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INTRODUCTION 

The properties and constants associated with neutron sources 

are important quantities in the study of the behavior of neutrons 

in various materials. In particular, in the study of neutron 

diffusion in sub-critical reactor assemblies, it is important to 

know the properties associated. with the slowine down of the 

source neutrons in the nodorating material. 

In recent years, Pu-[e neutron sources have become widely 

used as the source of neutrons for the study of neutron behavior 

in sub-critical reactor assemblies. The popularity of the Pu-Be 

sources is due to the long half life of the sourcts, the rela- 

tively small amount of associated gamma-ray activity and the 

relative ease of preparation of uniform sources. 

Decause of future plans to study the diffusion of neutrons 

from a Pu-Be source in the Kansas State University graphite sub- 

critical assembly and the unavailability of the required value 

of the age for this source in graphite, a series of experiments 

was undertaken to determine the age of Pu-Be source neutrons in 

graphite and theoretical calculations were performed to predict 

the age from the calculated and measured source energy spectra. 

In these experiments, the age was determined by measuring 

the spatial distribution of the slowing down density at the 1.44 

ev resonance of indium. 

The theoretical value of the age was obtained by calculating 

the age of the neutrons from source spectrum energies to fission 
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spectrum energies and then adding to this the accepted value of 

the age from the fission spectrum to 1.44 ev. The calculated 

portion of the total age to 1.44 ev was obt,ined by using the 

expression for the age as defined by the Fermi continuous slow- 

in down model and the existing source energy spectra and cross 

sections. 

LITERATOU SURVEY 

To the author's knowledge, there was no published literatur 

available on the age of Pu.Be neutrons in graphite. However, 

numerous publications were vailab1e describing, techniques for 

measuring, the age experimentally, and a limited number of refer- 

ences were available concerning age measurements, in graphite, 

for sources whose energy spectra is similar to that of Pu-Be, 

,e,, Po-De and Ra-a-B 

The combined works of tarshak (14), Weinberg and 1.1;igner (19) 

and Amaldi (1) give a rather complete review of the theoretical 

back:Tound and developments, concerning the problem of neutron 

slowing down. These works also review experimental techniques 

for making age measuranents and discuss some of the methods used 

to calculate slowing down distributions and age. 

Hill, Roberts and McCammon (9), have measured the age, to 

indium resonance, of fission neutrons in graphite and discuss 

the effects of foil spacing, cadmium thickness and foil activi- 

ties induced by other than resonance neutrons. They give an 
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interesting discussion of the transport correction for the 

finite thickness of the indium foils. 

A derivation of an approximate equation to correct for th 

finite sizes of sources and foils, used in age measurements, is 

given by Hill, Roberts and Fitch (s), as used in their experi- 

mental determination of the ag of fission neutrons in light 

water. 

.(10 (13), in his studies of the slowing down distribution 

of neutrons in light and heavy water mixtures, gives an indium 

self-shielding m thod for det rmining the amount of foil activity 

induced in cadmium covered indium foils by other than resonance 

neutrons. 

An estimation of the requir d size of the measuring column, 

for age measurements in graphite, for an error of less than one 

per cent in the measured age, is given by Davis (4) in his study 

of a slowing down experiment. 

Hughes (12) has reported the exper oental age of Ra-g-Be 

neutrons in graphite and Bogart, Cusick and shook (2) have re- 

ported the experimental ages of Ra-0C-B and Po-Be neutron ages 

in 7raphite. Hughes also reported an experimental fit for the 

slowing don distribution from a standard Ra-c*-Be source in the 

Argonne National Laboratory standard graphite pile. 

Few results are availablA, for the calculation of neutron 

ages in graphite. The more rigorous methods of calculation in- 

volve the method of moments or Monte Carlo methods, using high 
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speed digital computers. Bogart, Cusick and Shook, have also 

reported the calculated ages, in graphite, of Po-Be, Ra-a-Be and 

fission neutrons, using the Monte Carlo technique developed at 

the Oak Ridge National Laboratory. 

Faulkner (5) has reported a method of calculting fission 

neutron ages in heavy moderators, using the Fermi age theory and 

the analytical expression for the fission neutron spectrum. The 

expression for the as derived stressing the importance of 

the analytical expression for the fission spectrum and assumed 

average values for the neutron cross sections over large sections 

of the energy range. 

The neutron energy spectrum for a Pu-Be source has been 

measured experimentally by Stewart (16) and has been calculated 

by Hess (10). 

TH4ORY 

Experimental 

The slowing down density, in an infinite medium, fro 

point sourct, as given by the Fermi age theory, is (6) 

e, ) = e 
(4n-r)312 

(1) 

where 27 is the Fermi age, in cel of the neutrons of source 

energy $0, to a given energy E, and r is the distance from the 

source to the point of interest. The slowing down density, 



ci(r,T), can be d,fined as the number of neutrons c c *Itch 
slow down past a given energy El corresponding to the age ro 

at a given point r 

To obtain a physical significance of the age, the second 

moment of the slowing down density, denoted by can be con- 

sidered. The second moment is given as 

2 - 
f r2q(r,r) d 

r 

For a point source, in an infinite medium, this expression 

becomes 

fo" r 21;(17- ('V14' 
1°0 itire2 0... th, 

(2) 

(3) 

Substituting Zq. (1) into this equation for q(r,T) and perform. 

ing the indicated integration 

f°2 
r e 

_r2Atrdr 
2 r - ° - 62" 1.2/4 

0 

Therefore, the age, 2" , can be seen to be one-sixth of the mean 

square (crow flight) distance traveled by a neutron from age more, 

to the time at which its age is r. 

Experimentally we measure the activation, A, of a foil 

is proportional to 



fq)(F)I(E)dE 

6 

( 5) 

where OW is the flux of neutrons of energy E, and S(E) is the 

macroscopic activation cross section of the foil for neutrons of 

energy E. It has been shown (9) that the activity of indium 

foils, covered with a sufficient thickness of cadmium, is essen- 

tially due only to the activation caused by neutrons in the 1.44 

iv resonance range. Therefore, to a first approximation, the 

slowing down density, q, can be taken as being proportional to 

the cadmium covered indium foil activity, and the expression for 

the age then becomes 

A (r) ritd r 
( source-0 Ifler) - ° op 

f 0 
A(r) t.2 of r (6) 

Tho distribution given by Eq. (1) does not correspond ex- 

actly to the actual measured distribution. The derivation of 

Eq. (1) is based on the Fermi age equation and is, therefore, 

subject to the assumptions made in derivin-, this equation. 

These assumptions are as follows: 

1) The energy loss is a continuous function. This means 

that the averap.e number of slowing down collisions must be large 

so that the average energy loss per collision is small. This 

assumption is therefore good for heavy ode raters. 

2) No absorption during the sloAin:- dolNn process. 
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3) Small distance from source. 

4) Fractional rate of change of mean fres path in one 

collision interval is small. 

In addition to these assumptions, Eq. (1) is derived using 

a monoenergetic source of neutrons. For a polyenergetic source 

of neutrons, the distribution given by the Fermi age theory 

would be a summation of a series of terms such as given by eq. 

(1). 

Even if the distribution is not Gaussian, the relation 

between rand r2, given by T;-4. (4), still holds (19). However, 

in that case, 1/1: is more properly called the "slowing down 

length." 

In order to perform the integrations, from 0 to OD, as 

indicated by Eq. (6), it is necessary to study the behavior of 

the distribution at large distances from the source. As seen 

fro the third assumption, used in deriving the Fermi age equa- 

tion, the distribution as given by Eq. (1) is not valid at large 

distances from the source. Physically it is to be expected that 

most neutrons, at great distances from the source, arrive at 

these distances after a large number of small angle collisions, 

each associated with a small energy loss. Therefore, an upper 

bound on the resonance neutron density at large r can be obtained 

by assuming that the neutrons which reach large r all travel in a 

straight line. These neutrons, after finally colliding, will be 

moderated without moving very far (relative to the distance 

already traveled) from the point of collision. The number of 



such neutrons that have not suffered a collision, and the reso- 

nance energy neutrons resulting from them, will decrease with 

distance from the source r and will be proportional to 

e 
rht 
r2 

This is a simple exponential decrease, combined with an 

inverse characteristic of a point source. At large r, the prin- 

cipal variation in the slowing down density arises from the expo- 

nential and the change in slowing down density is less rapid 

than that given by the Gaussian of Eq. (1). Using this exponen- 

tial character of the distribution, the integrals in Eq. (6) can 

be integrated from the last data point to to. 

In the discussion so far, the sources and detectors have 

been assumed to be point sources and point detectors and the 

measured activity has been assumed to be proportional to the 

slowing down density. In general, the source and detector geome- 

tries and the measured activity is not strictly proportional to 

the slowing, down density at 1.44 ev. The correction for the 

geometry is given in the Appendix. 

Analytical 

The energy of the neutrons from a Pu-Be source, are consid- 

erably greater (16) than those from a fission source, and as the 

cross sections are functions of energy, the age of the Pu-Be 

neutrons will also differ considerably from the agt of fission 

neutrons. 
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As the experimental value for the age of fission neutrons 

is a well known quantity, it seems plausible that a reasonably 

good value for the age of Pu-Be neutrons could be obtained by 

calculating the age of the Pu-Be source neutrons from source 

energies to fission energies and then adding to this value the 

age of fission neutrons from the fission spectrum energies to 

the indium resonance energy of 1.44 v; or to thermal energies, 

by adding the additional value of the age from indium resonance 

to thermal, By using this procedure, a relatively large error, 

in the calculations of the age from the source spectrum energy, 

should still result in a s,=:11 error in the final result, as the 

value of the age from the fission spectrum to indium resonance 

is much larger than the value from the source spectrum to the 

fission spectrum. 

Azsuming the Fermi age theory to be a goof approximation 

for the age in graphite, the age from source energies to fission 

energy can be determined from the expression defining the age, 

27, in the Fermi age theory. This expression is given as (6) 

VE,,,E)= f D(E) dE 
gss(E) E 

where E0 is the source energy, E is the energy to which ris to 

be measured, V is the average logarithmic energy decrement per 

collision, D is the diffusion coefficient, and 1 is the macro- 

scopic scattering cross section, This equation can also be written 

as 



E0 

2- (E.,E) - I 1 d E 
3 ( 1 - /70)r f .2-szo E 

E 

where 0 / 

10 

(a) 

andit-0, the average cosine of the scattering angle in the labo- 

ratory system, can be written as (6) 

2 
/710- 3 A 

for slightly absorbing media. 

By assuming the cross sections to be linear functions of 

energy between small increments of energy, 6n to (Lo)n, the 

expression for roan be rewritten as 

where 

(414, 

rtE.,E) - I I d E 
3 - Tg's-2 (E) E 

55(E)= in f + 

(9) 

the equation of a straight line with slope m and intercept 20, 

and 

K= 
30.-ATJV 

riting /8 in terms of ire, the microscopic scattering cross 

section, Eq. (9) becomes 



ro 

(Ea, 

r(EoE) d E 
Ts-2 (e) E 

OT(E) =i-nE + 

3/02N2 Sri ) 

and A : atomic weight of moderator 

/42 
density of sKierator 

NA = vogadro's number. 

The integral in Eq. (10) is of standard fo 

the 

.01) = 

6 

dx 
x (a x + 6)2 

( 
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ion of which can be obtained from a table of integrals. 

Perk ing the integrati rn, Eq. (10) become* 

r(E-0E) = K' 

= 

4- 

1 g _ 

07 2 fin 

(inE,'+(/;-) 
rtrilEJ,,,4- or] 

( (e4;1) t as m Ocr 

(E02m (7-(E,,:) 

En; 0-(E.1 
4 

4 r; (7(E,:),, 0- (4) 
(12) 



For the case where a: 7. 0, , (10) reduces to 

417E0, E) = 1 d E 
(in E )2 E 

The integration of this expression is straigh 

integration the expression becomes 

K 
rri2 (E;)2 

12 

(13) 

rd and upon 

For a neutron source emitting neutrons of several different 
energies, the slowing down density, as given by the Fermi age 

theory, from a point source in an infinite medium, can be written 

as a summation of the infinite slowing down kernels, as given in 

Eq. (1), where e ch kernel is multiplied by a fraction represent- 

ing the fraction of neutrons with energy corresponding to the 

value of 27 used in that particular kernel. 

The expression for the slowing down density from a poly- 

rgetic source then becomes 

(r,v) = F(E) e 
(4 77 ri)3/2 

(15) 

where ft(E) is the fraction of source neutrons with energy K and 

Q is the total source strength. 
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Substituting Eq. (15) into the expression for the second 

moment of the slowing down distribution, given by Eq. (6), and 

using the definition, 2-: 2 the expression for the age of the 
polyenergetic source can be written as 

00 

Qf .47r r 
r2 
6 

6Q 

. e d r 
(47r ri)"2 

00 

rr 2 
tzi 

L. ( 
e 
*771_43/2 

d r 

foo 
ot 

(477r1)3/2 
r 

00 

t2 e 
(47rri)3/20fr 0 

I 0 

The solutions of the integrals in Eq. (17) are of the form 

2 

fx2ene_a. 
X 

dx = 
lTr 

i 3 5' (2 
0 2 

rn-Hm a. 

