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INTRODUCTION

Safe handling and storage requirements for nuclear fuels
usually are based on calculations of the effective multiplication
constant, keff, of arrays of fuel pieces under various conditions
of moderation and reflection. Easily enforced procedures can
eliminate most potential moderators and reflectors except water.
Therefore, safe storage of fuel usually is assured by limiting
the number of fuel pieces, their spacing, and/or their dimensions
such that the calculated kgff under conditions of complete water
immersion does not exceed some limit. For economic reasons, this
limit on calculated kp¢f is generally chosen as high as practical,
provided sufficient allowances are made for inaccuracies in the
calculations. These inaccuracies may be determined by comparing
the calculated and measured reactivities of representative lat-
tices.

Numerous critical measurements have been reported and compared
to calculated results for homogeneous solutions.”*? Likewise,
measurements on slightly enriched uranium metal and oxide lattices
have been reviewed® and subsequently compared with calculations.®
The present subcritical experiments were undertaken to provide
reactivity information on arrays of large, highly enriched 232y
alloy fuel forms moderated with H,0 to serve as benchmarks for
determining the inaccuracies of criticality codes applied to these
fuel forms and other similar material.
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SUMMARY

5

The experiments consisted of static (buckling) and pulsed
measurements to determine the multiplication constant, kegfg, of
regular, suberitical arrays of large fuel forms moderated and
reflected with H;0. Two geometric types of fuel forms were used
in the tests; both contained 9.985 wt 7% uranium (92.2% 2330) in
aluminum. Results were compared to calculations with the
MGBS-TGAN® and KENO® codes. Computations with MGBS-TGAN for
arrays of the more massive of the two forms proved conservative
in calculating keff (calculated too large a kgff) by 9-12%; they
were 7-7.57 conservative when applied to the second, less massive
type. KENO proved more accurate in calculating keff (3% error in
keff) but was not always conservative.

An experiment on a hexagonal array of the second type of form
at large spacings showed that MGBS calculates a material buckling
for this large pitch which is in error by more than 13 m 2, This
is equivalent to an error of about 4% in kgrf.
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DISCUSSION .
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The fuel pieces used in the experiments were of two types:
bare U-Al alloy castings, and aluminum-clad "logs" extruded from
the castings. The U-Al alloy in both cases was 9.985 wt % uranium
(92.2% **%U) in aluminum. The dimensions and 23U contents of
these two types of forms are given in Table I. The static meas-
urements involved making a vertical flux traverse over a distance
in excess of one meter to obtain the desired accuracy. The logs
were extruded to 111.8 cm as a single unit; the castings were
stacked six to the column around an 1ll.2-cm-0D, 10,8-cm-ID alumi-
num tube to obtain a height of 113 cm. (The castings each had a
20° inside taper on one end, and a 20° outside taper om the other.
This accounts for the fact that the stacked column height was less
than 6 times a single unit length.)

In most of the experiments the forms were arranged in rectan-
gular arrays of various sizes. A rigid aluminum support frame main-
tained accurate spacing within the arrays. (The support frame is
shown in Figure 1 loaded with a 2 x 3 array of stacks of castings.)
During the experiments, the loaded support frame was flooded with
water to the top of the fuel; the H;0 surrounding the open support
structure then approximated a 100% H;0 reflector on the sides and
bottom.

ABLE I
Fuel Forms Used in Experiments

Dimensions, ¢cm

) 0D

1D Fuel Fuel oD Total
Form Cladding Alloy Alloy Cladding Length kg *°°U/ft
Casting 11.21 20.07 20.3 1.94
Log 10.07 10.22  12.12 12.27 111.8 0.297
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One set of measurements was made with 37 logs at wide
spacing (7-in. triangular pitch) to determine the applicability of
the codes to this geometry and to extend the measurements well
beyond the maximum reactivity configuration. In addition, the
material buckling of the array was measured directly. For these
experiments, the logs were suspended vertically on 1/2-in. central
aluminum rods from the SE grid beam system in the hexagonal pattern
shown in Figure 2.

