy nuclei 'must be associated with just six beta 

active nuclides whose half lives are-just the six half periods deduced from the 

analysis of the gross decay 'data. , However, the radiochemical studies described 

in the next section show that ,the..22 second, the 6 second and the '2 second 

periods are complex and 
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Table 'll.4O 

- Fast-fission de1ayd;ñutron data of Keepin, Wimett. and Zieglera e 

• . 	,,. " 	
•.... . ..:' .. .. Absolute group 

Group HaT -li'e Ti  Relative abundance ' 	yield (%) 
index i I, SEC) 	•' aj/a (for pure isotope) 

23(99 	
235; 

n/F.= 0.0165 ± 0.0005) 

1 	•: 54.51 ± 0.94 	. 0.038 ± 0.003 	': 0.063 ± 0.005 
'2 21.84 ± 0.54 0.213 ± 0.005 0.351 ± 0.011 
3 6.00 ± 0.17 0.188 ± 0.016 0.310 ± 0.028 

2.23 	± 	0.06 	 .. 0.407 ± 0.007 0.672 ± 0.023 
5 0 .496± 0.029 0.128 ± 0.008 	'. . 	0.211 ± 0.015 
6 0.179± 0.017 0.026 ± 0.003 0.043 ± 0.005 

u23899.98% 238; 

n/F 	0.0412 ± 0.0017) . . 	. 

1 5238129 0013±0001 005)4±0005 
2 21.58 ± 0.39 	 . 0.137 ± 0.002 . 	0.564 ± .0, 02 5., 

. 3' ' 	5.00 ± 0.19 0.162 ±0,020 0.667 ± 0.087 
1.93± 0.07 	 . .. 	0.388.± 0.012,. .1.599±0.081. 

5 0490±0023 0225±0013 0927±0060 
6 0 172± 0.009 0.075 ± 0 005 0 309 ± 0 02)4 

u23 (i00% 233; 	' 
n/F' = 0.0070 ± 0.000)4)  

1 55.11 ± 1.86 0.086 t  0.003 0.060 ± 0.003 
2 20.74± 0.86 	. 0.274 ± 0.005 0.192± 0.009 
3 5.30 ± 0.19 0.227 ± 0.035 0.159 ± 0.025 

2.29 ± 001 '  0.317 ± 0.011 • 	0.222 ±0.012 
5 0.546± 0.108. 0.073 ± 0.014 0 .051 ± 0.010 
6 0.221± 0.042 0.023 ± 0.007 o.o16 ± 0.005 

Pu239(99.8% 239; 
n/F = 0.0063 ± 0.0003) 

1 53.75 ± 0.95 0.038 ± 0.003 0.024 ± 0.002 
2 22.29± 0.36 0.280 ± 0.00li. 0.176 ± 0.009 
3 5.19 ± '0.12 0.216 ± 0.018 0.136 ± 0.013 

2.09 ± o.o8: 0.328 ± 0.010 0.207 ± 0.012 
5 0.549± 0.049 . 	0.103 ± 0.009 0,065 ± 0.007 
6 0.216± 0.017 0.035 ± 0.005 0.022 ± 0.003 

2)40  Pu 	(81.5% 240; 

n/F = 0.0088 ± 0.0006) 

1 53.56 ± 1.21 0.028 ± 0.003 0.022 ± 0.003 
2 22.14 ± 0.38 0.273 ± 0.004 0.238 ± 0.016 
3 5.14 ± 0.42 	 • 0.192 ± 0.053 0.162 ± 0.0 144 
14 2.08 ± 0.19 0.350 ± 0.020 0.315 ± 0.027 
5 0.511±0.077 0.128 ± 0.018 	• 0.119 ± 0.018 
6 0.172± 0.033 0.029 ± 0.006 0.024 ± 0.005 
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Table ll.O(cont'd.) 
Absolute group 

Group 
Half-lfe T. 

Relative abundance yield (%) 
index i : 	se 	i aj/a (for pure isotope) 

Th232 (l00% 232; 
n/F = 0.o496 ± 0.0020) 

1 56.03 ± 0.95 0.034 ± 0.002 0.169 ± 0.012 

2 20.75 ± 0.66 0.150 ±0.005 0.744 ± 0.037 

3 571 	± 0.24 0.155 ± 0.021 0.769 ± 0.108 

2.16 ± 0.08 o.16 ± 0.015 2212 ± 0.110 

5 0.571± 0.02 0.172 ± 0.013 0 .853 ± 0.073 

6 0.211± 0.019 0.013 ± 0.006 0.213 ± 0.031 

aTotal data for each nuclide were obtained from 1 0 prompt-burst irradiations 
and 40 long irradiations with the exception of the U 235  fast-fission data 
which were obtained from 80 prompt-burst irradiations and 80 long irradiations. 

