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AN ANALYSIS OF FRRORS INVOLVED IN THE
SUB-PROMPT CRITICAL TRANSIENT EXPERIMENTS
IN SEFOR

I. A Proposed Analysis of the Sub=-Prompt Critical Transient Experiments
in SFEFOR

In SEFOR part of the Doppler coefficient measurements will be carried

out by means of subprompt critical excursions induced by a step=like
reactivity insertion. The power transient cwrve allows a fairly direct
determination of the Doppler coefficient as shown by one of the authors

in KFK 153.(1) There were two approaches to the analysis ss proposed

in Ref. 1. The subject of this paper is to investigate the errors
introduced into this analysis by the errors in the measurement of relative
and absolute power and by the error in the delayed neutron data. The
investigation of the sensitivity of the error in the Doppler coefficient
to the size of the impressed transient answers the question of optimal

transient size,

Analysis of the power transient curves results in the total energy
coefficient, which contains both the Doppler coefficient and the fuel
expansion coefficient., Possible errors coming from an uncertainty in
the separation of these two coefficients are not discussed here, and
it is assumed that the Doppler effect dominates the prompt reactivity
feedback,

In the intended subprompt critical transients, the power rises rapidly
to the prompt jump level, denoted here by LR Following this, two
slover processeg,caused by the offeequilibrium value of the fiux,
become important. These are (1) the prompt negative energy ccéfficient,
which tends to decrease the power level, and (2) the increasing delayed

neutron source resulting from the prompt jump power level.



Both tendencies may be brought into near balance:such that the flux
remains constant for a certain period of time (0.1 sec) following

the prompt jump. For such a transient the (Doppler) energy coefficient
(v) is given simply by

y = (1)

e‘ >1

0

where A is the average detay constant of the delayed neutron precuisors
and ¢° the prompt jump power level,

Equation (1a) is a specisl case of the more general farmula which holds

for out of balance excursions:

b1 ¢,

: (1b)
(0,-8,) 2

y=2oo
¢O

vhere 4 is the time slope of the power after the prompt jump and éo
denotes the initisl power. The formulas {1a) and (1b) represent the
first type of analysis proposed in Ref. 1.

The advantages of this type of analysis are cobvious. The relationship
between the Doppler coefficient and the experimental data is both simple
and direct, However, since, at the most, only the prompt jump power level
¢, and the slope ¢, are used from the total transient power curve, maximum
advantage is not taken of the data available and inaccuracies and diffi-
culties arise., In particular, the prompt jump power value and the power
slope after the prompt jump may be difficult to determine for outeof=

(?)).

balance excursions. (see XFK 153

This can be imprbved by turning to the balanced excursion {1a), However,
achieving the balance depends upon having an accurate and fine adjust=

ment in the input reactivity, i.e., the FRED, device in SEFOR.



To reduce these inaccuracies a second type of experimental analysis
was proposed in KFK 153. In this analysis the full power reading is
used and inserted inmto the "inversed" kinetics equation, giving

i .
R(t) = mx(e) - |1+ 26L)=80L) (2)

where R(t) = Doppler feedback reactivity
Ak(t) = reactivity input (from FRED device in SEFOR)
2 = prompt neutron lifetime
#(t) = ©power as a function of t
Q{t) = power source of delayed neutrons
8 = delayed neutron fraction

Equation (2) can be recognized as the familiar form

Mepop = Mpreg = Apete (3)

Considering equation (3), we see that for sub-prompt critical transient
experiments the transient power levels are relatively low and the time
available for analysis may be short., In this case the feedback reactivity
wvould be only a fraction of AkFred’ and the desired quantity is the
difference of two large, nearly equal measured quantities, Therefore,
it is t0 be expected that the error in AkDop will be lsrge if a measured
value of AkFred is used, In KFX 153(1) this problem was circumvented by
taking advantage of the fact that the Doppler coefficient will be essen~
tially constant over the important time interval., {(An exemination of
this assumption shows that for the worse case and a 1/'I‘f Doppler coeffiw
cient, the variation is only a few percent in O.1 sec.) An analysis is
proposed in vhich Ak?red is treated as a parameter, being adjusted until

the curve of y(t) vs. time is a constant, where the function y(t) is given
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by

B(t) | ()

v(t) =

It
o (6(t)=3 )at

and §° is again initial steady state power level. This procegure

appears to be advantageous in reducing the errors in the resulting Doppler
coefficient, and the analyses described above have been studied to determine
the nature of the errors involved and the requirements for achieving minimum

ErYror.