Performing the integrations, Eq. (17) becomes 

fr, 

For 
1=1 

rilojE) - = 16-2 

1, q. 19) reduces to 

EI) = I FL II 

(16) 

(17) 

(1) 

(19) 



Therefore, the age from any source spectrum to a ftsoion 

spectrum, or to some lower energy, can be approximated by taking 

a small incremental fraction, fi(E), of neutrons nd calculating 

the age for this fraction of the neutrons between the average 

energies of this fraction in the source and fission spectrum, 

multiplying by the fraction and summing over all neutrons. Eq. 

(10) can then be written 

when 

174,E) 

(rdi 
I dE 

075.2 (E) E 

1q. (21) can also be written as 

VEE) =1(1-Fi 
iz 

E/ 
1E1 1 dE / 2(E) E r2(E) 

dE 
3 

- 2 

(E 7,7k 

2(E) E 
1 / dE 

(21) 

(22) 

where Ei g g (60)i 

As the cross sections are all assumed to be linear functions 

of energy between 41 and 4+1, the summation of integrals in Eq. 

(22) can be replaced by a summation of solutions given by .'s 

(12) or (14), depending upon az being equal to or greater than 
zero . 
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Again, as pointed out in the earlier discussion on the ex- 

perimental determination of age, the slowing, down distribution 

as given by the ag theory, doe not correspond exactly to the 

actual slowing down distribution. The age approximation and the 

Gaussian slowing down distribution which it yields, as derived 

from the Boltsm n equation, re ulted from a spherical harmonic 

expansion of the angular distribution and. a Taylor's series ex- 

pansion of the energy distribution of the neutrons. The Taylor's 

series expansion is valid only if the mean free path varies slowly 

over one slowing down interval, while the spherical harmonic 

expansion could be expected to be good fairly near the source. 

Thus, the age approximation is poor where the mean free path 

changes rapidly or at large distances from the source in any 

medium. 

The failure of the age theory to describe the slowing down 

distribution, t large distances from the source, is well de- 

scribed by considerin4 the following argument (19). Neutrons 

which have made no collisions at all will be distributed accord- 

to 

-,F5(E,) r 
Is- (E.) e 

44T r2 (23) 

where I is the macroscopic scattering cross section and Q is 

the source strength. At small distances, the Gaussian slowing 

down distribution will exceed this exponential, but at large 

distances, the ratio 



source neutrons 
Gaussian moderated neutrons 

e 
4 7 r r 

- r 3/z 

2/41 
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approaches infinity, since the Gaussian falls off faster than 

the exponential. Therefore, at large dist.ances, the distribution 

is more exponential than Gaussian. 

An improvement on the age theory distribution can be expected 

if the "aging" process, which leads to the Gaussian, is assumed 

to begin only after the neutrons have made their first collisions 

(19). The points at which first collisions occur act as "sources" 

for the slowing down process. 

The first collisions are distributed as given in q. (23) 

and accordingly the slowing, down distribution should be 

50,r) 
_islijle'l -lei- r12 42- 

e 
dr' 

ityrr (4 rr 7') g/2 (24) 

where r' represents the point of first collision. 

A. further improvement can be made by taking into account 

the fact that after a neutron has suffered a collision which 

throws it across energy E, it experiences a "free ride," without 

changing its energy, until it suffers its next collision. To 

take this into account, it is plausible to include another expo- 

nential with mean free path appropriate to the lower energy. Thus, 

the slowing down distribution, including, first and last colli- 

sions, is 
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fool 
op 2 / 

ilr,r) zsrEde-.75(Ejlfr-7 
# -"-til lir e . e dr'clr" 

4irri2 01711312 orle-il-el (25) 

This equation can be thought of as being a convolution of 

three separate kernels and the second moment of a distribution 

which is the convolution of several kernels is the sum of the 

second moments of each kernel (19). Applying this to the dis- 

tribution given in Eq. (25), the second moment of the ulowing 

down distribution, corrected for first and last collisions, is 

given as 

2 2 2 

2; 2 (6-0 

This result can also be obtained by observing that s the 

mean square distance a neutron travels in slowing down from 

energy E0 to I. To obtain the overall for the distribution, 

the mean square distance the neutron travels to reach its first 

collision point and the mean square distance the neutron travels 

in its free ride after its last collision., must be added to the 

mean square distance obtained from the distribution given by the 

Fermi age theory. The total mean square distance traveled is 

then 



r2 r, (first collision) + 67" 4elast collision) (27) 

r00 

r2.44e dr r2175.(E)e dr fw 
-1sWe 

0 0 

fES (E0) e dr 
p_sioe-15(E)r 

dr 
-Is ( Ed le 

o o 

2 2 + 6r+ 2 
Y52(E) 

(28) 

(29) 

which is the same as the result obtained before. 

The distribution given by Eq. (26) is difficult to handle 

analytically and it is, therefore, customary to replace it by 

the single Gaussian as given by Eq. (1), when 7-is replaced by 

the corrected ,947,e, which is chosen to give the same second moment 

as Eq. (27). Thus, the corrected age is 

Ai 4- I 

15(E) E 3(1) 
(30) 

As the first collision effect is already taken into account 

in the experimental fission neutron age, the portion of the 

effect included in the fission age, should be subtracted from 

the age obtained between the source energies of interest to the 

fission energy. The first collision correction then becomes 



First Collision Correction 1;2(50) 
5. 
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( 31) 

The last collision effect is also already included in the 

experimental fission age and, therefore, this correction is zero 

when using the method of calculation described in this paper. 

Rewriting iq. (22)0 the expression for 2-, including the 

corrections, becomes 

If"( / 
0-s--21,Ed 

E; 

Or 2 teE) E 

2 

) 
1 dE 

te ÷.11: O2(() 07-2(E) E 

UPINENTAL 

Apparatus 

(32) 

The graphite column, shown in Plate I, in which the measure- 

ments were made, consisted of a rectangular parallelepiped, 6$ 

inches square and 100 inches high, resting on a concrete founda- 

tion. The column was constructed by stacking layers of machined 

reactor grade graphite blocks, approximately 4 inches in cross 

section and of various lengths. In stacking, the lon6 dimension 

of the graphite blocks was alternated by 900 from layer to layer. 
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EXPLANATION: OF PLATE I 

Photograph of graphite measuring column 





As seen in Plate I, Certain of the graphite blocks, in a given 

geometrical pattern, with a square pitch of 8 inches, were drilled 

to a diameter of 1.75 inches along the lengths of the blocks. 

For this experiment, each of the fuel ports contained graphite 

plugs measuring 1.625 inches in diameter with each being 22.68 

inches in length and of the same material as the graphite blocks. 

The graphite plugs rested en the bottoms of the fuel ports and 

there were crescent shaped air gaps between the tops of the plugs 

and the tops of the fuel ports. The distance between the tops of 

the plugs and the tops of the fuel ports was 0.125 inches. The 

blocks, along the central vertical axis of the column, contained 

foil slots with a cross section of 1.281 inches by 0.343 inches. 

These slots were such that graphite foil stringers, shown in 

Plate II, containing indium foils in their cadmium boxes, could 

be placed at approximately 4-inch intervals up the central axis 

of the column, except for the first position, which was approxi- 

mately 2 inches from the center of the source. A schematic 

diagram of the column, showing the various foil positions in 

relation to the source location, is given in Plate III 

The one curie Pu-Be neutron sources, containing 16 grams of 

Pu, emitted approximately 1.4 x 10 
6 
neutrons per second. The 

sources were constructed such that the source material was held 

in an inner cont;iner of titanium and in an outer container of 

stainless steel, 1.02 inches in diameter and 1.30 inches long. 

The sources were held in individual graphite positioning 

cylinders, shown in Plate II, of inner diameter such that the 



EXPLANATION OF PLATE 

Photograph of the graphite foil stringer and graphite so 

positi cylinder 

Legend 

A. Graphite source positioning cylinder 

B. Graphite foil stringers showing a cadmium box 

in position in the center depression 
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EXPLANATION A' 

A schematic diaram of the measuriir column showing 

the various foil positions in relation to the source 

location 
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PLATE III 
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sources fit snugly in the cylinders and of outer diameter such 

that the cylinders fit closely in the column's fuel ports. The 

sources, in their erewhite pee-ioning cylinders, were located 

in the column in the bottom row of fuel ports (just above the 

eedeeeal) such thet the central axis alone the length of the 

source containers coincided with the horizontal central axis of 

the fuel port, and also so that the center of the source coin- 

cided with the vertical central axis of the column. In this 

position, the center point of the source arrangement was approxi- 

mately 26 inches from the bottom, 74 inches from the top, and 34 

inches from any side of the column. 

The indium foils were 1.00 inches in diameter, hae a thick- 

ness of approximately 0.005 inches and weighed an average of 

0,4592 grams, giving a mg cm2 thickness of 0.927. The foils 

were chosen such that their weights did not differ by :eore than 

one per cent. 

The cadmium boxes, shown in Plate IV, were constructed by 

pressing them from cadmium sheet. The boxes had an inside diame- 

ter of slightly more than 1 inch and a wall thickness ranging 

from 0.021 inches to 0.022 inches. In addition to the cadmium 

boxes, the foils were covered on both sides with cadmium disks 

of the same thickness is the walls, giving an overall average 

cadmium cover thickness of 0.043 inches. 

The foil ctringers, 0.125 inches by 0.325 inches by 12 inches, 

shown in Plate 11, were constructed from the same akaterial as 

the graphite blocks. The stringers were recessed such that the 
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EXP A-'ATION OF ?LAM IV 

Photograph of cadmium covered foil arrangement 

Legend: 

A. Cadmium box base 

B. Cadmium disk 

C. Indium foil 

D. Cadmium box cover 
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LXPLANATION OF PLATE V 

Photograph of foil counting arrangement 

Legend: 

A. Gas flow counter in lead 
brick shield 

D. Proportional counter 
preamplifier 

C. Timer 

D. Scaler 
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EXPLANATION OF PLATE VI 

Close-up photograph of gas 'low counter 

and lead brick shield 
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cadmium boxes could be positively positioned in the center of 

each stringer. 

The foil counting system, shown. in Plates V and VI, consisted 

of a B. J. Electronics, model DD7, continuous flow proportional 

count:r, a Baird Atomic model 255, proportional counter pream- 

plifier, a Baird Atomic, model 322, scaler and a Baird Atomic, 

model 322 timer. The B. J. Electronics proportional counter had 

a tungsten collector wire, with a 1/2-inch loop and the counting 

has was Olin-Matheson P-l0, a mixture of 10 per cent methane and 

90 per cent argon. 

The proportional counter was housed in a lead brick shield, 

shown in Plates V and VI, such that the minimum shield thickness 

at any point was t least two inches. A 0.020 inch thick alumi- 

num tray was constructed to facilitate the removal and the 

positioning of the foil in the counter well. The spacer was used 

to give the proper spacing between the foil and the collector 

wire. 

Procedure 

Two series of experiments were performed. The first series 

was made using a single neutron source end, the second series was 

made using four neutron sources placed in a line along their 

axes. The series of experiments using one neutron source will 

be described first. 

The single source was placed in position in the column as 

described under experimental apparatus. The foils, in their 
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cadmium boxes, plus the additional cadmium disks, were placed in 

the foil stringers and the foil stringers were then placed in the 

olumn such that the indium foils were centered on a line along 

the vertical central axis of the column, directly above the center 

of the neutron source. The foils were spaced such that the first 

foil was approximately 5 co from the source with the remaining 

foils being spaced at approximately 10 cm intervals above the 

first, except for the seventh foil above the source, which was 

9.70 cm from the sixth foil and 10,63 cm from the eighth foil. 

Ten foils were placed in the column at one time; the last foil 

being approximately 97 cm from the center of the source. A new 

set of foils was used at the start of the series of experiments 

and a given foil was always used in the same position. This was 

done to maintain the lowest possible counter background relative 

to the activity being measured. 

The foils were allowed to remain in the column un 1 'hey 

reached equilibrium saturation activity with respect to the 54 

minute half-life isotope. The foil nearest to the source was 

removed and a spare foil, in an identical cadmium box, was placed 

in the vacated position. The foil, which was removed, was al 

lowed to "cool" for 3 minutes to assure the decay of the 13 

second half-life isotope and was then counted for a period of 

27 minutes. At the end. of the countine, period, the foil, second 

closest to the source, was removed and the foil which had just 

been counted was put in the position vacated by the removed foil. 

