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Analysis of Pulsed Neutron Experiments on Bare Fast

Multiplying Systems by Storrer-Stievenart's Theory
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The thecry by Storrer and Stievenart on the pulsed neutron experi-
ment on fast multiplying system has been applied by Code GS-1 to the
pulsed neutron experiments on natural uranium systems and twenty percent
enriched uranium bare cores. It predicts well the time behavior of
neutrons for the wide range of reactvivity from the nearly critical state

to the far subcritical state.
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1. Introduction

In 1964, pulsed neutron experiments on natural uranium systemes
were performed andlthe &ffe2t of neutron multiplicmtion was cléarly
cbserved even at far subcritical state as natural uranium sysxemsa(l)‘
However, at that time there was no theory on the pulsed neutrbn experiment
on fast multiplying systems. It is almost impossible to analyze the
experimental results by the conventional model of single ekponential
decay. Afterwards, Storrer and Sticvenart gave a perspectivc thebry on
it based on the one-point diffusion model.(2 The applicability of their
theory for bare fast systems has been examined for the wide range of
reactivity from far subcritical state such as natural uranium systems

to nearly critical state.

2. Theory _

In the foilowing,'the'brief degcription of the theory by Storrer
and Stievenart will be given. _ , “_ |

In non-multiplying éystems, the neutron flux:of the i th grbup of
n-group diffusion equation in the case of point modél can be described
as follows:

3

=1

. - 1 9¢,(t)
2't,i ¢i(t) - .%’1 Ztrans,j--’i ¢(t) = - ) (l)
i ‘ v, t
with
’ Zt,i: DiBz +Za,i+zrem,i (2)
where \
D : diffusion coefficient,
B geométrical buckling’ '
2, : absorption cross section
2%em : removal cross scction by scattering,
> : transfer cross section from j th group to i th group.

trans'
Since the operator forms the triangle matrix in the casge of non~-multiplyinrg
systems, Eg. (1) can be directly solved and the energy spectrum at time

t can be expressed as

#(BE.t) = 2c;Bel (3) ,
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with

T o= -y 2 (4)-

i i<ty
In Eq. (3), ¢,(E,t) = B,e’i' is an cigen function of Eq. (l) and cj
is a constant determined by the initial condition. -
Hoﬁevef, in the case of multipiying system, the matrix is usually
not a triangle matrix because of "up-scattering" due to fission process
and it is toilsome to sclve directly the simultaneous equations. Then,
Storrer and Stievenart obtained the eigenvalues of multiplying systems
from those for non—mﬁltiplying systems by making the yield rate of neutrbns
as the intervene between them.
Denofe the speétrﬁm'of multiplying system reached from a certain
spectrum of pulsed neutron source without suffering of any fission at
time t by ¢(E,t), then the neutron yicld rate caused by ¢ (E,‘t) ét

t, S,(t), can be expressed as

S8 =/ 2 (E)¢(E, 1)dE (5).

When the pulsed neutron has the spectrum of 8ission neutrons, the neﬁtron
vield rate K(t) for ¢ (t) to which the fissien spectrum x_reacheé o

without any fission, can be similarly expressed as: .

K(t) ='4u2f(E)¢L(E,t)dE , niéL‘

Thercfore, for twc successive generations of fissions, the convolution
of

S,(t) = /'8, (t—=tHK{ Hdt' (1),
Yolds. By the Laplace transformation, Hgq. (7) vecomes as

S,(p) = 8 __,(p)K(p) . (8).

The total neutronryicld rate by all of the generations of fissions is

cxpressed by that

S(t) = 8,;(t) + 8,(t) + S,(t)+ «---- (9).

¥quation (9) is Laplace-transformed using Egs. (7) and (8) as
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S(p) = S, (M {1+K(p) +K(p)Z+-+. 0. }

i

S, (p)/{1-K(p)} | (10).