Statistical Error Analysis

The problem which has been centered upon here is that of assessing the
importance of the balanced transient and whether or not the errors in the
Doppler coefficient resulting from the proposed analyses will be a minimum
for this transient. Obviously, if equation (1a) is used, the balanced
transient must be achieved, While equations (2) and (L) apply for any
transients, the question of minimizing the error still remsins, The

following error analysis deals with this guestion.

1. Simplification of Doppler Expression for Analysis of Errors

For the sake of this error analysis we introduce the same simplifica-
tions which were used in KFK 153 to derive the first method of
aralysis formulas {(1a) and (1b) . These are setting 24(t) = 0

and approximating AkFred(t) as an ideal step. Following these
simplifications, equations (2) and (k) may be expanded in s Taylor
series sbout the prompt jump time. Then y(t) becomes

§ =0 (1=Ak. ) = 61 &
= 1. o ‘o Fred A o

sl ]



with

v vi_1
do{tg=0,) | 1 +v_§1 a, t | = ¢ ¢(t)

O %yt

(o(t) = 3,) at

Under the given assumptions terms of higher order in t do not appesr,
Additional higher order terms would appear in equation (5) if the

experimental errors had been introduced in equation (L),

The first term of equation (5) is the term which is reduced to zero
by choosing the appropriate value of AkFred through a trial and error
process, Thus the Doppler coefficient is given primarily by the
constant term

- ¢1 % :
T ®
o ¢2 (¢ ,-2) ’

which will be used as a basis for the investigation of the propagation
of errors, Note that this procedure reduces equation (5) to equation
(1b)e The question of whether or not a more realistic model will

introduce larger errors is investigated in Section III,

2. Propagation of Frrors

In order to analyze equation (6) in terms of statistical errors,

two sources of errors in the SEFOR transient power measurements

were recognized. TFirst there is’the effor iﬁ the calibration of

the initial power level, arnd, second, there is an error in the
relative transient power levels. The first error is in reality
systematic with respect to each of the transient experiments,

but in determining the final Doppler energy coefficient measurew
ment it introduces an additional statistical error, This calibration

error can be expressed wholly in the initial power level, s 80



setting
%
Yo =T
0
and
cbl
l!l = wxem
! 4]
o
makes equation (6) become
1 A 1 by ;
VRS I .. S )
% | Yo ¢ (w -~1) %

_and the factor F contains only errors in the relative power readings.

The statistical error in the energy coefficient is then

2 - {fl-)z g.f-} (8)

where the first term is the calibration error, and the second term

must be generated from eguation (7). This results in

1/2
2
= 03v2-20 ) (89,12
Fedl |+ - —c o 3 (vswo)z b (9)
0 v2 g (p=1) g (Y g=1)?

for a single transient experiment, where v, is the error in the
relative transient power measurement. The error in A was evaluated
to be about 4%, by propagating errors according to the equation for
s



% Sm (ka)m Ak,m.
% Sm (ka)m

=

:
:

vhere S is the fraction of pover in fuel isotope m, (ka)m is the
delayed neutron fraction per fission in group k for isotope m and
Ak m,is,the associated decay constant. The computation of SA/X is
K, :

described in Appendix A.

Equation (9) was evaluated for transients starting from 3 MW to 20 W
in SEFOR and for Doppler coefficients corresponding to computed
values and approximately 1/2 of the computed values. In equation (9)
the statistical error in the transient power reading is given by 6¢0.
There is an associated error, 6¢1, in the slope of the transient
pover curve, In evaluating the magunitude of the error in F, a
reasonable value for Gwofwo can be estimated, since this is due
primarily to noise in the instrumentation. The associated error 6w1,
however, is not so easy to evaluate, so a rather pessimistic relation=
ship between 6&0 and 6¢1 was assumed, Consider that the error in wo
forms an error band 26¢o wide about the correct values of Y{t) from

t = 0tot = 0,1 sec after the prompt jump. This 1s graphically
presented in Figs 1. A pessimistic estimation of the associated
error in the slope would be given if the correct power curve