The removed foil was then counted in the same manner as the first 
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foil. This procedure was followed until all ten of the foils had 

been counted. The foils were then all replaced to their original 

positions and allowed to again attain their equilibrium saturation 

activity. A total of eleven sets of data were taken using this 

same procedure. Of these eleven trials, 5 were made counting, the 

activity of the source side of the foil and 6 were made counting 

the side of the foil away from the source. The background Count 

was taken for a period of 27 minutes before and after the count- 

ing periods for each of the sets of data. 

The counting system was checked for stability, before and 

after each trial, with a standard Ra-D-E source. The stability 

of the counting plateau was periodically verified. The counter 

was operated at 1950 volts and with a pulse height sensitivity 

of 0.2 volts. A number of trials were made using various sensi- 

tivity settings, foil-collector wire spacings and sizes of col- 

lector wire loops, to obtain an optimum operating plateau and 

minimum counter background. 

A series of six trials was also made to determine the extent 

of the activation of the foils by other than the 1.44 ev reso- 

nance neutrons. The indium foils were covered on both sides by 

indium foils of the same thickness as the orir,inal foils, in 

addition to the usual cadmium boxes and disks. Four of the six 

trials were made by placing the foils in every other position, 

starting with the position closest to the source. Of the four 

trials, two were made counting the activity from the source side 

of the foils and two were made counting the activity froe, the 
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aide of the . foil away from the source. The remaining two trials 

were made by placing the foils in every other position, starting 

with the second position. One each of these trials was made 

counting the activity from the source side of the foil and the 

side of the foil away from the source. 

After the series of experiments just described were com- 

pleted, the foils were allowed. to remain out of the pile for a 

day and were then counted to determine the amount of long life 

activity present. 

At the completion of the trials for one source, four sources 

were placed in the column in the manner described previously 

under experimental apparatus. 

A series of 13 trials was math using the 4 sources. Of 

these 13 trials, 7 were made counting the activity of the source 

side of the foil and 6 were made counting the activity from the 

side of the foil away from the source. The same procedure was 

used in the trials with four sours a as was used in the trials 

for one source, except for the length of the counting periods. 

In the case of the four sources, each foil was counted for a 

period of twenty minutes and the background was counted for a 

period of twenty minutes before and after counting each set of 

data. At the end of the series of trials, the long life back- 

ground was again determined, as it was in the case for the single 

source trials. 

Another series of three trials was made to determine the 

relative effect of the thickness of the cadmium covers on the 
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foil activities. The trials were made with four sources and the 

same procedure was used as described previously for four sources, 

except that the indium foils were placed in the cadmium boxes 

without the additional cadmium disks. These three trials were 

made counting the activity from the source side of the foil only. 

Evaluation of Data 

The data, obtained for the activities of the foils, was 

corrected for background and tabulated in Tables 1 and 2 for the 

single scs.Fce and four source trials, respectively. The tabu, 

lated data in these tables is given as the total number of counts 

obtained at each position for all trials at that position, along 

with the average number of counts per trial at each position. 

The number of trials at each position, as given in the tabulated 

data, varied because some of the data had to be rejected on 

account of errors in experimental procedure such as timing, loss 

of gas pressure, counter voltage and background interference. 

It the data for one position in a t of data had to be discarded, 

the set of data, less the discarded data, was still used in the 

overall summation of counts at the individual positions. This 

procedure was deemed to be valid as the standard source activi 

ties showed that the counting system was stable between trials. 

Therefore, except for statistics, the total relative count rate 

distribution should not have been altered by leaving out the 

data from various points in individual sets of data. 

In Fig.'s (1) and (2), for the single and four source 
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3eometries, respectively, the average counts at each position 

were plotted versus the distance from the source and the source 

correction f ctors were determined as explained in the Appendix. 

The: correction factors were plotted in Fig. (3), as a function 

of distance from the source, for both source geometries. 

The activities, obtained for the trials made with indium 

foils coverA with indium plus cadmium, were so low that it was 

not possible to obtain a meaningful correction for the activity 

induced in the foils by other than 1.44 ev resonance neutrons. 

The measured activities, A, corrected for background and 

geometry were listed in Tablt 3, for both the single and four 

source geometri 3. The corrected activities, for the four sour 

geometry, were normalized to the single source geometry, at 

46.31 cm. Thes4, normalized activities, long with the corrected 

single source activities, were plotted versus r, in Fig. (4) and 

a smooth curve was drawn through the points so as to give the 

best curve through the single source geometry points from 0 to 

46.31 cm and through the normalized four source geometry points 

from 46.31 cm to 96.12 cm. 

Comparison of the normalized four ource points with the 

single source points, showed that the two sets of points agreed 

reasonably well at intermediate distances, just beyond the point 

of normalization. However, for distance less than the point of 

normalization, the four source geometry points fell somewhat 

above those of the single source geometry, except at the first 

data point, where the two were almost equal and for distenc s 
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Table Measured activities, A and Art corrected for back- 
ground and geometry, for the single and four source 

geometries. 

11..1101k 4.1 
5.63 35,205 1.116 x 10 6 108,454 3.438 x 10 

6 

15.82 27,647 6.92 90,691 22.70 

25.96 18,534 12.4.9 60,855 41.01 

36.11 10,752 14.02 35,077 45.74 

46.31 5,690 12.20 17,757 37.62 

56.45 2,490 7.94 8,001 25.50 

66.15 1,248 5.47 3,677 16.09 

76.78 479 2.82 1,467 8.65 

86.94 221 1.67 655 4.95 

97.12 106 1.019 291 2.74 
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Fig. 4. . Ln of the corrected indium resonance neutron distri- 
bution, A, versus r2. Curves B and C show the 
results of subtracting 15 and 20 counts, respectively, 
from the original corrected distribution given 1.y 

curve A. 
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far out, the single source geometry points fell above the four 

source geometry points. Close to the source, the points for the 

single source were probably the better repres ntation of the 

true distribution, as the single source more nearly represented 

a point source and the source correction approximation was, there- 

fore, more exact. Far out from the source, however, the source 

geometry should no longer have had a large influence on the 

distribution and, therefore, because of the greater activity of 

the foils for the four source geometry, and the resulting better 

statistics, the distribution as given by the four sources was 

taken to be the most meaningful far from the source. 

The plot of In Ar2 versus r, as given by curve A in Fig. 

(5), was constructed by taking values of In A versus r2 from the 

plot of in A versus r2, given by curve A in Fig. (4). This 

method for plotting the in Ar2 versus r curve, was used because 

the shape of the in A versus r2 curve gave a. better indication 

of where a curve should be drawn through the experimental points. 

Investigation, of the resulting In Ar2 versus r curve, showed 

that it started to curve upward at about 65 cm from the source 

and that the slope, given by the points near the outer end of the 

curve, was much less than that predicte6 by the expected expo- 

nential decrease in the distribution far from the source. Be- 

cause of the very low counting rates, far from the source, it 

was assumed that there could have been a small constant systematic 

error in the background, due to residual foil activity or foil 

impurities, which would account for the slope of the curve 
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Curve A. Distribution as given by curve A in Fig. (4). 

Curve B. Distribution as given by curve C in Fig. (4). 
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obtained. Proceeding on the basis of the assumption of a constant 

background error, constant values of activity were subtracted 

from the values of the activity as given by curve A of the plot 

of in A versus r2. The curve of in A versus r2 was then replotted 

to correspond to the new values of the activities. Values of the 

new activities were then read from the new curve of In A versus 
r2, multiplied by r2 and the curve of in Ar2 versus r replotted. 

This procedure was continued until the curve of in Ar2 versus r 

began to curve downward, instead of upward, at about 70 cm. This 

change occurred with a subtraction of 20 counts from the original 

activities. Curves B and C, of Fig. (4) show the results of 

the subtraction of constant activities of 15 and 20 counts, 

respectively, on the ln. A versus r2 curve and curve B, of Fig. 

(5)0 shows the final result of the subtraction on the In Ar2 

versus r distribution. Curve B, of Fig. (5), was taken to be 

the true distribution and it was this curve that was used to 

calculate the final age. The values of Ar2, from 0 to 5.63 cm, 

were obtained by plotting the assumed true Ar2 versus r distri 

bution on linear coordinate paper, and extrapolating from 0 to 

5.63 cm, as shown in Fig. (6). To aid in the integrations indi- 

cated by Eq. (6), values of Ar2 were read from the In Ar2 versus 

r curve and the extrapolated portion of the Ar2 versus r curve, 

at 2 cm intervals, and were listed in Table 4. The integra- 

tions from 0 to 96 cm, were performed by numerical methods, 

using Simpson 's rule. 

To perform the integrations from 96 cm to 00 the in Ar2 
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versus r curve, beyond 96 cm, s taken to be a straight line 

drawn through the last portion of the in Ar2 versus r curve. 

The expression for the straight line portion of the curve was 

-r/A 
A r =k e 

where A ard k were determined from the slope of the straight line 

extrapolation and the value of Ar2 at r x 96 cm. The values of A 

and k were determined to be 

A 14.46 cm 

k 7.246 x 108 

The integrals of Ar2 and Ar4, from 96 cm to co, were given 

as 

and 

r/A 
kf e dr 

dr if r2 e 

96 

respectively. The general form of these integrals is (7) 

k 

f03 -r/A e rin dr=k A e ,ci reOn -OA 

where n 0, 2, 4, 

and ,nCi nil 
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Table 4. Values ok Ar2 versus r, read from curve B of the plot 
of in Ar4 versus r, riven in Fig. (5), and the extra- 
polated portion of the linear clot of Ar2 versus r, 

given in Fig. (6). 

Distance 
r, cm Ar2 x 10-6 

Distance 
r, cm Ar2 x 10-6 

2 0.09 50 10.70 
4 0.30 52 10.00 

1.28 54 9.21 
8 2.12 56 8.48 

10 3.20 58 7.78 
12 4.42 60 7.10 
14 5.74 62 6.38 
16 7.06 64 5.70 
18 8.40 66 5.10 
20 9.60 68 4.53 
22 10.70 70 4.01 
24 11.75 72 3.58 
26 12.50 71, 3.17 
28 13.00 76 2.80 
30 13.50 7e 2.48 
32 13.75 80 2.09 
34 13.90 82 1.92 
36 14.00 84 1.68 
38 13.80 86 1.48 
40 13.55 90 1.13 
42 13.20 92 0.99 
44 12.80 94 0.86 
46 12.25 96 0.948 
48 11.50 
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Fig. 6. Corrected Ar2 versus r resonance distribution as 
given by curve B of Fig. (5). 
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By writing the expression for r in the form 

so r/A 
A r 4. dr 4- r2e dr 

_ 
6 96 

r2dr kf'w e 
rA dr 

96 

and solving, the value of r(E00E ) was found to be 378.3 cm2. 

The values obtained for the areas under the Ar2 versus r 

and the Ar4 versus r curves, from 0 to 96 cm and from 96 cm to 

00 , were listed in Table 5. The percentage of the total 

area of the curves, which was extrapolated, was also determined 

and tabulated in Table 5. 

The data, obtained for the activities of the foils covered 

only with the cadmium boxes (no additional cadmium disks), used 

in the experiments to determine the effect of cadmium thickness, 

was corrected for background and the average counts at each posi- 

tion, for all the trials, were tabulated in Table 6. To make the 

comparison between the distribution given by the two different 

cadmium cover thicknesses, the ratio of the average activity 

obtained using the cadmium covers plus cadmium disks, to the 

average activity obtained using only the cadmium covers wes de- 

termined at each position. These ratios were also tabulated in 

Table 6. 

The density of the grephite blocks, used to construct the 

column, was 1.683 gm/cm3. The percentage of air voids in the 

measureet region of the column was calculated to be approxi- 

mately 0.3 per cent. The resulting average density, taking 
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Table 5. Area under the Ar2 versus r and Ar4 versus r curves, 
from 0 to 96 cm and from 96 cm to 00 and the per- 
centages of the total areas extrapolated beyond 96 cm. 

Curve 
: 0 to 96 qm 
: Area cm4 

96 cm to 03 

: Area, cm2 
: Percentage of total 
: area extrapolated 

Ar2 versus r 650.8 x 106 13.71 x 106 

Ar4 versus r 133.8 x 1010 17.01 x 1010 

2.11 

12.71 

Total 14.82 

Table 6. Results of the experiments made to determine the 
effect of cadmium thickness on the resonance neutron 

distribution. 

Distance: A, Cd : A, Cd boxes : 

r, cm : boxes only: plus Cd disks: 
lus Cd di& . 

d boxes only 

5.63 110,061 106,014 1.038 

15.82 94,535 90,425 1.045 

25.96 64,002 61,445 1.042 

36.11 37,228 35,914 1.037 

46.31 19,182 18,368 1.044 

56.45 8,696 8,313 1.046 

66.15 4,036 3,834 1.053 

76.78 1,602 1,547 1.036 
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into account the air voids, was 1.678 gm/cm3. 

The age r , as defined by the Fermi size theory, is inversely 

proportional to the square of the density. Therefore, the age, 

corrected to a density of 1.60 gm/cm3, becomes 416 cm2. 

