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A BASE TO STANDARDIZE DATA PROCESS OF

CADMIUM RATIO R AND THERMAL NEUTRON
FLUX MEASUREMENTS ON REACTOR

Li Zhaohuan

(CHINA INSTITUTE OF ATOMIC ENERGY . BEIJING)

ABSTRACT

The cadmium ratio Rcs and thermal neutron flux are usually measured in a re-
actor. But its data process is rather complex. The results from same measured data
differ by different existing process methods. The purpose of this work is to stan-
dardize data process in Res and thermal neutron flux measures. A natural choice for
this purpose is to derive a Res formula based on standard average thermal activation
cross section and resonance integral and to define related parameters or factors that
provide an unique base for comparison between different measures in laboratories.
These parameters or factors include E,, F.., Fn’ and Gu" in thermal energy region
due to upper truncated Maxwellian distribution and Ecy» Feu» G.” and S, in inter-
mediate energy region. They are the function cf muitiple variables. The Au foil is
used as an example to demonstrate their behaviors by chosen figures and tables
which provide for practical data process by hand. The work also discusses limita-
tion of Ry; measurement in terms of so called available and optimum region and
notes that Co and Mn foils have a much wider available region among Au, In,
Mn, W and Co, the commonly used detector foils.



INTRODUCTION

The cadmium ratio R¢y measurement is one of the most common measure-
ments in thermal neutron reactors. The main goal of Ru measurement is to deter-
mine the thermal neutron flux and the hardness of intermediate neutron flux spec-
trum. Sometimes the spectrum hardness is often expressed by the measured R, it-
self. For low power and zero power reactors the power calibration also requires the
measured Rcq data.

The data process of Rcs measurement for obtaining the thermal neutron flux
and intermediate spectrum hardness is a rather complicated work. Until now many
widely used methods (Refs. 1~5) are approximate. The results from same mea-
sured data differ by different existing process methods. The purpose of this work is
to standardize data process of Res and thermal neutron flux measures. A natural
choice for this purpose is to derive a Reqs formula based on standard average therma!l
activation cross section and resonance integral and to define clearly related parame-
ters or factors that can obtain the exact result and provide an unique base tur com-
parison between different measures by different laboratories. At same time it pro-
vides the necessary data for such process by hand. Besides the work also discusses
limitation of R¢; measurement in terms of so called available and optimum region
and notes that Co and Mn foils have a wider available region among Au. In, Mn.
W and Co, the detector foils used commonly. Beyond this region it is difficult to
obtain the exact result.

It is well known that the thermal neutron spectrum in a thermal reactor is not
a complete Maxwell distribution but a truncated one. It can be found in the classi-
cal description. In Weinberg-Wigner’s textbook (Ref. 6) the upper energy of ther-
mal neutron was defined as such energy above which neutron moderation obeys the
standard moderation model. Galanin called it the joint energy E, (Ref. 73, This
means that thermal neutron spectrum in a thermal neutron reactor only extends to
E.+ beyond this energy neutrons are intermediate neutrons. However, the thermal
neutron flux and the average cross section are always based on the complete
Maxwell spectrum (Refs. 8.9). The parameters derived from the complete and the
tru; ~ate spectrum are obviously different. [t causes 1o introduce the correction fac-
tors of Fooo .. and G5 in this work.

In the following the first section introduces a general neutron flux spectrum as
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the Lase of discussion. The second section derives a R4 formula and defines related
parameters or factors. The third section estimates and demonstrates behaviors of
these parameters or factors by the selected curves and tables whick are also provid-
ed for practical data process by hand. The fourth section discusses the available re-
gion of Rc; measurement.

1 The General Expression of Neutron Flux Spectrum

In a thermal neutron reactor the neutron flux spectrum is generally expressed
in the following
#(EVAE=yu (EYE+$ (EMAE +#(E)DE e}
where th, int and f denote thermal, intermediate and fast neutron, respectively.
Commonly, the thermal neutron flux is expressed by the complete and normalized
Maxwellian spectrum.

