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    Abstract: Measurements of the thermal and epithermal neutron emission from eleven 15×15
and fourteen 17×17 PWR fuel assemblies have been performed. In the measurements a FORK
detector supplied by Euroatom was utilised. The neutron flux was observed to depend on the
burnup to approximately the fourth power. Also the strong dependence on initial enrichment
could be verified. The latter dependency suggests a possible method to determine the initial
enrichment. Such a method is considered as an important feature of safeguard as well as in fuel
processing at the planned encapsulation plant for spent nuclear fuel.
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1 Introduction

At the back-end of the fuel cycle, one may anticipate requirements from both safeguard
authorities as well as the nuclear industry regarding the status of the spent fuel assemblies. In
addition to the system of bookkeeping of the fuel used today, a system based on actual
measurements of the fuel is likely to be needed in order to ensure the function of the bookkeeping
system. Therefore, facilities for a thorough experimental characterisation of spent nuclear fuel is
considered as an important feature of the planned encapsulation plant.

To be able to perform such a characterisation two methods, based on gamma and neutron
measurements, respectively, have been developed /1, 2, 3/. Two main aspects have been
recognised during this development:

• Security of fuel processing at an encapsulation facility
• Safeguard

The development of the methods described in refs. 1, 2 and 3 have been governed by the
underlying idea of verification of operator declared fuel parameters. These parameters are the
following:

• Burnup (BU)
• Cooling time (CT)
• Initial enrichment (ε)
• Decay heat
• Possible violation of the integrity of a fuel assembly
• The multiplication factor (k∞)
• Power history

Verification of operator declared data is generally accepted as a means to establish the
status of spent fuel assemblies. It has been shown in refs. 1, 2 and 3 that even a small (in the order
of a few percent) relative deviation of the actual measured value from the declared burnup will in
general be sufficient to reveal whether the declared parameters are correct.

In addition, the methods described in refs. 1, 2 and 3 offer a possibility to determine the
fuel parameters with a reasonably good accuracy even if the situation should occur where no
information about the fuel is available.

This report describes passive neutron measurements performed at the Swedish interim
storage CLAB on a sample of 11 15×15 and 14 17×17 PWR fuel assemblies. These
measurements were part of a project issued by SKB where the possibility of determining the
decay heat of individual fuel assemblies was investigated by using the gamma scanning technique
/1/. By performing neutron measurements, additional information about the fuel was obtained.
This information was mainly used to investigate the possibility to determine the initial
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enrichment, which together with burnup may be used to determine k∞. Also, by introducing the
neutron measurements some robustness was added to the gamma scanning measurements.

2 Measurements

The fuel assemblies used for the neutron measurements were selected on the following
basis:

• All assemblies were measured calorimetrically and gamma scanned previously /3/.
• One assembly had six fuel rods removed. This circumstance was used to investigate the
dependence of the neutron signal on a possible violation of the integrity of a fuel assembly.

2.1 Experimentals
The measurements were performed by using a FORK detector and a GRAND 1 readout

system supplied by Euroatom for this occasion. The FORK detector was attached to the railing of
a fuel handling pool and the fuel assemblies were positioned with the aid of a fuel handling
machine. The FORK detector was configured in a standard way, i. e. one of the detector packages
was covered with a cadmium blanket in order to be able to measure the epithermal neutron rates.

The distance between the detector heads of the FORK was about 1 cm larger than the side
dimension of the assemblies. This discrepancy was considered to be too large since it could be
expected to yield unacceptably high uncertainties in the positioning of the fuel relative the FORK
and a correspondingly large variation in the measured neutron rates. The problem was solved by
using an U-shaped plastic frame which was mounted in between the FORK heads. Due to this
operation, the positioning of a fuel assembly onto the FORK could be made within a few mm
yielding an estimated variation of the neutron rates of about 1%.

The absence of void effects in the case of PWR fuel was assumed to simplify the
measurements in such a way that only one axial position is sufficient in order to achieve a
reasonably good measure of the overall neutron rate. All measurements were done approximately
at the midpoint of the assemblies with a repeatability of the positioning in the order of ±1 mm.