¥(t), had a value of ¥(t) = §¥_, at t = 0, and ¥(t) + &¥_ at

t = 0.1 sec, where P(t) is the measured power curve, Assuming

that the relative error is a linear function of time,

p(t) =(t) + su(t)
=y [Ty (10}

=y(t) [1+e +e1t],



and
Yi(t) = ¥1{t) + sy;(¢)
_ap(s)
at (11)
=1+ €, * e1t] dgét) + (t) 9—{%3.2- .
Then
8y (£=0) = &9,
awo. ¢°5¢o 1 1 (12)
AL Nrs mal ST =N —

Ir wo(t)bis assumed to be nearly constant from = O to 0.1 sec,

equation (12) gives

Y
801 = ¥ {—-—‘l} =20 &9 , (13)

‘For use in these evaluations it was possible to tske the theoretical
value of ¥ “

= 1 ,
o 1« 2k (1)

<
|

and to back out the value of y; from equation (T) since the value of

v which was used was known,

3+ Magnitude of Frrors Vs, Transient Size

The error in F was computed from eguation (9) and the value of F
fram equation (7) for a variety of transient sizes, 2 initial power
levels, and 2 magnitudes of Doppler coefficients. The initial power



levels considered were 3 and 20 MW, the latter representingthe max~
imum SEFOR steady state power level, The two Doppler coefficients

correspond to (Tf i ) values of 004 and ,0083, where dk/dT is given
' £
by

ak ) Constant : )
\Of f N C
Dop

Figures 2 through 5 show the values of dF/F obtained for these
conditions., These errors characteristically go through a shallow
minimum after dropping sharply from high values at smaller transients
and rise to an asymptotic value at prompt criticality. The steep rise
toward the lower transients is due primarily to the error in the delayed
neutron parameters (first term of equation (9)§) above the point of
minimum error,- SA does not comtribute a significant amount to &F,

nor does the error in the slope of the transient power, 8¢,, based

on the assumptions of equation (13)s These points can be seen by
substituting the expressions for ¥; and &y; from equations (7) and
(13) into equation (9) and collecting into terms of anlwg,

for n = 0 to », A gocd approximation to the curves in Figures 2
through 5 is obtained by dropping all terms of order n = 3 and

greater, leaving OF as

SA2 6 v2¢2 - 1k AYe,
§F = { —— + | 10 y202 + o

2 ° "

[o] 0

1/2

+

S——

b

0

522 = (10X = 40) ¥®_ + Ty202? sy _\2
[o] [+} (a7 (16)

¥

Since the value of b, increases toward « as Ak approaches 1, the

asymptotic value of é% is simply

Compare also equations (32), (33) in KFK 153, where the same fact
was discussed for a possible reduction of the influence of 8Xs
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B 5,
¥
asmp )

The error in y; contributes only 1/10 of the factor 10 in this equation.
In the term involving ¢;1 in equation (16) the error in U; enters

into the factor 1l, and then only 1/7 of this factor for the pessimistic
assumptions made concerning the magnitude of 8¢;. While 8¢; influences
the w:e term to a greater extent, this term itself does not become
important unless the transient size is below the point of minimum error
in each of Figures 2 through 5. Therefore if the transient size is held
at or above the minirmum error transient, the error curves are essentially
independent of uncertainties due to the simplifying assunpbions made

to estimate the magnitude of Sy

From equation (16) it can also be seen that the error comtribution

_ from the delayed neutron perameters, S), varies with 1/¢g + Therefore,
increasing the size of the transients decreases this contribution

such that, depending upon the magnitudes of the statistical errors

in the transient power measurement, an even larger uncertainty in

the delayed neutron parameters may not have a large effect on the

accuracy of the Doppler coefficient.

4, Yinimum Frror Transient

The minimum error transient may be determined from equation (16},

Minimizing 5F2 gives

(18)




where

[
|

= 6282 o 1L
6y eZ 1hx¢o

and

C, = 5%% = (10X - 40) yo + 7y2¢§ .