_ ol E o Eo

¢|E_I*L(E)db = ¢xh% ( (bT.)zCXP( kT'.,)db 2)
where & is the Boltzmann constant, T, is the neutron temperature. The integral on
right side is normalized. In fact, the thermal neutron flux in a reactor is an upper

truncated Maxwellian distnbution. The truncated energy is E,, the joint energy
between thermal and intermediate neutron fluxes. It is determined by the equation

E, E, .
TP~ W)=ﬂs(b,>ﬂ%; 3
Symbols introduced in above equation will be explained later. Let us first introduce
the truncated Maxwellian flux correction factor F.* which is defined as

E, oo
F-'=!f«h(E)dE /Iﬁ.(E)dE 4
Similarly, the truncated Maxwell spectrum activation rate correction factor F, is
defined as

E, .
l"..=.!-d...(E),‘.n.(E)dE/_[a.u(E)ﬁ.(E)dE 16))

For commonly used detectors the activation cross section in the thermal energy re-
gion obeys the 1/ v-law well. The above equation can be approximated by the
thermal neutron density n,, as

E o
F...=J:n.a.(E)dE/In.u(E)dE (5a)



The intermediate neutron flux spectrum is described by Fermi spectrum. For
the experiment Fermi spectrum is usually modified by

hu(rap="2000E

Where the ais the correction index of derivation from Fermi spectrum, the #is in-

(6}

termediate neutron flux in unit lethargy, 8(E) is the joint function of intermediate

flux. A typical expression of which (Ref. 10) is
{ 0 when E<E,.

3(1:.)—< E I (N
r l+l 6(‘1' 5. O)pr(_ios—k'r.) when b?h,

The fast neutron flux plays a small role in R.; measurement, it can expressed
by a form of fission spectrum. for example the fission spectrum described ir Ref.
1.

Thus the general expression of neutron flux spectrum in a thermal neutron re-
actor 1s

I: S(E)

$UEIE= Dol exp(— & v+ Gme LB e (@

(lzl ¥
Where the 3 is the hardness of intermediate neutron flux spectrum.

2 R FORMULA AND RELATED PARAMETERS

The procedure of Req measurement is often processed by use of same detector
foil irradiated in bare and in cadmium cover respectively. and then to measure its
reaction ratio. Assume that detector foil thickness is £ , the cadmium cover thick-

ness is {4+ the cadmium ratio is defined as follows

J(;(:)a.,.(li)é(l:‘)dli

bare foil reaction rate "

Ru'—M(lmnum covered foil reaction rate 3 9
(6 taranErpirdr

If the foil is irradiated in an empty, then (¢ and ((t.tcs) are the neutron flux
self-shielding factors of bare foil and Cd covered foil, respectively. The neutron
scattering effect including the resonance scattering should be considered during the
caleulation of self-shielding factors (Ref. 12),

Usually . the definition of cadmium cut-off energy Eog is that the reaction rate
of eadminm eovered foil copnals 1o the reaction rate of bare foil indoced by those new

trons, the cnergy of that is above Eeqo That s



_[G(l.la)a..(E)f(E)dE =Ej:‘G(t)a..(l)f(E)dE (1m
The reasonableness of this idea will be discussed later. The equation (9) can be
rewritten in the following form
E‘ o
_[G(t)a.,(E)ﬂu.(E)dl:'-i—JG(r)o..(E)*..,—(E)dE
Ra= - 5

= an
jG(t)c_.(E)}_.,(E)dE
E,

Where the $...:(E) is a written form of a combination of the intermediate and fast
neutron flux. The difference between the second term in the numerator and de-
nominator in equation (11) is only the low limit of integral. Let us define

I(?(r)a_.(E)}_..,(E)dE
Fa= f.. (12)
Jf G0 (BN o j(EYE

.,
The physical meanings of Fea— 1 is a ratio of reaction rate in neutron energy inter-

val from E, to Eg, to the Cd covered foil reaction rate.
The base for standardization of data process of Ry and thermal neutron flux
measures is to derive Re formula on standard resonance integral and complete

