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Gamma-ray measurements of spent PWR fuel and
determination of residual power

Peter Jansson1, Ane Håkansson and Anders Bäcklin

Dept. of Radiation Sciences, Uppsala University, Box 535, S-751 21 Uppsala, Sweden

Abstract: The method for determining residual thermal power in spent BWR fuel described in
ISV-4/97 have been used in an extended study where spent PWR fuel assemblies have been considered.
The experimental work has been carried out at the interim storage CLAB. By using the 137Cs radiation it
is shown in the present study that it is possible to experimentally determine the residual thermal power
within 3%.
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1. Introduction.

The spent nuclear fuel assemblies from Swedish BWR and PWR reactors are planned to be stored in
copper canisters deposited in cavities in the Swedish bedrock, ref. (1). A canister is assumed to contain
either 12 BWR assemblies or 4 PWR assemblies. The design criteria for the canisters put a limit on the
maximum thermal power generated in each canister. This can be calculated for each assembly using e.g.
the ORIGEN code. However, such a procedure relies on the assumption that all relevant information is
available and correct and that the code is able to calculate the residual heat correctly in all cases. Since
this may not always be the case it is desirable to be able to determine the residual heat experimentally.

In an earlier report, ref. (2), it was suggested that the intensity of the gamma radiation from 137Cs as
measured in a gamma scanning experiment could be used as a measure of the residual thermal power of
a fuel assembly. This was based on calculations with the ORIGEN 2 code showing an almost linear
relationship between the residual heat and the 137Cs radiation intensity, provided that the cooling time of
the assembly is sufficiently long ( >15 y ). The calculations were verified experimentally for a set of
BWR fuel assemblies using gamma scanning and calorimetric measurements, ref. (3). The linear
relationship was verified with a standard deviation less than 4 percent.

We here report a measurement on PWR fuel similar to that in ref. (3). The residual thermal power of a
large number of PWR assemblies has been measured calorimetrically as reported in ref. (4). We have
measured 36 of these assemblies by gamma scanning and correlated the result with the calorimetric data
for 31 of these.

Simultaneously with the gamma scanning the neutron emission rate of the assemblies was measured.
The results of the these measurements have been reported separately, ref. (9).
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2. Gamma-ray measurements.

2.1 Method of experimental determination of residual thermal power.

The residual thermal power P in a fuel assembly may be expressed in terms of the gamma intensity I of
137Cs, ref. (2,3), as :

P = C
I

f
⋅

(2.1)

where

I is the average gamma intensity of 137Cs as obtained in a gamma scanning of the fuel assembly
expressed in counts per second,
f is the fraction of the total thermal power generated by 137Cs,
C is the calibration constant for the gamma scanning equipment expressed in Watts per counts
per second.

As shown in ref. (2,3) the fraction f is essentially constant for BWR fuel for normal variations in the
three important fuel parameters burnup (BU), cooling time (CT) and initial enrichment (ε), provided
that the CT is larger than about 15 y. For example, for a fuel assembly with BU = 30 GWd/tU,
CT = 40 y and ε = 2.0 %, for which a fraction f = 0.30 is calculated, the relative variation in f is only
4 % for a change in BU of 10 GWd/tU, 7.5 % for a change in CT of 10 y and 6 % for a change in ε of
1 percent unit. In view of these small variations it is not necessary to determine the value of f for each
assembly from exact calculations with e. g. the ORIGEN code, but sufficiently accurate values may be
obtained by interpolation in a table of values of f calculated for some standard values of the fuel
parameters. The values of the latter may either be those delivered by the operator or values determined
experimentally. ( Alternatively P can be calculated by simple interpolation if the fuel parameters are
verified in measurements ).

The calibration constant C is obtained through calibration using fuel assemblies that have been
calorimetrically measured.

