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Abstract

Measurements of thermal and epithermal flux distributions were made in and around
the first low enriched uranium (LEU) full power core of Pakistan Research Reactor-
l(PARR-l). Neutron Flux measurements were made with the help of activation foils
and the self powered neutron detectors. Ihe absolute activity of the irradiated foils was
determined by gamma spectrometric method and the neutron flux was obtained from the
corresponding foil activity after applying necessary correction. Cadmium ratio
technique was used to separate thermal and epithermal fluxes. For the measurement of
the axial flux profiles in the core each standard fuel element was divided into six
sections vertically. Radial flux distribution was determined by plotting axially averaged
neutron flux in each fuel element versus the fuel element position. From the axial and
radial flux distributions the flux peaking factors and the hot spots were identified.
Specific power in each fuel element was also obtained by the flux measurement, and
absolute reactor power was determined by summing the specific power in individual
fuel elements. Absolute reactor power thus obtained was used for the initial calibration
of power monitoring channels of the reactor. The neutron fluxes in the experimental
facilities in the new 9 MW core were measured and compared with the values in the 5
MW high enriched uranium (HEU) core wherever possible.
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1. Introduction

Determination of thermal and epithermal neutron flux distribution in a reactor is
important both from reactor safety and operation points-of-view. Core-average thermal
flux is required for the computation of absolute reactor power, calibration of flux
monitoring instrumentation and burnup calculations. The determination of axial and
radial flux distribution is essential for fuel management, and leads to the identification
of hot spots in the core due to flux peaking. The flux distribution in the experimental
facilities is also of fundamental importance for experimentalists and other reactor users.

The core of Pakistan Research Reactor-1 (PARR-1) has been converted to 20%
enriched LEU fuel and it's power upgraded from 5 MW to 9 MW. The new reactor
achieved full power in May, 1992. Detailed measurements of neutron flux in the LEU
full power core were made to determine the thermal and epithermal flux distribution in
the core and experimental facilities. These measurements were made by using foil
activation technique and self powered neutron detectors. Gold foils were selected for
activation because of their following attractive features; i) gold has 100% isotopic
abundance, ii) Au-198, which is produced by activation of natural gold decays by
emitting single gamma of well known energy, and iii) the half life of 2.81 days of gold
is well suited for experimental purposes.

The details of experimental flux measurements and their results are given in the ensuing
sections.



2. Experimental Arrangement

2.1 In-Core Measurements
The core configuration of the full power LEU core of PARR-1 is shown in Fig. 1. The
core was assembled in the stall end side of the reactor pool with graphite thermal
column on one side. It consisted of seventeen standard and five control fuel elements.
Criticality was achieved with all control rods in about 55% withdrawal position.. In the
open end side (no graphite reflector) criticality was achieved with 57.5% withdrawal
position of all control rods.

For the measurement of neutron flux in the core, gold activation foils were lowered
inside the water gap of each fuel element with the help of thin flat perspex stringers, 15
mm wide and 750 mm long. Each perspex stringer contained seven gold foils placed at
equal distance along the height of the stringer, for the purpose of axial flux mapping of
the fuel element. The diagram of standard fuel element of PARR-1 showing the fuel
plates and coolant gap is presented in Fig. 2. To increase the weight of perspex stringer
a solid piece of high purity aluminum was attached at the top of the perspex stringer,
which also facilitated easy lowering in the narrow water gap of the fuel element. For
determination of axial and radial flux distributions in the core all standard fuel elements
were loaded with one stringer each. However, because of their inaccessibility due to
control rod presence, the control fuel elements could not be loaded with activation foils.
Prior to loading in the core each foil was carefully weighed and wrapped in plastic
wrapper to avoid contamination by contact with water. Effect of plastic wrapper at
activity of the gold foils was assessed by irradiating bare and plastic wrapped gold foils
at PARR-2 irradiation facilities. The results indicated that plastic wrapper can be used
without any noticeable effect. The foil and perspex stringers were properly labeled for
ready reference during the process of unloading, cooling and counting.

For flux measurements the reactor was operated in the stall end with the partial graphite
reflector (thermal column) at one side(Fig.3). Foils were irradiated at low power level
of 40 Watts to avoid high foil activity and the errors of flux perturbation and self
shielding. The time of irradiation was 30 minutes after attaining the desired power
level, and the reactor was shut down by scram after the expiry of this time. Irradiation
time selection was based upon the calculations to obtain gold foils activity best for



counting system. This activity was calculated taking dead time of the HPGe detector
from 10% to 16% and considering Log-N B channel accurate, as position of this
channel has not been changed during PARR-1 upgradation. In one set of measurements
all standard fuel elements were loaded with stringers containing bare gold foils. For the
determination of the thermal and epithermal fluxes by cadmium ratio technique, another
set of measurements was made with five stringers, each stringer carrying one bare and
one cadmium covered foil. These stringers were loaded in the fuel elements at core
locations A8, D8, A6, F6 and C7(Fig.l). Bare gold foils were used to provide reference
irradiation data for the second set of measurements. To obtain accurate measurement of
cadmium ratio the reactor power and other operating conditions were also kept identical
in both measurements.