Maxwellian spectrum average activation cross section which are always given in lit-
eratures (for example, Refs. 8,9). The standard resonance integral is defined
(Ref. 9) on the standard Fermi spectrum and with a definitive initial energy (0.5
eV or 0.55 eV, here the 0. 55 eV is used) as

L= I a..(E)% a3y
v

0.55
In order to make R4 formula based on these standard cross sections let us in-

troduce the following definitions. In the thermal energy region let us define
L

E!
G;n‘=.'[,G(l)a..(E)A.(E)dE/°a..(E)f.u(E)dE ($1))

The G, differs from self-shiclding factor G, normally used in literatures which is
defined by

o o

(r'.h=IG(I)O’...(E)*.u(E)dE/Idm(E)*u(E)dE (14a)
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From equations (5) and (14) the first term in numerator of equal‘lan (D is Ge’
F.o..@u. Inintermediate energy region G,’ and S, are defined in the following. re-
spectively. The super cadmium self-shielding factor G.” is

G.‘=E_[.G(:)c..(['.')ﬁ...f(E)dE/J;c_‘(E)A..f(E)dE (15
The induced spectrum factor S, is

S.=£[¢..‘(E)LJ(E)dE/0L 16>

From equations (8),(13).(15) and (16) the denominator of equation (11) is G’

S.01.. Thus the equation (11) can be re-written in the following form.

Ru=00 0B, an

If the fast neutron flux is neglected. then equations (12). (15) and (163 can
be written in the following

E. ~
Fea=1~ !G(:)a..(ls)?%%‘.!"‘.fi (;(na.,(E)'?%),'f’? (12a)
G- et B2 FJ( 0 (0 EE (1530
and
S,.= jd.n(l':)o‘('ﬁ“),(fé./la (16a3

The hardness of intermediate neutron flux spectrum 3 and the thermal neutron
flux expressed in Req are in the following, respectively,

l - (’.}h .I"!na'nl

B= R Fu GISIL (s
and

D=1 - Fea/ Rea) Araer /G F e (1n)
or

D= Aa(Rei - Fen) /Gy Frb (19a)

Where A,... and Ary are the single nuciers reaction rate of bare and Cd covered foil,
respectively.

When using equation (10) to derive equation (113 the cadmium cut-off energy
is assumed. This means that thermal neatrons transmitted through the cadmium

[



cover are treated as intermediate neutrons i. e. the thermal and intermediate neu-
trons are confused. If the fraction of reaction rate contributed by transmission ther-

mal neutrons in the cadmium covered foil

E' P
R....=16(:)6...(E)ﬁ(E)dE/IG(:.ta)a.,.(l'.')f(l'.')dl': (&)
is very small, then the derivation of equation (11) from eguation (10) is reason-
able. (xherwise, it should be to create other Rea model. In order to check the role

of fast neutron flux the ratio of fast neutron reaction rate to Cd covered reaction
rate R:is introduced.

' J (BB (E)E
_ Fast neutron reaction rate E,
'~ Cd covered reaction rate

R D

J Gt )0 (EDMEWE

Where E;is the initial energy of fast neutrons. For fast neutron flux the self-shield-
ing factor disappears.

3 BEHAVIORS OF PARAMETERS AND AVAILABLE DATA
FOR HAND PROCESS

In this section we demonstrate behaviors of parameters or factors related to the
Rcs and thermal neutron flux measurement by selected curves and tables which also
provide the available data for data process by hand. Cross sections used for parame-
ter or factor calculation are based on references 13~15.

The data process of the Ry and thermal neutron flux measurement involves
parameters in thermal energy region, namely E. ,F..F.’ and G.’. and parameters
in intermediate energy region, namely Eci, Fe,,G,” and S,. Each of them is the
function of a part or all variables including 7., 8.4, ¢, {ci» medium temperature T,
during the irradiation, geometry configuration of detector foil and cadmium cover
and cross sections of detector material. It is very complex.