2.2 Gamma scanning experiment.

The gamma scanning experiment was carried out at CLAB, using the permanently installed gamma
wagon and the special scanning gamma-ray spectrometer described in refs. (3) and (5). Altogether 36
PWR assemblies were scanned, of which 16 were of the 17x17 type and 20 were of the 15x15 type, see
Table 1. The BU varied between 20 and 51 GWd/tU, the CT was between 6 and 19 y and the
enrichment ε was in the range 1.95% to 3.40%. The procedure was similar to that used for the BWR
assemblies (3), i.e. the assembly was scanned in its full length with an axial resolution of each datapoint
of about 2 cm. The count rate was about 10 kcps in the 137Cs peak at the center of a typical assembly
with a BU of 35 GWd/tU and the scan time was 200 Seconds. The scan was repeated four times, once
for each corner viewing the detector and the average count rate for the whole assembly was calculated.
From the spectra obtained, gamma intensities of the 662 keV peak from 137Cs and the 1275 keV peak
from 154Eu were evaluated, see Table 3.
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Fuel ID Fuel type Burnup [GWd/tU] Cooling time [y]
@ Gamma Scan

Initial enrichment [%]

I25 15 X 15 36.86 9.98 3.20

I24 15 X 15 34.29 10.96 3.20

I20 15 X 15 34.31 10.96 3.20

I09 15 X 15 40.19 8.93 3.20

G23 15 X 15 35.63 12.03 3.21

G11 15 X 15 35.46 12.03 3.19

F32 15 X 15 50.96 8.93 3.20

F25 15 X 15 35.35 13.96 3.20

F21 15 X 15 36.27 12.99 3.20

F14 15 X 15 34.01 13.96 3.20

E40 15 X 15 34.34 14.93 3.20

E38 15 X 15 33.97 14.96 3.20

D38 15 X 15 39.40 14.96 3.25

D27 15 X 15 39.68 14.00 3.25

C42 15 X 15 35.64 8.93 3.10

C20 15 X 15 35.72 12.03 3.10

C12 15 X 15 36.39 16.05 3.10

C01 15 X 15 36.69 16.01 3.10

A11 15 X 15 24.68 19.04 1.95

A05 15 X 15 24.68 19.04 1.95

5F2* 17 X 17 47.31 5.84 3.40

5A3 17 X 17 19.70 12.91 2.10

4C7 17 X 17 38.37 10.86 3.10

4C4 17 X 17 33.33 10.87 3.10

3C9 17 X 17 36.56 10.86 3.10

3C5 17 X 17 38.37 10.86 3.10

3C4 17 X 17 38.45 10.86 3.10

3C1 17 X 17 36.57 10.86 3.10

2C2 17 X 17 36.58 10.86 3.10

2A5 17 X 17 20.11 11.88 2.10

1 E 5 17 X 17 34.64 8.75 3.10

1C5 17 X 17 38.48 10.86 3.10

1C2 17 X 17 33.32 10.87 3.10

0 E 6 17 X 17 35.99 8.76 3.10

0 E 2 17 X 17 41.63 8.75 3.10

0C9 17 X 17 38.44 10.86 3.10

* Assembly # 5F2 had six rods removed.

Table 1. Measured fuel assemblies and their BU, CT and ε.
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2.3 Results and conclusions.

2.3.1 Correlation between 137Cs intensity and burnup.

The average intensity of the 137Cs radiation obtained for each assembly is given in Table 3. In order to
check the quality of the data of the gamma scans the data were fitted to the formula

I = k · BU (2.2)

where

I is the average gamma intensity of an assembly
BU is the operators declared value of the burnup
k is a least-squares fitted slope coefficient.

The fit was done separately for the 15x15 and the 17x17 assemblies. As shown in Figure 1 and in Table
2 a very good linear relationship was obtained for both types of assemblies with a standard deviation for
individual assemblies of about 2 %. The somewhat different geometries of the two types of assembly
are seen to result in a slight but significant difference between the two values of the slope coefficient.
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Figure 1.  137Cs intensity vs. burnup.

Fuel type k Rel. s.d. of individual datapoints.
15x15 485.1 ± 2.5 1.7%
17x17 501.4 ± 2.2 1.8%

Table 2. Results of correlation between the 137Cs intensity and declared burnup.
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2.3.2 Correlation between the 137Cs intensity and the residual thermal power.