ANALYTICAL PROCEDU E 

The age, in graphite, was calculated for four different 

neutron source spectra. These calculations wer as follows: 

1. Fission age from fission energies to 1.44 ev, using 
the fission spectrum determined by Cranberg, . 

(3). 

Fu-Be age from source eneries to 1.44 ev, using the 
calculated spectrum of Hess (10). 

Pu-Be age from source energies to 1.44 ev, using the 
experimental spectrum as determined by Stewart (16). 

4. Po-Be age from source energies to 1.44 ev, usin;,T, the 
experi :ntal spectrum as determined by Whitmore and 
Baker (20). 

The ages for the Pu-Be and Po-Be sources were calculated 

using ;q,V (12) and (14). These calculations were carried out 

on the Kansas State University IBM 650 computer. A complete 

description of the computer program is given in the Appendix. 

The source spectra, as given in the references for Pu-Be 

and Po-Be, were plotted s the relative number of neutrons, 

N(E), versus energy E, in Fig.,s (7) and (8), respectively. 

Values of N(e,) were read from the plots at 0.1 Mev energy inter- 

vals, starting with 0.05 Mev. These values of N(2;) were taken 

to be the average values in each 0.1 Mev interval and the area 

in each interval was calculated using the trapezoidal rule. The 



individual areas were summed so as to give the cumulative area 

from 0 energy to each of the energies at which the values of 

N(S) were taken. These cumulative areas were divided by the 

total area of all the intervals, giving, the cumulative fraction 

of neutrons, from 0 energy, to each of the energies for which 

owulative areas were calculated. The cumulative fractions were 

plotted, versus energy, in Fig. (9). The fractin or neutrons 

between two source energies was taken to be the difference in 

the cumulative fractions at the two energies. The cumulitive 

fractions, for the fission spectrum, were obtained fro tabu- 

lated data in ANL-5800 (15), for the spectrum determined by 

Cranberg, IA. 1- (3). The cumulative fractions of fission neu- 

trons, versus energy, were also plotted in Fig. (9). The average 

energies corresponding to the fractions, fis were read from the 

cumulative plots, for various fractions from 0 energy to the 

maximum source energies and were tabulated in Table 9, for the 

Pu-Be and Po-Be spectra and in Table 10, for the fission spec- 

trum. The largest fraction taken for any interval did not ex- 

ceed 0.01. 

Data for the neutron cross sections in graphite were 

obtained from Supplement No. 1 to BNL-325, second edition; LiefiL- 

5226; and NDA 12-16. The total cross sections, as given in 

these references, were plotted on a large plot shown in Fig. 12. 

Values of the cross sections were read from this plot such that 

the cross section, between any two values taken, wns essentially 

a straight line. The values of the cross sections were tabulated 
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in Table 11, along with the corresponding energies. 

The calculation of tiu, ages for the various sources 

carried out according to the procedur given in the theory and 

in the description of the computer program. The ages were cal- 

culated between the source energies and fi,elon energies and 

re th,,,n added to the assumed correct value, 311 cm2, for the 

experimental fission age to inuium resonance, to obtain the total 

ages from source energies to 1.44 ev. The e,ee from fission 

energy s to 1.44 ev was 'lso calculated in order to det4rmine 

the accuracy of th method of calculation and to permit an esti- 

ation of the errors in the calculations. Th monoenergetic 

fission ages, to 1.44 ev, as calculated from the fission spectrum 

energies corresponding to each fraction, fit of neutrons, were 

tabulated versus energy, both with nd without the first colli- 

sion correction, in Table 9. 

The estimated error in the calculated ages, for the Pu-Be 

and Po-Be source spetra, were obtained by assumine that the 

errors in the calculetions from source energies to 1.44 ev, was 

twice the error obtaine,e in the calculation of the fission age 

to 1.44 eve 

DIC033ION OF DATA EVALUATION AND ni..zulas 

cause of the lack of data concerning the age of Pu-Be 

source neutrons in graphite, a comparison of the, results obtained 

in this exp ri nt IAIL2.3 made to previously published results for 

the as of similar source neutrons in graphite. 
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The neutron spectrum from Pu-Be must be very close to the 

spectrum from Po-Be, because the alpha particles from Pu have 

energies of 5.15, 5.137 and 5.09 Mev, while Po has one alpha of 

5.30 Mev. This slight difference in energy results in only a 

slight difference in the energy spectra of the two sources. 

The calculated spectrum by Hess (10) and the measured spec- 

trum by Stewart (16), for Pu-Be neutrona, is shown in Fig. (7). 

The measured spectrum for Po-De neutrons, by Whitmore and baker 

(20), is shown in Fig. (8). 

The neutron spectrum, from Ra-ce-Be sources, should also be 

very close to the spectrum for Pu-Be. The mean energy of 

.a--Be neutrons was calculated to b 3.80 Mev (10), although 

reported to be larger than this for experimental determinations. 

The effective mean value for the Pu-Be neutrons, given by 

Stewart (16), for the experimental spectrum, was 4.4 Mev. 

From the prectding considerations, the age for the Po-Be 

and the Ra-k-Be sources should not differ appreciably from that 

given by the Pu-Be sources. Valente and Sullivan (17) have re- 

ported the experimental age of Pu-Be neutrons in water to be 

52.8 cm2, compared to an age of 57.3 cm2 fur eo-Be neutrons. The 

two determinations being, carried out with the same experimental 

apparatus. The average of six published measurements, as given 

by Bogart, Cusick and Shook (2) and cited in ANL-58e0(1958) (15), 

gives the age of Ra-ceeBe neutrons in water as 48.5 cm2. 

The available data for neutron ages in graphite was not as 

abundant as that given for water but a few comparisons of the 
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ages for the various sourcs in graphite were possible. 

Data from the standard graphite pile, at Brookhaven National 

Laboratory for a Ra-q-Be source, and from measurements made by 

groups at the Oak Ridge School of Reactor Technology for a Pc -Be 

source in graphite, analyzed by Bogart, Cusack and Shook (2), 

gave values of the age as 370± 20 cm2 for Po-Be and 360± 10 cm2 

for Ra-ce-Be sources. Bogart, Cusick and Shook (2) also reported 

calculated values for the age in graphite, for Po-Be and Ra-k-Be 

neutrons, based on a Monte Carlo technique and experimentally 

detereined values for the spectra of the two sources above 1 

Mev. The calculations were made by assuming various spectral 

components for the sources from 0 to 1 Mev. For the Po-be source 

spectra with 0 to 1 Mev components of 3, 30, and 40 per c nt, ago 

values of 472, 405 and 3E0 cm2, respectively, were obtained. For 

the Ra-Pe source with 0 to 1 Mev components of 0, 50 and 60 per 

cent, age values of 481, 396 and 386 cm2 were obtained. The 

value of the calculated age obtained for fission neutrons, in 

these calculations, was 313 cm2, which compared very well with 

the usually accepted value of 311 cm2. 

Hughes (12) has reported the results of an experimental fit 

for the slowing down distribution from a standard Ra-oCeBe source, 

to indium resonance, in the Argonne National Laboratory standard 

graphite pile. The fit was made by assuming that the distribu- 

tion could be represented by a sum of three Gaussian slowing 

down kernels, for a point source in an infinite medium. The ex- 

pression obtained for the actual slowing down density, as 



measured by standard indium foils, was 

0.04017A 16.4e 
/(27.12)2 -r2/(41.40)2 

.0 8.47e + 0.13e 
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/(6.00)2 

where A was the activity of the foils. The results of the solu- 

tion of this expression, for various values of r, were plotted 

in Fig. (10), along with a plot of the corrected distribution as 

determined. in this experiment for a Pu-Be source. The Ha-d.-Be 

distribution was normalized to the Flu-Be distribution at 70 cm. 

An inspection of the two curves shows that they agree quite well. 

The Ra-oe-Be curve appears to fall off somewhat faster at the ex- 

treme end of the curve but lies somewhat above the ?u-Be curve 

close to the source. The validity of the aa-c6-Be curve, at great 

distances, is somewhat in doubt because it falls off faster than 

an exponential, due to the Gaussian nature of the kernels used 

to make the fit. A difference in the density of the graphite 

used in this experiment, 1.683 gm/cm2, and that of the standard 

pile (not given by the quoted reference) could make a difference 

in the shape of the two curves and also could account for the 

difference in the measured ages. Amaldi (1) reported the value 

of the age, obtained by the Use of this fit, to be approximatly 

380 cm2, for the Ra-ot-De source neutrons. 

The values for the calculated ages determined in this experi- 

ment, including the first collision effect as listed in Table 7 

were 298.4, 421, 403 and 416 cm2 for the fission (also including 

the last collision effect), experimental Pu-Be, calculated Pu-Be 



20 -r T 1 1 --T 

10 

8 

N 

0.8 

0.6 r 

A 

- 

H 

20 40 60 80 100 

r, cm 

64 

ig. 10. Ln Ar' versus r for the measured resonance neutron 
distribution. for Pu-e and Ra-Dw,-Be source neutrons. 

Curve A. Distribution for Pu-Ee source as given by 
curve C of Fig. (4). 

Curve E. Resonance neutron distribution for a Ra-0(-Be 
source as given by an empirical fit for the 
data obtained in the Argonne National Labo- 
ratory standard graphite pile (12). 



Table 7. Summation of the results obtained in the age calculations, with and without the 
first collision correction, for the various source spectra, and the estimated 
error in the calculated a'es, based on the assumption that the errors in the 
calculations from source to fission were twice the error in the calculation 
from fission to 1.44 elf, and that the correct fission age was 311 cm2. 

Calculated age 
. 

Total age to : Total es 
:so, ion cm 2 : 1.44 cv, cm2 . erro 

itn itrout ith : :ithout : A. : W thou 
Source :correction:correction :correction:correction:correction:correct on 

Experimental Pu-Be (16) 111.2 100.6 422.2 411.6 2.31 4.42 

Calculated Pu-le (10) 92.3 85.1 403.3 1.85 
Experimental Po-Be (20) 105.4 94.3 416.4 405.3 2.05 4.20 

Fission (3) (to 1.44 cv) 298.4* 282.9 4.05 9.04 

*Also includes the last collision correction 
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and experimental Po-Be sources, respectively. The last collision 

correction, for the fission age, was 2.35 cm2 using a cross sec- 

tion of 4.7 barns at 1.44 ev. 

The 0 to 1 Mev components, for the calculated and experi 

mental Pu-Be spectra, were approximately 8.5 and 10 per cent, 

respectively. The 0 to 1 Mev component for the experimental 

Po-Be source, was approximately 9 per cent. 

The comparison of the age obtained in this experiment, with 

the experimental ages previously obtained with similar sources, 

indicated that the value obtained in this determination Yas approx- 

imately 10 per cent too high. This comparison, however, cannot 

be conclusive as the exact details of the previous experiments 

were not known. The comparison of the experimental result with 

the previously calculated results for other sources and the 

results obtained in this study, showed that the experimental 

value agreed quite well with the calculated values, using the 

experimentally determined spectra, but was somewhat; higher than 

the value obtained for the calculation using the calculated 

spectrum. Bogart, Cusick and Shook (2), by comparison of various 

experimental and calculated ages for various materials, argued 

that the experimentally determined neutron spectra for the Re-*, 

Be and Po-Be sources, did not contain a large enough component 

of low energy neutrons. If this were also true for Pu-Be sources, 

then the value of the Pu-Be age, as determined in this experi- 

ment, would certainly be too large. 

On the other hand, the age values calculated in the analyti- 



c 1 portion of this study agreed quite well with the previously 

calculated ages, for similar sources, using the experimentally 

d termined source spectra. The value obtained using the celcu- 

lsted ru-Be spectrum wa about 5 per cent less than that obtained 

using the experimentally determined spectrum. This also would 

indicate that the experimental spectral determinations do con- 

tain too large a component of high energy neutrons. 

The limits of the errors in the experimental determination 

of r are difficult to assess accurately because of the manner 

in which the different portions of the curves contribute to the 

second moment of the slowing down distribution, 77. The normal- 

ized experimental points, shown in Fig. (5),, give the limits on 

the statistical counting errors encountered in determining the 

foil activities. 

The various factors which have possibly contributed to the 

uncertainty in the final experimental value of rare listed as 

follows: 

1. Uncertainty in the source and detector geom 
correction factors. 

Effect of the cadmium cover thickness and the 
number and spacing of foils. 

3. Possible long life foil activity. 

4. Contribution to the foil activity by other than 
resonance neutrons. 

Statiztical uncertainty in the measured portion 
of the distribution. 

6. Experimental uncertainty in graphite density and 
effect of voids in the measuring column. 



The method of source correction, used in this experiment, 

has been successfully used in previous experiments and for similar 

geometries. It was somewhat difficult to evaluate the slope of 

th curve, close to the source, becau4e the measured distribution 

had to be extrapolated from 0 to 5.63 cm. However, the error in 

this extrapolation should have b en small and since the correc- 

tion factors were also small, very little error should have been 

encountered in the correction for the single source. The distri- 

bution as given by the four sources, was not used for distances 

less than 46.13 cm and, therefore, should have been little af- 

fected by the source geometry. 