We take Au detector foil as an example to demonstrate their beings in the fol-
lowing. since Au foil is a very common activation detector. Thus the geometry
configuration and cross sections of material are fixed. Remainder variables are neu-
tron flux spectrum parameters 7' .S,a and measurement parameters £, fcs and T .
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For commwn detector material as Au, In, Mn. W and Co. the Doppler broadening
eifect is small. So the T, is not discussed as an independent variable. But the
Doppler broadening effect of main resonance peak due to the environment tempera-
ture 7', during irradiation is considered in the calculation of these parameters or fac-
tors. For cadmium covered foil irradiation the maximum temperature 7. is limited
in about 300 C. Considering the physical performance of thermal neutron reactors
and measure technique. the ranges of variables in the calculation are selected in the
following. 7" ¢ 293.3~700 K. 8: 0.001~0.25. 2: —0.09~0.09,¢ . 0~0.
003 cm (for Au foil, for other foil 0~0.03 cm)» 2z 0. 05~0.1 cm. These
ranges can cover the general measurement of Ry and thermal neutron flux.

The pint energy E, is a boundary energy between thermal and intermediate
neutrons. It is a function of 7., Band a. When 31is 0. 001 i. e. the neutron flux
spectrum approximates to pure Maxwellian. E, is about 0. 37 eV. When 3 >0.1.
the E.~ 2 curve approaches to even as shown in the figure 1. The E, depends
slightly on a. The figure 2 of E ~ T". curves shows that £, strongly depends on
T . and 3.1In above selected T'. range the K, varies from 0.11—0.75eV. For
small 8 the £, is large. It means the thermal neutron spectrum approaches to the
complete Maxwellian. For large 8 the £, is small. It means the the.mai neutron
spectrum be more freencated. The change of E, causes the change of Fy 5. Fiu
and (G-

The correction factor of F. determines the reaction rae correction due to the
truncated Maxwell spectrum. It is proportional to ratio of truncated Maxwellian
neutron density distribution to its complete Maxwellian one for 1/ v detector as
mentioned previously. The devendence of Fo, on B is strong. but on aand 7', is
slight as shown in the figure 3. For such cases that the measured hardness of inter-
mediate neutron flux is smaller than about 0. 02 the correction of F, can be neglect-
ed.

The correction factor of F,." is raiic of a truncated Maxwell neutron flux spec-
trum to its complete Maxwellian aistribution. The F..* is used only for the expres-
sion of thermal neutron flux. The means of F,.° differs from F,, which appears in e-
quations (17), (18) and (19). The value of F..” is about two times larger than the
value of F.. The dependence of F..” on 3 ts strong. but on a@and T, is slight as
shown in the figure 1.

The behavior of the self shielding factor of a truncated Maxwell neutron flux

9



spectrum (4 ° is shown in the figure 5. It is expected that the Gu’ is mainly depen-
dent on the foil thickness. The value of G’ is approximate to Ga.

The cadmium cut-off energy E, varied from variables causes the change of
values of pzrameters or factors in the intermediate energy region. Dependences of
Ecaont , @and tcy are shown in the figure 6. When ¢ is small the Eg, is strongly de-
pending on t. When ¢ is large the K, is almost even. Dependence of £, on fand @
as well as 7'.(not shown are light as shown in the figure 7.

Fa-1 is the fraction of intermediate reaction rate of bare foil induced by neu-
trons in energy range from E, to E.. Tt plays an important role in data process of
Rea measures. The value of Fy, is in the interval of 0. 8~ 1. 16. F.; depends on
each of variables as shown in the figure 8 and tables 1 and 2.

The definition of G, is similar 10 the resonance self-shielding. They have a
strong dependence on f and also detector foil material especially for having large res-
onance peak. Besides, it depends on 8. @and tca. The behavior of G,’ is shown in
the figure 9.

The factor S, is introduced for the use of standard resonance integral. The be-
havior of S. is shown in the figure 10 and table 3. When t is small. the S, depends
strongly on 3. When ¢ is large. it becomes even. It almost is independent on T ..

The dependence of Ry, on variables is shown in figures 11 and 12. As expect-
ed that R depends on 7', and 1 strongly. shown in the figure 11. The figure 12
shows that Res varies from 2 and a@and e, as well.