After irradiation in the reactor the gold foils were removed from the stringers and
plastic wrappers, and were allowed to cool down for sufficient period of time to obtain
reasonably low countrate before counting in the counting system.

2.2 Measurements in Experimental Facilities
The layout of experimental facilities located around the core is shown in Fig. 3. These
facilities include six radial beam tubes and one tangential through tube, three pneumatic
rabbit tubes, one graphite thermal column and core side irradiation. Flux measurements
were made in all available experimental facilities which were not utilized by the reactor
users.

Neutron flux and cadmium ratio measurements in thermal column were made in two
different radial locations, 35 cm and 125 cm away from the side of the core. Bare and
cadmium covered gold foils were used for these measurements. Axial neutron flux
distribution in the water gaps on the core periphery, reserved for sample irradiation,
were measured at full power level with the help of 3 rhodium self-powered neutron
detectors.



3. Counting Setup

The irradiated foils were counted in the gamma spectrometric counting system which
consisted of an HPGe detector, PC based multi-channel analyzer and associated pulse
shaping electronics. The block diagram of the experimental setup is shown in Fig. 4 and
the characteristics of the HPGe detector are given in table 1. The detector energy
calibration was done over the entire gamma energies of interest using a mixture of
multiple point sources. The irradiated gold foils had different activity values depending
upon the incident flux. It was not possible to count at the same relative distance from
the detector, since high activity foils would result in high detector dead time. Due to
this limitation the foils were counted at different distances from the detector surface. In
order to eliminate the problems of detector geometry during these measurements the
relative efficiency of the counting system was carefully determined upto two meter
distance from the detector surface. To reduce the background gamma countrate to a
minimum the HPGe detector was shielded with a circular lead shield of 60 mm
thickness. The preset counts value was set to 20,000 full peak counts and energy
spectrum of each foil was stored in separate data files in the computer for further
analysis.

Table 1

HPGe System Characteristics

Sr
No
1.

2.
3.

Parameter

Energy Resolution

Relative Efficiency

Pulse Shaping Time

Value

1.72kev/1.33Mev
0.88 kev/122 Mev

20%

3uS



4. Data analysis

The countrate in the photo peak of the energy spectrum was calculated after subtracting
the background using Guassian filtration technique. This countrate was converted into
absolute foil activity by incorporating the detector efficiency using the relation! 1 ],

— - (i)

where,
Aabs = absolute foil activity (counts/s)
C r = observed count rate (counts/s)

= detector relative efficiency

Absolute thermal neutron flux was obtained from the absolute activities of bare and
cadmium covered gold foils after applying foil weight, foil density, cooling time and
irradiation time corrections, as shown in the equationfi] below.

- Acd)

Where

Acd
 = activity of cadmium covered gold foil.

p = density of the foil material (gm/cm3 )
m = weight of the foil (gm)
Eg = macroscopic thermal absorption cross-section (cm"')
X = decay constant of radioactive isotope formed during radiation (s"' )
tc = cooling time (s)
tj = irradiation time (s)

Since the gold foils used were very thin, the errors in flux calculations due to self
shielding and flux depression were negligibly small.



Since the gold foils used were very thin, the errors in flux calculations due to self
shielding and flux depression were negligibly small.

Eq. (2) gives the value of the theremal neutron flux at the foil location. Due to 1/v
nature of absorption cross-section of gold the activity of gold foil has contribution from
both thermal and epithermal fluxes. In order to differentiate thermal and epithermal
fluxes, the activities of both bare and cadmium covered gold foils were analyzed Since
cadmium is a strong absorber of neutrons with energies below cadmium cutoff (0.41
eV), the cadmium covered gold foil had activity contribution from epithermal neutron
flux alone. The ratio of thermal to epithermal fluxes was determined by cadmium ratio,
which is defined by the equation[2].

, . Activity of bare gold foilcd-ratw= - s J & J
Activity of Cd- cov. gold foil

Using equations 2 and 3 epithermal neutron flux can be calculated by equations given
below.

01 r
(4)

and

>tpi = 6. Log{^ (5)

where

CTth = th61™^ neutron activation cross-section (bams)
6 = intermediate neutron flux density per unit lethargy
<J>e • = epithermal neutron flux (neutrons/cm^/s)



Ei = 0.5 eV
E2 = 2MeV
If = resonance integral (1550 bams)

The measured thermal flux data along the height of the fuel element were fitted by
binomial fitting with the mesh size of 2 cm, to obtain axial flux profile in each standard
fuel element. Axially averaged flux was obtained by using the area under the axial flux
profile curve. The axially averaged thermal flux, alongwith the U.235 contents in each
fuel element were used to obtain specific power in the fuel element using the
equation[4],

M<t>arNo
AC V •

Where

P = reactor power (watts)
M = mass of L/235 (gm)
ĵT = average thermal neutron flux (n/cm^ / s)
Of = average microscopic thermal fission cross-section of U^35

No = avogadro's number
A =massno. of LJ235
C = conversion factor (fissions/watt)

Finally, the absolute reactor power was obtained by summing the specific power
produced in individual fuel elements.