The values, given in Table 6, for the ratios of the activi- 

ties of the foils covered only with the cadmium boxes, to th 

activities of the foils covered with the cadmium boxes plus 

cadmium disks, showed that within statistical error, the relative 

spatial distribution was unaffected. These result also indi- 

cated that the foil spacing was adequate. Hill, Roberts and 

McCammon (9) have reported that a spacing of approximately 10 cm 

between foils should give only a relative effect on the spatial 

dig 

The determination of long life foil activities indicated a 

noticeable amount of activity, but the statistics of the coent 

rate did not allow for a meaningful correction. The mirgsured 

activities were such that they appeared to be at least partially 

relative to the spatial distribution and, therefore, as long as 

a given foil was always leed in the same location, no correction 



had to be made. The count rate as a function of time after the 

removal of a foil from the column for the series of experiments 

to determine the half life of the long life activity described 

in the experimental procedure, as plotted on semilog paper in 

Fig. (11). A least squares analysis of the experimental coines 

produced a curve which gave a half life of 46 days for the meas- 

ured activity. This half life was well within statistical error 

of the 49 day hells life of indium 114. 

The experiments with the self-shielded indium foils, made 

to determine the effect of the activity induced In the foils by 

other than resonance neutrons, were not successful. The counting 

rates for the foils, far from the source, were toe low to obtain 

any meaningful correction factor. 

The uncertainty in the extrapolated portion of the ln Ar2 

versus r curve was quite large. As previously explained, the 

shape of the curve far out, for the original distribution, began 

to curve upward at about 65 cm from the source. The shape of 

the cury indicated that perhaps there had been a constant system- 

atic error in the experimental data due to beckgroun effects, 

such as residual and long life foil activities and contamination. 

Proceding on this assumption, constant values of activity were 

subtracted from the distribution, until the curve began to curve 

downward, instead of upward, at about 65 cm from the source. 

The arount of activity subtracted, 20 counts/count in interval, 

would have been approximately only 1 count/minute. In view of 

the measured background of approximately 10 counts/minute, the 
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Fig. 11. Long life indium foil activity as a function of 
time after removal from the graphite column. 
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correction for the systematic error should not have been too 

extreme, althou7h it pointed out the extreme sensitivity of the 

shape of the curve far from the source for the measured distri- 

bution. 

The value of A, obtained from the slope of the last portion 

of the corrected in kr2 versus r curve, was 14.46 CT. This value 

of A compares with the eean free path of approximately 10.8 cm, 

for high energy neutrons in graphiti, and is, therefore, larger 

than the value predicted by the theory of the exponential char- 

acter of the in Ar2 versus r distribution, far from the source. 

'The high value of A indicated that the slope of the last portion 

of the curve was too small. However, high energy neutrons in 

graphite can travel appreciable distances between the point of 

their first collision and the point at which they reach resonance 

energy. This would account for at least a part of the difference 

in the A 's. 
The fraction of the total age obtained from the extrapolation 

of the 1r, Ar 2 versus r distribution beyond 96 cm was only 14.8 

n,,r cent, but this percentage changed rapidly with a change in ?1/4 

or k and, therefore, it was still difficult to estimate an error 

in the age due to an error in the extrapolated portion of the 

The uncertainty of the absolute density of the graphite was 

certainly very small Lut the uncertainty in the effective density, 

includinj voids in the column, may have been more significant. 

The total volume of th- voids in the column amounted to only 0.3 
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per cent of the total volume. However, along a line through the 

detectors, about 5 cm of the total distance of about 96 cm, from 

the source to the last foil, consisted of voids. These voids 

were mainly due to the crescent shaped spaces between the fuel 

port plugs and the tips of the fuel ports. The ab olute effect 

of these voids was difficult to determine but a consideration of 

the source of the slowing down density far out indicated that the 

voids could have resulted in a larger relative increase in the 

activity of the foils far from the source and, thus, could have 

contributed to he shape of the original in r2 versus r distri- 

bution. 

In the determination of the experimental age, the graphite 

column was assumed to be infinite. D vis (4) determinA the 

width of a column which would give an error of less than 1 per 

cent in the measured age for fission neutrons in graphite, to 

be approximately 43 inches. No such determination was made for 

the height of the pile, which was assum d to be infinite in the 

determinations for the width. Although the required size of the 

column would be greater for Pu-Be neutrons than fission neutrons, 

a consideration of the size of the column used in this study 

indicates that it should be large enough in both length and width 

for the infinite assumption to be valid. 

CONCLUSIONS AND ROINDATIONS 

Due to the large statistical uncertainty in the m a ured 

activity, the apparent deviation from the theoretically indi- 
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cated distribution and the strong depend nc,, of the age on the 

distribution, all far from the source, the results of the experi- 

eontal portion of this study were not conclusive. 

The age for the Pu-Be source as determined experimentally 

was about 10 per cent higher than the values previously reported 

(1), (2) for the experimental ages for fea-a,Be and Po-Be sources; 

and it agreed very well with the age as calculated, both in this 

study and previously (2), for the Ra-k-Be and Po-Be sources, 

using the experimental spectra; and it was about 4 per cent 

higher than the agl as calculated using the calculated Pu-Be 

spectrum. These comparisons, along with the consideration of a 

strong posibility of an error in the experimentally dettrmined 

spectra, indicated that the age as determined experimentally in 

this study w.s probably at least 4 per cent high. 

The age as calculated thtoretically appeared to agree qui 

well with the calculated ages previously reported for similar 

6ources. A comparison of the monoenergetic ages obtained in 

the calculation of the fission age, with the monenergetic ages 

as determined by more rigorous methods, would give a better 

indication as to the error involved in the Fermi age approximation 

as corrected by the first and last collisions. Although the error 

in the age for high energy neutron sources, using the Fermi age 

approximation, is greater than that for low energy neutrons from 

the fission source, the amount of error assumed in this study 

should have been sufficient. Even if the error were somewhat 

larger than assumed in this study, the overall error would still 
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be small enough so that this method of calculation should give 

a re:,:sonable answer. 

The method used in this study to calculate the age, from a 

fission source to 1.44 ev in graphite, could also be used to 

calculate the age to 1.44 ev for various sources in various media, 

where the age approximations are reasonably valid. 

The largest factor contributing to the error in the experi- 

mental determination of the ago, was the low foil activity for 

foils far from the source. Any increase in the count rate, or 

decrease in the background activity, would greatly increase the 

reliability of the determination. 

The possible effects of induced long life foil activity, 

r.?sidual foil activity and foil contamination, should be carefully 

lavestigated. 

The effects on the measured distribution by the voids in 

the measuring region of the column should be studied by completely 

filling these voids with graphite. 

Although the measurements indicated that the foil spacing 

was sufficient and that the amount of cadmium in the column at 

any one time was not excessive, a more detailed study of these 

effects would perhaps be warranted. 

possible method to check for a constant counting error in 

the determination of the measured distribution, and to more 

accurately determine the shape of the in Ar2 ver us r curve far 

from the source, would be to perform identical experiments using 

both Pu-Be and Po-Be sources. The increased foil activity due 
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to the increased source strength of the Po-Be source, would 

allow a more realistic evaluation of the shape of the in Ar2 

versus r curve and should lessen the effects of constant count- 

ing errors due to background. 
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APPENDIX 



ao 

Correction of Foil Activities for Finite Sizes 
of Sources and Detectors 

A simplified source correction has been worked out (18) for 

various source and detector geometries, assuming the distribution 

to be Gaussian. By further assuming the source to be a flat 

rectane2e with length and width :qual to the length and diameter 

of the 'source, the difference in the actual and measured activi- 

ties is given as 

Al ) Am( U- 
/2 2 2 
bi b2 4. 24 a2 4, (dA 

........ 

24ro dr)r0 

where bl and b2 are the length and width, respectively, of the 

rectangular source, a2 is the radius of the detection foil, A(r0) 

is the activity induced by a point source in a point detector at 

r and r 0 is the distance between the center of the source and 0, 

the center of the foil. Am( is the measured activity of the 

finite foil at r0. Since this correction is small, the deriva- 

tive (dA/dr)r0, can be taken to be the slope of the experimental 

curve, Atm versus r. 

The geometry correction factor 

is plotted in Fig. (3) as a function of the distance r, froe, the 

source, for the two source ;wometries used. 



ription and Explan tion of the IBM-650 Codc 
used to Determine the Analytical Age 

The computer code s basically written to solve for the age 

as given by 2 . (32), when the integrals in this equation are 

replaced by the solutions given in Eq.'s (12) or (14), depending 

on 0-6 being greater than or equal to %aro. The program is writ- 

ten in Sop form and floating point. The Soap output is listed 

at the end of this section, and a logic diagram, outlining the 

various procedur s and operations, is given in Plat VII. 

The code is written such that the energies at which the 

cross section data i taken ,re arbitrary, except that the cros 

section, between any two data points, must be essentially a 

straight line function of energy. If the cross sections corre- 

sponding to the energy limits of an ith fraction of neutrons are 

not in the stored data, the program will interpolate the required 

values, using a straight line interpolation. 

In determining the value of and the contribution of rico 

for the fraction of neutrons slowing down from (E0)i to Et, 

there are several possibilities which must be consider:d with 

regard to the cross section input d ta. For each ith interval 

the ,chine reads in a fraction data card and will then search 

through th cross section data until it finds an B; which is 

either greater than or equal to Ei. The program will then pro- 

ceed to calculate ri, and fi Ij, for the interval, taking into 

account all of the possibilities outlined in the logic diagram 

for the cross section data in the interval Ej to (Eo)i and will 



interpolate to obtain the cross sections at the end points when 

necessary. The possibility of dividing by zero, or the square 

of a very small number, as the case may be in 14-.q. (12), for O 

qual to zero, or a very small number, is avoided by using Eq. 

(14), when ro" is very small or zero. The criteria for u ing 

Eq. (14) is that 071, must be less than 0.001. As all of the 

r's are greater than one, or nearly equal to one, this criteria 

results in very little error with respect to the accuracy with 

which the cross sections are actually known. 

The cross a ctions, and the energies corresponding to the 

sections, are punched on one per card load cards. The 

cross sections are loaded into drum locations 0 to 750 and th 

corresponding energies ar loaded into drum locations 750 to 

1500. For each cross section stored, a corresponding energy 

must also be stored such that the cross sections and the corr- 

sponding energies are in the same relative location in relation 

to the first cross section and the first energy in each storage 

group. The cross section, as a function of energy, must be 

placed in the storage locations in a sequence of increasing en- 

ergy, with the cross section corre ponding to the lowest energy 

being placed in the first location. The energy corresponding 

to the first piece of cross section data must be less than or 

equal to the lowest energy limit for any of the ith energy groups. 

The neutron fractions, fi, and the corresponding average 

source nergies, Ei, and average fission energies, i, are 
- - 

punched on regular 80 by 80 cards with Ei, (E0)j and fj being 
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the first, second and third words, repectiveiy. These cards are 

placed in the program deck immediately following a blank card 

placed at the end of the cross section data. The cards contain- 

ing the neutron fraction data are read into the coYaputer, on 

at a time, according to the program instructions. These cards 

must be in order, with the lowest energy card being first. The 

sequence of card input is then; first, program deck; second, 

cross sections and corresponding energies; third, blank card; 

and fourth, neutron fraction data. 

When calculating the fission age, from fission energy to 

resonance energy, the second term in the first collision correc.- 

tion, as given in Eq. (32), can be eliminated by changing the 

instruction address of instruction number 1974 from 1725 to 1825. 

Table 13 lists the symbols which are used to represent the 

constants used in the program, along with the definitions of the 

symbols and the corresponding drum locations. 

The symbols used in the program, corresponding to the 

various terms in gq.te (12) (14) and (32) are 

KP = Kt 

= NI' 

EF = (E04 

E indexed by A E, by SIGH -A in the logic 
diagram 

S1GMI = (E)i 

SIGMF g V; (%1i 



siomo ,715 (Eqn 

SIGMA indexed by 

SUM 

UT 

indicated by SIGMA 
logic diagram 

le 

Eg 

o-,......0.*-1-.... 
dE 4 ... 

a 2(E) r 
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SLOPE, m 

TAUE * Age between the energy limits of the ith energy 
intervals, not including the first collision effect 

TAUEP = TAUE plus the first collision 4ffect between the 
energy limits of the ith energy interval 

TAU a Summation of the TAUE, weighted by the fractions, 
fj, for all of the energy intervals previously 
calculated 

TAUP a Summation of the TAUEP plus the first collision 
effect, weighted by the fractions, f for all of 
the energy intervals previously calculated 

FR * Fraction of neutrons in it energy interval 

FRTOT s Total fraction of neutrons r which the age has 
been calculated. 

