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Abstract

The availability of burnup data is an important requirement in any systematic approach to the enhancement of safety,
economics and performance of a nuclear research reactor. This work presents the theory and experimental techniques
applied to determine, by means of nondestructive gamma-ray spectroscopy, the burnup of Material Testing Reactor
(MTR) fuel elements irradiated in the IEA-R1 research reactor. Burnup measurements, based on analysis of spectra that
result from collimation and detection of gamma-rays emitted in the decay of radioactive "ssion products, were performed
at the reactor pool area. The measuring system consists of a high-purity germanium (HPGe) detector together with
suitable fast electronics and an on-line microcomputer data acquisition module. In order to achieve absolute burnup
values, the detection set (collimator tube#HPGe detector) was previously calibrated in e$ciency. The obtained burnup
values are compared with ones provided by reactor physics calculations, for three kinds of MTR fuel elements with
di!erent cooling times, initial enrichment grades and total number of fuel plates. Both values show good agreement
within the experimental error limits. ( 2000 Elsevier Science B.V. All rights reserved.

PACS: 29.30.Kv; 28.41.Bm; 28.41.!i; 28.50.Dr

Keywords: Gamma spectroscopy; Fuel elements; Research reactors; Fission products

1. Introduction

Gamma-ray spectroscopy is a nondestructive
method for measuring the relative distributions of
"ssion products in irradiated fuel elements. To ob-
tain the necessary information, complete gamma-
ray spectra are accumulated as a function of axial
and transversal positions. The net areas under the
full-energy peaks are determined, giving a quantit-

ative measurement of the amount of each radioac-
tive "ssion product present at a speci"c location.
These amounts can be related to the total absolute
activity of a given "ssion product, used as burnup
monitor, which enables the determination of the
total number of "ssion events and therefore the fuel
element absolute burnup. Such determination,
however, requires the previous energy and e$cien-
cy calibration of the experimental apparatus, a rig-
orous control of its geometry, detailed knowledge
about the irradiation history of the fuel element
and accurate evaluation of all attenuation e!ects
involved. Table 1 shows the most suitable nuclides
for use as burnup monitors [1}5].
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Table 1
Main properties of the "ssion products used as burnup monitors in gamma-ray spectroscopy measurements on irradiated fuel elements:
fuel element history (concerning irradiation and cooling periods), "ssion product used as standard burnup monitor, half-life ¹

1@2
, energy

E
c
and absolute emission intensity I

c
of the main emitted gamma-rays, "ssion yield for 235U, 238U and 239Pu by thermal neutrons y

t
and

by fast neutrons y
r

[3}5]. In the case of 235U, y is the average "ssion yield of the burnup monitor, resulting from average of y
t
and

y
r

weighted on the mean values of the thermal and fast neutron #uxes in the IEA-R1 research reactor

Fuel element history Burnup monitor ¹
1@2

E
c

I
c

235U 238U 239Pu

Irradiation Cooling
(keV)

y
t
(%) y

r
(%) y (%) y

r
(%) y

t
(%) y

r
(%)

(40 d '9 d 140Ba/140La 12.75 d 1596.5 1.099 6.30 6.13 6.18$0.13 5.98 5.56 5.29
(200 d '40 d 95Zr 64.03 d 724.2 0.437 6.49 6.37 6.41$0.09 5.13 4.89 4.66

756.7 0.554
51000 d (2 yr 144Ce/144Pr 284.9 d 2185.7 0.007 5.48 5.28 5.34$0.16 4.50 3.74 3.74
'1800 d 52 yr 137Cs 30.14 yr 661.6 0.851 6.21 6.16 6.18$0.04 5.97 6.62 6.49

Once the "ssion yield of the burnup monitors
vary considerably with the "ssionable nuclide, it is
necessary to evaluate the total amount of "ssion
events due to 235U, 238U and 239Pu in a given
irradiated nuclear fuel.

Concerning the initial enrichment grade, nuclear
fuels already irradiated in IEA-R1 core are of two
types [6]: (a) 93.15% enrichment fuels, designated
as High Enriched Uranium (HEU) fuels; (b) 19.75%
enrichment fuels, designated as Low Enriched Ura-
nium (LEU) fuels. Fission events in irradiated HEU
fuels are essentially due to 235U. Calculations per-
formed with the code ORIGEN 2 [7] show that
this assumption is valid also for LEU fuels irra-
diated under the typical conditions [8] found inside
the IEA-R1 core at 2 MW. In this case, if "ssion
events due to 238U and 239Pu are neglected, the
associated uncertainty is lower than the minimal
total relative error of $3.1% estimated [2] for
burnup determination by means of gamma-ray
spectroscopy.

