
I" I 

? 

,1.:-

I 

I 
.". 

JOURNAL OF RESEARCH of the National Bureau of Standards- A. Physics and Cbemistry 
Vol. 67A, No.3, May- June 1963 

An Absolute Calibration of the National Bureau 
of Standards Thermal Neutron Flux 

E. 1. Axton l 

(February 12, 1963) 

The NBS Thermal Ne utron Flux has been cali brated in t erms of the gold Llwrlllal 
ueutron capturE' cross spct ion. The e ffecti\'e thermal neu t ron (belo\\" cadmium cuto f'Y 
f'11f'rgy ) flux dcn~ity is e~timated to be 4307 ± 2 pcrce nt n /cm2 sec in Septembcr 1961. This 
figu re is in agreement with a recent value quoted by the NBS . 

1. Introduction 

The NBS Standard Thermal Neutron Flux has 
been calibrated in terJJlS of the B(n, a) cross sectio n 
[De Jurell and Hosenwasser, 1954] and of the gold 
thermal neutron capture cross sect ion [Nlos burg and 
lIurplie,\", 1961]. The present calibratioll , based 0 11 

absolute co un t ing of 1 ~8Au activiLy by the 47r{3 - 'Y 
coin cide nce method, r ep resents part of a program 
of intern atio nal co mpa risons of tile rn Hlln eutron flu x 
ciells it.\" nlf'asu]'eill ent. 

2. Method and Procedure 

The method is similar to tlHlt used for Lhe a bsoluLe 
calibration of Lhe neuU'Oll (lux in the AEHE reactor 
GLEEP [Axton , ] 963]. This calibration was based 
on absolute co unLing of 56l\in and of 198Au by the 
47r{3- "( coincidence m ethod, and som e of th e sa ille 
gold foils alld Lhe saill e counting equipment arc 
used in the present experiment, so that t lte various 
correction factors associated witlt the foils and 
eq uipment have already been evaluaLed and, where 
appropriaLe, are reproduced in table 1. 
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F oil data I 

I I F F e,1 f (.) G, (luo 

----------

} 1.028 1.01 0.991 0.441 99.32 

A pail' of foils (G( , G2 ) 30 mg/cm2 in thickness and 
] Clll diam were inadiated in Lhe flux for one week. 
A similar pail' (Ga, G4), encased in cadmium 0.1 cm 
thick, were irradiated for 11 days. 

The foils were cOllllLecl ill the 47r{3 counter of th e 
coincidence eq uipmen t previously described [Axto n, 

However, tbe ratio between Nfl, the net coun tinO' 
rate in the 47r{3 co un ter, a nd N , the absolute disill~ 
tegration rate has been m easmecl for these foils a 
number of times both before and after this irradiation 
in the co m se of tlte GLEEP flux m easurement. 

Th e reaction rate D o pel' milligram of foi l is 
obta ined frolll UtC equatio n 

{l - exp [- f.- ( tz- t1 )J} {I - cxp [- ;\ (t 4-ta)]} 

(1) 

where f.- is the decay constanL of 198Au a nd D is the 
average disintegration rate pel' mg from Lime ta to 
tilll e t4 of a foil irradiated from time tl to time t2. 

Tlte thcrmal neutro n flux densiL\' , defined as 11th 

1'0, where nth is the ne uLron density below the cad­
miulll cll toff encl'g,\', and '00 = 2200 111/ S8C, is given by 

where 

(I/F ) (Do-Do cdJi'c<I)A 
O.OOlNo[/O'o 

(2) 

Do Cd is Lhe reaction ra Le pel' mg obtain ed with 
the foil under cadmium. 

F Cd is a correction factor for the attenuation 
of resonance neuLrons in tlte cadmium. 

11F is a correction factor for thermal neutron 
flux density depression and self shielding. 

g(J'o is the effective absorption cross section lor 
neu trons with a Maxwellian distribu­
t ion of velocities at 20 °e. 

(J'o = 9S.Sb (Hughes and Schwartz, 1955). 
g = 1.0053 (Westcott, 1960). 
A = Atomic Weight. 
Nc = Avogradro's Number. 

