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ABSTRACT

Time spectrum of delayed neutrons of the Dalat nuclear research reactor is
measured and analyzed. It corresponds to a shut-down neutron fluxes of about 10^
-5- 10** n/cm^/sec after 100 hours continuous reactor operation at steady power level
of 500 kW. Data processing of experimental time neutron spectrum gives 16
exponents, of which 10, resulting from photoneutrons due to (y,n) reactions on
beryllium used inside the reactor core, are obtained by using successive exponential
stripping fitting method. For the Dalat reactor, the effective delayed photoneutron
fraction relative to the total effective delayed neutron fraction is P e f f= 0.49 % f3eff
for a beryllium weight relative to 11^35 fud of m3 e /my = 8.5. This result is
acceptable in comparison to those obtained for other Be-U^-> media [1],[5].

1. INTRODUCTION.

The delayed neutrons in a reactor come from the two contributions : the
delayed fission neutrons and the delayed photoneutrons. The delayed photoneutrons
are usually induced by (y,n) reactions due to the interaction of the gamma rays,
emitted from the fission products, with heavy water or beryllium contained in the
core. The life-times of the delayed photoneutron precursors are generally greater
than the life-times of the delayed fission neutrons. Therefore the dynamic
property in region of the low frequency for the reactor moderated by heavy water or
beryllium may have the higher inertial property in comparison to that of the reactor
without photoneutrons [1].

The Dalai reactor belongs to reactors using 11^35 fuel, moderated and cooled
by water. The core contains an amount of beryllium in a neutron trap and an
additional beryllium reflector. Therefore the determination of the photoneutron
contribution is useful in the study of the reactor kinetics and helps to estimate the
intensity of the neutron source left after the reactor is shut down.
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2. REACTOR CORE DESCRIPTION

The reactor core has a cylinder shape of 60 cm height and 43.6 cm radius and is
surrounded by the old graphite reflector of 34.6 cm thickness. The core is loaded
with 89 fuel elements of WR-M2 36% enriched Ij235 type, 6 boron carbide control
rods (two safety rods and 4 shim rods), a stainless steel regulating rod, 3 irradiation
channels, a neutron trap and an additional beryllium reflector (Fig. 1). The neutron trap
is placed at an area of 7 central fuel elements and is made of a beryllium block having
a water column of 65 mm diameter inside. The U^-^ weight in the core is 3.55 kg and
the beryllium weight is 30.2 kg, therefore the mass ratio is mgg/mTj = 8.5.

3. EXPERIMENTAL METHOD

Parameters of the delayed photoneutrons are determined by the reactor shut-
down method [2]. It is proposed that the reactor is operating at NQ power and a 5k
negative reactivity is inserted at T moment. So the power immediately decreases to
the Nj value according to the following expression:

m

where beff is the effective delayed neutron fraction, and after that it decreases with
time.

The time spectrum of the delayed neutrons may be analyzed by a sum of
exponential functions :

(2)

where a'j and V\ (i=l,...,6) are expansion constants for 6 groups of the delayed
fission neutrons and a1; and A/j (j=l,...,n) are constants for the n photoneutron
groups. These constants are related to the partial effective fractions beff,i and beffj
and decay constants \[ and X; (i=l,...,6 and j=l,...,n) by the following formulas
[5]:
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Cell 1-1

Fig. 1 Reactor core arrangement
I. Fuel element; 2. Beryllium reflector 3. Neutron
trap ; 4. Wet channel ; 5. Pneumatic transfer Uibc ;
6. Safety rod ; 7. Shim rod ; 8. Regulating rod ;
9. Graphite reflector ; Cell 1-1 : The first cell of the
core, cell i-j denotes the cell at i*'1 row and j 1 ' 1 column.
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Time spectrum of the delayed neutrons
after reactor shut dovm.

Experimental data.
Fitting curve for 6 fission neutron
components and 10 photoneutron component:
Calculation curve for 6 fission neutron

components.
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Peff= 2 pcff,i + (5)

So using the experimental time spectrum and the least square fitting method
one may determine the parameters Peffj , Peffj » ̂ i anc* ^j- The w e ^ ^ow 1 1 [1]
parameters Peffi a»d ^i can be used for checking the calculation method.
Therefore in this work Peffj and \: are parameters to be determined.

4. EXPERIMENTAL RESULTS

The reactor shut-down experiment is carried out by a simultaneous insertion of
the 4 control rods after 100 hours of continuos operation of the reactor at 500
kW power. Then a negative reactivity of 5k = 1 ipeff is inserted.