blndicatéd for each nuclide (in parentheses) are: (1) isotopic purityof 
sample used for period and abundance measurements, and (2) n/F. total 
absolute yield in dlayed neutrons per fission; note that n/F values (and 
absolute group yields) have been corrected to 100% isotopic purity. 

c Uncertainties indicated are calculated probable errors (from IBM-704 computer). 

dTl T2 , and the ratio a/ 	are taken from final long-irrdiation data.
1.  

eE. = a = n/F total delayed neutrons per fission. Abundance values 
reported include correction (< 3%) for detector response. 
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Table ll..)i.l 

Thermal fision delayed neutror data of Keepin, Wimett and Zeiglerae 

Group 	Half-life, Ti 	 Relative abundance, 	Absolute group 

index i 	 (sec ) 	 a i/a 	 yie]d (%) 

u 3 (99.9% 235; 
n/F = 0.0158 ± 0.0005) 

1 	 55.72 	1.28 0.033 ± 0.003 .0052 ± 0.005 
2 	 22.72 ± 0.71 0.219 ± 0.009 0.346 ± 0.018 

3 	 6.22± 0.23 0.196 ± 0.022 0.310 ± 0.036 
2.30 ± 0.09 0.395 ± 0.011 o.624 ± 0.026 

5 	 0.610± 0.083 0.115 ± 0.009 0.182 ± 0.015 
6 	 0.230± 0.025 0.042 ± 0.008 0.066 ± 0.008 

Pu239(99.8% 239; 
n/F = 0.0061 ± 0.0003) 

1 	 5.28 ± 2.34 0.035 ± 0.009 0.021± 0.006 
2 	 23.04 ± 1.67 0.298 ± 0.035 	. 0.182 ± 0.023 

3 	 5.60 ±oJo 0.211 ± o.o48 	. 0.129 ± 0.030 
2.13 ± 0.24 0.326 ± 0.033 0.199 ± 0.022 

5 	 0.618± 0.213 0.086± 0.029 0.052 ± 0.018 
6 	 0.257 ± 0.015 0.014 ± 0.016 0.027 ± 0.010 

u233 (I00% 233; 
hl~ = 0.0066 ± o.00Q) 

1 	 55.0 ± 0.54 0.086 ± 0.003 0.057 ± 0.003 
2 	 20.57 ± 0.38 0.299 ± 0.004 0.197 ± 0.009 

3 	 5.00 ± 0.21 0.252 ± o.01 0 0.166 ± 0.027 
2.13 ± 0.020 0.278 ± 0.020 0181  ± 0.016 

5 	 o.61± 0.212 0.051 ± 0.024 0.034 ± 0.016 
6 	 0.277± 0.07 0.031 	± 0.O14 0.022 ± 0.009 

aTotal data for each nuclide were obtained from 40 prompt-burst. 
irradiations and 40  long irradiations. 

blndicated for each nuclide (in parentheses) are: (i) isotopic purity of 
sample used for period and abundance measurements, and (2) n/F s total 
absolute yield in delayed neutrons per fission; note that n/F values (and 
absolute group yields) have been correuted to 100% isotopic purity. . 

01Jucertainties indicaced are calculated probable errors (from. IBM-70I 
computer). 	 . 	 . 	,. 	 . 

dTJ T2 , and the ratio a1/a2 are taken from final long-irradiation data. 

= a = n/F total delayed neutrons per fission. Abundance values 
repo:rted include correction (< 3%) for detector response. 
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Table 11. 1 2 

Absolute yields of delayed neutrons 

AbsolUte yield 
Fissile (delayed neutrons/fission for pure isotope) 
Nuclide Fast fission Thermal fission 

Pu239  0.0063 ± 0.0003 0.0061 ± 0.0003 

0.0070 ± o.OoO4 0.0066 ± 0.0003 

p20 0.0088 ± 0.0006 

U235  0.0165 ± 0.0005 0.0158 ± Q.0005 
u238 0.012 ± 0.0017 

Th232 
 

0.096 ± 0.0020 ---- 

p21 0.015 	± 0.015 

All data from Keepin, Wilmett, and Ziegler except that for 

P 21  u 	which comes from Cox, Phys. Rev. 123, 1735 (1961). 



UCRL-9036-Rev. 

-339- 

that each contains at least one bromine and one iodine precursor activity. It 

is quite likely that the 0.7 and 0.2 second periods are also complex. 