The eigenvaluec of the multiplying systems can be obtained as the solutioms,

a;'s, of the equation that

1 — K(p) = 0 ' (11),

and the time dependent spectrum can be cxpressed as
¢(E,t) = 2C A (EB)e”i!

In Bq. (11), »;(E,t)=A,(E)e®it is one of the ecigenfunctions and Ci is
one of the constants determined by the initial condition. The C;A, (B)
can be obtained by the calculation of residues,

Aft((er)thn theory by Storrer and Stievenart, the code named GS-1 was
3

written. The code GSkl can be applied also for the case of the

complex eigenvalue.

3. kxperiment n natural uranium systems

The- pulsed -neutron-experiment was purformod on two.natural uranium .-
cubic systems. Their lateral TGngths are 20 cm and 30 cm ruspectlvely
The pulsed neutrons by D-T recactions and D-D reaction generated by a 2
MeV Van de Graaff accelerator were injectedvat the center of the system.
The decay curves were observed by 6LiI scintillation counters somewhat
energy-wisely. The details of the experiment have been described in
another issue.(4)

The 6LiI scintillation counter has poor energy resolution due to
large Q value and it gives signals of pulse height distribution as _
schematically shown in Fig. 1 forAmonO-energy neutrons. Thus, the energy
response of 6LiI scintillator is not good cnough to discuss about the
details of the energy-wise decays and it can be regarded as a kind=" *
of integral detector such as a plastic scintillator. The pulse height
of the peak for mono-energy neutrons has a linear relation with the
neutron energy as shown in Fig. 2 . Therefore, it can be discussed
whether there exists the differenée or not in the time behavior of decay

curves according to the pulse height of detector signals. If all of

-3 -
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dccay curves show the same timc behavior, it can be said thét the
ncutrons decay asymptotically.

The decay curve of ncutrons looks like to be composod of two parts,
the initial transient part where the tim¢ behavior of cach curve dlffers
onc another according to the selection of the pulse height and the latter
asymptotic part where all decay curves showAthe same¢ time behavior.

The culculation was performed with 16 group ANL-635 cross section

(4)

formula as

set. The extrapolation distance of the system was obtaine& by the.

= [3BID(B)$(BYAR/S D(E) $(B)dE, whore &(E)= %ztm

using the energy spectrum calculated by a one-dimonéionaivdiffuéiéﬁ~code

EXPANDA. (5) The results of experiments about 20 cm cubic system are

compared in Fig. % and about 30 cm cubic system, in Flg. 4. The mnergy
range of the cxperimental curve was determined from tho callbratlon

curve shown in Fig. 2 and they were normarized to the corresponding

calculated curves independently. As mentioned before, 6LiI‘scintillator

has poor cenergy resolution, it is unable to make detail cbmparison between
the experimental -curves and the calculated onés. .However, it can bc said
that their timc behaviors agree each other as a whole after a certain

time of period. The reasons of the difference at tﬁe.initialwpart of

the decays are (l) that the high energy'néutréﬁs make 1ow'pulse height
pulses as shown in Fig. 1, (2) that the detector is more scnsitive to

the lower energy neutrons and (3) that the'spafial highér modes exist_‘

in this stuage.

To certify the asymptotic behavior of decay curves observed in
natural uranium systems, the similar experiment was carried out on lead
assemblies. As shown in Fig. 5, the asymptotic time behavior was not
observed in the case of lead assemblics. ‘ |

As shown in the results of the calculation, the common time behavior
is observed for the neutron groups of “the higher encrgy. In order to
sce that such behavior is due to the neutron multiplication, the calcu-
lation have been carried out about the more reactive systems as shown |
in Figs. 6 and_z: The energy spectrum reaches asymptotic spectrum much
faster than the natural uranium systems. To certify this, the calculation
was carried out about the fictitious natural uranium system whose VY is

zero and the result exhibits no asymptotic behavior as shown in Fig. 8.

-4 -
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Prom these results, it is clear that the asympsotic behavior
observed at natural uranium systems is owing to the neutron multiplication
and the calculation by Storrer and Stievenart's theory may predict well

the time behavior in natural uranium systems.