The time spectrum of the delayed neutrons is measured by using the control
system, AKNP, of the reactor. The input information to the AKNP is given by the
9 ionization chambers arranged in distances of about (60 + 77) cm from the core
center. These 9 ionization chambers are composed of 3 groups responsible for 3
ranges of the reactor power as follows :

Group

Source

Middle

Energy

Symbol

ID

PD

ED

Number
of Tonization

chambers

3

3

3

Power

10-8 o / o N ( )

10"3 % N 0 -

1 % N o

range

+ 10-2

*- 10%

4- 120

% N 0

N0

% N 0

Ionization
chamber

KNK-15

KNK-15

KNK-3

The measurement of the delayed neutron fluxes is carried out in a large range
of 7 orders, so all the three types of ionization chambers are used. The time
spectrum is registered into IN-90 MCA which has two inputs working in a
nuiltiscale regime. The first input collects information from a ID ionization chamber in
the first 30 sec up to 1% NQ power level and after that information from a PD
ionization chamber. The second input collects information from a PD ionization
chamber started from 0.5 sec after the reactor shut-down and stops its collection at
the power of 10'^ % NQ. This procedure allows to combine information from
three ionization chambers and gives a continuous time spectrum in 64 hours duration
(Fig. 2).
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Table 1. Experimental data on the delayed neutrons measured by different
methods (relative to the power level before reactor shut down).

Time after
reactor shut-

down

35.7 min.
42.4 min.
49.75 min.
57.25 min.

1.09 h
1.83 h
10.03 h
13.27 h
20.49 h
28.95 h
30.5 h
40.48 h
40.58 h
49.56 h
50.2 h
59.98 h
60.93 h

Data obtained by various measurement methods

From ionization
chambers

(3.9 ± 0.2) 10"5
(3.6 ±0.2) 10-5
(3.3 ± 0.2) 10*5
(3.1 ±0.2) 10*5
(2.9 ±0.2) 10-5
(2.2 ± 0.2) 10"5
(4.5 ± 0.3) 10-6
(3.1 ± 0.2) 10-6
(1.8 ± 0.1) 10"6
(1.1 ± 0.1) 10'6
(1.00±0.08)10-6

(5.9 ±0.5) 10-7
(6.0 ±0.5) 10'7
(4.8 ± 0.4) 10'7
(4.7 ± 0.4) 10-7
(4.1 ± 0.4) 10-7
(4.0 ± 0.4) 10-7

Activation of
indium foils

(3.5 ± 0.2) 10-5
(3.4 ± 0.2) 10"5
(3.0 ± 0.2) 10-5

(2.9 ±0.1) 10-5
{2.7± 0.1) 10"5

(4.4 ± 0.2) 10"6

(1.8 ± 0.2) 10"6

(0.95±0.05)10'6
(6.2±0.4) 10-7

(5.0 ±0.3) 10"7

(4.3 ±0.2) 10-7

activation of
copper foils

(2.3 ± 0.2) 10-5

(3.2 ± 0.3) 10"6

(1.2 ± 0.1) 10"6

(6.1 ± 0.4) 10"7

(4.6 ±0.3) 10-7

(4.2 ± 0.3) 10-7

The ionization chambers work in a gamma compensation regime for
registering neutrons in the field of high density gamma rays, mainly in the very low
power levels after reactor shut-down. In order to check the gamma compensation
level of ionization chambers, it is useful to measure the delayed neutron spectra by
indium and copper foils activation on the base of In^^(n,y)In^^m and
Cu63(n,y)Cu64 reactions respectively. I n ' ^ m has two important picks of 1097.2
keV and 1293.5 keV with the branch coefficients of 57.3 % and 84.4 %
respectively. Cu^4 has the picks of 511 keV and 1345 keV with the branch coefficients
of 37 % and 0.5 % respectively. Indium foils are irradiated at dry 7-1 channel by
using a pneumatic transfer system. Copper foils are irradiated at the neutron
trap. Equipment for measuring gamma spectra is GeHP detector of 70 cm-* volume in
connection to CANBERRA MCA. Table 1 presents the results obtained by using the
ionization chambers and by activating the indium and copper foils.

From Table 1 it is seen that the experimental data from the 3 different
measurements are well agreed with each other within error ranges, that means a
good compensation of ionization chambers.

5. ANALYSIS OF EXPERIMENTAL DATA

From Fig. 2 it is obvious that the delayed neutron spectrum decreases rapidly
in the first 10 minutes and after that slower decreases and remains about 10"^ -s-_ ^
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of nominal power during 60 hours. Calculation curve of delayed U^35 fission
neutrons (Fig.2) shows that at 10 minutes after reactor shut-down the counts of
delayed fission neutrons may be neglected in comparison to those of
photoneutrons. In consequence, the neutron source left after reactor shut-down
is practically composed of the only delayed photoneutrons and has neutron flux
densities of about (10^ -*- 10**) n/cm^/sec.

Parameters in the expression (2) for the delayed neutron groups are determined
from the experimental time spectrum by using the least square fitting method [3]. In
reference [1] the time spectrum of the delayed neutrons composed of 15 exponents,
of which 6 exponents correspond to the delayed fission neutrons and 9 - the delayed
photoneutrons. The life times of the precursors of the delayed neutrons lie in the
range from 0.2 sec to 12.8 days, therefore it is difficult to fit all of the parameters at
the same time. This difficulty is overcame by using a successive exponential stripping
method, in which the time spectrum of the delayed neutrons is divided into the
sections having the equal approximation values of precursor's life times. Data
processing is carried out section by section started from the right end of the spectrum
to the left.