5. Results & Discussion

The measured axial neutron flux distribution in two fuel elements, one in core center
(location C-7) and the other adjacent to the graphite reflector (location E-9), is shown in
Fig. 5. The zero of the axial distance in Fig. 5 coincides with the top of the fuel plates.
From the figure it is evident that the peak of the axial flux distribution in the core is
shifted towards the bottom half of the core height. The reason for this asymmetric
distribution can be attributed to the strong influence of the control rods. Since all
control rods were withdrawn to 55% out position at the time of measurements, the
upper half of the core was subjected to much stronger neutron absorption, shifting the
flux peak to the lower part. The effect of the reflector at E-9 location is also apparent in
Fig. 5 by the small peaks at the top and bottom edges of the fuel element. Axial peaking
factors for each fuel element were obtained from its axial flux profile. Radial flux
profile in the core and the radial flux peaking factors were obtained by plotting the
axially averaged flux profiles versus fuel element position. The values of axial and
radial peaking factors are shown in Fig 6 The number shown in each grid location is
the axial peaking factor in the SFE at that location, whereas the radial peaking factors in
rows 7,8 and 9 are given at the bottom part of Fig. 6. Due to inaccessibility of control
fuel elements, binomial interpolation was used to calculate flux at their locations.

The measured averaged values of thermal and epithermal fluxes in each standard fuel
element in the first operational core, linearly extrapolated to 9 MW are shown in Fig. 7
and 8 respectively and specific power in each fuel element is shown in Fig. 9. From the
activity measurements of bare and cadmium covered gold foils a cadmium ratio of 1.57
was obtained inside the core.

The three dimensional flux profiles obtained for the operational core are presented in
Fig. 10. The measured neutron fluxes agreed with the calculated fluxes within a
maximum difference of 40%. The reason of this deviation can be attributed to
experimental limitation of insufficient axial flux averaging and difficulty in foil
positioning, as well as approximations in calculations.

A comparison of the measured values of thermal neutron fluxes in the core and
experimental facilities in the 9 MW LEU core and the old, 5 MW HEU core is
presented in Table II. The flux in the water gap for samples irradiation (location C-6 in
the grid plate) was also measured with the help of three vertically mounted Rh self
powered neutron detectors. The sensitivity of the detectors was 2xlO"21 amperes/unit
flux and the detectors currents were measured at full power using special current
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amplifiers. A gold foil placed at the axial center of the detector was used for detector
calibration.

Table II

Measured Thermal Fluxes in the Core and Experimental Facilities

Facility

Reactor Core

Radial Beam
Tubes (3 NO.)

Radial Beam
Tubes (3 No.)

Pneumatic
Rabbit Tubes
(3 No. )

Thermal
Column

Water Gap
(C-6)

Dimensions

6 x 9 grid

220 mm

165 mm

50 mm

1.22 m2
(0.66 m long)

-

Neutron Flux (n/cm2/s)
5 MW 9 MW

3.7 x 1013

3x 10l0(at300
mm from B.T.
face; average)
3x 109 (at 300
mm from B.T.
face; average)

1-2 x 1013

109at600mm
from outer face

-

8x 10'3

2.6 x 10 13
at B.T. #1 face

4.7 x 1013at
B.T. #6 face

2-3 x 1013

1.3 x 10 l t )at600
mm from outer
face

3.7 x 10*3

From the Table-II it appears that the in-core average flux has increased more than
double in the LEU core. This has been achieved by the compact nature of the LEU core
. (The new core had 23 fuel elements as against 30 fuel elements in the HEU core). No
direct comparison could be made of the thermal flux values at beam tube face, due to
the non-availability of such data for the old core. However, the average flux at rabbit
stations has increased in proportion with the increase in power.

6. Conclusion

As an essential requirement of the core conversion and power upgradation of PARR-1,
detailed neutron flux measurements were made in and around the full power LEU core.
Axial and radial flux profiles in and around the core were measured using gold
activation foils and self powered neutron detectors. The separation of thermal and



epithermal fluxes was done by cadmium ratio technique. Thin gold foils were used to
eliminate the errors of self shielding and flux perturbation. Based on the axial and radial
flux profiles flux peaking factors and hot spot were identified. Absolute reactor power
was determined by using the core averaged neutron flux. Strong influence of the
absorber rods on the distribution of neutron flux was observed. The neutron flux in the
experimental assemblies has increased in proportion with the reactor power.
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Fig. 10 THREE DIMENSIONAL MEASURED FLUX
PROFILES FOR THE FULL POWER CORE