4, Experiment on FCA I-5

In the analysis of pulsed neutron experiments, it is essential to
know the reactivity of the system. Besides it, it is also required to
certify the propriety of the cross scction set used in the analysis. If
the system can be critical, it is possible to know the reactivity of the
subcritical state with more reliability than the case that the system-
can not be critical. The propriety of the cross section set can be also
examined by the critical experiment and the measurement of the prompt
neutron decay constant at the delayed critical. By these recasons, a bare
fast system named.FCA I-5 was assembled. It is a cylindrical core whose
components are only 20 percent enriched uranium and stainless steel of
the lattice and drawers of the assembly machine. The details of the
pulsed neutren experiments carricd on FCA I-5 have been explained in
another issue. 6 The configurations of each loading of FCA I-5 are
shown in Table 1. The experimental results are summarized in Table 2.

At first, the analysis was carried out by DTF-4 code, which is a
one-dimentional S, code and it is able to serch the time eigenvalue by
adding —av absorption to the balance equation. The analysis was carried out
with JAERI-FAST 25 group cross section set.(B)’(g)

search by DTF-4 was carried for cylindrical geometry and it failed to

The time eigenvalue

converge for the cases of less reactive than Loading 11-D. Then, the
application of GS-1 code was tried. The trancated JAERI-FAST 25 group
cross section set as 16 group sct was used for the calculations. The
comparison between experiments and calculations is shown in Table 3.

The results are compared by the value of‘a/@, in order to avoid the

effect of the difference in the specrum due to inadequacy of the cross
section set. The calculated @«c at the delayed critical is larger than
the experimental one by 16 percent. The delayed neutron fraction which

is required to obtain prompt neutron yield was calculated by SNKPARAM.(lO)
The lowest eigenvalue for the less recactive Loading than Loading 10-E does

not agree with the experimental results as DIF-4 calculations failed.

“ 5 -
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This discrepancy comes from artificail effect owing to the multi-group
structure. Slnce the experlmental decay constants were determined from
the decay curves after 0.5 micro second from pulse injection, the calcu-
lated energy spectrum after 0.5 micro second was investigated. For all
of the cases, the energy spectrum has its peak at sixth éroup after the
initial strong energy higher modes died away. Therefore, the amplitudes
CiAi of Eq. (12) was investigated. They vary as shown in Fig. 9
according to the effective neutron multiplication factor, Keff; At
Loading 11-D, the 14 th amplitude (the third amplitude from the bottom)
is extraordinally large comparing with others and at Loading 11-E, the
1% th component (the fourth amplitude from the bottom). They are commonly
the largest also in other sets of the amplitudes of cach group as well
as the sixth group. Amplitudes from sixth to eighth are also large but
tneir terms decay rapidly and they are not the commonly largest ampiitude
for all sets of amplitudes of each group. '

The eigenvalues corresponding to these largest amplltudo agree well
with the experimental results as shown in Table 3. Tho agreement by GS-1
to the experlmcntal rcsults is observed for the wide renge of neutron mult“

plication from the nearly crltlcal down to about O 8 of K ff
5. Conclusion

The theory by Storrer and Stievenart can predict well the time
behavior of neutrons for the wide range of the reactivity from the
nearly critical state to the far subcritical state if the system can
be regarded as a bare system.
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Tabe 1 FCA I-5 configurations

material composition © dimension . . lem )

(1C"2nuclei/cm? ) Volume

core lattice core | radius length (2)

25, | 0.7836 —_ sphere 25,12 | —— 66.40
oo, | 31130 | —— | ¢ |Looding 8 | 24.52 40,64 76.76
G | 0.1653 | o0.1285 ? + 9 | 22,02 « | 687
Fo | 0.6631 | 0.4473 é‘ » 10 | 19.45 ‘ 48.30
Ni | oos98 | oos36 | " | + 11 | 1677 ’ 35.91