COX and co-workers 3  have investigated delayed neutrons in the spon 
252 	

- 
252 

taneous fission of Cf . A weightless source of Cf 	with a fission rate of 

3.76 X lo per minute was deposited upon a platinum planchette. A steel 

rrcat ching tt disk was placed 0.5 mm from this source to catch the fission frag-

ments ejected from the source. After a preset collection time a pneumatic 

shuttle transferred the ttcatchert  to the center of a neutron detection system 

and the neutron emission ratewas measured until the activity on the collection 

disk had decayed to a negligible amount. This process was repeated many times 

and the collection time was varied over a wide. range .in . order to enhance parti-

cular delayed-neutron emitters. 

The chief results are summarized in Table 11.43. The considerable 

difference between this table and Table llJi-1 can be explained by a considera- 
252 

tion of the differences in the distribution of fission fragments .for Cf 

compared to U235 . The heavy fragments have rather similar distributions in 

mass and charge so that heavy fragment delayed-neutron precursors such as 

iodine isotopes should appear in both cases. On the other band,,the light 

fragment distribution of Cf 
252  is shifted to much heavier.masses and to a 

region where delayed-neutron precursors are not expected on theoretical grounds. 
88 

Hence, those activities such as Br 1 and Br which contribute to the U235  

delayed neutron decay curves are absent in the case of Cf 252 . 

Energy measurements have been made on the delayed neutron groups by 

several groups of investigators.368, 371.,38
1l, .385, 386  Some of the results on 

the mean energies are summarized in Table 11. 1 . 

Cox, Fields, Friedman, Sjoblom and Smith,.Phys. Rev. 112, 960 (195 8 ). 

Burgy, Pardue, Willar, and Wollan,, Phys. Rev. 70, lO (19 116 ). 

T. W. Bonner, S. J. Bame, Jr., and J. E. Evans, Phys. Rev. 101, 1514 

(1956). 

R. Batchelor and H. R. McK. Hyder, J. Nuclear Energy 3,7 (1956). 
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• Table 11.3 
38 

Delayed neutroa pe:'ods in the spontaneous fission of Cf from Cox and co-uurders 

Abs1ute yield 
. 

Group Half life Relative neutrhns/fission Suggested 
nuiiber ( 	

econd) abundance (%) pte 	ULOL 

1 20.0 ± 05 0255 ±0.01 0.22 ± 0.01 I'Xe?Cs?Te?Sb? 

2 	• 2.0 ± 	 0.1. 0.338± o.o6 .0.29 	± 	0..0 	• 13 I 9Xe?Cs?TeSb? 
140 

3 • 	 0.5 ± 0.4 0..07 ± 0.12 :035 	±0.1.. ICsXe? 

Total 0.86 ± 0.1 

Table. huh. 

Mean..energies of the delayed neutron groups for U235  

T 	sec 	
• Hughes 

34 
Burgy 

• 	 .. Batchelor 
Group 1/2' 	/ Argorne Oak Ridge Harwell 
index •.. ....,..... ...... ...(kev) . 	 • 	 (kev) 	.. 	. 	 . (key) 

• 1 •.•• . 	• . 	 • 	_.5.. 	• 
• 	 50 ± 60 .300 ± 60 250± 20 

2 22 	
• 	 .• 560±60 . 	 .6o.± 	60 460 ± 10 

3 5.9 430 	± 	60 	•...••.. .650 ±-100,.. . 	 05 ± 20 

2. 	.... .. 	................. 620 ± 60 •. 	 •. 	 910 ± 	90 450 ± 20 

5 . 	 .O.6 	'. 	. • 	 20 ± 60 i00.± 70 

6 0.13 .--- 	 . . 	 ---., •. 
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11.8.3 

Had ioche:mic8l investigatPons have pi-oved that •at leaCt three of thesi well-

e11ablished delayed-neutron peiods are conlex From the work reported below, 

it is certain that there. are at least eleven.. distinct radioactivities. .ich 

contribute to the gross neutron decay curves,; and it is probable that there are 

other unresolved contributors. The chemical assignments are summarized in 

Table 11..45. 111'he studies on which these assignments are based - are outlined 

below. 

The 54 Second and 22 Second Periods 

In 190 HPEN and STASMNN37  dhemically isolated several short-lived 

halogen activities from fission. Included among these were a 50 ± 9 second. 

bromine activity and a 30 ± 6 second iodine activity. In later works, 88 ' 8  
masses of 87 and 137, respectively, were assigned to these activities. In-

dependently, SHELL and co-woiker.s 390  identified the 55 second delayed-neutron 

precursor as an isotope of bromine and the 22 second precursor as an isotope of 

iodine. Coflpar'ison with known Br and I p-emitters led to tentative identifica- 
87 

tion of Br 	as the 55 second and Il -
7
'as•the 22 second delayed-neutron 

precursors Soon theieafter, SUGAMAH391  etablshed (a) the half life of Br 8  
as 56.1. ± Q.7 second in agreement with the (then) measured 55.6.± 0.2 second. 

delayed neutron period, and (b) the half life of 1137  as 19.3 ± 0.5 second in 

substantial agreement with the 22.0 ± 0.2 second delayed neutron period. 