> O
° O
= O

=
=
Jepde

Location Radius, cm

O A 10.26
B 20.52
O FO c 27.15
D 37.0}

D B A BmDm
O O O O W/ U/ E 4i.05
c F 44.75

O = Exfruded Logs

FIG. 2 GOLD PIN TRAVERSE LOCATIONS IN 37 LOG EXPERIMENTS




DPST-71-44]

All experiments were conducted in the Subcritical Experiment
(SE) facility7 (Figure 3), a cadmium-wrapped aluminum tank 152 cm
in diameter and 213 cm high. The SE is centered above the Standard
Pile (SP),® which serves as a neutron source. The SP is a 152-cm
cube of graphite with a-light-water-cooled core of *®*U-Al fuel.
The facilities are coupled through a cylindrical graphite pedestal,
which minimizes spatial harmonics in the cylindrical SE from the
cubical source reactor. '

W Vacuum
Pump
— 1
Safety T{Iﬂum
Rods arget .
Accelerator . 3H{d, n) Accelerator
Botalan nb [‘J ' \ '|50 KV
TuBlnon o l v . .
-L\-l‘_(, F] r 1 "Position A"
SE ’
Tank
213 cm
1.8
_JL em HpO
i | S5 TYPICAL
—lem ARRAY OF LOGS
——t- -1
0.2 ¢m Cd Shutter 7 Graphite 45.7 om
P IIPIPS Travelling
monitor in
air filled
. thimble
- Rm” 182.4 om Pulsed
Neutron
Detectors
o 152.4 om ——

FIG. 3 EXPERIMENTAL ARRANGEMENT
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EXPERIMENTAL PROCEDURES.
Static Measurements

In the static measurements the multiplication constants of
individual arrays were obtained by determining the material buck-
lings of the arrays and using a one-group formula to convert these
results to appropriate values of kgeg. The material buckling was
obtained from the expression

Bmz = Brz - K_Z . (l)

where Br2 is the transverse geometric buckling, and ¥ is the
inverse relaxation length.

In the rectangular array measurements, K was determined from
axial flux traverses obtained with a small, boron-lined, gamma-

" compensated ion chamber driven at a constant speed.® Digitized

current readings from the chamber were recorded at 2-cm axial
intervals. The axial flux traverses were repeated for each array
after interposing a cadmium shutter between the pedestal and the
bottom of the SE tank. Axial flux profiles free from the back-
ground effect of extraneous neutron sources, such as fast neutrons
from the reactor, were obtained as the difference between the
results of the shutter—-out and shutter-in measurements.

The SE profiles were then fitted to analytic functiong by a
least squares analysis code, and a value for K was obtained. For
lattices in which k? is positive (i.e., By® >By®), the flux shape
igs described by the relation

d{(Z) = A sinh k(Z + &)

where
A = constant
Z = distance below moderator surface
§ = extrapolation distance in air

For lattices sufficiently close to critical that k*® is negative
(i.e., By® <Bp"), the axial flux shape is represented by the
expression

$(2) = A sin k(Z + &)
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Br2 for rectangular arrays is given by the standard expres-

sion
2 2

™ m
r NP, + 26k NyPy + 26y
where
Ni = number of asgemblies in the ith direction
P, = center-to-center spacing in the {th qirection

61 = extrapolation distance in the ith direction

The transverse dimensions of the rectangular arrays were so small
that measurement of extrapolation distances was impossible; calcu-
lated values were utilized instead.

For the 37 log experiment, gold pins were suspended at the
locations shown In Figure 2. Standard activation, counting, and
data reduction procedures were used to give relative activations
at seven elevations for each of the six radii., Data from the
asymptotic region (defined as having a constant neutron spectrum
versus position as determined with Cd ratio measurements) were
fit to J, and sinh functions to give measured values for both Br2
and k*, Equation (1) was then used to determine a value of B,Z.

Using the one-group diffusion approximation,

1+ M’
koff = —————— (3}
e 2z 2
1 + M°B
g
where M® is the migration area for the lattice, and B_? is the
total geometric buckling. From Equation (1) and the fefinition

of Bgz,a keff (static) can be defined by

1+ M7 (8% - k%)
1+ M (Bp? + Bz?)

kefr (static) = (4)

where Bz2 is the axial geometric buckling. Calculated values of
M? and B,?, with appropriate values of k? and B.*, can then be
used in Equation (4) to produce a kqfg (static) for any lattice.
This keff (static) is the parameter reported for each lattice.