\ ~ 1963] . For GI , G2, the total counting rate 'was 
approximaLely 11 cis against a background of 0.9 
cis . For Ga, G4 , the coun tin g rate was approximately 
2.2 cis, against a background counting rate of 0.9 cis. 
In view of the low coun ting rate it was not possible 
to make coincidence measmements on these foils . 
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The valu es of both F and g are dependent upon 
the temperature T associated with the most probable 
velocity in the Maxwellian distribution. The tcm­
peratme is assumed here to be T o to conformLo Lhe 
value of g quo ted b.\~ Mosburg and Murphey [1961] . 
To= 293.6 OK and kTo is the energy corresponding 
to the neutron velocity vc=2200 m /sec at which 
thermal cross sections are normally tabulated. I National Physica l Laboratory , Dept. or Sc ientific and Tudustri al Hcscarch , 

" ., Teddington , M iC\C\l e~('x, England . (An inyiiccl paper. ) 
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1 /F=X/[?~-E3(X)] where X=22eff t=~t 

X 1.08g(J"o (To/T) 1/ 2 

and 

E 3(X) = i '" u - 3 exp (-uX)du 

t is the foil thickness in g/cm2 • 

3. Results 

The results are presented in table 2 from which 
it can be deduced that the effective thermal neutron 
(below cadmium cutoff energy) flux density is 
given by 

nthto= 4307 n /cm2 sec. 

TABLE 2. R esults 

N~ cis Do D o Cd 
Foil corrected for d ps/mg d ps/mg R eo 

decay 

?hh l'O 
Septem­
ber 1961 

1---·1-----1- - ------- - -----
G, 
G2 
G, 
G, 

M ean 

19. 961 
20. 209 
3. 4257 
3. 2981 

1. 507 
1. 489 

0. 2260 
. 2200 

1. 498 . 2230 6. 72 O. 0212 4307 

For comparison purposes the values of ntbVO obtained 
at NBS are presented in table 3, column 1, and 
corrected to September 1961 in column 2. 

However, the procedure used to calculate the 
neutron flux differs from that of :Mosburg and 
Murphey [1961] in three respects. 

Firstly, the value 1.048 calculated by Mosburg 
and Murphey, and used by them for the correction 
factor Fed is believed to be too large. The calcula­
tion of this factor is difficult, since it involves an 
effective cross section for cadmium. To obtain such 
an effective cross section it is not sufficient to 
calculate the absorption of the resonance neutrons 
in the cadmium; nor is it sufficient to measure the 
reduction of the activity produced by a fmther 
equal thickness of cadmium. This follows because 
the activity of the cadmium covered foil is not 
produced wholly by the resonance-energy neutrons. 
Mosburg and Mmphey used the cadmium total 
cross section at the gold resonance energy in their 
calculation of Fed' However, to satisfy the ex­
perimentally derived value for Fed quotpd in table 1, 
it is necessary to use only the capture cross section 
plus a fraction of the scatter cross section. This 
fraction is expected to vary with foil thickness as 
will the relative contribution of the resonance­
energy np.utrons to the activity of the cadmium 
covered foil. However, there are insufficient data 
available at the present time to establish variations 
of Fed with foil thickness. Thus, the experimentally 
determined value for these particular foils and 
cadmium covers (table 1) is preferred. If the results 
of Mosburg and Murphey, who used similar thick­
nesses , are recalculated using this value of F ed, 
the flux value is raised by about 0.6 percent. 

TABLE 3. Cornpw'ison of NBS and NPL rneasw'ernents 

n l hVO 

Corrected Corrected for 
Published for polonium change in Fed 

\'alue growth and in effecti ve 
September 1961 cross sections 

September 1961 

n/cm2 sec n/cm' sec n/cm'l sec 

NBS (Gold ) YIosburg· 
Y[urphcy, [19611 . ..•.. 

NBS (Boron) De Juren 
4167± 1. 5% 4188±1. 5% 4195 

an d Ro sen wasse r, 
[19541 ••• • • . •......••• • 4276± 2% 4297± 2% 4297 

Weighted mean • . . . .... 4203± 1. 5% 4224± 1. 5% 4229± 1. 5% 
Ratio NPL m easure-

ment/NBS weighted 
lTICall ___ ______ _ ___ ____ ---------- - - 1.020 1. 018 

• The mean s given here are those quoted b y Mosburg and M urphey (1961), 
who give arbitrar y weights of 2 and 1 to the gold and boron measuremen ts, 
respect ively. 

Secondly, the effective cross section g(J"o is used 
instead of (J"o to derive the neutron flux from the foil 
activity. This results in a reduction of about 0.5 
percent and almost cancels out the first change. 

Thirdly, the effective cross section 1.08 g(J"o is used 
instead of (J"o to derive t.he foil self-absorption correc­
tion. 

The results of Mosburg and Murphey [1961] have 
been recalculated with these changes to produce the 
revised value for the neutron flux density shown in 
column 3. 

Th th t · NPL flux density measurement. 1 020 us ' era "lO . IS . 
NBS flux densIty measurement ' 

which reduces to 1.018 if the adjustments to F ed and 
to the cross sections are made in the calculation of 
the NBS gold value. 

