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ABSTRACT - After an emergency shutdown of a power reactor, although the reactor is
no longer critical, I.Iie gamma and neutron flux of course, do nol, drop to zero. The. neutron
and gamma, flux and spectra at shutdown conditions were studied with the objective to
investigate whether their levels are sufficient and spectral forms suitable to provide meaningful
information about the coolant density and/or coolant level in the reactor. The analyses are
only of preliminary character and are to give a rough idea of the order of magnitude of certain
effects.

Introduction

The main sources of the gamma radiation are fission products formed during the
reactor operation and the reactions of neutrons with the matter. The first source
depends on the burn-up of the fuel and the cooling time.

Neutrons are generated following the reactions such as:

• delayed fission neutrons;

• (7, H) on deuterium present in the water (photo-neutrons, threshold energy=2.226MeV);

• fission;

• spontaneous fission;
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The lasi, two terms were found to be negligible compared to the others.

Strong dependency of the neutron source (the (7, n) reaction on 2 / / , fission), as
well as of neutron transport, on the water density was expected. This gave the idea to
use these neutrons as a. monitor of the coola.nl. level/density in the rea.ctor.

On I he other hand, gamma transport is also dependent on the water density, giving
thus the possibility of an alternative method to measure the level of the coolant in ihe
reactor.

The estimations of the neutron and gamma flux in a. French 900 MWe PWR were
performed for a chosen burn-up and cooling time condition (5000 MWd/T, fOO sec-
onds). The corresponding gamma, source from fission products was obtained by the
inventory code PEPIN [7]. Spatial and energy distribution of these gamma, radiation
was calculated by 2D Sri code TWODANT [8]. Based on these results the (7, n) reac-
tion rales and the neutron emission spectra were then estimated, a.nd were used as a
source term in a. subsequent coupled neutron-gamma transport calculation. The con-
tribution of the delayed neutrons (with long periods) to the total neutron and gamma
(lux was also estimated.

Description of the Calculations

Delayed neutrons

The dependence of the delayed neutron fraction on time after the shut-down is
presented in Figure 1. At times above about 100 s the dependence is nearly linear
in logarithmic scale, since almost only the Qth group - with the highest decay period
contributes.

The neutron a.nd gamma flux in the cavity during the normal reactor operation is
presented in Figures 2 and 3. The effect of water density variation is also presented,
assuming the same neutron source distribution as for normal operation conditions.
The flux at different cooling times can be approximately obtained by multiplying this
spectra by factors given in Figure 1.

Fission product gamma

The gamma radiation emitted by the fission products after the reactor shut-down
was calculated by the code PEPIN [7]. Figure 5 gives the gamma source corresponding
to the cooling time of 100 s after the shut-down, and the typical reactor conditions in
the peripheral fuel elements at the end-of-life of a 900 MWe French PWR. The values
are normalized to It of uranium.

The gamma transport calculation was performed by the 2D discrete ordinates code
TWODANT, in R — Q geometry, using S%, P5 approximations. The cross-sections were;
taken from the 100-rieutron. 30-gamma group Vitamin-C library [9]. The gamma source
from PEPIN was extrapolated from 16 groups of PEPIN to 30 Vita.min-C groups. The
relative spa.ee distribution used corresponds to the fission rate distribution during the
reactor operation.
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Neutrons from (7, re) on deuterium

The gamma rays with the energy above threshold (2.23MeV) can consequently
ee photoneutrons on deuterium. The (-f,n) reaction rate on deuterium present

in lh<! water layers in the reactor was calculated by the formula:

/?-»,„(r,0) = ND(r, 0)-Y,®9{r,°)- ^(7»») (1)
a

where,

<l>f'(r, 0) = gamma flux, ca.lcula.ted by TWODANT, in group g, and interval (r.O):

Np(r,0) = atomic number density of deuterium (the value used wa.s 0.015% of 2H
per I atom of7// [6]);

fTfl(7,77,) = cross-section for the reaction (7,n) (Figure 4) [2], [3], [4],

The energy of the neutrons produced is obtained from the conservation of energy
and momentum [5]:

En = a + b • cosip (2)

A ~ l / „ E l

1 8 6 2 - { A - I )

_EW
' ~A\

En is the energy of the neutrons in MeV, A is the mass of the target nucleus, Ey is
the energy of the 7-ray in MeV, Q is the threshold energy in MeV, and ij) is the angle
between the flight path of the 7-ray and the emitted neutron.