The intensity data given in Table 3 were fitted to eq. (2.1) together with the calorimetrically measured
values of the residual power obtained in ref. (4). The gamma-ray intensities of Table 3 were corrected
for decay to the time of the calorimetric measurement. The fit was made separately for the 15x15 and
17x17 assemblies. For each assembly the value of the fraction f was calculated in two ways:

(a)  The declared power history for each assembly was used in a full ORIGEN-S calculation.
(b)  The factor f was obtained by fitting a function of the form f = a⋅BU + b⋅CT + c in a space spanned

by burnup, cooling time and the corresponding f-factors calculated using ORIGEN-S for a limited
range in these parameters and using representative power histories.

Measurements Calculations: Fitted f-factors Calculations: Full ORIGEN-S calculation

Fuel ID Fuel type Iγ 
137Cs [cps]

@ EOLC

Iγ 
154Eu [cps]

@ EOLC

Thermal

power [W] §
f Pcalc[W] ∆P/P f Pcalc[W] ∆P/P

I25 15 X 15 17273 1576
I24 15 X 15 15827 1442 514 0.364 505 -1.7% 0.363 507 -1.4%

I20 15 X 15 15812 1413 506 0.364 505 -0.2% 0.363 507 0.0%
I09 15 X 15 18437 1745 662 0.339 662 0.0% 0.337 667 0.8%
G23 15 X 15 17072 1541 522 0.360 539 3.1% 0.362 536 2.5%

G11 15 X 15 16072 1506 514 0.361 506 -1.6% 0.362 504 -2.0%
F32 15 X 15 22708 2352 915 0.297 932 1.8% 0.295 937 2.4%
F25 15 X 15 16016 1511 485 0.363 481 -0.9% 0.364 479 -1.3%

F21 15 X 15 16583 1564 514 0.358 515 0.1% 0.362 509 -0.9%
F14 15 X 15 15518 1445 465 0.368 459 -1.2% 0.368 459 -1.3%
E40 15 X 15 15815 1447 459 0.367 458 -0.1% 0.367 458 -0.1%

E38 15 X 15 15894 1411 431 0.369 458 6.3% 0.367 460 6.7%
D38 15 X 15 18063 1773 548 0.347 553 0.9% 0.354 542 -0.9%
D27 15 X 15 18299 1730 587 0.346 576 -1.9% 0.350 567 -3.3%
C42 15 X 15 14756 1428
C20 15 X 15 15409 1578
C12 15 X 15 16739 1652 506 0.360 482 -4.8% 0.354 490 -3.3%
C01 15 X 15 16800 1668 501 0.359 486 -3.1% 0.354 492 -1.9%
A11 15 X 15 11857 1068
A05 15 X 15 11709 1056
5F2* 17 X 17 22160 2330 1096 0.286 1060 -3.3% 0.271 1113 1.5%
5A3 17 X 17 9551 735 294 0.400 278 -5.4% 0.389 285 -2.9%
4C7 17 X 17 18768 1915 665 0.349 657 -1.3% 0.349 656 -1.4%
4C4 17 X 17 15853 1537 535 0.359 537 0.3% 0.363 530 -1.1%
3C9 17 X 17 17678 1763 601 0.352 613 2.0% 0.354 609 1.3%
3C5 17 X 17 18629 1922 686 0.349 652 -5.0% 0.349 651 -5.2%
3C4 17 X 17 18518 1903 653 0.349 648 -0.8% 0.349 647 -1.0%
3C1 17 X 17 17600 1772 642 0.352 611 -4.8% 0.354 606 -5.6%

2C2 17 X 17 17568 1763 595 0.352 609 2.4% 0.354 604 1.6%

2A5 17 X 17 9273 689 308 0.389 285 -7.6% 0.390 283 -8.1%
1 E 5 17 X 17 16542 1635 619 0.334 634 2.4% 0.345 613 -1.0%
1C5 17 X 17 18397 1887 636 0.349 643 1.1% 0.348 643 1.0%
1C2 17 X 17 15743 1521 531 0.359 534 0.5% 0.363 526 -1.0%
0 E 6 17 X 17 17278 1730 644 0.332 666 3.5% 0.342 645 0.2%
0 E 2 17 X 17 20608 2156 797 0.323 817 2.5% 0.327 804 0.9%
0C9 17 X 17 18436 1897 657 0.349 646 -1.7% 0.348 645 -1.9%

* Assembly # 5F2 had six rods removed.
§ The thermal power corrected for γ escape.