*A delayed neutron precursor is a fission product nuclide which p-decays to an 
excitet state of a delayed neutron emitter. 

may be pointed out that a real difference in delayed neüt'on periods and 
their corresponding radiochemically-determined periods may exist owing to (1) 
lengthening of the effective precursor period by "feed in" by cascade 
emission from several members of the chain, and (2) contributions from other 
(presumably unknown) delayed neutron emitters of compazable period. 

387. .O. Hahn and F. Strassmann, Naturwiss. 28, 817 (1940). 
388.R. J. Born and W. Seelmann-Eggeberg, Naturwiss. 31., 59 (1943); 31, 86 (19 4 3). 

V. Reizler, Naturwiss. 31, 326 (19 4 3). 

A. H. Snell, J. S. Levinger, E. P. Meiners, N. B. Sampson, and H. G. 
Wilkinson, Phys. Rev. 72, 545 (1947). 

N. Sugarman, J. Chen]. Phys. .17, 11 (1911-9). 
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Ta11e 11.45 

Assigiment of delayed neutron precursors 

Delayed neutron Identified Additionalredicted 
period deiyed neutron precursors 

precursor 

54 seconds . 	 56.1 second Br8  

22 seconds .2.2 séond 1137 
plus 88 

1 	.3 second Br 

5-6 seconds* .5 second Br8 (?) Br9°  
plus 	18 

5.6 second I 

6 
plus 	92-93 

secondRiD 	(?) 

2 seconds 1.6 second Br
go(?) 144 

Br90, Br992, Cs 
plus 	

13 2.7 second I 
plus 	92 0 )-i- ., 

-" 1.5 ' second Kr . 

05 seconds 	 . 	 I °, Kr, Br92  

97(96) 
0.18 seconds 	 -., 	. 	. 	 Br93, As81(86) , Rb 

This period has often been given as 4.5 seconds (See Table 11.39).  This 
discrepancy is accounted for by difficulties in resolving the multicomponent 
neutron decay curves. 	. 	. 

**After Keepin, J. Nuclear Energy 7, 13 (1958). 
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STEIMN, and SUGARMAN 392  have measured the total fission yield of Br 8  as 3.g ± 

0.1% and the energies of Br6  p-rays as 2.6 and 8 Mev. See Fig. 11.10; This 

establishes the neutron emitting levels in Kr 87  at energies > 5.4 Mev. 

PERLOW and STEH 393  tentified a neutron period of 16.3 ± 0.8 

seconds among the homine fission products and assigned it to the precursor 
88  

Br . This was the first identification of a precursor of odd-odd nuclear 

type. This 16.3  second activity contributes to the 22 second peripdbut. to a
1. 

lesser extent than does 24 second 1137.  1EPIN, WflvTT and ZIEGLE)380  for 

example, were not able to resolve a 15 second period from their decay curves 

of gross neutron activity. 

The results of COX et 61. 8  on the delayed-neutron priods in the 

spontaneous fission of Cf 252  (give above in Tablell.Li3) indicate that there 
252 

may be additional contributors to the 22 second group. In the case of Cf 

bromine isotopes cannot contribute to the delayed neutrons and one might expect 

the 21  second 1137  to dominate completely. However,, the measured period is 20 

± 0.5 seconds instead of 21 seconds indicating that one or more unidentified 
252 

heavy-fragment precursors must contribute to the Cf 	20-second group; these 

unidentified precursors may well be present also in U 235  fission. 

The -6 Second Period 

A contributing precursor of the third delayed-neutron group'("G second 

half life) has been shown39ltu  follow the chemistry of bromine and to have a 

mass number in the range 89 to 91. Attent to measure the half lives of Br 8  

and Br 91  radiochemically - by extraction of the descendent Sr activiXy - were 

unsuccessful due to prohibitively low activity at the \time of counting. 391  

Because of the difficultjes •n radiochemicalidentification of the 6 

second and shorter periods, 	 394 stiove to plate some limittions on the 

possible choices of mass number and, element by means of a. recoil technique. 

Previous work had shown (See Section 11.6.4) a regular variation of recoil 

range with the mass Of the fission fragments, the range decreasing, as the mass 

392. ,  A. F. Stehney and N. Sugarman, Phys. Rev. 89, 194 ( 1953). 