The magnitude of (cS:‘.?‘/F‘)m:.Ln can then be computed by substituting (18)

into (16) and (7). Values of U i
4

in
for the cases represented in Figures 2 through 5. These results

(s /m ,
and (6F/T )min have been computed

are given in Table I along with asymptotic errors (:SF/F) . s;np‘
TABLE I

Mipimum Eryor Transients

Case Initial 7 dk fﬁ’_o_ v (g_lj‘_ ) (_Q:F_ )
Power (1MW) £4T f U, o,min Fls F J—
1 3 + 00k +03 7 »055 «095
Nel 199 027 «032
2 3 +0083 .03 42 W061 +095
.01 101 028 032
+003 175 ———— +009
3 20 +00L .03 29 067 +095
.01 65 028 +032
+003 Lk ——— »009
L 20 ,0083 .03 19 076 +095
.01 37 4029 .032
2003 238 —m—- - 4009

A comparison of the values given in Table I with the curves in Figures
2 through 5 show quite good agreement, both with respect to ¢

oymin
and ( 5F/F)min’
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The values of wo,min in Table I have been plotted in Figure 6. These
curves define a minimum error transient for the SEFOR sub=~prompt
critical transient experiments for the given conditions of the initial
reactor pover level, expected magnitudes of the Doppler coefficient
and statistical error in the transient power reading. As long as the
transients are above this minimum size, the error in the Doppler co=

efficient should not be greater than the values given in Fig. T.

5 Minimum Permissible Transients

In cases where the error in the transient power measurement is small,
(<.01), the error in X dominates to high values of Ak, As seen from
Figures 2 through 5, the minimum is then very broad and taking the
curves in Fig, 6, vhich are generated for the minimum error transient,
as the lowest permitted transient imposes unnecessary restrictions on
the experiments. It is better therefore to define a minimum transient
size on the steep slope to the left of the minimum error transient

and approximate it from

oF 2 %’-‘- (19)
o]
Then
Sk U1
d}o,limit =F sF (20)
i3

gives a minimum limit to the transient size for a given statistical

error in the transient power measurement,

As an example, suppose that 8F/F = ,05 is the maxirmum allowable error

in F. Then for the cases of Figures 2, 3 and 4, the values of

L s1limit
F are given also., These results show that

are those given in Table II., The corresponding errors in



TABLE II

Minimum Permissible Transients and Associated Errors

SF/F
c Tnitial ak T8 o
ase niti . O
Pover TfﬁT% wo,limit 'TE;" »03 01 +003
1 -3 + 00k 53.2 053,05 .05
3 0083 25.6 069  ,052 .05

-3 20 00k 15,4 w10 .058 05

" the approximate expressions (19) and (20) apply much better when
6w°/wo is small,

III. Errors in Inversion-Type Analysis in "Paper-Experiments”.

‘The anélysis déscribéd above wés based entirely on the constant term

df equation (5)s The first term can be adjusted to zero by varyiné

the value of AkFred But it was assumed that higher order tergs vanish

or are at least unlmportant for the error of thls analy31s. If one
1ntroduces a statistical error into the tran51ent power measurement it might
be 90331b1e that these terms will substantlallyE) add to the expected errors
generated sbove for the constant term only, More iﬁportanf,‘they‘cquld
nmake the erfor in the Doppler energy coefficient more sensitive to the
transient size and thus require fine adjustment of FRED, Because these
terms are rather complicated functions of ¢ s Ys @ i‘and the higher
derivatives of w s 1t was not practical to attempt a statistical error
computation of thems A technique of using paper experiments with appropriate
errors introiuced into the transient power curves was adopted instead,

This technique has the additional advantage of including the effects of

the 24(t) term, which was ignored in the above analysis,
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1+ Procedure for Paper Experiments

The procedure used for these paper experiments is the following:

(1) The curve of SEFOR power vs, time is computed for a
given set of reactor conditions using a point kinetics
coedes

(2) The resulting power curve is modified to represent an
experimental curve including a specific type of error.

(3} The modified power curve is anaiyzed, using the inverse
kinetics equation, to determine the value of the Doppler
coefficient.,

(k) The resulting Doppler coefficient is compared with the.
"eorrect" value which was used in step 1 in determining the
transient curve in order to determine the amount of error
resulting from the modification in step 2.

(5) Steps 1 through b are repeated for various modifications

and reactor conditions,

The procedure outlined gbove is not useful for camputing the absolute
magnitudes of the statisticai errors because & truly stafistical error
cannot be expressed in the form of specific modifications to the power
curve, It is useful, however,‘as a supplement to the analysis of

the constant term discussed in Section IT since it must include, by
its natﬁre, errors which have possibly been excluded in the prgvicus
treatmentAQmeto simplifying assumptions. If these paper experiments
éhow that for a variety of modifiécaﬁions to the povwer the error in
the Doppler coefficient is no more sensitive to the transient size
than it was for the constant term error, the effects of time terms

can be assumed to be small,

2. Results of Paper FExperiments

The unmodified power curves were computed from the kineties equations
assuming a step in reactivity of less than 1 dollar. Seven delayed
neutron groups were used, with the normal sixth groups for U=-238

and Pu=-239 separated because of a substantial difference in the decay

(3)

constants. The data of Keepin were adapted to the seven groups.
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Modifications to the power curve took the form

mod(t) = ¢unmod(t) {jAo * A1(t'to) * AE‘ (20)