Table 3. Measured gamma-ray intensity, measured thermal power, calculated thermal power Pcalc and
the relative difference between Pcalc and the measured thermal power. The gamma-ray intensities for
137Cs and 154Eu are corrected to the time of the end of the last core cycle (EOLC).

As demonstrated in Table 3, the fitted values on f agree very well with the values using actual power
history. This result verify the suggestion that a full ORIGEN calculation is not necessary in order to
determine the residual power with a reasonable accuracy.

The result of the correlation is demonstrated in Figure 2 and in Table 4. For both types of fuel a good
linear fit is obtained with a slope coefficient that is the same within the errors. The s. d. of the points is
however larger in this case than in Figure 1. A possible but less probable reason for this may be that the
fraction f has not been correctly calculated. Another possibility is that the measured values of the
residual power are the main contributors to the standard deviation.
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Figure 2. 137Cs intensity vs. measured thermal power. The intensities are corrected using the actual
power history of the fuel assemblies. The intensities are corrected for cooling time to the time of the
calorimetric measurements.

Fuel  type Slope of fitted line
[cps/W]

Relative s. d.
[%]

a)

15x15 65.4 ± 1.2 7.4%
17x17 61.8 ± 1.4 10.1%

b)
15x15 66.7 ± 0.4 2.5%
17x17 63.9 ± 0.5 3.4%

c)
15x15 66.8 ± 0.4 2.6%
17x17 64.1 ± 0.4 2.8%

Table 4. Results of the correlation between the corrected 137Cs intensity and the residual thermal
power.
a) 137Cs intensities corrected using only one fraction of 0,35 (average of fractions calculated
using actual power histories) corresponding to a standard history and burnup and not CT-
interpolated.
b) 137Cs intensities corrected using standard history with ORIGEN-S, interpolated to correct
cooling time and burnup.
c) 137Cs intensities corrected using the actual power history with ORIGEN-S.
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3. Loss of thermal power from calorimeter due to gamma
radiation.

The calorimeter used for measuring the thermal power of the fuel assemblies has dimensions that are
smaller than the range of the gamma radiation generated. As a consequence a (small) fraction of the
power is lost from the calorimeter to the surrounding water, which has to be corrected for. In ref. (3) we
described a method to determine this leakage from the equation

( ) ( )P = p r = D r
Vout

H2O
Vout

q q
dV dV∫∫∫ ∫∫∫⋅ρ (3.1)

where

p(r) is the power absorbed per unit volume
D(r) is the dose rate at the position r.
Vout is the absorbing volume of water outside the calorimeter.

The power lost through gamma radiation is expected to be only some percent of the total power and a
very accurate determination of the radiation loss therefore is not needed. The flux was therefore
measured only in few positions and the measurements were complemented by a crude theoretical
calculation of the distribution of the gamma flux outside the calorimeter. This can be expressed as

( ) ( ) ( )Φ E, r
E, r’

R
E, r’

r r r rs
s

=
⋅

⋅ − ∫






∫∫∫

S
dR dr

r

r

4 2π
µexp ’
’

(3.2)

where

S(E, r’) is the source of gamma intensity of energy E at position r’.
R = |r - r’|
Φ(E,r) is the gamma flux of energy E per unit area at the point r in the volume outside the
calorimeter
µ(E,r’) is the gamma absorption coefficient of the material at the point r’ within the calorimeter
for gamma energy E.

The integration is done over the fuel volume with following assumptions:

(i)  The calculation was made for the energy 600 keV, which is close to the dominating radiation from
the assemblies studied.