393. G. J. Perlow andA F. Stehney, Phys. Rev. 107.776 (1957). 

394.. N. Sugarman, J. Chem. Phys. 15,  544. (1947). 
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Fig. 11.104. Schematic interpretation of delayed neutron 
emission in the case of the ipass 87 fission chain. 
Figure prepared by KEPIN.35 
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increases, as shown in Fig. 11.77.  Thus the mass number of a fissionproduct 

can be estimated by measuring the range and cOmparing itwitli ranges of fission 

products of known mass number. SUGAPMAH 	measured the amounts of the 4.5 

second and 1.5 second delayed-neutron activity passing through various thick-

nesses of aluminum foil. He then used. the recoil ranges of the 55.6-second 

and the 22-second activities as standards to compute a value ofthe ranges of 

the unknowns. He was able to state that a 4.5 second activity and the 1.5 

second activity had mass number of 90 ± 10 and 129 ± 5 respectively. From a 

knowledge of the regularities in the mass yield curve of fission, the mass 

number ranges could be further reduced to 86-91 and 129-135 respectively. Using 

this as a guide, Sugarinan showed that the 4 .5 second activity accompanied the 
87 55.6 second Er actiiity through radiochemical procedures specific for bromine. 

This established the identity of a main contributor to the 4-6 second delayed 

neutron group as bromine of niass number 86 to 91. Present evidence favors the 

assignment Br8 . PERLOW end STE.TINEY 395  corroborate the existence of a bromine 

fission product delayed neutron precursor with a half life of LiJi -f 0.5 seconds. 

PEPLOW and STEm'E 395  also found an iodine activity which emitted 

neutrons with a 6.3 ± 0.7 second. half life and attributed it to I 138 which is 

known from other studied of its beta particle decay to have a half life of 5.9 

seconds. These authors also found evidence for a rubidium precursor with a 

6 minute half life. They assigned this to Rb92  or Rb93  on the basis of reported 

half lives •396 

The2 Second Period 

PEPLOW and STEH!NEY3959396 studied neuton radioactivity in bromine, iodine, 

andnoble gas fractions isolated quickly after neitron irradiation of U235  and 

found a 1.6 -4- 0.6 second neutron period in the bromine fraction, a 2.0 -I- 0.5 

second period in the iodine fraction and a 	1.5 seond period in the noble gas 

fraction.. The bromine activity is tentatively assigned to Br 9°  while the iodine

139 activity is to be identified with I 	whose half life has been determined radio- 

391 	 i ) i 
chemically 	to be 2.7 seconds. The noble gas activity s assigned to Kr92-9  

itcontributes only about 0.5 percent of the total delayed-neutron yield from 
235 

G. J. Perlow and A F. Stehney, Phys. Rev. 113, 1269(1959); see also 
Paper P/691, Volume 15,  of Proceedings of the Second United Nations 
Conference on the Peaceful Uses of Atomic Energy, Geneva, 1958. 

A. F. Stehney and G. J. Perlow, Bull Am. Phys 
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The 0.5 Second and 0.2 Second Periods 

The identity of these delayed-neutron.precursors has not been established 

because of experimental difficulties. KEEPIN'S suggestions of possible assign-

ments are givenin Table 11.45. 

111,8.4 The Shell Model Interpretation of the Delayed Neutron Emitters. 

The B0I-WELER mass equation.makes it clear that beta emitters far removed, 

from stability can have sufficiently great decay energies that neutron emission 

from excited levels of daughter products may be possible. However, this mass 

equation is not able to give correct assignments to the delayed neutron pre-

cursors observed in fission. The shell model can assist in making proper 

assignments and predictions through a consideration of the sharp drops in neutron 

binding energies which occur at the shell edges. Only the 50 and 82 neutron 

shells are of significance in this regard as they are the only neutron shells 

which occur in the regions of appreciable fission yield. 

In the beginning it was usual to state that the delayed neutron precur-

sors should have one or a few pairs of neutrons beyond a closed neutron 

configuration; these nuclides would be expected to decay by beta emission to 

excited states in odd-neutron nuclides, which because of their particularly low 

binding energies for the last neutron would exhibit the greatest probability 
52 87 (4)  (89) 84 137 

for neutron emission. The known activities Br , 	35Br 	531 , and 

86139 	 . 	 * 
531 	fall in line with this view. However, it has come to be realized that 

OF,-  B)> 0 is the real criterion for delayed neutron eiiiission and that one must 
consider odd-odd nuclei with neutron numbers slightly higher than closed shells 

as equally. probable condidates for delayed neutron precursors; this sbems from 

the fact that the beta decay energy of odd-odd nuclei is greater than for odd-

even nuclei. Hence it is not surprising that the odd-odd nuclei Br88  and 1138 

have also been identified among the fission product neutron activities. 