The program is designed to give eight answers for each of 

the ith energy interval calculations. The answers are punched, 

eight words per card, at the completion of the calculation for 

each ith energy group. The answers, in the order in which they 

appear in the columns of the print-out and as previously defined, 

ar El, FRTOT, SUM, TAUE, TAU, and TAUP. 

The natural logarithm 1.11).-routine used in the program, was 

one of the approximations given by Hastings ($) and was found to 



Tab. 

Symbol 

Definitions and drum locations for the symbols 
representing the constants used in the caputer 

program. 

Definition :Drum location 

A Atomic weight 

RHO Density 

MU Average cosine of the scattering angle 

PSI Logarithmic energy decrement 

NA Avogadro's number 

THREE Three 

ONE One 

ZERO Zero 

FOUR Four 

TWO Two 

PR.C.C11 Criteria placed on the minimum magnitude 
of 0-6' for which Sq, (14) can be used 

1550 

1600 

1650 

1700 

1750 

1800 

1850 

1900 

1950 

1501 

1551 
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give very accurate re5uIts over th entire range of logarithms 

used in the calculations. 

The total running time for the program approximately 

45 minutes. 
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EXPLANATION OF PLATE ' 

Logic diagram for the IBM-650 computer program 



Read in Data, 
Constants, and 

I n Sub-Rout ine 

I Star t I 

I Cal c KPI 

Read Card 
El, EF, FR 

Add one to 
Index A 

No 

Cont 2 

Cal c SUM by 
Alternate Integral 

and Store in SUM 

Cont 9 

Coat 5 

Test Yes 
EA-E1=0 Cont 3 

No Con t I 

Test 
EA-El>0 

Yes Cont4 

Form SIGMI by 
Interpolation and 
Store in SIGMI 

Store SIGMA-A 
in S IGMI 

Con13 

Test 
EF -E/'0 

No 

Con 13 

PLATE VII 

Cont7 

Yes Con t6 

Form S IGMF by 
Interpolation and 
Store in SIGMF 

Cal c SIGMO 
and SLOPE 

Yes 
Con18 

4, 

Test 
SIGMO<0.001 

No Con FT 

Ca I c Argument 
For In 

EOOBE 

Cal c 1 1 

Cal c SUM and 
Store in SUM 

Con t9 

Cal c SUM by 
Alternate Integral 
and Store in SUM 

Yes 
Con 21 

Cont7 

Calc SIGMCi 
and SLOPE 

Test No 
SIGMO<0.001 Con19 

Yes 
Con 15 

Store SIGMA-A 
i n SI GMF 

Cont 9 

Cal c SUM by 

Al ternate Integral 
$ 

Add SUM and 
Store in SUM 

Test 
EF-EA= 0 

No Cant 8 
016 

Calc Argument 
for 1 n 

Add one to 
Index A 

4 

Test No 
EF -EA >0 ConlO 

EOOBE 

Col c I 

4, 

Cal c SUM and 
Store in SUM 

Yes Con I I 

Store in TESTI 

Cal c SIGMO and SLOPE' 

Yes 
Con23 

Con 24 

Test 
SI GMO<0.001 

No 

Store TEMPI 
(SIGMA-A) 
in SIGMF 

Cont 9 

Yes 
---CO "T-1 s TEST=0 

No Cont 8 

Con 22 

Con24 

Ca I c Argument 
for I n 

EOOBE 

!Cal c I 

Ca I c SUM 

Add SUM and Store 
in SUM 

Cal c SUM by 

Alternate Integral 

Add SUM and 
Store in SUM 

Con t9 

I STOP 

Con10 

Form SIGMF by 
Interpolat ion and 
Store in SIGMF 

4' 

Cal c S IGMO 

and SLOPE 

Yes Test 
Coot 26 SIGMO<0.001 

No 

1 Con t9 

'Colo TAUEI 

Add FR to FRTOT 
and Store in FRTOT 

Ca I c KPP 
4' 

Calculate First 
Collision Correct ion 

(Cale TAUEPI 

I Cal c TAU 

Ca lc TAUP 

[Form Punch Routine 

Yes Test 
FRTOT= I 

Con 25 
Cal c Argument 

for In 

EOOBE 

Colo 
n I 

Cato SUM 

Add SUM and 
Store in SUM 

Cont 9 

Read El, EF, FR 
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Output 

for 

The 

1B14 -650 Computer Program 

used in the Ago Calculations 
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RER 1999 Mg PRINT i 0000 0 1) 

00 

BLR 1951 1960 READ 3 0000 00 
SYN El 1951 4 0000 00 
SYN EF 1952 5 0000 00 
SYN FR 1953 6 0000 00 
SYN SIGMA 0000 7 0000 00 
SYN E 0750 8 0000 00 
SYN START 1999 9 0000 00, 

A 12 0000 0052 ATOMIC WT 10 1550 12 0000 0052 
RHO 16 0000 0051 DENSITY 11 1600 16 0000 0051 
MU 55 5100 0049 AVG S COS 12 1650 55 5100 0049 
pSI 15 8000 0050 LN E DECK 13 1700 15 8000 0050 
NA 60 2470 0050 AVAG NO 14 1750 60 2470 0050 
THREE 30 0000 0051 15 1800 30 0000 0051 
ONE 10 0000 0051 16 1850 10 0000 0051 
ZERO 00 0000 0000 17 1900 00 0000 0000 
FOUR 00 0000 0051 18 1950 00 0000 0,055 
TWO 20 0000 0051 19 1501 20 0000 0051 
PRECN 10 0000 0048 20 1551 10 0000 0048 
E0081. STD NEXT LN SUB 21 1601 24 1504 1507 

LOD E008E 22 1507 69 1510 1513 
FMP TENS NEXT 23 1510 39 1563 1504 

TENS 43 4294 4850 24 1563 43 4294 4850 
E0OBE STD EXIT 25 1513 24 1516 1519 

STU ARGU 26 1519 21 1524 1527 
NZE HALT 27 1527 45 1530 1531 
BMI HALT 28 1530 46 1531 1534 
RAU ARGU 9 1534 60 1524 1529 
STL FACT 0 1529 20 1533 1536 
FSB ONEF 1 1536 33 1539 1515 
BMI SETO SETU 2 1515 46 1518 1.569 

SETO RAU ARGU 3 1518 60 1524 1579 
EBB ONEF 4 1579 33 1539 1565 
801 INTE 5 1.565 46 1568 1619 
FAD ONEF 6 1568 32 1539 1615 
FOP TWOF 7 1615 39 1618 1668 
STU ARGU 8 1668 21 1524 1577 
RAU FACT 9 1577 60 1533 1537 
FSB TEMPP 0 1537 33 1540 1517 
STU FACT SETO 1 1517 21 1533 1518 

SETU RAU ARGU 2 1569 60 1524 1629 
FS8 TWOF 3 1629 33 1.618 1545 
801 SUBR 4 1545 46 1548 1549 
FAD TWOF 5 1549 32 1618 1595 
FDV TWOF 6 1595 34 1618 1718 
STU ARGU 7 1718 21 1524 1627 
RAU FACT 8 1627 60' 1533 1587 
FAD TEMPP 9 1587 32 1540 1567 
STU FACT SETU 0 1567 21. 1533 1569 

BURR FAD ONEF INTE 1 1548 32 1539 1619 
I NTE STU ARGU 2 1619 21 1524 1677 

NZU SPIN JUMP 3 1677 44 1581 1532 
SPIN RAU. ASEV 4 1581 60 1584 1589 

FOP ARGU 5 1589 39 1524 1574 
FAD ASI X 6 1574 32 1727 1503 
FOP ARGU 7 1503 39 1524 1624 
FAD AF IV 8 1624 32 1777 1553 
FOP ARGU 9 1553 39 1524 1674 
FAD AFOU 0 1674 32 1827 1603 
FOP ARGU 1 1603 39 1524 1724 
FAD ATHR 2 1724 32 1877 1653 
FMP ARGU 3 1653 39 1524 1774 
FAD *Two 4 1774 32 1927 1703 
FMP ARGU 5 1703 39 1524 1824 
FAD AONE 6 1824 32 1528 1505 
FOP ARGU JUMP 7 1505 39 1524 1532 

JUMP FAO FACT EXIT 8 1532 32 1533 1516 
ONEF 10 0000 0051 9 1539 10 0000 0051 
TWOF 20 0000 0051 0 1618 20 0000 0051 
TEMPP 69 3147 1850 1 1540 69 3147 1850 
HALT 01 1234 EXIT 2 1531 01 1234 1516 
ASEV 10 7573 6949 3 1584 10 7573 6949 
ASIX - 55 1199 5949 4 1727 55 1199 5949 
AFI V 13 4639 2750 5 1777 13 4639 2750 
AFOU - 22 5873 2850 6 1827 22 5873 2850 
ATHR 32 8233 1250 7 1877 32 8233 1250 ATWO - 49 9470 1550 a 1927 49 9470 1550 
AONE 99 9981 0350 9 1528 99 9981 0350 
START LDO ZERO 0 1999 69 1900 1753 

STD TAU SET TAU 1 1753 24 1506 1509 
STD TAUP TAUP AND 2 1509 24 1512 1665 
STO FRTOT FRACT TO 0 3 1665 24 1768 1521 
RAU ONE 4 1521 60 1850 1555 
EBB MU FORM KP 5 1555 33 1650 1578 
STU TEMP 6 1578 21 1582 1535 
RAU A 7 1535 60 1550 1605 
FOP A 8 1605 39 1.550 1651 
FDV THREE 9 1651 34 1800 1701 
FOY NA 0 1701 34 1750 1751 
FDA NA 1 1751 34 1750 1801 
FOY TEMP 2 1801 34 1582 1632 
FOY RHO 3 1632 34 1600 1851 
FDV RHO 4 1851 34 1600 1901 
FDV PSI 5 1901 34 1700 1502 
STU KP READ 6 1502 21 1556 1559 READ RCD 1951 KP READ 7 1559 70 1951 1552 
RAA 0000 CONT2 FR EF El 8 1552 00 0000 1508 CONT2 RAU E A 9 1508 60 2750 1655 
FSB EI 1 0 1655 33 1951 1628 
NZU CONT1 C014T3 1. 1 1628 44 1631 1682 CONTI. BMI CONT5 CONT4 102 1631 46 1634 1585 

CONT5 AXA 0001 CONT2 103 1634 50 0001 1508 CONT4 STU NUM FORM 810111 104 1585 21 1590 1543 LOD E A BY I NTERPO 105 1543 69 2750 1803 
STD DEN Loll ON 106 1803 24 1606 1609 
SSA 0001 107 1609 51 0001 1715 
RSU E A 108 1715 61 2750 1705 
FAO DEN 109 1705 32 1606 1583 
STU DEN 110 1583 21 1606 1659 
RAU NUM 111 1659 60 1590 1645 
FDV DEN 112 1645 34 1606 1656 
STU TEMP 113 1656 21 1582 1635 
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RAU E A BY INTE,P0 24 17,9 60 2750 1960 
STU TEMP LOTION 24 7 1050 21 1582 1936 
RAU SIGMA A 248 1936 60 2000 1910 
STU TEMPI 249 1910 21 1560 1813 
AXA 0001 250 1813 50 0001 1769 
RAU E A 261 1769 60 2750 1661 
FSB TEMP 262 1661 33 1582 1711 
STU TEMP 253 1711 21 1582 1588 
RAU E A 254 1588 60'2750 1761 
FSB IF 255 1761 33 1952 1580 
FDV TEMP 256 1580 34 1582 1834 
STU TEMP 257 1834 21 1582 1638 
RAU SIGMA A 258 1638 60 2000 1811 
FS8 TEMPI 259 1811 33 1560 1688 
FMP TEMP 260 1688 39 1582 1884 
FSB SIGMA A 261 1884 33 2000 1630 
RSU 8003 262 1630 61 8003 1738 
STU SIGMF SIGMF 263 1738 21 1907 1861 
SXA 0001 FORM INTE 264 1861 51 0001 1717 
RAU EF GRAL FOR 265 1717 60 1952 1911 
FSB E A LAST INTER 266 1911 33 2750 1680 
STU TEMP VAL EF LES 267 1680 21 1582 1788 
RAU SIGMF EA NEG 268 1788 60 1907 1961 
FSB SIGMA A '269 1961 33 2000 1730 
FDA TEMP 270 1730 34 1582 1934 
STU SLOPE 271 1934 21 1596 1789 
RSU E A 272 1789 61 2750 1612 
FMP SLOPE 273 1612 39 1586 1838 
FAD SIGMA A 274 1838 32 2000 178.0 
STU SIGMO 275 1780 21 1522 1625 
RAL PRECN 276 1625 65 1551 1662 
SML SIGMO 277 1662 18 1522 1830 
BMI CON25 00826 278 1830 46 1888 1938 