The fuel assemblies were measured at three angular positions: 0°, -90° and 90°. By
summing the three measurements, total neutron rates were achieved. In such a way effects
governed by radial burnup gradients were cancelled out. The output from GRAND 1 consisted of
the thermal and epithermal neutron rates with the background subtracted. To that end, some
background measurements were performed regularly.

The neutron rates were in most cases larger than 500 counts per second (cps), implying
that a measuring time of 120 s was appropriate in order to ensure a statistical uncertainty below
0.5 %.
To rule out possible influences from excessive boron content in the pool water, a sample of the
pool water was analysed chemically. Typically about 120 ppb of boron was present which is a
negligible amount.
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2.2 Theoretical considerations
From previous work, see e. g. refs. 4 and 5, it is known that the neutron rate depends on

burnup as:

I BU= α κ (1)

Here α and κ are two constants where κ is about 4 (ref. 5). From an experimental point of view
eq. 1 can be transformed simply to:

I C BU= ⋅ κ (2)

where the value on the constant C is fitted to experimental data.

3 Analysis of the neutron data
The neutron rates measured at the three angular positions are shown in table 1. These

rates yielded a total neutron rate indicated by SUM in table 1 for the epithermal and thermal
neutron rates, respectively.
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Assembly
#

Type Epitherm.
Rate

Therm.
rate

ε Meas. Date

(cps) (cps) (%) (y-m-d)
1 2 3 SUM 1 2 3 SUM

I24 15 X 15 511.9 509.1 506.1 1527.1 419.6 419.5 420.2 1259.3 3.2 97-04-24
I20 15 X 15 512.8 503.5 512.7 1529.1 421.2 427.6 421.4 1270.3 3.2 97-04-23
I09 15 X 15 900.7 891.0 904.5 2696.3 748.9 742.3 756.1 2247.4 3.2 97-04-23
G23 15 X 15 546.0 542.8 536.2 1625.0 447.6 445.8 447.6 1341.1 3.2 97-04-23
G11 15 X 15 542.8 546.6 545.7 1635.2 448.7 457.4 457.9 1364.0 3.2 97-04-24
F32 15 X 15 2048.2 2032.9 2011.1 6092.3 1695.1 1700.3 1691.3 5086.8 3.2 97-04-24
F25 15 X 15 480.5 478.3 478.9 1437.8 398.8 403.5 401.1 1203.5 3.2 97-04-23
F21 15 X 15 558.2 556.5 548.5 1663.3 458.9 467.8 465.1 1391.8 3.2 97-04-23
F14 15 X 15 432.2 425.9 424.2 1282.4 355.6 358.6 354.4 1068.7 3.2 97-04-23
E40 15 X 15 411.5 412.3 413.9 1237.8 339.4 342.9 340.3 1022.7 3.2 97-04-23
C01 15 X 15 557.9 546.5 554.3 1658.8 470.9 453.8 455.1 1379.9 3.1 97-04-23

5F2 17 X 17 1982.9 1970.1 1979.6 5932.7 1654.0 1652.2 1660.4 4966.7 3.43 97-04-23
4C7 17 X 17 923.1 907.7 919.2 2750.1 772.7 780.1 768.7 2321.5 3.1 97-04-24
4C4 17 X 17 540.9 538.5 537.9 1617.3 455.6 451.3 459.3 1366.3 3.1 97-04-24
3C5 17 X 17 918.0 930.8 922.6 2771.4 766.0 774.3 785.9 2326.3 3.1 97-04-24
3C1 17 X 17 749.1 760.3 754.2 2263.6 628.2 629.2 650.5 1908.0 3.1 97-04-24
2C2 17 X 17 756.8 752.4 743.8 2253.1 633.6 634.2 624.6 1892.5 3.1 97-04-24
1 E 5 17 X 17 710.8 704.1 701.0 2116.1 603.9 587.2 591.5 1782.8 3.11 97-04-23
1C5 17 X 17 863.5 913.7 913.3 2690.6 725.87 772.3 762.8 2261.0 3.1 97-04-23
1C2 17 X 17 529.0 527.5 529.7 1586.3 451.1 443.2 449.0 1343.5 3.1 97-04-23
0 E 6 17 X 17 790.2 794.1 793.9 2378.2 671.0 664.2 669.2 2004.5 3.11 97-04-23
0 E 2 17 X 17 1349.4 1365.1 1358.5 4073.1 1126.0 1137.2 1148.4 3411.6 3.11 97-04-23
0C9 17 X 17 894.9 895.9 894.5 2685.4 757.1 760.0 749.2 2266.4 3.1 97-04-24
5A3 17 X 17 129.7 132.1 130.4 392.2 105.2 106.7 106.6 318.7 2.1 97-04-24
2A5 17 X 17 128.8 130.9 128.9 388.7 108.1 108.4 106.4 323.0 2.1 97-04-24