- 10 -
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Under the assumption that Equation (4) is directly applicable
to the small system considered here, the deviation of kgf¢
(static) from the actual multipllcatlon constant of the array
depends primarily on the accuracy of the calculated parameters.
Since the axial dimension is in excess of one meter, errors in
the total geometric buckling due to inaccuracies in the assumed
axial extrapolation distances can be reasonably put at less than
*1%. The main causes of a deviation of keff (static) from true
koff are therefore errors in Gx, Sy, and M*., It can be shown,
assuming errors in By~ and k° are negligible, that the fractional

error in kgip is given by

Ak M* AB.? - AM?
eff = (B 2 4+ K'Z) - = - r . . .
kefs z [T+ M*(Be? + B,*)T[1 + M2 (B - «*)]

Thus, as the true multiplication of the array approaches 1.0 (i.e.,
as k? approaches —Bzz) the fractional error in keff (static)
approaches zero.

Pulsed Measurements

In the pulsed measurements, the neutron source was a Texas
Nuclear double-pulsed, 150-kv accelerator utilizing the ®H(d,n) “He
reaction to produce 1l4-Mev neutrons. For the experiments with
castings, the accelerator was situated with the tritium target
about 180 cm above the top of the fuel as shown in position
A of Figure 3, For the experiments with extrusion logs, the
accelerator was moved to position B. In both cases two fully
enriched '°BF, thermal neutron detectors were mounted parallel to
the axis of the tank, usually at one-~third and two-thirds of the
estimated extrapolated pile height.

Standard neutron amplification and discrimination techniques
for proportional countersg were used with both detectors. A
multichannel analyzer was operated in the multiscaling mode to
simultaneously record the output of the detectors as function of
time following the injected burst. The dead time imposed by the
signal routing system for simultaneous storage of data was about
12.8 psec. Peierls' statistical method'® was used to determine

the persisting mode decay constant from the die-away.

The decay constant calculation was performed only with data
accumulated after times longer than that required to establish the
persisting mode. Experiments were performed to measure these times.
A single *°BF, detector was mounted on the apparatus used to move
the ion chamber in the static axial traverse measurements described
earlier. One representative lattice of castings and one of extruded
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logs were pulsed with the detector at various depths. The times
required to establish the persisting modes were then cobtained from
plots of the prompt neutron axial distributions versus time.

The pulsed neutron experiments, analyied with methodé
developed by Gozani,'® Garelis-Russel,*® and Sjostrand,®® measured

=1 ntda --il-qr 4in Aallara T aduantity Adrantiy nYoDor redtanal A
I.I.IG LI:G\-I-LVJ. J b MULLALDy Py a \.’uaul-a.u.)v MiLouoiLiy pLVpul I_J.l.u..u;;a. LA

the subcritical reactivity and independent of calculated parameters.,
The multiplication constant was then determined by

_ 1
eff = T= (F = Bogp)

k (6)

where B.ff 1s the effective delayed neutron fraction.

Wha tha Fiimndamantal
wnell (neé rungaamentca.s

fied, the averaging procedure suggested by Gozan
determine the § value for Equation (6):

o sy crant ~nnld h
c\-ﬂ l. -1 IL e S L wr

M- b
-

$ (avg) = [$(Cozani) + $(Garelis~Russell)]/2 N

This method minimizes the effects from harmonic distertion of the
spatial distributions of delayed neutrons. k,¢f was also deter-
mined from the Sjostrand value, and in cases where the fundamental
decay constant could not be clearly identified, only the Sjostrand
value was used. However, deviations of § (Sjastrand) from the
true value can be anticipated because of uncorrected harmonic dis- &
tortion. These distortions [and therefore the errors in § (avg)

and $ (Sjostrand)] should be minimized as k,¢s approaches unity.

A brief summary of procedures used to reduce the effects of

harmonic distortion is given in Appendix A.