(ii)  The source distribution, S, is assumed to be homogeneous and equal to one throughout the fuel.
This assumption of constant emission rate was justified by the fact that we were using a
normalization procedure as follows.

These assumptions imply that eq. (3.2) can be rewritten as

( ) ( )Φ t t tu
u

r
R

r’=
⋅

⋅ − ∫






∫∫∫

1

4 2π
µexp ’
’

dR dr
r

r (3.3)

Furthermore they imply that the dose rate at position r outside the calorimeter can be written as

( ) ( )D N
v v
r r= ⋅ Φ (3.4)

Where N is a normalization factor that is assumed to be constant throughout these calculations. The
calculation was made for 153 points (r) distributed within a volume indicated in Figure 3.



10

F

s

V

w
r ’ xr

origin

s

y
R

Figure 3. Sketch of the volume used in the integration outside the calorimeter. F = fuel + calorimeter.
V = integrated volume. s is the radius of 1,0 m from the center of the fuel to the end of the integrated
volume V.

The calculation was only made for one gamma energy which means that scattered quanta were not
considered. This introduces a systematic error in the calculation, which cannot be neglected. A first
order correction for this was made by normalizing the calculated intensities on experimentally measured
dose rates. Altogether 8 points were measured, 4 close to the calorimeter and 4 at a distance of 20 cm,
with an axial distance of about 1 m between the measuring positions. The normalization constant was
determined as the slope of a least square fitted line in a plot of the dose rate vs. the calculated
transmission as shown in Figure 4. The decently small scattering of the points around the straight line
(~15 %) indicates that this semi-empirical method of obtaining the power loss is sufficiently accurate.
The normalization constant also contains a correction for varying emission rate per unit volume, which
thus need not to be calculated.



11

0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.035

0.040

0.045

0 5 10 15 20 25

Dose rate [Sv/h]

A
ve

ra
ge

 g
am

m
a 

tr
an

sm
is

si
on

Fuel ID: C01

Fitted Line

Figure 4. Normalization line used in the gamma escape calculation, here shown for fuel assembly C01.

The procedure was carried out for two 15x15 assemblies and one 17 x 17 assembly. The results are
given in Table 5. The loss of power due to gamma radiation is seen to be small with a similar fraction
for both assemblies.

Fuel ID Fuel type Φγ

@ 600 keV

Thermal power escape fraction
of measured thermal power.

E40 15 X 15 1.31E-03 0.6%

C01 15 X 15 1.31E-03 0.6%
1C5 17 X 17 1.25E-03 0.7%

Table 5. Calculated gamma escape. Column 3 (Φγ) is simulated using a crude theoretical model
described in ref. (3) and is proportional to the total (integrated) dose rate outside the calorimeter.
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4. Concluding remarks

The correlation between the 137Cs intensity and declared BU for PWR assemblies has been found to be
linear with a s. d. of slightly smaller than 2 %. The statistical error of the measurements is less than
0.5 %. The observed s. d. may be due either to the fact that the gamma intensity measured is
representative only for the outer parts of the assemblies or to uncertainties in the declared values of BU
or a combination of both. A small ( 3 % ) but significant difference in the slope coefficient was
observed for the two types of assemblies studied.

The correlation between the 137Cs intensity and the residual thermal power was found to be linear with a
s. d. of better than 3 % when the correction factor f has been calculated individually for each assembly
with ORIGEN-S. For the 17x17 assemblies the fit is only slightly worse, 4 %, if a standard correction is
used, while for the 15x15 assemblies the s. d. becomes over 6 % with this correction. This may be due
to the relatively short cooling time of the assemblies studied in this report. The correlation between
137Cs and the thermal power has a relatively large non-linear dependence on cooling time for cooling
times between 4 and 8 years and is expected to be more linear with cooling times >30 years.
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6. Appendix

6.1 The intensity of 154Eu and verification of burnup and cooling time.

The measured intensity of the 1275 keV line from 154Eu for the assemblies as given in the last column in
Table 3 is plotted as a function of the declared burnup in Figure 5 for the 15x15 and 17x17 assemblies,
respectively. For both sets of points a function

I = K·BUκ (6.1)

was least square fitted. The fitted parameters are given in Table 6.
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Figure 5. 154Eu intensity vs. Burnup. The curves represent fits of eq. (6.1).
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Fuel type K (cps/GWd/tU**) κ
15x15 20 ± 3 1.21 ± 0.04
17x17 10 ± 2 1.36 ± 0.05

Table 6. Parameters of eq. (6.1) fitted to the 154Eu intensities given in Table 3 and Figure 5.