Table 1. Fuel data and neutron rates measured at three angular positions of the assemblies.

For clarity we have in table 2 compiled the main fuel parameters together with measured
data. The neutron rates in table 2 have been corrected for cooling time i. e. adjusted to the date of
discharge. For this correction it was assumed that the only contributor to the neutron flux was
244Cm with T1/2=18.1 y. This assumption was justified by the fact that the main competitor to
244Cm in the present ranges of burnup and cooling time is 242Cm with a half-life of only 163 d.
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Assembly # Declared BU
(MWd/tU)

Declared CT (d) Declared ε (%) Epithermal rate (cps) Thermal rate (cps)

I24 34294 4023 3.2 2328.4 1920.1
I20 34313 4013 3.2 2329.0 1934.8
I09 40188 3273 3.2 3800.3 3167.5
G23 35633 4409 3.2 2580.1 2129.3
G11 35463 4412 3.2 2597.0 2166.4
F32 50962 3283 3.2 8595.6 7176.9
F25 35352 5085 3.2 2450.5 2051.1
F21 36273 4737 3.2 2733.2 2287.2
F14 34009 5079 3.2 2184.3 1820.4
E40 34339 5434 3.2 2188.3 1808.0
C01 36688 5841 3.1 3060.4 2545.8

5F2 47308 2150 3.43 7432.8 6222.5
4C7 38370 3928 3.1 4151.5 3504.6
4C4 33333 3995 3.1 2458.8 2077.1
3C5 38373 3926 3.1 4182.9 3511.1
3C1 36572 3925 3.1 3416.1 2879.5
2C2 36577 3934 3.1 3403.4 2858.7
1 E 5 34638 3172 3.11 2951.0 2486.2
1C5 38484 3939 3.1 4066.4 3417.2
1C2 33318 3985 3.1 2409.1 2040.3
0 E 6 35993 3173 3.11 3316.9 2795.7
0 E 2 41628 3175 3.11 5682.0 4759.2
0C9 38442 3923 3.1 4051.8 3419.7
5A3 19699 4684 2.1 641.0 520.8
2A5 20107 4299 2.1 610.1 507.0

Table 2. Declared fuel parameters together with the measured neutron rates corrected for
cooling time.

3.1 Data analysis
To be able to establish a correlation between neutron rates and burnup, it is feasible to

investigate the uncertainty of the declared burnup values. In fig. 1 we show as an example
measured 137Cs intensities from the 15×15 fuel, corrected for cooling time and power history, vs.
declared burnup. From fig. 1 it was deduced that the declared burnup values are consistent within
2% assuming that the gamma intensities were measured with an accuracy of less than 1%.
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Figure 1. The measured 137Cs intensities, corrected for cooling time and power history vs.
declared burnup for the 15×15 assemblies.