Two separate modifications have been tested. These are

Modification 1 ¢mod(t) = ¢mod(t) [1;03]

i

Modification 2 ¢mod(t) 1mmd(t) [ 1:03=0,6t ] +,3(MW)

The analysis in step 3 of the procedure is in the form of a trial
and error approach, using different values of AkFr e ‘The objective
is to find the value of AkFr a vhich makes a plot of the function
y(t), constant with time, i.e., the Doppler coefficient y. Fig. 8
shows such a plot for a transient starting from 3 MW, a AkFred
value of 0.9852 dollars, assuming T, ggf = ,004, and an error

in the power curve given by modification 1, above. From Fig, 8

it can be seen that using a value of about 0.9855 for AkFred in the
kinetics equation gives a relatively constant value of 2,595 x 10~ -3
for y. The transient used in Fig., 8 had a N, g Velue of 0.9852,
so modification of the power caused a 0. 03 cent change in the value
of Ak which makes the first term of equation (5) go to zero. Since
the correct value of y is 2.57 x 10™3 the modification for this tran-

sient caused a 1 percent error in the Doppler coefficient,

Curves similar to Fig. 8 were generated for other sized transients
and the correspondig errors in y evaluated. Fig. 9 shows the re=-
sulting errors plétted as a function of the transient size. Curves
3 and 4, generated with the paper experiment, are for the two modi=-
fications to the transient power and neither contains any error in
%. The two curves (1 and 2) from the constant term analysis are

for 6¢0/¢0 values of 3 and 0.3 percent. Since the modifications
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made in the paper experiments were only samples out of a statis-

tical assembly of errors in the power measurement, Gwc/wo, the
magnitudes of the curves from the paper experiments cannot be compared
with the magnitudes of the curves representirg the average statistical
error, However, comparisons of the shapes of the 4 curves can reveal
similarities and differences and provide an indication of the sensiti-
vity of the errors in y to transient size.

First, since the paper experiments do not consider an error inm A,
curves 1 and 2 of Figs O rise more quickly for wo values below 50,
Second, modification 2 approximates the assumptions made in the anal=
ysis of the constant term for 6w0/¢0 = 3% with regard to the relation=
ship of 8¢, to Y From Fig. 1 it can be seen that the indicated
error in the measured curve nearly corresponds to modification 2,
Therefore it is to be expected that the shapes ofbcurves 1 and b of
Figs 9 will agree well vhere the error in Y; dominates. From equation §
it can be shown that &y; dominates the w;g term and thus curves 1 and b

should be more similar at low values of wo.

On the other hand, modification 1, vhich produces curve 3, has very
little‘error in ¢, so it tends to be flatter at low values of wo'

In addition, since curves 3 and 4 do not appear to turn up at

LR 2 80 as curve 1 does, the modifidations to the transient power
curves in the paper experiments must be more representative of a ,003
to 401 statistieal error in U With these observations in mind,

it may be concluded that the shapes of the curves of 5Y/Y Vs, transient
size obtained from the paper experiments are not unlike those obtained
from the error analysis of the constant term, only. Fig. 8 likewise
shows, for a specific case, that the highei order terms in equation (5)

do not have a large influence on the constant value of y(t).

3, Conclusions about the Frror as a Function of the Transient Size

From the above analyses it may be concluded that equation (18) can
be used to determine the best transient size to obtain the minimum

error in the Doppler energy coefficient. The error then will be
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less than the asymptotic error, given by equations (17) and (8),
providing the transient is larger than that given by equation (18).
For cases where the statistical error in the relative transient power
measurement is of the order of 1 percent, equation (18) may impose
unnecessary restrictions on the transient size.v In these cases
equation {(20) providee a more practical lower limit of the transient

size.
IV. Conelusions

An investigation of the error in the energy (Doppler) coefficient
(v, §/MW-sec) resulting from an analysis of subprompt critical trensients

revealed three basic types of errors. These are the following:'