From previous analysis it is seen that behaviors of parameters or factors rela-
tive to cadmium ratio measurement are rather complex. Thus its data process by
hand is a time consuming. A PC Code RCDTH (Ref. 16) is specially prepared for
that.

Besides ., the R, and R; defined by equations (20) and (21),respectively . are
also calculated for checking. The maximum values of R,., must be happened in the
case when the &4 is thin and 7', is high as well as #is small. The calculated result of
R.. listed in the table 4 shows that in this extreme case R. is not small i. e. for
small fand high T, the above Rea model is not good. But in other cases R.s is neghi-
gible. This characterizes that the previous derivation of formula K. based on the
idea of Ky, assumption is reasonable. The calculated result of R listed in the table 5
shows that the contribution of fast reaction rate to R4 measurement is very small.

in



4 AVAILABLE REGION OF Rcs MEASUREMENT

The criterion which judges a measure technique available or not for the given
object is the sensitivity of direct measured quantity to the objective quaatity of mea-
surement. The main object of Rey measure is to determine the hardness of the in-
termediate neutron flux spectrum 8. Consequently, the sensitivity of Res to Bis an
unique criterion to judge its availability.

The slop of curves shown in the figure 12 decreases fastly and monotonously
when the f increases. When the #is larger than about 0. 1 curves become approxi-
mately even. independent on T, . a, tand f¢4. It means that the available sensitivity
of the cadmium ratio measurement to the hardness of spectrum is limited. The re-
gion where the slop of curves is large i. e. the #is below about the mentioned value
can be called as the available region. Within it the region where the £ is smaller
than about 0.05 i. e. the slop is rather large is called as the optimum region. Qut-
side the available region where the slop is very small is a defective region. Because
in this region even the statistical error of measurement can cause a large uncertainty
of processed 3 result. Although the figure 12 is for fixed 7", and 2 , but this phe-
nomenon is valid for all calculated intervals.

The above conclusion is derived from Au detector foil. For commonly used de-
tector foil material they also have this behavior. The available region of In and W is
approximately same with Au. The Co detector foil has a large available region as
shown in the figure 13. The slop of Co foil curves decreases much slower than for
the Au. Consequently, for such neutron field where a more harder neutron flux
spectrum is existed and the Co {oil is more suitable for such measurement. The Mn

foil nearly has the same behavior as Co foil.

5 A BRIEF SUMMARY

From the previous analysis we can briefly summarize in the following.

1. A base to standardize data process of Res and thermal neutron flux measures is
to derive a Res formula based on standard average thermal activation cross section
an- resonance integral and to define related parameters or factors that provide an u-
nigue hase for comparison between different measures in laboratories. These pa-
rameters or {actors are also used to obtain exact result,

2. In the Ry measurement parameters or factors necessary for the data precess are
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always the unction of objective quantity. Thus the multiple approaci is required.

3. The commonly used detector foil material has an available region for the Ry
measurement. For Au, In and W the available region is about 8 <0. 1. For Co and
Mn detector foils this region are much wider. For very small 8 and high T. the
above Rcs model will be meaningess.

4. Very rich curves and tables have been given above. They provide not only for
the estimation by hand, but also for understanding of essential features of data pro-
cess in the R¢y measurement, one of the most commonly used measurements.

5. Due to the complexity of data process by hand in cadmium ratio measurement a

special code, like the Code RCDTH, for such process is absolutely necessary.
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Table 1 Dependence £q of Au Foil on and 7', duringa =¢. ¢