A reasonable approach to deduce a correlation between neutron rate and declared burnup
would be to fit C and κ in eq. 2 to the data. However, due to the small number of fuel assemblies
measured and the fact that no correction for power history was made, such an approach would
give a large covariance between C and κ and consequently large uncertainties for these
parameters. Therefore κ was kept constant with a value of 4 and C was varied. Figures 2 and 3
show the epithermal and thermal neutron rates for the 15×15 case, respectively. A least squares fit
according to eq. 2 with κ set to 4 is also included in the figures. The fit has been performed on the
case of ε=3.20%. The data point corresponding to assembly F32 was excluded in the fit since this
assembly has an odd power history, see sect. 4.
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Figure 2. Data from the 15×15 fuel measurements. The epithermal neutron rates corrected for
cooling time vs. declared burnup. The curve has been fitted to data corresponding to ε = 3.20%.
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Figure 3. Data from the 15×15 fuel measurements. The thermal neutron rates corrected for
cooling time vs. declared burnup. The curve has been fitted to data corresponding to ε = 3.20%.

The case of 17×17 fuel was basically treated in the same way as the 15×15 case i. e. κ was
set to 4 and C was varied. The result of plotting the neutron rates vs. declared burnup is shown in
figs. 4 and 5.
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Figure 4. Data for the 17×17 fuel measurements. The epithermal neutron rates corrected for
cooling time vs. burnup. The curve has been fitted to data corresponding to ε = 3.10%



11

0 10 20 30 40 50

Declared burnup (GWd/tU)

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

M
ea

su
re

d 
ne

ut
ro

n 
ra

te
 (

cp
s)

3.10%
3.43%
2.10%

Figure 5. Data for the 17×17 fuel measurements. The thermal neutron rates corrected for cooling
time vs. burnup. The curve has been fitted to data corresponding to ε = 3.10%.

4 Results of the neutron measurements
The fitting parameters of the curves in figs. 2, 3, 4 and 5 are shown in table 3 together with
standard deviations of the individual data points.

Fuel type C S. D. (cps)
15×15 Epitherm. (1.57 ± 0.3)⋅10-3 140
15×15 Therm. (1.31 ± 0.2)⋅10-3 114
17×17 Epitherm. (1.91 ± 0.2)⋅10-3 100
17×17 Therm. (1.61 ± 0.1)⋅10-3 88

Table 3. Summary of the fitting parameters together with the standard deviations of the data
points.

From the results presented in table 3 and from eq. 2, it is possible to deduce the burnup of the
measured assemblies by transforming eq. 2 to:
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BU
I

C
= ⎛

⎝⎜
⎞
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1 4/

(4)

The results from such an analysis is shown in table 4.

Assembly # Declared BU
(MWd/tU)

CT (d) Calculated BU
(Epithermal)

ΔBU/BU (%) Calculated BU
(Thermal)

ΔBU/BU (%)

I24 34.29 4023 34.90 1.76 34.80 1.46
I20 34.31 4013 34.90 1.71 34.86 1.60
I09 40.19 3273 39.44 -1.85 39.43 -1.88
G23 35.63 4409 35.80 0.48 35.71 0.20
G11 35.46 4412 35.86 1.13 35.86 1.12
F32 50.96 3283 48.37 -5.08 48.38 -5.07
F25 35.35 5085 35.35 -0.02 35.37 0.06
F21 36.27 4737 36.32 0.14 36.35 0.21
F14 34.01 5079 34.34 0.99 34.33 0.96
E40 34.34 5434 34.36 0.06 34.28 -0.19
C01 36.69 5841 37.37 1.85 37.34 1.77

S.  D. (%)♣ 2.05 2.00

5F2 47.31 2150 44.42 -6.11 44.34 -6.28
4C7 38.37 3928 38.40 0.07 38.41 0.11
4C4 33.33 3995 33.68 1.05 33.70 1.11
3C5 38.37 3926 38.47 0.25 38.43 0.15
3C1 36.57 3925 36.57 0.00 36.57 -0.01
2C2 36.58 3934 36.54 -0.11 36.50 -0.20
1E5 34.64 3172 35.26 1.78 35.25 1.77
1C5 38.48 3939 38.20 -0.74 38.17 -0.82
1C2 33.32 3985 33.51 0.58 33.55 0.70
0E6 35.99 3173 36.30 0.86 36.30 0.86
0E2 41.63 3175 41.53 -0.23 41.46 -0.39
0C9 38.44 3923 38.16 -0.72 38.18 -0.69
5A3 19.70 4684 24.07 22.19 23.85 21.07
2A5 20.11 4299 23.77 18.24 23.69 17.82