Table 2 shows the parameters of 6 groups of the delayed fission neutrons and
table 3 presents 10 groups of the delayed photoneutrons obtained by the above
mentioned method of the spectrum analysis. From table 2 it is obvious that if Peff=

(5 = 0.66 % ( = 0.64 %± 15.17 10-5 ) then partial fractions |3eff j (i=l,2,...,6) of this
work well agree with those of G. R. Keepin's data [1] within error ranges. It means
that the used procedure of analysis is available. The spectrum analysis allows to obtain
10 delayed photoneutron groups, 8 of which have the life times coincided with those of
Keepin's data (Table 3). The 2 groups of 6.8 hours and 2.8 hours life times of this
work (see reference [4]) correspond to the group of 3.11 hours life time in reference

Table 2. Parameters of 6 delayed fission neutron groups.

No

1
2
3
4
5
6

E
(KeV)

250
560
430
620
420

-

Total

T l /2
(sec)

55.7
22.7
6.2
2.3
0.6
0.2

Peff,i x 103

(Peff)

33 ± 3
219 ± 18
198 ± 13
385 ± 20
117± 8
42 ± 2

(99.5 ± 3)

% Peff

Peff,i * 105

22 ± 2
143 ± 12
130 + 9

252 ± 13
77 ± 5
28 ± 1

(0.65 ± 0.02)
%

PJXIO5

21
140
125
253
74
27

0.64 %
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Table 3. Parameters of 10 delayed photoneutron groups.

N
0

1
2
3
4
5
6
7
8
9
10

Precursors

Ba-140
Te-132

Te-131 and others
1-135

Kr-88, La-142, Kr-87
Te-134, 1-134, Br-84

Xe-138, Rb-89, Mo-101
Sb-133, Kr-89,Rb-90

1-136, Br-87
Kr-90, Se-87

Tl/2j

12.8 d
77.7 h
12.1 h
6.8 h
2.8 h

43.2 min
15.5 tnin
3.2 min
1.3 min

0.51 min

PBeeffj 10*
(PefF)

1.54 ± 0.12
0.62 ± 0.04
1.95 + 0.13
9.81+ 0.76
18.6 ± 1.0
46.5 ± 2.0
20.6 ± 1.2

112± 9
146 ± 11
136 ± 11

T l /2
Keepin [1]

12.8 d
77.7 h
12.1 h
3.11 h
3.11 h

43.2 min
15.5 min
3.2 min
1.3 min

0.51 min

Pj * 105
Keepin [1]

0.057
0.038
0.260
3.20
3.20
0.36
3.68
1.85
3.66
2.07

Total effective delayed neutron fraction beff consists of two parts: eff
effective delayed fission neutron fraction and P^eeff, effective delayed photoneutron
fraction. Experimental data of delayed neutron spectra have been time analyzed [1]
into 15 groups, of which 6 groups are i P - ^ fission and 9 others from (y,n)
reaction on beryllium. It resulted that in media composed only of beryllium,
delayed photoneutron fraction is 15.175 10" ,̂ i.e. with known delayed neutron
fraction from Ij235 fission pU = 0.0064, one has

= 2.31 % ; pU = 97,69 %

In an experiment on rapid shutdown realized on a critical assembly with
cylindrical core composed of enriched uranium (10% U^35) and beryllium
reflector, (mge/inij - Mil -*- 3112 ) [2], one obtained delayed photoneutron
fraction = 14.808 10"5, so

P B e = 2. 26 %; pU = 99.74 %

These data show that the effective fraction of delayed
pliotoneutrons increases with mgg/iriTj ratio as illustrated in Table 4.

1 able 4. Dependence of P^eflp'Peff o n mBe^mU r a t '°

mBe/mTj

8.5
1777 -=- 3112

Pure beryllium

PBeeff'Peff

0.49 %
2.26 %
2.31 %

Reference

This work
[5]
[1]
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6. CONCLUSION

The main result of the investigation of the delayed photoneutrons in the Dalat
reactor is as follows :

1. The time spectrum of the delayed neutrons is determined in 64 hours duration
after the reactor is shut down following 100 hours of its continuos operation.

2. For about 10 minutes after reactor shut-down, the delayed neutrons are
composed of the only delayed photoneutrons induced by the interaction of the gamma
rays, emitted from the fission products, with beryllium contained in the core. The flux
densities of the delayed photoneutron source are about (10^ ~ 10**) n/cm^/sec.

3. The time spectrum of the delayed photoneutrons is analyzed into 16 components
including 6 components of the delayed fission neutrons and 10 components of the
delayed photoneutrons.

4. The total effective fraction of the delayed photoneutrons is (3®e
eff = 0.49 %

Peff Th's result is acceptable in comparison to those obtained for other Be - Ij235
media.
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