G. B. Keepin, J. Nuclear Energy 7, 13  (1958);  see also Soviet Journal of 
Atomic Energy 4, 339 (195 8 ). 

A. C. Pappas, Paper P/583, Volume 15, Proceedings of the Second United 
Nations International Conference on the Peaceful Uses of Atomic Energy, 
Geneva, 1958, p. 373; also. see the paper of A. C. Pappas and G. Rudstam, 
Nuclear Physics 21, 353 (1960). 

* 
See for example the discussion in reference 395. 



UCRL -9036 Rev. 

PAPPAS 8  and KEEPIN391  have independently carried through semi-theoretical 

analyses of the identity and yields of the delayed neutron precursors. We quote 

here in the form of figure 11.105 from a comprehensive 1958 paper-of IEPIN. 397  

If one considers a particular fissioning nucleus one -can start such an analysis 

by listing all the fission products whose half lives fall within experimental 

error of the measured delayed neutron periods. Then from knOwn mass-yield curves 

and from an application of a preferred form of the charge distribution postulate, 

one can estimate the cumulative fission yield of all the possible candidates. The 

next step is to compute a "neutron emission probability" which characterizes the 

competition between neutron emission and beta decay for each possible emitter. The 

calculation of theneutron emission probability, P, is the difficult part of the 

overall analysis and involves the application of beta decay theory But the 

important parameters in the calculatiOn, such .as the energy available for beta 

decay, the level density as a function of excitation, the neutron binding energy, 

are not known from experiment. These parameters are evaluated from systematic 

trends in beta decay energetics, level densities, nuclear masses and binding 

energies. Since these trends are strongly influenced. by neutron and proton shells 

the resulting P values are.also strongly influenced by the 50 neutron and 82 

neutron shells which occur in the mass region spanned by the fission products. 

KEEPINS predictions of delayed neutron precursors are shown in figure 11.104. 

It can be noted that all the predicted precursors lie in two small islands of 

nuclides lying just beyond the :50 and 82 neutron shells. Aside from the fact that 

the radio-chemically identified precursors are among: the predicted nuclides, his 

analysis is able to account for the, following features of the delayed-neutron 

precursors in the 6 fission cases covered in tables 11J40 and llJ-l; namely: 

(i) the fact that the same 6 periods, with only minor half life 

variations, are seen in all cases, 

the rather substantial variation in total yield of the delayed 

neutrons compared to total neutrons, and 

the shifts in the relative amounts of the delayed neutron periods. 

This analysis provides a self-consistent description of delayed neutron 

data. It also opens up the possibility of making a reliable prediction of the 

characteristics of delayed neutron emission in fissioning systems for which 

experimental data exist on fission .product yield and charge distributions but 

for which no data on delayed neutrons has been gathered 
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Fig. 11.105. Summary of IEPIN'S predictions of delayed neutron precursors. 
The heavy and light peak fission-product regiohs of the chart of the 
nuclides (plot Z vs. N) are shon. The line of nuclear stability, ZA, 
passes through the upper left of each region. The two exclusive regions 
(shown shaded) are predicted to contain all delayed neutron precursors 
of detectable yield. Within these regions, specific precursor pre-
dictions for each delayed neutron group (denoted by group index number 
in circle) are classified as' follows. . 	. 	. . 	 . 

0 most probable main precursor 
0 possible main precursor 
( ) most probable contributor 

() possible contributor 
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It is nteworthy that other deléd neutron activities disovered in 

experitnénts tincbnnected with nuclear fissiOn are exlaiied by s1milar shell 

mOdel considèrtioh. Nitrogèn-17 discovered by ALVAREZ399  and Li9  discbverd 

by GARDNER, KNABLE, and MOYER 00 are beta eniitters'próducing a daughter nucleu 

with a weakly bound neutron added to a particularly stable even-even configura- 
210 

tion. Another case is the emission of neutrons from eccited levels of Pb 
1 reached in the beta decay of RaC (Tl 	). The total beta decay energy is 

1 5. 4 Mev while the neutron binding energy of the last neutron in Pb 	is .o1 

Mev. KOGAN and RUSINOV 	have detected neutron emission once in every 5000 

disintegrations 
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11.9 GAIVIMA RAB IN FISSION 

A knowledge of the prompt gamma rays, accompanying the fission of a 

heavy nucleus should provide some very crucial tests for any detaled tkepry of 

the fission process.; A knowledge of the prompt gammaspectrum is also.qf some 

importance in desiing shielding for a reactor or ot1er critical assembly. 

