
KAPL-P- 3849
KAH.-P-

- - V

Irradiated Radium-Beryllium Keutron Source Buildup

SoWo Kitchen 

Do Co Slieimn

ASC Contract Koo - VJ31109SNG52

--------------------- LEGAL NOTICE----------------------
This report was prepared as an account of Government sponsored work. Neither the United 
States, nor the Commission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with respect to the accu­
racy, completeness, or usefulness of the information contained in this report, or that the use 
of any information, apparatus, method, or process disclosed in this report may not infringe 
privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages resulting from the 
use of any information, apparatus, method, or process disclosed in this report.

As used in the above, “person acting on behalf of the Commission” includes any em­
ployee or contractor of the Commission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee of such contractor prepares, 
disseminates, or provides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor.

October 1969

For Presentation at the AH3 Meeting at 

San Francisco, California, December 1969

KNOLLS ATOMIC POWER LABORATORY SCHENECTADY, N0Y«

Operated for tbs UcS» Atomic Energy Coamission by 
General Electric Company

DlSttUBtJTlON OF Tl
IIS DOCUMENT IS UNLIMITED'



DISCLAIMER

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal liability 
or responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents 
that its use would not infringe privately owned rights. Reference 
herein to any specific commercial product, process, or service by 
trade name, trademark, manufacturer, or otherwise does not 
necessarily constitute or imply its endorsement, recommendation, or 
favoring by the United States Government or any agency thereof. The 
views and opinions of authors expressed herein do not necessarily 
state or reflect those of the United States Government or any agency 
thereof.

DISCLAIM ER

Portions of this document may be illegible in electronic image 

products. Images are produced from the best available 

original document.



KAPL-P-

LBGAL NOTICE

This report was prepared as an account of Government-sponsored 
work. Ifeither the United States, nor the Commission, nor any person 
acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, apparatus, 
method or process disclosed in this report may not 
infringe privately owned rights; or

Bo Assumes any liabilities with respect to the use of, or 
for damages resulting from the use of any information, 

"iJbthod, 01 • process disclosed in this report«

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Commission, 
or employee of such contractor, to the extent that such employee 
prepares, disseminates, or provides access to, any information 
pursuant to his employment or contract with the Commission, or 
his employment with such contractor*



KAFL-P-

A33TRACT

Large increases in neutron source strength as a result of 
irradiation by neutrons were first reported in 1958» Later ex­
perimental work irradiating sources in the Materials Test Reactor 
indicated that resonance absorption effects could be safely ig­
nored* Consideration of the differences in neutron energy spec­
trum between the MER and usual power reactors suggested that re­
sonant absorptions could be significant in power reactors. Cal­
culations over a range of neutron spectra show the source build­
up factor to be several times as large for spectra typical of 
power reactors as that for purely thermal reactors.
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I. UTRODOCTIOK

The possibility of orders of magnitude increases in neutron 

source strength for irradiated radium-beryllium sources were first 

reported by Bsarlatein in 1958Considering only thermal flux, 

he shoved that transmutation of radium 226 by successive neutron 

captures and beta decay could lead to increases in source strength 

relative to the initial strength of close to 100-

Based on the work of Dudzisk and Freeman in 196o(2) , it ap­

peared that any resonance effects could be safely ignored. An 

extensive experimental program irradiating sources to buildup 

factors as high as 17 was performed in the Materials Test Reactor. 

Calculations were performed using subcadmium fluxes measured by 

cobalt activation, and neglecting the shielding effect of the 

stainless steel encapsulation. It was recognized that this pro­

cedure introduced errors which tended to cancel one another. Com­

parison of calculated to measured results revealed no systematic 

deviations which could be attributed to this procedure, as shown 

in Slide 1. The maximum deviation was 3°$° An uncertainty of 

this order can easily be accomodated in the design of shipping 

casks or in designing the optimum method for increasing a source 

strength by irradiation.
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Although not stated la their article, the Budalak and Freeman 

samples were irradiated in pas it ion L4? of the MTR^). This posi­

tion has a cobalt cadmium ratio between eight and nine, the hardest 

neutron spectrum available for irradiation of samples in the 

This cobalt cadmium ratio corresponds to a uranium 235 cadmium ratio 

of about 65, a much more thermal spectrum than encountered normally 

in power reactors.. U-235 cadmium ratios for power reactors are 

often in the range of 10 to 5.

Consideration of the differences in neutron spectra between 

power reactors and the MTR plus the resonance cross-section data 

now available for radium 226 and actinium 227 suggests that build­

up factors for radium-beryllium sources irradiated in power reactors 

could be substantially larger than prevlsouly indicated. Analyses 

of radium-beryllium neutron source buildup factors as a function 

of the spectrum hardness were therefore undertaken talcing into 

account known resonance cross-sections.