(1) FError in the overall powver calibration d@oléog

(2) FErrors in the delayed neutron date appearing essentially in the
forms of B (equal to 1 $) and A, the average decay constant;

and

(3) Error in the relative power measurement, U,

Errors in the power calibration and in B affect the accuracy of the absolute
energy coefficient through the determination of the unit of coefficient,

1 $/Mi=secs They affect the accuracy of all power measurements by an equal
amount, thereby having no effect on relative measurements, such as the
measurement of temperature dependence of the Doppler effect, or relative
power curves, Only the error in power calibration contributes a small
emount to the error in the absolute Doppler energy coefficient,

The average statistical error in A was computed to be about 4 %, depending
slightly upon the assumption made concerning the degree of correlation
between the partial errors from differert fissionable isotopess The error
in y introduced by X increases strongly with decreasing transient size,
thereby determining a "minimum" transient size, Akmin' Above this
"minimum" transient the error in vy is relatively insensitive to the
transient size and is dominated by the error in the relative power measure=
ment, For a single measurenment of the transient power curve, P, the

error in y is given approximately by
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<z
ne

d
3—‘-‘5—,

i.e. three times the error of the relative power measurement, The
"minimum" transient size can be calculated by defining the maximum

pernitted error in vy, (Ez')max’ and computing

yo
$v:
At . () = 1 = —— (...)n
mn S Y ax,

using an estimated value of y and providing that the desired Sy/y is not
less than 3 ,ﬂ ( an important consideration when the error in the rela=

b

tive power measurement is large).

The adjustment of the reactivity worth of FRED should be such that it is
possible to place its worth within 2 specified portion of the range

between ékmin and 1 $. Taking a set of SEFOR conditions which give a

high velue of Ak . ; that is, v is assumed to be low at 2.5 x 1673 3 VMil=sec

and ¢ is low at 3 MV; and using realistic values of §X = 0,04x0,9=0,02k sec”

and 8y/y to be 3 %‘;— with 8¢/y = 0,03, Akmin is 0,97, This "upper limit"
of Akmin still provides a 3¢ range for the worth of the FRED device, and
a precision in the worth of FRED on the order of slightly less than 1c

appears to be all that is required.

]



APPENDIX A, Statistical Error in the Average Delayed Neutron Precursor
Decay Constant, 6Xs

The error in the delayed neutron precursor decay constant, GX; enters
directly into the error énalysié 6f the constant terms in Section II.
Sinee the power in SEFOR is not all produced by one fuel isotope and

since the delayed neutron parameters are not the same for all fuel 1sotopes,
X is best determined by taking

3 6 .
B 2. Y Sm .2 Bi,m >ti,m
3&-= ,m_-?’—.‘] .. i=1
3 g
v 8 8
ms1 O T i=mp PO
3 6 ) (a)
tS) b A
) m21 m 121 i,m i,m
3 6
) n ) %
m=1 i=1 7° ]

where Sm = fraction of power in isotope m
v, = mumber of neutrons per fission in isotope m

and b, = Vi Bi n = number of delayed neutrons per fission in group i
3 ) , - .

from isotope m,

For the most part, at least, A will be evaluated by equatlon (A1) using

the ;ndependent quantltles Sm’ b, ., and A, which were taken from

measurements which are not direcéi?rrelatedgib_thevtran51ent experlments.
fhus it is meaningful to compute the error inVbey itseif. In the first
case we will assume that the errors in these quantities are completely
uncbrrelated. This results in '

6 11/2
2 s 2 (b ) + }: si 1 (;xi,m.»-’;\')'52 ébim




where the errors in Sm are considered to be systematic and thus not included
in the "statistical formula (42).

Equations (A1) and (A2) were used to compute the values of A and SA/X
presented under case 1 in Table A1, It can be seen that the statistical
error in A is small, less than b4 percent, and this error should not
present a problem in the analysis of either the subprompt critical

experiments themselves or the error analysis under section II,

Values of the total delayed neutron fraction, 8, and its fractional error
are also presented in Table Al. These are given by

%
S_b.
ey B im

6 6
B= ] 8 =} (43)
i=1 i=1 %
S v
mmq B oM
and
6 3 | s PNE
58 = 2 882 = 2 z ..55........3.‘_22 (ak)
1=1 1 i=1 m=1 z s v
m m
m=1
respectively.