The neutron energy depends on the direction of the emitted neutrons (Figure 7),
but only very small variations between different positions in the reactor were found
(Figure 6). A coupled n, 7 calculation was then performed with TWODANT code,
using the following approximations:

• The neutron source can be decomposed into separate space and energy compo-
nents;

• The neutrons are emitted isotropically and the energy dependence which corre-
sponds to ij> — 0 was used overall in the calculations.

The k,jj = 0.9 was assumed, thus the neutrons are multiplied by 10 in the reac-
tor core region (,9 = .S'u/(1 — k,:jj))- The energy spectrum of these neutrons is the
one of fission. The above approximations have therefore little impact, on the overa.ll
('ilcnlational precision.
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Table I: Gamma flux in the energy range between 150 keV and 1.5 MeV in the cavity
lor different water densities, at two azimuthal positions in the reactor.
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The gamma. Hux produced by the (7,n) neutrons (therefore the reaction 7 —> n —>
7) was calculated in the same run, and is presented in Figure 9 together with the
gamma radiation from the fission products.

The comparison of all the terms calculated is presented in Figures 8 (for neutrons)
and 9 (for gamma).

Water density variation

Water density was diminished (for factors of 0.5 and 0.1) to study the effect on the
flux. As shown on Figure 10 and in Table 1 the fission product gamma increase by a
factor of ~ 3 over this water density range.

For the neutron flux only the general tendencies were evaluated. In fact, two phe-
nomena tend to increase the neutron flux (higher gamma flux and higher neutron
transport due to lower water density). This is opposed by the decrea.se of the (7,n)
source, as well as of ke/f. Therefore, when the water density is decreased, the neutron
flux at first, increases, and finaly decreases rapidly.

Results and Discution

At, least for 100 s cooling time, it is obvious that the delayed neutron component is
preponderant, by 104higher than the (i,n) + fission neutrons (Figure 8 compared to
Figures 2 + 3), but decreases rapidly with time. According to the Figure 1 it should
remain so up to the cooling periods of 10 to 30 minutes. The first impression is that
the (7, n) neutrons seem to be too low in absolute value to be detectable in the cavity
region. The delayed neutron flux is sufficient up to few minutes after the shut-down,
hut they require very large corrections to componsate for the decay. It is questionable
whether the water density dependence of neutron flux is high enough to be visible
(separable) from the time variation.

The gamma flux may be more promissing. Two possibilities are envisaged ior
the measurements: the total gamma radiation, or some specific gamma, peaks. Total
gamma flux is largely sufficient in magnitude for the measurements, as shown on Figure
!) and Table 1. The component, produced by the fission products is very important, and
this component varies slowly with time The gamma from the delayed neutrons are
only slightly higher at 100 s cooling time. On the other hand, the high energy gamma
peaks are produced by (7 —> v. —> 7) but their levels may be too low to be exploitable.
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The interpretation of the results is still underway to verify the feasibility of using
t lie variations of the neutron and/or gamma flux to detect the coolant level in the
reactor. It should be stressed that the results presented should serve only to give the
order of magnitude and the direction of various effects.
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Figure 1: Delayed neutron traction
as a function of time after shut-down
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Figure 2: Neutron spectrum in the cavity during
the normal reactor operation.
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Figure i: Gamma spectrum in the reactor cavity
during the normal operation.
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I'igure^: ' W ( 7 , H ) ' W response function

I
Figure 5: Gamma source per ton of UO2 as calculated by I'EPIN

fur a rWR 900 (cooling time 100 s, burnup 5000 MWJ/T).
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Figure 6: Spectra of neutrons produced by (gatnma.n)
reaction <it different locations in the reactor.
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Figure 7: Neutron flux produced by (gamma.n) reaction
in the water for two different scattering angles.
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Figure 8: Spectra of neutrons produced by (gamma,n)+ns;f on
in the reactor cavity (100 s cooling time).
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Figure 9: Gamma spectra in the rcactnr cavity
rrom dilTcrcnt sources.
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Figure 10: Gamma spectra in the cavfty at IhetasO
Tor different vniter densities (100s after shut-down).
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