C0N25 RSU ONE 279 1888 61 1850 1712 
FDA SIGMA A 280 1712 3A 2000 1762 
STU TEMP 281 1762 21.1582 1988 
RAU ONE 282 1988 60 1850 1812 
FDV SIGMF 283 1812 34 1907 1862 
FAD TEMP 284 1862 32 1582 1912 
FOP SI GMO 285 1912 34 152 2 1872 
STU TEMP 286 1872 21 1582 1839 
RAU EF 287 1839 60 1952 1962 
FMP SIGMA A 288 1962 39 2000 1863 
FDV E A 289 1863 34 2750 1913 
FDV SIGMF 290 1913 34 190 7 1963 
LOD LOOSE GO TO LN 291 1963 69 161 6 1513 
STU LNX4 SUBROUTINE 292 1616 21 1520 1523 
F O Y S I GMO 293 1523 34 1522 1922 
FOP SI GMO 294 1922 34 1522 1972 
FAO TEMP 295 1972 32 1582 1514 
FAD SUM 296 1514 32 1706 1889 
STU SUM CONT9 297 1889 21 1706 1660 

C 0 2 6 RSU ONE ATERNA TE 298 1938 61 1850 1564 
FDV EF INTEGRAL 299 1564 34 1952 1614 
FOY EF 300 1614 34 1952 1664 
STU TEMP 301 1664 21 1582 1939 
RAU ONE 302 1939 60 1850 1714 
FDV E A 303 1714 34 2750 1764 
FOV E A 304 1764 34 2750 1814 
FAD TEMP 305 1814 32 1582 1864 
FOP TWO 306 1864 34 1501 1914 
FOY SLOPE 307 1914 34 1586 1989 
FDA SLOPE SUMM FOR 308 1989 34 1586 1790 
FAD SUM . CON10 309 1790 32 1706 1840 
STU SUM CONT9 310 1840 21 1706 1660 

CONT3 LDD SIGMA A 311 1682 69 2000 1964 
STO SI GM I CON13 312 1964 24 1640 1599 

CONT6 RAU E . A FORM SIGMF 313 1681 60 2750 1915 
FSB EF FOR SINGLE 314 1915 33 1952 1880 
STU TEMP INTERVAL 315 1880 21 1582 1890 
LOD E A 316 1890 69 2750 1965 
STD TEMPI 317 1965 24 1560 1666 
SOP, 0001 318 1666 51 0001 1573 
RAU TEMPI 319 1573 60 1560 1716 
F88 E A 320 1716 33 2750 1930 
STU DEN 321 1930 21 1606 1766 
RAU TEMP 322 1766 60 1582 1940 
FOV DEN 323 1940 34 1606 1816 
STU TEMP 324 1816 21 1582 1990 
LOD SIGMA A 325 1990 69 2000 1866 
STD TEMPI 326 1866 24 1560 1916 
AXA 0001 327 1916 50 0001 1623 
RAU IGMA A 328 1623 60 2000 1966 
FSB EMP1 329 1966 33 1560 1591 
FMP EMP 330 1591 39 1582 1641 
FSB IGMA A 331 1641 33 2000 1831 
RSU 8003 332 1831 61 8003 1691 
STU IGMF SIGMF 333 1691 21 1907 1767 
FSB IGMI FORM INTE 334 1767 33 1640 1817 
STU EMP ORAL FOR 335 1817 21 1582 1741 
RAU F SINGLE IN 336 1741 60 1952 1867 
FSB I TERVAL EF 337 1867 33 1951 1881 
STU EMP1 MINUS EA 338 1881 21 1560 1917 
RAU EMP NEG 339 1917 60 1582 1791 
FOP EMP1 340 1791 34 1560 1967 
STU LOPE 341 1967 21 1586 1841 
RSU I 342 1841 61 1951 1868 
FMP LOPE 343 1868 39 1586 1891 
FAD IGMI 344 1891 32 1640 1918 
STU IGMO 345 1918 21 1522 1675 
RAL RECN 346 1675 65 1551 1968 
SML IGMO 347 1968 18 1522 1931 
BMI 0617 CON18 348 1931 46 1941 1991 

C 0 N 1 7 RSU NE 349 1941 61 1850 1819 
FDV !GUI 350 1819 34 1640 1542 
STU EMP 351 1542 21 1582 1592 
RAU NE 352 1592 60 1850 186,9 
FOP IGMF 353 1869 34 1907 1919 
FAD EMP 354 1919 32 1582 1969 
FOV IGMO 355 1969 34 1522 1673 
STU EMP 356 1673 21 1582 1642 
RAU F 357 1642 60 1952 1570 
FMP IGMI 358 1570 39 1640 1692 
FDV I 359 1692 34 1951 1620 
FOP IGMF 360 1620 34 1907 1670 
LOD E008E GOTO LN 361 1670 69 1723 1513 
STU LNX1 SUB ROuTIN 362 1723 21 1742 1695 
FOP SIGMO 363 1695 34 1522 1773 
FDA SIGMO 364 1773 34 1522 1823 
FAD TEMP 365 1823 32 1582 1720 
STU SUM CONT9 366 1720 21 1706 1660 

C 0 N 18 RSU ONE ALTERNATE 367 1991 61 1650 1770 
FOV EF INTEGRAL 368 1770 34 1952 1920 
FOV EF 369 1820 34 1952 1870 
STU TEMP 370 1870 21 1582 1792 
RAU ONE 371 1792 60 1850 1920 
FDV El 372 1920 34 1951 1970 
FOP El 373 1970 34 1951 1671 
FAD TEMP 374 1671 32 1582 1721 
FOP TWO 375 1721 34 1501 1771 
FOP SLOPE 376 1771 34 1586 1642 
FOP SLOPE SUM FOR 377 1642 34 1596 1892 



CONT9 
STU SUM CONT9 CONT6 378 1892 21. 1706 1660 
RAU SUM 379 1660 60 1706 1821 
FMP KP 380 1821 39 1556 1871 
STU TAUE 381 1871 21 1526 1942 
RAU FR FORM KPP 382 1942 60 1953 1921 
FAD FRTOT 383 1921 32 1768 1745 
STU FRTOT 384 1745 21 1768 1971 
RAU ONE 385 1971 60 1850 1873 
FSB MU 386 1873 33 1650 1992 
FMP KP 387 1992 39'1556 1923 
FMP PSI 388 1923 39 1700 1973 
STU KPP KPP 389 1973 21 1693 1546 
RAU ONE FORM FIRST 390 1546 60 1850 1924 
FOR SIGMF COLLISION 391 1924 34 1907 1974 
FOR SIGMF CORRECTION 392 1974 34 1907 1725 
STU TEMP 393 1725 21 1582 1743 
RSU ONE 394 1743 61. 1850 1775 
FOR SIGMI 395 1775 34 1640 1793 
FOR SIGM1 396 1793 34 1640 1843 
FAD TEMP 397 1843 32 1582 1825 
FMP KPP 398 1825 39 1693 1893 
STU FIRST 399 1893 21 1648 1875 
RAU TAUE 400 1875 60 1526 1943 
FAD FIRST 401 1943 32 1648 1925 
STU TAUEP 402 1925 21 1993 1596 
RAU TARE 403 1596 60 1526 1544 
FMP FR 404 1544 39 1953 1975 
FAD TAU 405 1975 32 1506 1594 
STU TAU 406 1594 21 1506 1576 
RAU TAUEP 407 1576 60 1993 1547 
FMP FR 408 1547 39 1953 1626 
FAO TAUP 409 1626 32 1512 1644 
STU TAUP 410 1644 21 1512 1676 
LOD El 411 1676 69 1951 1726 
STO 1977 412 1726 24 1977 1694 
LOO EF 413 1694 69 1952 1776 
STD 1978 414 1776 24 1978 1744 
LOU FRTOT 415 1744 69 1768 1826 
STD 1979 416 1826 24 1979 1794 
LOO SUM 417 1794 69 1706 1876 
STO 1980 418 1876 24 1980 1844 
LOD TAUE 419 1844 69 1526 1894 
STO 1981 420 1894 24 1981 1944 
LOO TAUEP 421 1944 69 1993 1646 
STO 1982 422 1646 24 1982 1994 
LOO TAU 423 1994 69 1506 1926 
STO 1983 424 1926 24 1983 1795 
LOD TAUP 425 1795 69 1512 1976 
STO 1984 426 1976 24 1984 1845 
PCH 1977 427 1845 71 1977 1895 
RAU FRTOT 428 1895 60 1768 1945 
FSB ONE 429 1945 33 1850 1995 
NZU READ STOP 430 1995 44 1559 1696 
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Table and p 



`able 1 ar r of the 
ca cu ions, for the 

on of :Cumulative 
total n utrons:fraction of 

:total neutrons. 

95 

on data, used in the age 
-Be and the Po-Be source 

0.01 0.01 0.07 0.28 0.09 
0.01 0.02 0.21 0.48 0.27 
0.01 0,03 0.33 0.60 0.40 
0.01 0.04 0.44 0.68 0.50 
0.01 0.05 0.52 0.76 0.56 
0.01 0.06 0.61 0.83 0.63 
0.01 0.07 0.70 0.89 0.70 
0.01 0,08 0.79 0.95 0.78 
0.01 0.09 0.83 1.01 0.87 
0.01 0.10 0.98 1.06 0.99 
0.01 0.11 1.07 1.12 1.11 
0.03. 0.12 1.16 1.17 1.22 
0.01 0.13 1.26 1.23 1.34 
0.01 0.14 1.36 1.28 1 45 
0.01 0.15 1.46 1.34 1..56 
0.01 0.16 1.56 1.40 1.66 
0.01 0.17 1.66 1.45 1.77 
0.01 0.18 1,77 1.51 1.82 
0.01 0.19 1.83 1.57 1.97 
0.01 0.20 2.00 1.63 2.06 
0.01 0.21 2.10 1.70 2.14 
0.01 0.22 2.21 1.76 2.22 
0.01 0.23 2.31 1.82 2.30 
0.01 0.24 2.41 1.90 2.37 
0.01 0.25 2.50 1.98 2.44 
0.01 0.26 2.58 2.12 2.51 
0.01 0.27 2.61 2.30 2.57 
0.01 0.28 2.74 2.42 2.64 
0.01 0.29 2.80 2.52 2.70 
0.01 0.30 2.83 2.60 2.76 
0.01 0.31 2.95 2.68 2.84 
0.01 0.32 3.01 2.75 2.89 
0.01 0.33 3.09 2.81 2.94 
0,01 0.34 3.16 2.87 3.00 
0.01 0.35 3.22 2.93 3.06 
0.01 0.36 3.29 2.98 3.12 
0.01 0.37 3.35 3.04 3..18 

0.01 0.38 3.41 3.09 3.24 
0.01 0.39 3.48 3.14 3.29 
0.01 0.40 3.54 3.19 3.35 
0.01 0.41 3.60 3.24 3.41 
0.01 0.42 3.66 3.29 3.46 
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Table 9 (cont.) 

Fraction of 
total neutrons:fraction 

fi 

:Cumulative Average energy E- 

of :757FaiiREil:,,alculated:Zxperi en.a 
:total neutrons: Pu-Be : Po-Be 

0.01 0.43 3.73 3.34 3.53 
0.01 0.44 3.79 3.3o 3.60 
0.01 0.45 3.85 3.42 3.66 
0.01 0.46 3.90 3.47 3.75 
0.01 0.47 3.96 3.51 3.82 
0.01 0.48 4.02 3.56 3.89 
0.01 0.49 4.08 3.60 3.97 
0.01 0.50 4.15 3.65 4.05 
0.01 0.51 4.20 3.70 4.12 
0.01 0,52 4.26 3.74 4.20 
0.01 0.53 4.33 3.79 4.26 
0.01 0.54 4.40 3.83 4.34 
0,01 0.55 4.46 3.88 4.40 
0.01 0.56 4.52 3.92 4.47 
0.01 0.57 / .60 3.96 4.54 
0.01 0.58 4.66 4.01 4.60 
0.01 0.59 4.72 4.06 4.66 
0.01 0.60 4.80 4.11 
0.01 0.61 4.86 4.16 4.78 
0.01 0.62 4.94 4.21 4.84 
0.01 0.63 5.01 4.26 4.90 
0.01 0.64 5.10 4.31 4.96 
0.01 0.65 5.18 4.37 5.01 
0.01 0.66 5.26 4,42 5.07 
0.01 0.67 5.36 4.48 5.14 
0.01 0.68 5.47 4,54 5.20 
0.01 0.69 5.57 4.60 5.28 
0.01 0.70 5.68 4.66 5.36 
0.01 0.71 5.80 4.72 5.44 
0.01 0.72 5.91 4.80 5.52 
0.01 0.73 6.01 4.87 5.61 
0.01 0.74 (.12 4.96 5.70 
0.01 0.75 6.24 5.06 5.78 
0.01 0.76 6.34 5.17 5.87 
0.01 0.77 6.45 5.30 5.97 
0.01 0.78 6.55 5.46 6.01 
0.01 0.79 6.65 5.72 6.15 
0.01 0.80 6.75 6.07 6.26 
0.01 0.81 6.85 6.33 6.37 
0.01 0.82 6.95 6.51 6.49 
0.01 0.83 7.05 6.67 6.60 
0.01 0.84 7.15 6.83 6.72 
0.01 0.85 7.25 6.97 6.85 
0.01 0.86 7.35 7.10 6.97 
0.01 0.87 7.48 7.24 7.10 
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Fractton of ;Cumulative 
total neutrons:fraction or 

ft ;total ntutrons: 