Early studies of prompt gamma rays in the fission of U 235  by DEUISCH 

and. ROThLATT02 and by KINSEY, HANA and VAN PAr03  gave 4 .6 Mev and 5.1 Mev 

respectively as the total release of energy in prompt gamma radiation per fission 

act. However, the later results of FRANCIS and GAMBLE
404 

 and of MAIENSCHEINe 

al. 05 gave the co±isiderably higher values of 7. 1 6 and 8.0 Mev respectively. A 
very careful study of prompt gamma emission in U 235  fission was reported by 

MAIENSCHEINIi PEEL, ZOBEL and LOVEO6  at Geneva in 1958. The gamma-ray energy 

spectrometer was of the multiple-crystal scintillation type.07  One sodium 

iodide (u) crystal (the Ucetlterl?  crystal) absorbed the energy of electrons 

produced by gamma radiation incident upon it. Auxiliary crystals largel 

shielded from the U235  source detected secondary gamma rays from either the 

Compton or pair interaction processes in the center crystal. The two crystals 

were operated in coincidence. Experiments to determine the gamma ray spectrum 

in time coincidence with fission used for a source the U235  contained in an 

ionization chamber. The minimum response time of the fission-gamma coincidence 

system was about 2 x 	seconds. The prompt gamma-spectrum öbe±red by this 

technique is given in Fig. 11.106. The average energy is 7.2 + 0.8 Mev. 

These experimentalists also show gamma spectra for radiation emitted 

shortly after fission in delay periods ranging from 0.12 x 10_ 6  to 1.4 x 10_ 6  

402. M. Deutsch and H. Rotblatt, Atomic Energy. Commission Declassified Report, 
AECD - 3179 (1944). 

+03. Kinsey, Hanna and Van Patter, Can. J. Research 26A, 79 (1948). 

+O)-i-. J. Francis and B. Gamble, Oak Ridge National Laboratory Report, OBNL-1879 
(unpublished). 

405. F. Maienschein et al., Oak Ridge National Laboratory Report, ORNL-1879 
(unpublished). 

F. C. Maienschein, B. W. Peele, W. Zobel and T. A. Love, Paper P/670, 
Proceedings of the Second United Nations Conference on the Peaceful 
Uses of Atomic Energy, Geneva, 1958.: 	. 

1107. For a discussion of a Compton spectrometer see R. Hofstadter and J. A. 
McIntyre, Phys. Rev. 78 ., 619 (1950) and T. H. Braid, Phys. Rev. 102,1109 
(1956) 	For a discussion of a pair spectrometer, see H. I. West, Phys. 
Rev. 101, 915 (1956). 
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seconds. They also studied gamma rays emitted a few seconds to a few minutes 

after fission. The most surprising .feature of these delayed spectra was that 

integral photon intensities as great as 5.7 percent of the prompt radiation were 

found for delay times in the microsecond range. Since nuclear beta decay is 

energeticallyforbidden for decay times as short as 10 seconds- these measured 

gamma rays must be assumed to arise from isomeric trarsitions. SKLLAREVSKII 08 

found that virtually all the gamma ray photons are emitted in a-time interval 

1/2 to 2-1/2 millimicroseconds after fission.  

There are experimental difficulties connected with a study of U 235  

fission because of the neutrpn atmosphere required for the experiments. SMITH, 

FIELDS and FRIEDMAN 09  thought it desirable to study prompt gamma emission in 

the spontaneous fission of Cf 252  there the experimental conditions are "clean" 

and there are no complicating backgrounds. Furthermore, since the characteris- 
252 	235 tics of fission in Cf 	and U 	are -very similar, as we have noted throughout 

this chapter, the release of gamma radiation might be expected to be similar in 

the two cases. BOWMAN andTH0S0N10 carried out a similar study. 

Themeasurements were made by coincidence -techniques requiring the 	 I 
simultaneous response of fission fragment and gamma ray detectors. SMITH, 

FIELDS and FRiEDwa 09  used a gas scintillator cell as a fission detector be-

cause of the speed of its response and single or multiple sodium iodide crystal 
410 detectors for the gamma rays. BOWMAN and THOMPSON 	used an -ionization cham- 

ber to detect fission fragments and a sodium-iodide crystal to detect gamma rays. 

In both studies the measured gamma ray. spectrum had to be corrected in a major 

way for the photoelectric efficiency of the crystal, Coton electron and pair 

production effects, etc.. 

Figure 11.107 taken from the paper thf SMITh, FIELDS and FRIEDMAN 0 

shows the corrected photon spectrum of Cf 252 and compares it with the spectrum 

observed in the slow-neutron induced fision of U235 . The spectra are seen to 

be very similar. Some charáteristics of the photon spectra are compared in 

Table 11.46. 