Case 1 considers the bi,m and Ai,m values to be totally independent and,
therefore, uncorrelated in the errors, There is cause to believe, however,
that there is'some dependence in the value of Ai,m and their errors may

not be totally uncorrelated. This belief is based in the fact that each

of the delayed neutron groups is representative of a pseudo=-fission

product which may be ccmposéd of the delayed neutron contributions from

a single or number of real fission product isotopes. Because the

combination of isotopes for a given pseudo=-fission product is not the

same for fissions from different fuel isotopes, the composite decay constants
do not agree exactly between fuel isotopes., However, on the isotopic fission
product level, the value of A would, indeed, be the same for all fuel isotopes

and the corresponding errors would be fully correlated. In order to assess
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Average Delayed Neutron Paremeters and their Statistical FError
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58 A A
Case B 8 (se 3-1) -;;
1+« Fully uncorrelated errors +00355 0237 «570 .0360
for SEFOR fuel ' '
2, Correlated errors in A o +00355 +0237 «570 +OL31
. | el
values between materials
for SEFOR fuel
3, Individual fuel isotopes
U 238 ‘ ,01526 +033k 785 Ok
Pu 236 00215 +0339 ._389 0612
Pu 2k0 +00293 +0651 JUbT «1103
4y Error with modification
of power partition
+ 10 % U 238 fissions- +00369 +0236 +581 +0359
- 10 % U 238 fissionms + 00341 +0238 +558 .0362
5. Seven group set +00355 +0237 «549 0470
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the effect of such & correlation, the errors in ki m Vere assumed to be

¥ o
correlated for case 2, Table A1. In thig case the value of A is again
given by equation (A2), but the errors in Ti must be inlcpendent of fuel

isotopes Thus 6\ is now given by

~ 41/2
6 2 6 2
] &8 T s v, | + 3 27 (x T} &
o =it Plm=r BT m=1 ™ i=1 * ot (25)
= o A5
R
g b
- m=1 T og=p DT -
vhere 61—3._ is the average error over fuel isotopes, obtained from
3
_ m'-};1 Sn bl,m 611,m
8= (a6)
1
S_ b
meq T im

From Teble AI it can be seen that this increases the fractional error in
X to well over b percent, but still not enough to be of concern in near

prompt critical transient experim- -. Since correlation of the errors

in Ay q does not affect the values of 8 and 88, they are the same as in
§

case 1,

In order to understand the reasons for obtaining such low values of

8x/X, similar computations were performed for the individual fuel isctopes.
These results are shown in case 3 of Tabel AI, It is seen that each of
the individual fuel isotopes has a larger error in A than that obtained

for case 1 with the power combination in SEFOR.

The fact that the error of the combined } is smaller than the individual
error of its components shows that a subdivision of an error into components
allows for compensation in the combined error. The degree of compensation
dependson the detailed values of the )\i's and on the power partition.
Fortunately the compensation effect is fairly large for the power

partition realized in SEFOR as discussed in the following paragraph.
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The U=~238 has a much higher yield than Pu=239 of delayed neutron precursors

in the groups with large values of Ai,m (groups 5 and 6), These are the

groups which contribute the most to the average decay constant T Consequently,
U=238 groups 5 and 6 each contribute about 25 percent of the total value

of X while Pu=-239 groups 5 and 6 contribute a total of 23 percent in spite

of the fact that U=238 produces only 0.13 as many fissions (see equation

(A1) In computing the error in A however, the contribution from each fuel
isotope is weighted by Si (equation (A2)), so the contribution of U=238 relative
to the contribution of Pu~239 is reduced from 0.13 to about .017. In Table

AI we see that the fractional error in U-238 and Pu=239 are ,0hLU7 and 0612,
respectively. DBecause the value of ) for Pu=239 is so much smaller than

that for U-238, conversion of these fractional errors to sbsolute errors
reverses the order and the U=238 &) value becomes ,0352 while that for Pu=-239

is only 0238, The quantity &) is that which is used in equation (A2),

Thus we see that U=-238 has relatively high values of both A and SX by
comparison with Pu=239, Since the weighting of U=238 relative to Pu=239
is higher when computing the mixed value of X than when computing 8%, the
value of * tends toward the higher values of U=-238 while the value of SA
tends toward the lower Pu=-239 values. This results in a value of SAM/X for

the mixture which is remarkably lower than that of any individual isotope.