II. NUCLEAR gVBMS
A Ra:Be source produces neutrons by the reaction Be9(«c,n)CII. 12 

where the alpha particles are emitted by Pjr226 daughter

products in an unirradiated source. Under neutron irradiation, 

the transmutation of produces alpha emitters with higher

specific activities than Ra22^ itself. The isotopic coupling 

which describes the behavior of this source under irradiation can 

be represented as shown in Slide 2. The short lived isotopes with
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the exception of Ac-228 are not shown explicitly but are repre­

sented only by the total nuiaber of alpha particles involved in the 

transitions. Analytically assuming that all half lives not shown 

as well as that of Ac-228 are zero leads to no significant error.

III. CA1CULATI0NAL M3TH0DS
Ifce differential equations governing the number densities,

N, of nuclei involved in chains coupled by radioactive decay and/ 

or neutron absorption are of the form

d Hi » m Co - Ai Ki
dt (Slide 3)

where is the coupling from nucleus j to nucleus i by neutron 

absorption or radioactive decay and A^ Is the removal of nucleus 

1 by tl* proceaao.. Tbe form of CJt Is either or dt 

(+ <^e where ^ is the thermal flux, is the

thermal cross section at the effective temperature of the thermal 

flux, and 0 is the epitherrml reaction rate of nucleus j

integrated over all energies above some thermal cut off energy. 

Aj has the form

where is the decay constant for nucleus i. Sbese equations 

have been programmed at KAPL in FORTEIAN IV for isotopic coupling 

of the order required here.
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Solution of the above equations yields number densities for 

the various isotopes. The number densities can be converted to 

alpha, yields per second by weighting \tfith the alpha yields and 

appropriate Isotopic decay constants. However, the neutron yield 

per alpha decay is strongly energy dependent. Runnals and Boucher(5) 

have fitted an empirical expression shown in Slide k,

nmx ® .152 x 10“^ neutrons/alpha

relating the thick target neutron yield, nIBBX, to the alpha parti­

cle energy in Mev for beryllium targets. They used ‘this expression 

to calculate thick target neutron yields for the Ra and Ac chains.

The results were found to agree with the best available experimen­

tal data within experimental uncertainties. Dudziak and Freeman^) 

extended the neutron yield calculation to the Th chain. The re­

sults summarized for the three chains are shown in Slide 4. She 

population weighting factor in the last column

W « 1680 yr x Y
t i/2 E85

is required to normalize the final neutron source yield of an 

isotope to the fresh unirradiated radium-beryllium source strength. 

In this expression is the dominant half live and Y is the 

neutron yield per 10^ decays including the alpha decays of short 

lived isotopes in equilibrium with the dominant half life. The 

contribution of a dominant controlling population, N, to the 

neutron source buildup factor is the ratio of the weighting factor 

product with H to the initial population of Ra-226.
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JJ x W
ll0 '"(Ra«22^J

Tlie tcrbal biiildup factor is obtained by summing tbe individual 

contributions=

It will be noted in this table that Ac-227 begins both the 

Ac chain and the Th chain* The Ac chain represents the sequence 

of events if there were no neutron capture in Ac-227* The chain 

labeled Si is the sequence of events with neutron capture* Devel­

opment of the Th chain is clearly preferable for enhancement of 

the buildup factor*

Neutron absorption rates are needed to complete the analysis 

of the nuclear chains* The nuclear constants used are given in 

Slide 5* It will be noted that no resonance data are available 

for the isotopes involved other than Na-226, Ac-227 and Pb-210* 

Since freshly prepared radium sources are assumed in our calcula­

tions, the R»-210 data is ignored* Absorption rates are dependent 

upon the product <*•$« If the *0253ev cross section, (T^~ , is 

given for a l/ir- absorber, the value at any temp T is given by

where temperatures are on the absolute scale and Tc is th© temp­

erature equivalent to *0253ev. Reactor thermal neutron flux dis­

tributions can be approximated by a hardened Maxwellian distribu­

tion* The average value of a l/V"" cross section in such a distri- 

bution is the product of 'v/g, and the value of the cross section at 

the effective temperature for the distribution* However the thermal cross sections
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given In Slide 5 were mostly measured in pile neutrons^* 9)at 

temperatures near room temperature. Thus, these cross sections 

are not point energy values, but are values for thermal neutron 

distributionso That ia, the distribution factors (approximately

%> are included in the reported "thermal" cross section. 

Since it is only the product <^0, and not its factors, which 

determine reaction rates, the hardened Maxwellian flux can be re­

duced to an effective 68F neutron flux.