408, V. V. Skliarevskii, D. E. Fomenko and E. P. Stepanov, JETP 32, 256 (1957); 
translation Soviet Physics JETP 5,220 (1957), 

409. A. B. Smith, P. R. Fields and A. M. Friedman, Phys. Rev, 10 1+, 699 (1956). 

410, H. R. Bowman and S. G. Thompson, Universityhof California Radiation 	 I Laboratory Report, UCRL-5038, March, - 1958; a10 published as Paper P/652 
in Proceedi'ngs of the Second International Conference on the Peaceful 
Uses of Atomic Energy, Geneva, 1958. 
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Fig. 11.107. Photon spectrum from the fission of Cf252  and U235 . 
From Smith, Fields and Friedman.9 
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Table 11.16  

Characteristics of prompt gamma rays emitted in fission  

Energy loss 
Photons in photons Total energ 

Fissioning Total photons per fission per fission loss in 
isotope per fIssion (0.5-2.3 Mev) (0.5-2.3 Me) photons Ref. 

U'+n 7. __•T 7.2 Mev 406 

Cf2  10.3 5.0 5.2 8.2 Mev 4 09 

Cf 252  10 -- 
--•- 9 Mev, 410 
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SMITH, FIELDS and FRIEDMAN'°  also made some measurements of the gamma 

ray spectrum in coincidenc,e w:Lth, fragment pairs measured in a, double ionization 

chamber.. The photon sp.ectim was studied, as .a function of the, m ss,r Q., The 

data were, divided into three groups corresponding to symmetric, mass divison, 

the most probable mass division and the most asymmetric mass diva.silion Within 

the 8% 1 sthtisti'cal accuracy of the measurement the results were identical. 

MILTON and FRASER 
4

1

11

combined gmma ay detection with siultrieOis 

measurement of the velocities of both fragments in the spontaneous fission of 

Cf252 . The energy of the gamma ray .s was measured over the energy interva3 300 

kev-1.4 Mev. This'spectrum changed slightly but significantly as a function of 

the mass ratio of the fragments but not significantly as a function of total 

kinetic energy of the fragments. The yield of gamma rays showed a pronounced 

dip in the region where one of the fragments is near the doubly magic nucleus 

Sn132 . 

The magnitude of the total fragment excitation energy taken away by 

gamma emission is a puzzle. It is usually assumed that neutron emission will 

occur much more rapidly than gamma emission as long as the fission fragments 

retain sufficient energy to emit a neutron. The various neutron "boi1off Il  

models such as those of LEACH1V1jN and 
}ç(12 

 or of TERRELL13  would predict 

that about 15 Mev of excitation would be left after all possible neutrons had 

been emitted. This estimate is roughly half the observed total gamma ray energy. 

The experimental results seem to lead to the conclusion that gamma-ray 

emission competes more successfully with neutron emission than present theory 

would predict; although this hypothesis is hard to reconcile with the spectral 

shape which shows that less than 2 percent of the photons have energies greater 

than 2 Mev. TERRELL13 states that it seems quite possible that the extremely, 

high electromagnetic fields present during the acce1eration of fission fragments 

to final velocity might induce gammaray emision in times of the order of 1oT21 
11 

second. High nuclear distortions might also favor gamma emission, as suggested 

by MILT0N 414 

The multiplicity of the gamma rays also poses a theoretical problem. 

J. C. D. Milton and J. S. Fraser, Phys. Rev. 111, 877 (1958 ); also 
published as Paper P/199  Page 216, Vol. 15, Proceedings of the Second 
International Conference on the Peaceful Uses of Atomic Energy, Geneva, 
1958. 

R. B. Leachman and C. S.Kazek, Phys. Rev. 105, 1511 (1957). 

J. Terrell, Phys. Rev. 113, 527 ( 1959). 

J. C. D. Milton, unpublished suggestion, 1956. 
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. 	:. 	 REWTTCS ON LOW ENERGY FISSION 

I. Hälpern,'Nuclear FissirY', Annual Review of'Nuclear Scierice ,245 (1959). 

Proceédingsofa Symosium on the Physics of Fission, held at Chalk River, 
Ontario, May 14-18 ,.1956 , Report CRP-642A, available from Scientific Document 
Distribution Center, Atomic Energy of Canada Ltd., Chalk River, Ontario, 1956 

Physics of Fission t1 , a 1956 syosium published in Atomnaya.Energ. Supplement 
1. English translation available from Pergamon Press, New York, 1958 or from 
Consultants BUreau. 	. 	 . 	 . 
W. J.=Whitehouse, Progress in Nuclear Physics 2, 120 (1952). 
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4 	- 
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such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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