T.K 263.3 340.0 120.0 500.0 580.0 760. 0
s o Cd Cover Thickness ts= 0.05 cm
0. 001 1.01073 1. 00700 0. 98756 0. 96010 G. 89375 6. 75889
G. 010 1. 04457 1.03893 1.03103 1. 02421 1.01598 a. 99016
4. 050 1. 06095 1. 65426 1. 04521 1. 03782 1. 03181 1. 02382
0. 130 1. 06870 1. 06148 1. 05176 1. 04396 1. 03762 1. 02983
0. 150 1. 07301 1. 06554 1. 05547 1. 04742 1. 04089 1. 03296
0. 200 1. 07585 1. 06820 1.05788 1. 04965 1. 04295 1. 03496
A ) Cd Caver Thickness tca= 0. 08 cm
0. 001 1. 04369 1.03858 1. 02953 1. 01501 0. 97315 0. 87315
0.010 1. 05771 1. 05192 1.04384 1. 03726 1.03019 1. 01741
0. 050 1. 072406 1.06577 1. 05671 1. 04934 1.04328 1. 03512
0. 100 1. 08006 1. 07285 1. 06314 1. 05539 1. 04895 1. 04060
0. 150 1. 08434 1.07688 1. 06683 1. 05883 1. 05221 i. 04365
0. 200 1. 08716 1.07953 1. 06923 1. 06106 1.05432 1. 04563
b Cd Cover Thickness tca= 0.10 cm
0. 001 1. 05058 1. 04549 1. 03760 1. 02569 1. 00192 0. 91345
0. 010 1. 06428 1. 05850 1. 05045 1. 04398 1.03785 1. 02651
n. 050 1. 07909 1. 07240 1. 06336 1. 05601 1. 04997 1. 04240
0. 100 1. 08673 1. 07951 1. 06983 1. 06209 1. 05567 1. 04779
0. 150 1. 09103 1, 08357 1. 07354 1. 06555 1. 05895 1. 05085
0. 200 1. 09387 1. 08623 1. 07595 1. 06780 1. 06107 1. 05284
Table 2 Dependence of Fc,of Au Foil on ¢ during T,=340 X
8 0.010 0.100 0.250
a —0.09 0. 00 0.09 —0.09 0. 00 0. 09 ~0.09 0.00 0. 09
t (mp) Cd Cover Thickness ta= 0.05¢(cm)
0.0 1.03315 1.03720 1.04230 1.04388 1.05190 1.06253 1.04800 1.05745 1.069%0
6.0 1.03251 1.03893 1.04696 1.04884 1.06148 1.07862 1.05512 1.07002 1.09001
10.0 1.03598 1.04363 1.05314 1.05502 1.07009 1.09037 1.06236 1.08010 1.10374
16.0 1 04028 1.04902 1.06091 1.06273 1.08084 1.10457 1.07136 1.09267 1.12042
20.0 1.04295 1.05260 1.06570 1.06734 1.08727 1.11332 1.07673 1.10018 1.13064
30.0 1.04802 i.06012 1.07570 1.07707 1.10034 1.13203 1.08805 1.11552 1.15246
t (mp) Cd Cover Thickness tca= 0. 08(cm)
0.6 1.74923 1.05324 1.05832 1.05901 1.06687 1.07740 1.06311 1,07240 1.08477
6.0 1.04503 1.05192 1.06090 1.05991 1.07285 1.09035 1.06615 1.08135 1.10171
10.0 1.04880 1.05634 1.06822 1.06618 1.08147 1.10282 1.07346 1.09143 1.11616
16.0 1.05416 1.06405 1.07720 1.07463 1.09309 1.11826 1.08320 1.10487 1.13409
20.0 1.05669 1.06794 1.08281 1.07897 1.09963 1.12768 1.08830 1.11248 1.14497
30.0 1.0€398 1,07755 1.09544 1.09008 1.11489 1.14848 1.10099 1.13001 1.16891
r (my) Cd Cover Thickness tca= 0.10(cm)
0.0 1.05877 1.06255 1.06808 1.06859 1.07626 1.08729 1.07271 1.08184 1.09471
6.0 1,05103 1.05850 1.06792 1.06597 1.07951 1.09751 1.07224 1.08806 1.10B93
10.0 1.05545 1.06396 1.07575 1.07200 1.08860 1.11052 1.08022 1.09862 1.12395
16.0 1,06070 1.07162 1.08496 1.08126 1.10080 1.12625 1.08988 1.11266 1.14218
20.0 1.06415 1.07622 1.09008 1.08653 1.10807 1.13612 1,09591 1.12101 1,15353
30,0 1.07212 1.08589 1.10409 1.09834 1.12343 1.15748 1,10933 1,13867 1,17806
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Table 3 Dependence Sr of Au Foil onrand Sduring T, =340 K . a =0. 0