The determination of the effective delayed neutron fraction
ge"' for small reflected systems is notr straightforward. However,
Gozani'® has shown that Beff of the ith delayed group can be
approximated in the continuous slowing down model. 1In his treat-

ment the delayed neutron importance function for the ith group is

.27 - 7]
= Bg i
= Borg, /B = © ®)

where T is the average slowing down area of the ith group of
delayed neutrons, and T is the average slowing down area of the
total neutron spectrum. If variations in T{ from group-to-group
are neglected, Beffi/B is approximately the ratio of the nonleak-
age probability of the delayed groups to the nonleakage probability
of the total spectrum. The ratio was calculated with S, codes and
sixteen-group Hansen~Roach1 cross sections., The calculations are .
described in Appendix B. -

- 12 -
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RESULTS

The experimental and calculated parameters determined for the
rectangular lattices are summarized in Tables II and III. The
first lines contain the measured parameters and an estimate of
the experimental error. The quoted error on k? measurements is
the experimental precision. The error on the $ (avg.) value is
half the difference between $ (Gozani)and $ (Garelis-Russell).

The next line tabulates the ratio Beffi/B which was used to
calculate kqff (pulsed) from the measured dollar reactivities.

TABLE T1

Calculated and Experimental Results for Castings in Water

Square Pitch, cm » 20,1 20.7 21,3 22.0 22.6
Lattice » 2 x 2 2 x 3 2 % 2 2 x3 2x2 2 x 3 Zx2 2x3 2x2 2x3

Measured Parameters

k* (static), m™* 10.55 -1.80 8.65 -2.65 §.70  -3.30 9.05 -2.,40 10,10 10
+.50 +.50 .50 +,50 . Bo +.30 +,50 +,30 +,50 %.30
$ (pulsed}
Avg ~5.00 -3.05 -2.60 -3.27 -5.40
+.39 .10 +.02 .14 +,03
Sjostrand -14.3 ~4.77 -12.8 -2.92 -11.8 . -2,58 -10.3 -3.02 -11.1 -b. 47
Calculated Parameters
Boge/B 1,165  1.129 1,145 1,120 1.138 y.11&  1.131  [.108  1.127  1.i0Z
Bp?, m * (MGBS) 70.61 72,96 71.66 67.11 59,85
M2, 107* m® (MGBS) 69.87 65.10 61.28 58.20 55.72
Calculated Reactivity
koff (MGBS-TGAN) 1,015 1.087 3.032 .00 1,032 1.098  1.013  1.080 .996  1.052
kggp {KEND) .937  1.00) 950 1.026 .921 .982 .951  1.006 .9k .99%
Measured Reactivity
kees (static) .521 .78 .933 .983 .935 .987 -937 .983 .933 973
Koff {pulsed)
Avg 965 .978 .982 L9717 .963
Sjostrand .503 .866 L9132 979 .920 .982 .930 .978 .925 969
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TABLE III
Calculated and Experimental Results for First Extrusion Logs in Water

Square Pitch, em + 12.3 12.9 13.5 14,2
Lattice ~ 2 x 3 4 x 3 2 x 2 2x3 3Ix3 2x3 3 x3 2x 3 3 x 3

Measured Parameters

k* {(static), m™*? 34,20 9.25 58.00 31.75 6.53 32.50 8.05 36,75 11,88

1,00 .30 +2.00 +2.00 .20 1,00  £.30 *7.00 .30
$ (pulsed)
Avg -8.33 -7. 46 -7.79 -9.98
+ . b2 +,31 +,34 +.58
Sjdstrand -20.9 -7.86 -7.07 -20,2 -7.41 -22.0 -9.84
Calculated Parameters
Bars/B 1.153  1.122 1.113 1,135 1,106 1.128  1.099
Ra?, m™? g87.88 86.66 83.62 74.01
M?, 10~ m (MGBS) 42.19 40.84 39.86 39,18
Calculated Reactivit
kops (MGBS-TGAN) 9286 1.01t .879 .948 1,030 .951  1.028 .939  1.012
kefs (KEND) .870 .955 .878 966 .867 . 946 .875 .956
Measured Reactivity
keff (static) .88s .952 B3i .892 . 960 .890 956 880 T
keff (pufse,d)
Avg .ok} ‘ .3h9 .9h7 .33
Sjostrand 865 946 .45l .870 ,9hg .861 934
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MGBS® is a multigroup coede for computing the material buckling
of figsile material moderated by water in an infinite, uniform
configuration. This code contains its own internal set of l2-group
cross sections for isotopes commonly found in reactors and proces-
sing plants, and is written such that wherever approximations are
made they cause calculations to be more conservative in kgff.