In Cases 1 and 2 of Table AI the isotopic power partition Sm’ ﬁas held con-
stant and did not enter into the error analysis. This power partition

can be obtained in SEFOR from static fission foil measurements. There would
be a non=negligible experimental error involved in these measurements, and
at first consideration, since U=238 contributes so much to the value of

%, one might suspect that the error in X is very sensitive to the error

in power partition. To measure this sensitivity, the quantity'6173'was
recomputed according to equation (A2) but with the fraction of power in
U=238 first increased by 10 percent and then decreased by 10 percent, in

each case modifying the Sm value of Pu=239 to take up the difference.

Case b of Table AI shows the results, As one would expect, the higher
yields for U=-238 cause a direct correlation between the values of Band A
and the U-238 fraction of fissions. A 10 percent increase in S of U=238

causes a Ut percent increase in 8 axd a 2 percent increase in A.
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The fractional errors in B and A due to delayed neutron parameters are
essentially insensitive to changes in the fission partition of about 13
and remain at about 2.4 and 3.6 percent, respectively, From these
results it appears that the average delayed neutron parameters and their
errors are not greatly affected by errors in the fission partitions used.
However, in order to obtain a more realistic evaluation it is necessary
to relate the 10 percent variation in S, for U=-238 that was used in the

above results to the actual expected error in these partitions,

Steady state foil measurements should give ratios of fission rates in the
fuel isotopes to considerably better accuracy than 10 percent. Thus we
see that the ratios

Sy.238

W
fu-238 7 2 = 4130
Pu=-239
S
_ Spyesho
Pu=239

will have errors less than .013 and ,001k, respectively. In the case of
U=238 this corresponds to an error in Sm of less than 0,0113, which is
nearly the same as the value (.0114) by which the two cases under number 4
in Table AI were modified, Therefore, it may be concluded that the
statistical errors in the fission partitions contribute much less to the
errors in A than to the errors in the delayed neutron parameters, and one
is justified in omitting these errors, as is done in Cases 1 and 2 of
Table AT . ’

® The same conclusion can be arrived at more directly by expanding equation
(A2) to include terms due to the statistical errors in the S_ values,
Applying this expanded equation to Case 1 of Table AI gives '

2} 1/2

for the statistical error in X, _If then, SR, nqg and GRBE_ Lo, 8te given
10 percent statistical errors, S\ increases ong§ from O, Og without any

: i - £ ra.
errors in Ry g and By o) s t0 O 0234 with the 10 percent errors
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The error analysis of A would be improved if more delayed groups were used.

The extreme case would be, of course, one group for each isotopic precursor,

in which case the errors in )‘i,m would be fully correlated with respect to
material, Unfortunately, delayed neutron measurements do not permit such

a distinetion, and such a large number of groups would be unwieldy in the ki
netics equations, anyway, It is sometimes desirable, as in the paper expe-
riments performed for this study, to reduce the total number of effective groups
used in the kinetics equations to around 6 or T, instead of the 18 groups

indicated by equation (A1),

A basic T group set for the three fuel isotopes of U=238, Pu=239 and Pu~240
was generated for the paper experiments in Section IIT of this study. In

the first 5 groups there is quite good agreement between the Ai m values
3

for U=238 and Pu=239. Thus in these groups the Ai g Values of Pu=~239 were
’ L

chosen, as well as the 5}‘1 n values:. In the sixth group the values of
3

)\1 for the different fuel isotopes do not agree well. Thus group & was
st

taken to be Pu=239 only, with the values of Ay and <SA taken from
’

Pu=239, Group 7 includes only U=-238 amd Pu-2h0 and has the A; =~ and
5

GAJ._ - values of U=238, For the seven group set' the values of bi o must
be modified a little, Normal values apply to the first 5 groups, but for
U=238 and Pu=2h0 in group 6 and for Pu=239 in group T, the values must
be zero, Since the A, m's are not dependent upon the fuel isotope,
equation (A5) (for T grouns) must be used for 6i, but with GA taking the

assigned value., The average decay constant, itself, is given "oy

IR

v i (AT)
3 T
m-—Z-:l Sm izl bi,m

Equations (A3) and (A4) again apply for B8 and 68,

From Table AI it can be seen that the 7 group set (Case 5) results in a
slightly lower value of A and somevhat higher value of §%/X, primarily due

to the fact that the )'i,m values are independint of fuel isotope and the
errors fully correlated, Again the error in A is small enocugh to be of little
concern, and the seven group set of delayed neutrons canbe considered to be

quite accurate for the paper experiment study of Section III.
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