Ki 0. 601 0. 010 0. 030 0.030 {. 68O 0. 10¢ 0. 150 Q. 260 0. 230

1 tem) ) Thickness of Cd cover #cq 0. 05 (cm)

0.0000  0.99499 0.98252 0.9816. 0.98143 0.98133 0.98130 0.98126 0.98123 0.98122
0.0006 1.00650 G.99399 ©.99310 0.99290 0.99280 0.99277 0.99272 0.99270 O.55269
0.0010 1.00765 ©.99514 0.99423 0.99406 0.99396 0.99393 0.99388 0.99386 0. 99385
0.0016 1.00872 0.99616 0.99525 0.99507 0.99457 0.99494 0.99450 0.99487 C. 99486
0.0020 1.00908 0.99657 0.99567 0.99547 0.99537 0.99533 0.99529 0.99527 0. 99526
0.0030 1.00978 ©.99726 0.99635 0.99616 0.99606 0.99602 0.99588 0.99596 0. 99594
i {cm) Thickness of Cd cover e 0. 08 (em)

T0.0060  0.96923 0.96892 0.96890 0. 96890 0.96890 O.S6889 O.96889 0.96889 0. 96889
0.0006 0.98653 008621 0.98620 0.98619 0.98619 0.98619 0.98619 0.98619 0. 9R&15
6.0010 0.98843 €.98811 0.98809 0. 98809 0.98809 (.98808 0.98808 0.98808 0. 98808
0.6016  0.99006 0.98973 0.08972 0.98971 0.98971 0.98971 0.98971 0.98971 0. 98971
6.0020  0.99073 €.99044 0.99043 0.99042 0.99042 0.99042 0.69042 0.99012 0. 99042
0.G030  0.99170 .99138 C.99136 0.99136 0.99135 0.99135 0.09135 0.99135 0.09135
t (em) Thickness of Cd cover ¢4 0. 10 (cm) T T
0.0000  0.96150 0.96185 0.96185 0.96185 0.96185 0.96185 0.96185 0.96185 0.96185
00006 0.98250 0.98243 ©.98243 0.9B243 0.98243 0.98243 0.98243 0.98243 0. 98243
0. 0010  0.98480 (.98473 0.98473 0. 98473 0.98473 0.98473 0.98473 0.98473 0.98473
$.0016  0.98679 0.98671 ©.98671 0.98671 0.98671 0.98671 0.98671 0.98671 0.98671
0.0020  0.98761 0.98754 ©.98754 0.98754 0.98754 0.98754 0.98754 0.98754 0.98754
0.6030  0.98878 ©.U8871 0.98871 0.98871 0.98871 0.98871 0.98871 0.98871 0.98871

Table 4 R, of Au Foil during 7, =700 K ¢ =0.0
A= 0 061 0. 050 0. 250

lafem) 0,08 0.68 6010 .05 0.08  0.10  0.05  G.08  0.16
¢ Cmp)

T00 L4ZE-i 8.20E-2 6.21E-2 1.67E-3 5. 56E-4 3.05E-4 3.48E-5 7.95E-7 7. 39E-8
6.0  2.00E-1 1.19E-1 9.07E-2 2.52E-3 8.37E-4 4.58E-4 35.22E-5 1.20E-6 1.11E-7
10,0 2.27E-1 1.36E-1 1.03E-1 2.95E-3 9, 77E-4 5. 35E-4 6.09E-5 1.40E-6 1.30E-7
S04 2,76E-1 1.70E-1 1.32E-1 3.80E-3 1.26E-3 6.93E-4 7.83E-5 1.80E-6 1.68E-7
36,6 3, 11E-1 1.96E-] L.33E-1 4.49E-3 1.56E-3 8 21E-4 0.28E-5 2. 14E-6 1.G68E-7

Table § Ratio of Fast Reaction Ratc to Cd Covercd R, of Au Foif

T.°K 262, 3 2,0.0
a -»(),?)é) m‘(},.f,_f; i 7).()97“‘. o ~() 0% VU. “”' » ) 0‘0‘)