Among other parameters, its output includes the material buckling
By*, the migration area M?, and two group parameters for diffusion
theory calculations. These latter parameters are used in a one-
dimensional code TGAN® that, among other things, calculates
extrapolation distances into the reflector. A radial buckling is
then computed using Equation (2), and the effective multiplication

_congtant is obtained from Equation (3). The results of these cal-

culations are tabulated as kggy (MGBS-TGAN) for the arrays con-~
gidered.

KENO® is a multigroup Monte Carlo criticality code used at
Savannah River with the 16-group Hansen-Roach cross section set.’
The output consists of kegy and an estimate of its standard devi-
ation plus a group-wise edit of leakage, absorption, and fission.
The calculations, reported as keff (KENO), were performed assuming
an H,0 reflector completely surrounded the arrays; the adjoint
biasing technique'’ was used to estimate neutron worths in the
reflector. Although the experiments were run with no top reflector,
its worth was calculated with KENO to be less than +0.005 in kggg.
The statistical error estimates for all KENO calculations were
about *0.005 for 30,000 neutron histories.

MGBS values of M* and TGAN values of §y and §y together with
appropriate values of k* were used in Equation (4) to calculate
the k gy (static) given in Tables II and ITI. Values of k. ¢f
(pulsed), using both § (Sjostrand) and $§ (avg) where available,
are also listed.

The measured quantities in Tables IT and III can be used as
experimental checks for other calculational methods. However,
for those codes that determine only kofgs such as KENO, the pulsed
values determined from $ (avg) are most appropriate since they
do not rely heavily on calculated parameters and are most free of
systematic error.

Figure 4 is a plot of the effective multiplication constants
calculated with MGBS-TGAN as a function of the measured constants
for the arrays of castings on a 20.7-cm pitch. This plot is
typical of those encountered for both types of forms at all pitches.
It shows systematic differences between the static and pulsed
determinations of k,¢g, differences due in part to the use of an

- 15 -
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FIG. 4 COMPARISON OF CALCULATED AND MEASURED EFFECTIVE
MULTIPLICATION CONSTANTS FOR CASTINGS ON 20.7-
cm SQUARE PITCH

infinite lattice migration area in applying Equation (4) to these
small systems and to the effects of harmonic distortions in the
Sjostrand analysis. The plot also shows that the results of the
two methods appear to comverge as the measured keff approaches
unity. This is to be expected because, as has been shown, system-
atic errors in both techniques are minimized as kgff approaches
1.0. :

One quantity of interest in applying any criticality code is
the value of kyfg that the code calculates for an exactly critical
system. There are several ways of extracting this value from sub- -
critical experiments. One method is to use plots of the type )

P

criticality. Although the linear extrapolations are probably not

- 16 -
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rigorous they seem adequate for estimating the conservatism of
MGBS-TGAN at criticality, especially because, in all cases investi-

gated, the twyo indenendent methods converge to the game value at

s =Ty W2T Sl llae it RELIVLs LLLvVES (=110 L

criticaliry. Table IV summarizes this conservatism for the forms
and pitches studies.

A second method often employed is to compute the ratio
keff (cale) /kefy (meas). If the assumption is made that thish
ratio is constant as a function of kgff (meas), then this constant
is the calculated koff at criticality. The KENO calculations could

be normalized in this fashion, but the available data indicate
that the ratio is not constant gc a function of k

that the ratio not constant unction of k. ce (meas) ,

probably because of inaccuracies in the measurements and the methods
of analysis. As noted before, the kgff value determined from the
pulsed experiment bracketing procedure is most free from systematic
error. Since $ (avg) values are available only for the most reac~
tive arrays at each pitch, kggg (KENO) /kerf(avg) for these arrays

are summarized in Table IV as most representative of the conserva-
tism of KENO at criticality for forms and pltches studies.