Aver 
leant 

Pu- 
a u 
Pu-B 

d:Lxpe 
: Po-Bo 

0.01 0.88 7.56 7.36 7.22 
0.01 0.89 7.67 7.50 7.34 
0.01 0.90 7.77 7.65 7.47 
0.01 0.91 7.84 7.78 7.59 
0.01 0.92 8.00 7.93 7.72 
0.01 
0.01 

0.93 
0.94 

8.15 
8.31 

8.10 
8.25 

7.85 
8.00 

0.01 0.95 8.55 8.42 8.15 
0.005 0.955 8.77 8.57 8.30 
0,005 0.960 8.95 8.66 8.40 
0,005 0.965 9.11 8.77 8.55 
0.005 0.970 9.25 8.87 8.70 
0.005 0.975 9.40 9.01 8.92 
0.005 0.980 9.54 9.15 9.17 
0.005 0.985 9.C8 9.31 9.50 
0.005 0.990 9.83 9.51 9.78 
0.005 0.995 10.00 9.75 10.05 
0.005 1.000 10.25 10.15 10.40 

ta 
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Table 10. Summary of th neutron fraction data used to c lculate . , 

the fission neutron age, and the calculated monoenergetic 
ages, with and without the first collision correction, 
fro, the average energy of each neutron fraction interval, 

to 1.44 ev. 

Fraction of :Cumul tive : Average 
total neutrons:fraction of : energy 

fi :total neutrons; Ei 

kAe from Ei to kAk 0Y. 
Without : With 

:correction : correction 

0.01 0.01 0.03 156.15 158.64 
0.01 0.02 0.10 176.55 179.12 
0.01 0.03 0.15 183.64 186,30 
0.01 0.04 0.19 188.00 190.87 
0.01 0.05 0.24 192.66 195.73 
0.01 0.06 0.26 194.33 197.49 
0.01 0.07 0.30 197.45 200.80 
0.01 0.08 0.33 199.63 203.14 
0.01 0.09 0.35 201.04 204.65 
0.01 0.10 0.38 203.07 206.85 
0.01 0.11 0.42 205.68 209.68 
0.01 0.12 0.45 207.57 211.76 

0.13 208.81 213.13 
0.01 0.14 0.50 210.64 215.16 
0.01 0.15 0.53 212.44 217.12 
0.01 0.16 0.56 214.20 219.07 
0.01 0.17 0.59 215.94 221.01 
0.01 0.18 0.62 217.65 222.91 
0.01 0.19 0.65 219.34 224.77 
0.01 0.20 0.68 221.01 226.63 
0.01 0.21 0.71 222.66 228.46 
0.01 0.22 0.74 224.30 230.27 
0.01 0.23 0.76 225.38 231.47 
0.01 0.24 0.77 226.98 233.28 
0.01 0.25 0.81 228.05 234.47 
0.01 0.26 0.85 230.16 236.82 
0.01 0.27 0.87 231.21 237.99 
0.01 0.28 0.90 232.77 239.75 
0.01 0.29 0.93 234.33 241.50 
0.01 0.30 0.95 235.36 242.66 
0.01 0.31 0.98 236.90 244.40 
0.01 0.32 1.01 238.44 246.15 
0.01 0.33 1,04 239.9? 247.92 
0.01 0.34 1.07 241.51 249.69 
0.01 0.35 1.10 243.05 251.47 
0.01 0.36 1.13 244.59 253.25 
0.01 0.37 1.16 246.13 255.05 
0.01 0.38 1.19 247.68 256.86 
0.01 0.39 1.22 249.23 258.67 
0.01 0.40 1.25 250.79 260.47 
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Fraction of :Cumulative : Average 
total neutrons fraction of : nArgY ou t fi :total neutrons: Ei rectio : correction 

0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 

0.41 
0.42 
0.43 
0.44 
0.45 
0.46 
0.47 
0.48 
0.49 
0.50 
0.51 
0,52 
0.53 
0.54 
0.55 
056 
0.57 
0.58 
0.59 
0.60 
0.61 
0.62 
0.63 
0.64 
0.65 
0.66 
0.67 
0.68 
0.69 
0.70 
0.71 
0.72 
0.73 
0.74 
0.75 
0.76 
0.77 
0.78 
0.79 
0.80 
0.81 
0.82 
0.83 

1.29 
1.32 
1.35 
1.38 
1.41 
1.45 
1.48 
1.51 
1.55 
1159 
1.62 
1.65 
1.69 
1.72 
1.76 
1.80 
1.84 
1.88 
1.91 
1.96 
2.00 
2.05 
2.09 
2.13 
2.17 
2.22 
2.26 
2.31 
2.36 
2.41 
2,47 
2.52 
2.57 
2.63 
2.6 
2.75 
2.81 
2.88 
2.95 
3.02 
3.10 
3.18 
3.26 

252.87 
254.43 
256.04 
257.58 
259.17 
261.29 
262.89 
264.49 
266.63 
268.78 
270.41 
272.05 
274.26 
275.93 
278.17 
280.41 
282.66 
284.93 
286.65 
289.66 
292.21 
295.45 
296.76 
298.89 
301.19 
304.17 
306.57 
309.54 

312.49 
315.45 
318.96 
321.77 
324.45 
327.54 
330.39 
332.92 
335.09 
337.10 
338.45 
341.31 
347.44 
351.03 
353.54 

262.89 
264.73 
266.58 
268.45 
270.32 
272.79 
274.63 
276.52 
279.04 
281.59 
283.56 
285.56 
288.28 
290.27 
292.88 
295.50 
298.15 
300.94 
303.26 
307,84 
311.65 
313.32 
310.89 
316.77 
320.16 
324.14 
326.73 
329.93 
333.28 
336.67 
340.12 
342.37 
344.58 
347.19 
348.47 
349.15 
348.77 
347.65 
343.82 
377.18 
373.79 
368.22 
366.90 



Table 10 (cone 

on c :Cumulativ x v 
fraction of ene 

tal neutron . 

0.01 0.84 
0.01 0.85 
0.01 0.86 
0.01 0.87 
0.01 0.88 
0.01 0.89 
0.01 0.90 
0.01 0.91 
0.01 042 
0.01 0.93 
0.01 0.94 
0.01 0.95 
0.005 0.955 
0.005 0.960 
0.005 0.965 
0,005 0.970 
0.005 0.975 
0.005 0.980 
0.005 0.985 
0.005 0.990 
0.005 0.995 
0.005 1.000 

3065 
3.75 
3.87 
4.00 
4.14 
4.30 
4.4,7 
4.67 
4,89 
5.10 
5.25 
5.42 

74 
357.58 
359.43 
361.35 
363.29 
365.77 
368,72 
372.29 
375.83 
379.58 
386.46 
395.87 
404.62 
412.38 
419.75 

5.60 427.83 
441.24 
454.23 
465.A 
4;)7.82 
522.82 
356.74 

5.83 
6,08 
6.43 
6.90 
7.60 
9.C* 

366.79 
367.46 
369.12 
370.64 

78 
374.6 
3 
383.42 
387.94 
88,12 

99 
80 

427.01 
443.68 
451.44 
442.71 
472.95 
490.03 
497.87 
511.93 
64.52 
558.69 
597.92 
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Table 11. Total microscopic neutron cross sections used in 
the age calculations, The cross section at 1.44 
ev was taken to be 4.7 barns. 

Energy : Cross : Ener 
mon: section : Et 

n, 
mey 

(41) barns: 

. C as 
section 

. 

:(c) barns 

: Cross 
: section 

(4) barns 

0.015 4.70 
0.020 4.65 
0.030 4.55 
0.075 4.50 
0.10 4.48 
0,13 4.45 
0.15 4.40 
0.17 4.33 
0.20 4.20 
0.22 4.15 
0.24 4.10 
0.31 3.90 
0.36 3.75 
0.40 3.65 
0.45 3.51 
0.50 3.38 
0.54 3.30 
0.60 3.17 
0.70 3.00 
0.80 2.85 
0.90 2.72 
1.00 2.60 
1.08 2.50 
1.20 2.36 
1.30 2.26 
1.40 2.16 
1.50 2.08 
1.60 2.00 
1.70 1.91 
1.80 1.85 
1.85 1.82 
1.90 1.78 
1.95 1.70 
2.00 1.63 
2.02 1.60 
2.03 1.60 
2.05 1.70 
2.06 1.90 
2,068 2.40 
2.071 2.70 
2.073 3.80 
2.074 4.60 
2.075 4.80 
2.076 5.00 
2.078 4.30 
2.079 4.00 

2.080 
2.083 
2.084 
2.085 
2.093 
2.13 
2.17 
2.21 
2.32 
2.44 
2.56 
2.62 
2.69 
2.76 
2.83 
2.67 
2.90 
2.92 
2.94 
2.95 
2.96 
2.97 
2.98 
2.99 
3.00 
3.04 

3.06 
3.12 
3.17 
3.20 
3.29 
3.37 
3.40 
3.50 
3.55 
3.64 
3.70 
3.82 
3.87 
3.92 
3.98 
4.02 
4.12 
4.18 
4.23 
4,25 

3.40 
2.70 
2.50 
2.10 
1.80 
1.70 
1.65 
1.61 
1.59 
1.55 
1.60 
1.61 
1.69 
1.80 
2.00 
2.15 
2.34 
2.50 
2.60 
3.10 
3.00 
2.80 
2.00 
1.60 
1.30 
1.10 
1.20 
1.50 
1.70 
1.80 
2.05 
2.20 
2.25 
2.34 
2.30 
2.40 
2.15 
2.10 
2.05 
2.00 
1.90 
1.85 
1.80 
1.85 
1.95 
2.00 

4.30 
4.35 
4.40 
4.44 
4.50 
4.55 
4.60 
4.63 
4.67 
4.75 
4.80 
4.85 
4.90 
4.92 
4.93 
4.95 
4.96 
5.01 
5.10 
5.16 
5.20 
5.25 
5.30 
5.32 
5.35 
5.37 
5.40 
5.42 
5.45 
5.48 
5.50 
5.55 
5.60 
5.65 
5.70 
5.80 
5.90 
6.00 
6.05 
6.10 
6.15 
6.20 
6.23 
6.25 
6.26 
6.27 

2.05 
2.00 
1.90 
1.75 
1.60 
1.50 
1.45 
1.40 
1.35 
1.30 
1.29 
1.28 
1.29 
1.33 
1.43 
1.64 
1.60 
1.20 
1.15 
1.14 
1.12 
1.15 
1.10 
1.10 
1.15 
1.40 
1.64 
1.50 
1.20 
1.15 
1.15 
1.20 
1.07 
1.02 
1.00 
1.02 
1.05 
1.07 
1.07 
1.10 
1.15 
1.25 
1.50 
1.75 
2.15 
2.45 
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The age of Pu-Be neutrons was measured in graphite and cal 
culations were performed to theoretically predict the age from 

measured and calculated spectra. 

The measured age was evaluated from the second moment of the 

slowing down distribution at the 1.44 ev resonance of indium. 

The measured value of the age was 416 cm2, corrected to a graph- 

, 
ite density of 1.60 gm/em . This result, however, was not cone 

elusive because of the large statistical uncertainty in the 

measured distribution due to low foil activity. Comparisons 

with the results obtained from previous calculations and experi- 

ments for similar sources, Ra-O-Be and Po-Bo, indicate 

that the result was probably at least 4 per cent too high. 

The theoretical calculations were performed using previously 

ured and calculated spectra and the Fermi ago approximation, me 

corrected for first and last collision effects. The ages were 

calculated from Pu-Be and from Po-Be source spectra to the fisolon 

source spectrum and these values were then added to the accepted 

value of the age, for the fission spectrum, to obtain the total 

age from source energies to indium resonance. The age of fission 

neutrons, to 1,44 ev, was also calculated in order to estimate 

the error in the procedure. The calculated age values, corrected 

for the first collision effect, were 298.4, 422.2, 403.5 and 

416.4 cm for the fission (also including the last collision 

correction), experimental Pu..Be, cacul ted Pu-Be and experimental 

Pc-Be spectra, respectively. These values compared reasonably 



2 

well with previously determined values for similar spectra. 

The calculations were carried out with the Kansas State 

University IBM-650 computer. A complete description of the 

computer program is also given, 