7

6601 2.64064E-03 1 O1824E-03 2. 85762E-b4 2. 64013E-03 1. 01799E-03 3. B5647E-04

G610 2 64064E-03  1.G1R24E-03  3.85762E-04  2.64013E-03 1. O1798E-03 3. 85646K-01

0,100 2.64064E-63  1.01821E-03  3.85762E-04 2. 64013E-03 1. O1796E-03 3. 85647E-04

folA0 26406ME-03  LLOIR2IE-03 3. BST6LE-04 2. 64013E-63 L OI75SE-03 3. 85646E-04

0200 2.6A0KIE-03  1.01821E-03  3.85762E-04 2. 60I3E-63 1 GI799E-0% 3. 85€47E-04

G250 EEAIE-GL LGTR2IE-63 3. B5TE2E-04 2. f0I3E-02 L OLT9GE-03 4. 85646E-04
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Fig. 3 Dependence of correction factor of truncated Maxwell spectrum F. on beta during

fixed Tw= 1 293.3 (solid), 340. 420, 500. 580 and 700°K (dashed from short to long), al-
pha=0.0
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Fig. 4 Dependence of correction factar of truncated Maxwell flux spectrum F, on beta during
fixed T, — 3 263,32 Golid), 240, 420, 500, 580 and 700°K (dushed from short to long) , al
vha - 00

11



1.001
0. 98
4
e
<
0. 96 1
0. 94 4yvrrrrrvrrTTTrTTY  RAARAASEAARSASSASERRAL: YT T
0. 00 5.00 10.00 15. 00 20. 00 25.00 30.00

{~p)
Fig.5 Dependence of thermal neutron flux self-shielding factor Ga of Au foil o t (my) dur-

ing fixed T,,= * (from bottom to top) 293. 3, 340, 380, 420, 500 and 700°K, alpha=0. 0
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Fig. 6 Dependence of cadmium cut-off energy of Au foil on ¢ during fixed 7, =340°K, beta=
0. 05, tca== ¢ ({rom bottom to top) 0. 5, 0. 8 and 1. 0 mm, alpha= :+ —0. 09 (short dushed),
0.0 (solid) and 0. 09 (long dashed)
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Fig. 7 Dcpendence of cadmium cut-off energy of Au foil on beta during fixed T, = 340°K, t=
0. 006 mm, tca= * (from bottom to top) 0. 5. 0.8 and 1. " mm. alpha= ¢ ~ 0. 09 (short

dashed) . 0.0 (solid) and 0. 09 (long dashed)
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Fig. 8 Dependence of Fr. of Au foil on rduring T,=340°K and fy=0. Bmm. beta=: (from
hottom to top) 0. 01, 0. 10 and 0. 25, alpha-= = 0. 09 (short dashed), 0.0 (solid) and 0. 09
(long dashed)
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Fig. 9 Dependence of super Cd self-shielding factor G, of Au foil on ¢ during fixed alphu=0.
T.=340°K, tca=(from top to bottom) 0.5, 0. 8 and 1. 0 mm. beta=0. 01 (short dashed),
0.05 (solid) and 0. 1 (long dashed)
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Fig. 10 Dependence of spectrum induced factor 8, of Au foil on ¢ during fixed T'»=340°K, be-
ta=0. 05, tcu= * (from top to bottom) 0. 5, 0.8 and 1. 0 mm, alpha= t+ —0, 09 (short
dashed), 0.0 (solid) and 0. 09 (long dashed)
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Fig. 11 Dependence of R, of Au foil on ¢ {mp) during alpha=0, t¢;=0. 8mm. beta=0. 05
(solid ) and 0. 15 (dashed). 7. = * ({from top to bottom) 293. 3. 420 and 700°K
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Fiz. 12 Dependence of Ke: of Au foil on beta during fixed 77, =340°K, 2 =0. 006mm, alpha

— 1 -0.09 Cshort dashed), 0.0 (solid) and 0. 09 (long dashed), t4= ¢ (from bottom to
top) 0.5, 0. 8and 1.0 mm
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