TABLE TV

Conservatism of Calculations

Square MGBS-TGAN KENO
Form Pitch, cm Conservatism®™ Conservatism
Castings 20.1 1.120 1.037
20.7 1.123 1.048
21.3 1.116 1.000
22.0 1.105 1.02%
22.6 1.091 1.034
Logs 12.3 1.068 1.011
2.9 1.076 1.017
13.5 ‘ 1.078 1.017
14,2 1.077 1.025
a. kgpg {ealc) at keff (meas} = 1.0 by extrapolation

of subcritical measurements.

B. keff (KENO)/kofs (avg) of most reactive lattice
for each piteh and form.

- 17 -
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Results of the 37 log experiments and the appropriate calcu-
lated values are given in Table V. The differences in the
wmaterial buckling calculated with MGBS and that measured is ‘about
13 m~?, This difference corresponds to an error in k_ of about 5%
if the calculated value of M® is approximately correct.

Using the measured Br2 to determine the geometric buckling in
kofs (static) indicates that MGBS-TGAN calculations are in error
by 4.4% in the calculation of k.¢r. The results show that even in
this large pitch case, the error in MGBS-TGAN calculations of keff
is still quite large.

TABLE V

Results of 37 Log Measurements

B, m? 13.45 ¢+ ,25
k*, m™? 9.28 * .25
B, m° 4,17 t .35
ke {cale)/k, (meas)? 1.050

Bn*, m™? (MGBS) 17.18

M*, m* (MGBS) 38.84 x 10-¢
keff (MGBS-TGAN) .986

keff {static) 944

Keff (ca]c)/keff {meas) 1.044

A, ke = 1 + HzBm2

- 18 -
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APPENDIX A

REDUCTION OF HARMONIC DISTORTION IN PULSED NEUTRON MEASUREMENTS

A convenient general representation of the time-dependent
neutron density following a burst of source neutrons is an
expansion in terms of the complete orthoncormal set of kinetic
eigenfunctions and eigenvalues. Within each mode, space and time
are assumed to be completely separable. These modes can be
described analytically only in the case of a bare homogeneous
reactor. '
Gozani'® has given a two-group expression for the space and
time dependence. of neutron counts accumulated in a multiscaling
channel at time & after M pulses of period T.

where

o0 n , Y, :9
N(r,8) = C 2 Q ¢q{r). 3 Agylygy, M, 1) e U (a-1)
q=1 j=0

C = constant independent of 9 and r

Qq = the qth spatial component of the external source

A (vY = +thao etarirsr cammoarvydinsn aicanfiimetinane
\Fq LS IO SLdeii pRlaboi Ll Cagtalaairaus
qu(Yqj’ M,T) = constant independent of 5 and r
= : th .
Yq3 = the (n+1) eigenvalues of the q " two-group inhour

equation, The vy value appropriate to the slowing
down of fast neutrons to the thermal group is
ignored. The eigenvalues Y,, are the modal decay
constants of the prompt thermal neutron dieaway;

+tha v frr 4 5>n are AdAue to dalavad nmsasutranag
S b AG 'I o J A e N b R o u‘-—-‘-u] Sk A A W A W ALD e

q]
The detailed forms of the quantities in Equation (A-1) may be
found in Reference 11.

Consider the Fourier eigenfunctions for rectangular geometries,.
In one dimension

¢q(x) = sin< q;x >

where X is the extrapolated length of the reactor. A three-
dimensional xyz representation would have

- 19 -
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/

¢q(?) $¢klmm = sin( k;x ) sin(—-g'—:rzl—) sin\ miz ) {A-2)

Similarly for a cylindrical reactor with the source on the axis,

$q® >4y ) = sin( kgz ) Jo(aer) (A-3)

where the ay are the roots of the zeroth order Bessel function of
the first kind.