S. D. (%)♣ 0.81 0.83

♣ In the calculation of the standard deviations, assembly C01 has been excluded in the 15×15 case (ε = 3.1%) and
assemblies 5F2, 5A3 and 2A5 in the 17×17 case (ε = 3.43, 2.1 and 2.1%, respectively).

Table 4. Results of the burnup calculations according to eq. 4.

This investigation shows the important result that a strong dependence of the neutron
rates on initial enrichment is present. To investigate this dependency in more detail, eq. 2 was
also fitted to the neutron data corresponding to ε = 3.10% (15×15 case) and ε = 3.43% and 2.10%
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(17×17 case). Here we assumed that the exponent κ is independent of ε, which is a reasonable
good first approximation. In figs. 6 and 7 the constant C in eq. 2 is plotted versus initial
enrichment for the two fuel types. The data set corresponding to 15×15 fuel has been normalised
to the 17×17 fuel by the ratio of the C-values at the common data point at ε = 3.10%. The
normalisation factors are 1.1302 and 1.1418 for the epithermal and thermal neutron rates,
respectively, and the relative S. D. of the data points, excluding the 5F2 point, is within 2%. The
strong dependency of C on ε manifests itself by the fact that the parameter C varies about a factor
of two between ε = 2% and ε = 3%.

It is obvious that the data point at ε = 3.43%, corresponding to assembly 5F2, lies above
the lines representing a least squares fit to the data between ε = 2.10% and 3.20%. The deviation
is about 6.5% (3 S. D.) and 5.1 (2 S. D.)for the epithermal and thermal case, respectively.

2.0 2.5 3.0 3.5

Initial enrichment (%)

0.000
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C

15X15
17X17

Figure 6. The fitting parameter C for the two fuel types vs. declared initial enrichment. The solid
line is a least squares fit to the epithermal neutron data between ε = 2.10% and 3.20%.
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Figure 7. The fitting parameter C for the two fuel types vs. declared initial enrichment. The solid
line is a least squares fit to the thermal neutron data between ε = 2.10% and 3.20%.

The reason for this discrepancy may be twofold:
• The value of C for ε = 3.43% is based on a fit performed on only two points i. e. origin and
the data point for 5F2.
• The power history is not included in the data analysis.

That the last item might introduce ambiguities in the analysis is illustrated by the fact that the data
points of figs. 4 and 5 neatly follows the expected curve (with exception of assembly 5F2). In this
case all fuel assemblies have a very similar power history. In figs. 2 and 3, however, the data
scatters more and this might be due to the fact that the power history varies from two to six power
cycles. Especially the data point at 51GWd/tU corresponding to assembly F32 lies far off from
the expected curve. This assembly has a quite odd power history since it was in operation during
four power cycles, then it was taken out of core during two power cycles and finally re-inserted
for additional two power cycles.
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In addition, by removing fuel rods as in 5F2 may affect the results. However, the
revelation of this effect can only be done by performing detailed calculations of the neutronics
involved.

4.1 Concluding remarks

The possible causes to the observed discrepancies listed above, could partly be removed
by performing more measurements. In such measurements great care should be taken in the
choice of fuel assemblies. Especially one would focus on the initial enrichment and choose a
larger span of enrichments. It is also recommended that calculations on neutron transport and
investigations on the influence of power history is performed.

The result that the initial enrichment may be determined within a few percent, as indicated
in figs. 6 and 7, makes the neutron measurements (together with gamma measurements) attractive
in view of possible future needs of determining the multiplication factor k∞. Also the possibility
of revealing reconstructed or erroneously declared fuel assemblies may turn out to be valuable in
the future encapsulation plant.
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