% The equivalent thickness of the iattice is 85,2 cm

Table 3  Comparison between experimental and

calculated vahs of z_'eacﬁvify and %a

Reactivity (—% k/k) ' %oe
Calculations (JF') Calcuiation (JF)
Loading :
DTF-4 Experiment | pTF-4 | GS—1 Experiment
. GS —1 . {by the lowest byeig:‘l‘wom
(lattice) (lattice) eigenvalue  |peak ampiitude
8-D 0.0 0.0 0.0 1.00 1.00 1.00 1,00
)
9-D 4,83 4,82 |4,30x0.26 7.44 7.20 7.20 | 7.25% 0.1‘4"
10~-D 11,0 11,5 11.720.7 1€.0 1.52 1.52 16.5£ 0.3
i1 -D 20,5 21.5 22,0t 1.8 35.0 21.8 25.5 24,9+ 0.8
1t - E 26.0 26,7 29.3+2.0 —_— 219 31.6 288+ 1.5

(1)  a was estimated as 116 x10® sec”' from Table 2
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Table 2  Experimental reactivity and decay constant of FCA I-5
core Loding oand | measured measured & from the decay curve
mefry * YQOC”V“y after 0.5 p sec (10 sec™' )

i center 1S5cm from center
rod condition (%,- BK/K) 235 238 233
D 0.615 0.319 *0.002 _
C/r# 1 full out 1.094 0.438 £t0002| —— —_—
Sphere
Yr#¥4 full out 1.274 0.471+0003| —— —_—
Ch™ia ot | 1.754 0.594 +0003| —— S
8 —delayed critical 0 0.16010.002 — —
8 -1 0.620 0.299+0.002 —_— B
8-2 1.24, 0.43110.002 — —
8-4 2 .48, 0.737+0.005| 0.721 £0.004 —_—
8-E 4.534 1.17 001 {116 0.0
9-D 4.30 _— _— —_—
Cylinder 2
9-4 7.219 1.70 £0.01 | 1.71 $0.01 1.69 £002
(®33%y:41.732002)|
9-E 9.904 2.23 +002 | 2.20 +0.02 —
10-D 11.6g 2.65 003 | 2.55 £0.03 2.66 £0.04
10 -4 14.9, 3.13 *Q04 | 3.05 +0.04 2.96 £0.05
10 -E 18.3, 3.46 £0.06 | 3.51 £005 3.34+0.05
11 -D 22.04 3.98 +006 | 4.00+£006 3.46 +0.08
11t -4 25.55 4.13 $009 | 4.27 £009 2.8 +0.3
11 - E 29 .24 4.60 £t009 | 4.20 £0.42 —_—
¥ Rod conditions D means all rods are inserted.
E » s s + extracted
1.2 .4 is the number of rods extracted
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flux
(arbitrary unit)

N.U.
20x 20x 20cm
A\

OO

i EL (MeV) Eexp (MeV)
1 3.668 3.5 integral
2 2.225 2.5~ 35

3 1.35 1.2~ 25

4 0.825 o8- 1.2

5 0.5

7 0.18

9 0.067

11 0.025
13 0.0091
0.0021

108

10" |

1 ! [N
t

0 100 200 300 400——m™
(ns)

Fig.3 Energy Dependent Fast Neutron Flux
Decay Curves in a System of Natural
Uranium of 20 cm Cube
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N.U.
30x30x30¢cm
i EL (MeV) Eexp (MeV)
1 3,668 35 integral
2 2.225 2.5~ 3.5
3 1,35 1.2~ 2.5
4 0.825 08~ 1.2
5 0.5
7 0,18
9 0.067
11 0,025
13 0.0091
15 0.0021
¢..
6 &
- 5 ¢13
Q)
¢
L2
Pis
103 | : /
0 100 200 300 300 nsec
t
Fig. 4 Energy dependent fast neutron flux decay

curves in a system of natural uranium of
30cm cube.
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Fig. 9 Amplitudes of decay curve of peak group (6 th group)