The number of modes that can be minimized depends on the
number and placement of detectors. From Equation (A-1) it can be
seen that if a detector is placed at a point where ¢ () = 0,
both the prompt and delayed neutrons in the q modeqwill not be
recorded. At Savannah River two detectors are usually placed
along an axis where the first nonfundamental eigenfunction in the
transverse direction is zero. The detectors are then spaced at
one-third and two-thirds the extrapolated reactor height. If the
two detectors have equal efficiencies and their outputs are summed,

. 1otsdn 1 — -
the detected modes in u:.l..l.d.ug,u.:.al. LQLLJ.I-—!:D are: £ = l, =1, m= 1

{the fundamental); k = 3, 5, 7, etc.; £ =3, 5, 7, etc,; m =5, 7, %
etc. The even-order harmonics in k and £ disappear because of the
transvergse placement; in m they cancel because the even-order

axial harmonic fluxes at the two detector pesitions are equal in
magnitude but opposite in sign. In addition, the m = 3 harmonic
disappears because the detectors are at the zeros of that harmonic.

Some knowledge of the magnitudes of the harmonic prompt neutron

Y oal-1 MAoam ok = —
; constants can be obtained by sclving the Fermi age time

Aanax
L \—ﬂv!
dependent problem in the absence of delayed neutrons:

Yq,0

2
_Bq T
J-kL-8) e ) (A~4)

— 2 2
= an<l + L°B
where
1? = diffusion area
T = Fermi age

In rectangular reactors, the buckling is

2 2 2
_ s
By SBi, = () + (L) + (wx)

As the dimensions of the reactor grow larger, the buckling becomes
smaller and the vq o values become more nearly alike. The larger
the reactor, then ’the more slowly the higher order harmonics will
disappear, and the more difficult it will be to ascertain the prompt
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fundamental decay free of harmonic distortion. Similarly, if L? -
and T are small, the Y, , values will be nearly alike, and it will
be difficult to separate harmonic distortion from the prompt funda-
mental mode. '

In the experiments of this report L? and T were quite small,
and the two detector technique was often not adequate to completely
igolate the persisting prompt decay. Where this could not be done,
the only recourse was to use the Sjostrand method’® of analysis
for § because it does not explicitly require a determination of the
persisting mode decay constant. A correction for harmonic dis-
tortion was not attempted.

Where the persisting mode decay constant could be determined,
both the Gozani and Garelis-Russell methods of analysis for § are
valid. Gozani has shown that the delayed neutron eigenvalues
(Yqj, j >0) hardly depend on the q modal index. I''Therefore, the
amount of delayed harmonics does not actually vary with time.
However, since all delayed thermal neutrons belong to the second
or to later generations of the source neutrons, they assume a
distribution similar to the persisting ome."*' The small dif-
ferences between the delayed and persisting distributions lead to
different calculated values of § from the Gozani and Garelis-Russell
methods of analysis. Gozani points out that these deviations from
the true value of $ are opposite in direction, though not neces-
sarily equal in magnitude.'® For this reason, the bracketing
procedure is recommended as tending to reduce further the effects
of harmonic distortion. ‘
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APPENDIX B

METHOD FOR OBTAINING Boff/B

More prompt neutrons than delayed neutrons leak from small
reactors because the prompt fission distribution has a higher
average energy. The delayed neutron fraction is thus effectively
enhanced, Numerical computations of the enhancement‘can be made
with any of several lattice and reactor codes. For the computa-
tions of this report, the Sp code ANISN'® was used along w1th the
16-group Hansen-Roach cross section library.?!

The ANISN code will compute cell-homogenized cross sections
for any number of groups. Cell calculations in cylindricized
geometry were made for each lattice, and 4~-group macroscopic cross
sections were derived from the Hansen-Roach set. These cross
sections were then used in two cylindricized reactor computations
for each lattice. In the first, the fission energy distribution
was that obtained by collapsing the l6-group Hansen-Roach set to

. #3®
4 groups. Only groups 1 and 2 had nonzero populations. The second 2
reactor computatlon usea an artlrlclal IlSSlO'ﬂ energy alSZrlDuElO‘ﬂ
where all the fission neutrons were born in group 2 (less than .
0.9 Mev). -
The value of Bgs¢/B was found by taking the ratio of the
computed effective multiplication constants
Bagr/® = k(Ef all energies) -
since this is approximately the ratio of the nonleakage probability
of the delayed neutrons to that of all fission neutrons. For one
case the Beff/B calculation was performed with 16 groups but the
results were the same as with 4 groups.
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