It is sometimes of interest to specify the neutron 
flux density in terms of the total neutron density n, 

.. 

or of the density in some specific component of the 
flux. In order to do this with detectors whose cross .~ 
section does not follow the l /v law, it is necessary to 
assume a spectrum shape, which, in the case of well­
moderated reactors, usually comprises a Maxwellian 
distribution of velocities at temperature T OK and a r, 
dE/E component terminated at an effective lower 
limit }J-k T. With the present system of point sources, 
it is unlikely that the spectrum follows the l iE law • 
very closely. Nevertheless, in the absence of 
specific information, the dE/E assumption has been 
made for the purposes of the following calculations, 
and the results therefore should be treated with ~ 
reserve. \ 

The relative intensity of the dE/E component is 
derived from cadmium ratio measurements. The ~ ~ 
cadmium ratio Red (ratio of activity obtained with I 

bare foil to that obtained with cadmium covered foil) 
is given by the equation 

F(r-/riTJ - l+ G,so/g 
l /K + f(o)G,(so /g-W) 

(3) 
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which is based on t he equation of Walker et al. 
[1960] with (a) the adeli tion of thc self-shielding fac­
tor F, and (b) the assumpLion of zcro penetration 
of thermal neutrons through t he cadmium . 

So 

TV 

]( 

r 

is a fun ction of t hc reso nance in tegral 
80= 17.3 [Westcott 1960] (so is the 
T= To value of ,Vestcott's 84)' 

is a function of the resonance in tegral 
below the cadmium cu t.off energy. 
TV= 0.027. [Walker et al. 1960]. 

is a function of the cadmium cutoff 
ener gy. For 0.1 cm Cd , ](= 2.2931 
[Westcott et al. 1958] . 

is a measure of the relative intensity of 
the dEjE component. The fraction of 
the neutron density in th e dElE 
componen t of flux is 4r(7l'/-L) - ? 

1.0053. 
accounts for th e self-scr eening of th e 

' \ j(o) 
resonance-energy neutrons in th e foi l. 

acco un ts for Lhc attenuat ion of thc l'eso­
nance-en ergy ncutrons in the cadmium 
cover. 

Gt and j(o) are reproduccd in table 1 from a previous 
paper [Axton , 1963]. 

For a full discussion on th c m eanings of Lhcse 
tcrms the reader is referred to the Ii terature. 

i' Thus, with the expcrimentall? determined vaillc 
~ for R ed thc value of r can be calculated from cq (3) . 

Thc value so obtained is 1' = 0.0212 . Thc total flu x 
dcnsity nvo is then given by 

nvo= n thvo(R /R - 1) = n tl,vo(l - rjK ) - l 

= nthvo/0.9908= 4347 m jcm 2 sec 

where R is the cadmiUlTl. ratio which would be ob­
tained with a thin I jv detector. R = K jr from eq 

tL, (3) with F= l , T= To, 80= vV= O. It appears that 
? changes as high as 20 percent in the value of r havc 

very little effect on the value obtaincd for Lhe total 
neutron flux density. 

The Maxwellian flux densi ty nmVO (where nm is the 

[-, neutron density in the Maxwellian component of 
th e flux) is given by 

r.. nmVO = nvO (1 - (:;)!} = 0.9751 nVo= 4239 m jcm 2 sec. 

r The value of /-L , which is determined by the effec-
t t ive lower energy limit of the dEjE component of the 
J flux , is a matter for some discussion . The valu e used 
'1 "1 here (3.681) is that for which So was computed. 
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4 . Accuracy of Results 

Table 4 shows the various errors 0' associated with 
the calculation of the thermal neutron flu x density, 
togeth er with the w'eights w with which they influ ence 
the result. 

The sum [~(wa)2]1 /2 is less than ± l percent. 
In addition, th ere may be a systcmat ic error not 
exceeding ± 1 percent associated with th e absolute 
measurement of the radioactivi ty. The combined 
error is thus ± 2 percent. 

It is concluded that N BS and NPL measurements 
of thermal neutron flux density are in agreement 
within th e limi ts of experimenta l crror . 

The au thor is grateful for the cooperation of the 
National Bureau of Standards in this work, which 
has been carried out as part of the general research 
program of the National Physical Laboratory, and 
this papcl' is published with the permission of the 
Director. 

TABLE 4. En'ol's associated with flux density measurement 

Error 

Counting sta tistics: 
(B are foil and background) ,, ______ • ____ ___ ___ __ ____ _ 
( Foil jn Cd and back ground) __ ______ __ ____ ____ ___ __ _ 
N p/N (B are [oil) _. ____ ___ • __ _ • ___ _ • __ • _______ ___ ___ _ 

r:~r ~~~:~i;~~8~~~ ~=::::: : ::::::: ::: :::::::: ::::: ::: F __ ____________ ____ _ • _____ __ ____ __ . __ • ___ ___ __ __ ___ _ 
F"Cd ____ ___ ,. ______ ____ ________ ____ ______ __ ____ ______ _ 

uoo __ ----. ---------- -- --------- - --- -- --- - -- ---- - -----
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