As seen in Figure 5, eq. (6.1) reproduces the measured values rather well. There are two exceptions:

•  Assembly C01 (15x15), which has a power history that deviates significantly from those of the other
assemblies.

•  Assembly 5F2 (17x17), which has an initial enrichment different from that of the other assemblies
and had six rods removed.

In first order one would expect the fitted parameters for the 15x15 and 17x17 assemblies to be similar.
The differences may be explained by three facts:

•  The parameters K and κ co-variate rather strongly.
•  The data sets were rather small.
•  No correction for power history was made.

As discussed in ref. (5) burnup and cooling time may be determined from the 137Cs and 154Eu intensities
using the following equations:

( )
BU

I

K

k

I
Eu

Cs
= ⋅













î







− −
λ λ κ λ λ

2 1 2 1
1 (6.2)

CT
I

k

K

I
Cs

Eu
=

−
⋅ 





⋅




î







1

2 1λ κλ

κ
ln

(6.3)

The parameters k and K are those of eqs. (2.2) and (6.1) and λ1 and λ2 are the decay constants of 137Cs
and 154Eu, respectively. The calculated burnups and cooling times are compared with the declared
values in * Low enriched fuel.

Table 7. The general agreement for the burnup values is good with relative standard deviations of 3 %
and 2 % for the 15x15 and 17x17 assemblies, respectively. Also the cooling times agree well with
standard deviations of 0.5 y and 0.3 y, respectively. One may expect even smaller standard deviations if
corrections for power history are applied.
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Declared BU 
[Gwd/tU]

Declared CT 
[d]

Measured 154Eu 
intensity [cps]

Measured 137Cs intensity 
[cps]

BUCalc [GWd/tU] CTCalc [d] ∆BU [%] ∆CT [d]

15x15

34.29 4023 593 12289 34.9 4171 1.86 148
34.31 4013 583 12285 35.2 4292 2.55 279

40.19 3273 848 15007 40.6 3383 1.03 110
35.63 4409 582 12937 38.1 4732 6.89 323
35.46 4412 569 12177 35.1 4389 -1.06 -23

50.96 3283 1140 18472 49.0 3079 -3.78 -204
35.35 5085 492 11632 34.8 5005 -1.45 -80
36.27 4737 550 12310 36.2 4712 -0.21 -25

34.01 5079 471 11275 33.8 5041 -0.49 -38
34.34 5434 436 11237 34.8 5548 1.4 114
36.69 5841 460 11635 35.9 5478 -2.17 -363

17x17
47.31 2150 1117 19358 46.3 2237 -2.24 87
38.37 3928 605 14660 39.0 3970 1.74 42
33.33 3995 491 12331 32.5 3783 -2.63 -212
38.37 3926 608 14553 38.5 3868 0.35 -58
36.57 3925 560 13750 36.5 3902 -0.3 -23
36.58 3934 557 13717 36.4 3920 -0.44 -14
34.64 3172 620 13550 34.0 3009 -1.91 -163
38.48 3939 603 14360 37.8 3787 -1.76 -152
33.32 3985 486 12253 32.3 3798 -3.11 -187
35.99 3173 656 14152 35.5 3030 -1.28 -143
41.63 3175 818 16877 42.7 3164 2.65 -11
38.44 3923 599 14405 38.1 3868 -0.84 -55

* 19.70 4684 199 7114 20.1 4917 2.05 233
* 20.11 4299 200 7076 19.9 4826 -1.12 527

* Low enriched fuel.

Table 7. Burnup and cooling time obtained experimentally by using the 137Cs and 154Eu gamma
intensities. The deviations from the declared values are also included.