68F
0

eff
0

where T0 » 68+459 on the Rankin absolute temperature scale, and 

Th is the absolute value of the effective temperature for the 

harden Maxwellian flux, for use with, the thermal cross sections 

in Slide 5,

In addition to the thermal cross sections, some of the iso­

topes of Slide 5 have important resonance cross sections. The 

most important cross sections in our analysis are for Ra-226 and 

Ac-227* Ra-226 has a single low energy resonance at .537ev. At

this energy both the high energy Maxwellian tail of the thermal 

flux and the low energy end of the slowing down neutron flux 

contribute significantly to the resonance captures in Ra-226,

The energy dependent flux over this resonance region was repre­

sented by the form
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E___ e k Th b
(k %)2 1

Slide 6

where ie the therml flux integral from 0 to ,625ev, E is

neutron energy, it is the Boltzmann constant, is the effective

temperature of the Maxwellian distribution and b is a constant for 

the slowing down flux. In the thermal range b was tapered to zero 

as the Maxwellian distribution became dominant for low energy. N 

is a normalization factor defined by the requirement

0 (E) dE Slide 6

Hie Ac-227 resonances are at high energies unaffected by 

thermal neutrons. Furthermore, the low population of Ac-227 allows 

the direct use of the infinitely dilute resonance integral, I, to 

obtain the resonance cross section.

IVo CALCOLATIOm RESULTS

Since a thermal flux of 6 x IQ13 neutrons per second per 

centimeter squared is readily obtainable for source buildup appli­

cations, we have illustrated the effect of neutron spectrum with 

this tberati flux, assumed to correspond to 68F, A convenient 

calculatlonal tool for characterising the reactor neutron energy 

a pact rum is the Wigner-VJilkins parameter £& 4 ^(k T) e
TiT"

We have chosen to consider the span for A of 0 to 1 which encompasses 

uranium 235 cadmium ratios down to between 3 and 4. Slide 7
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Illustrates the radium-beryllium source buildup factor as a func­

tion of the integrated thermal neutron flux and of the spectrum 

parameter A« The curve for A = 0, corresponds to assuming no 

resonance flux contribution to the buildup factor« It is readily 

apparent that buildup factors are much larger with hard thermal 

spectra compared to the buildup factors when resonance effects are 

neglected. Slide 8 shows the effect of thermal flux amplitude on 

the source buildup factor neglecting resonance effects. It can be 

seen that the buildup factor is not very sensitive to flux ampli­

tude until the integrated thermal flux is greater than 10^1 cm-2.

A similar result is obtained when resonance effects are considered 

Thus, costs of procuring radium-beryllium sources irradiated to a 

desired buildup factor can potentially be sharply reduced by selec 

ting the exposure location with the lowest cadmium ratio.

Another area ia which these resonance effects should be con­

sidered is the design of transportation casks for irradiated 

sources. Heutron sources for reactor startup are commonly left 

in core to be built up in intensity by irradiation for subsequent 

startups. At the time of source removal, a reasonably reliable 

estimate of the source intensity is required as the basis for 

radiation protection design. If one calculates a buildup factor 

as lew as five for a radium-beryllium source with the assumption 

of no resonant effects, ons could easily be undercalculating by a 

factor of two or more. As the buildup factor and/cr the spectrum
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parameter A get larger, neglect of the known resonant effects 

leads to underpredlctions of up to factors of four. Non-conser­

vative errors on the order of two or more are unacceptable in 

radiation protection design.

V. CONCLUSIONS

It must be emphasized that the results we are reporting are 

based upon very meager resonance cross section data for the Iso­

topes concerned. Since the available data Is for the isotopes of 

greatest importance, any new resonant cross section data should 

change our results to a much lesser extent than observed when 

including the available data relative to assuming no resonance 

effects. Until such time as experiments can be performed estab­

lishing the adequacy of our calculatlonal approach including the 

significance of the unknown resonance effects in the Isotopes in­

volved in the radium-beryllium neutron source intensity buildup, 

calculations of the buildup factor should Include not only the 

effects of the neutron spectrum and the available resonance cross 

section data but also an allowance for the potential presence of 

significant unknown cross sections.
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Jfeutron Yields

Chain

Source
or

Ancestor

Dcaainant
1/2

life

Alpha Pfert. 
per

Decay
Heutrons par 

106 Decays*
Population Weighting 
for Buildup Factor

Ra Ra-226 1620 yr 4 485 1.
Pb-210 22 yr 0 0 .0
Po-210 138, If d 1 67 591.

Ac Ac-227 21.2 yr 0 0 .0

Th-227 18.17 d 1 99 6647.
Ra-223 il.U d If 610 65281.

Th Ac-227 21.2 yr 0 0 .0
Th-228 1.91 yr 1 71.6 125.
Ra-224 3.6*)- d If 692.9 232240.

* njaax = .152e3*65 x io~6 lieuti-ons/alpfaa

S L11) £ +
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<£ = 6 xEFFECTIVE 68F

j i i i i

INTEGRATED THERMAL NEUTRON FLUX (cm2)

RADIUM BERYLLIUM NEUTRON SOURCE BUILDUP
DURING IRRADIATION
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