The standard fuel elements used in the IEA-R1
research reactor are plate type, usually designated
as Material Testing Reactor (MTR) fuel elements.
A typical fuel element has 18 plane parallel fuel
plates, mounted mechanically between two lateral
aluminum holders with grooves, and its overall
dimensions are (7.6]8.0) cm by 88.0 cm high. Each
fuel plate consists of an aluminum cladding and
a meat, where the fuel material is located, contain-
ing approximately 10 g of 235U. The fuel plate total
thickness is 0.152 cm, and the distance between two

successive plates is 0.289 cm. Fig. 1 shows the
cross-sectional diagram of a standard MTR fuel
element and the structure of two successive fuel
plates in it.

2. Theory

2.1. Corrections due to attenuation ewects

The irradiation of fuel elements gives rise to
radioactive "ssion products that, in the absence of
cladding failures, remain inside the meat of each
fuel plate. These "ssion products emit gamma-rays,
which are attenuated as they emerge from the irra-
diated fuel and traverse successive layers of di!er-
ent materials.

Evaluation of e!ects caused by attenuation of
gamma-rays is necessary to determinate the abso-
lute gamma activity of irradiated fuel elements.
Corrections due to attenuation e!ects are cal-
culated using the reference frame shown in Fig.
1 regarding an horizontally positioned fuel element.

The "rst correction to be calculated results from
the attenuation of gamma-rays traversing the plate
meat where they are emitted. This e!ect is called
self-attenuation, and the correction associated
needs two hypothesis to be calculated, both based
on characteristics of the experimental apparatus: (a)
once the detector is positioned far away from the
point where the gamma-ray was emitted, the radi-
ation is strongly directed along the Z-axis; (b) once
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Fig. 1. Cross-sectional diagram of a standard MTR fuel element irradiated in the IEA-R1 research reactor, showing in detail the
structure of two successive fuel plates. The position of the reference frame used is indicated. Dimensions of a (aluminum cladding
thickness), s (plate meat thickness) and active length are shown in Table 7.

the geometry of the detection set (collimator
tube#gamma-ray detector) remains unchanged,
the detection solid angle X is the same for every
point of the emitting source. The self-attenuation
correction is given by [9]

k
1
"

1!e~ks
ks

(1)

where s is the plate meat thickness and k is the
linear attenuation coe$cient, for a given gamma-
ray energy, of the fuel material contained in the
plate meat.

A second correction is due to attenuation that
arises when gamma-rays pass through the fuel
plates and the water between them, because
measurements have to be performed at the reactor
pool. In order to calculate this correction, two
hypothesis are made: (a) once all fuel plates of an
element are identical and were irradiated under the
same conditions, the speci"c activity o related to
each one of the 18 fuel plates, along the Z-axis, is
the same for a point (x, y); (b) once the detector is
positioned far away from the point where the
gamma-ray was emitted and taking into account

the presence of a collimator tube, the radiation is
strongly directed along the Z-axis.

Fig. 1 shows schematically the di!erent layers
that exist between two successive fuel plates of an
immersed fuel element.

Considering this con"guration, the correction
that corresponds to the attenuation of a gamma-
ray, emitted in the meat of the jth fuel plate and
passing through successive layers until reaching the
upper surface of the meat contained inside the last
(18th) fuel plate, results

F
j
"(e~2kA-ae~ka be~ks)18~j"K18~j (2)

where k
A-

is the aluminum linear attenuation
coe$cient, k

a
is the water linear attenuation

coe$cient, a is the aluminum cladding thickness,
s is the plate meat thickness and b is the water layer
thickness.

The next correction to be evaluated arises from
the attenuation of a gamma-ray after traversing the
upper aluminum cladding of the last fuel plate, the
water layer between the last fuel plate and the
bottom edge of the collimator tube and afterwards
the aluminum window that closes the collimator
tube (see Fig. 2). In this case, the correction due to
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Fig. 2. Structure of the di!erent layers that exist between the last
fuel plate of an immersed fuel element and the bottom end of the
collimator tube. Dimensions of a (aluminum cladding thickness)
are shown in Table 7.

attenuation is given by

k
2
"e~kA-ae~kaC1e~kA-C2 (3)

where C
1

is the distance between the last fuel plate
and the bottom edge of the collimator tube and
C

2
is the thickness of the aluminum window.

Finally, the gamma-ray passes through the air
contained inside the collimator tube before it
strikes the detector. As a consequence of the attenu-
ation, another correction must be considered:

k
3
"e~k!*3L (4)

where k
!*3

is the linear attenuation coe$cient of air
and ¸ is the total length of the collimator tube.

The total correction due to attenuation of
a gamma-ray that, once emitted in the meat of the
jth fuel plate, is allowed to strike a detector after
passing through the di!erent layers mentioned, can
be obtained from the product of all corrections
already calculated. As a consequence, if o(x, y) is
the speci"c activity of the irradiated fuel plates at
the point (x, y), the number of counts per unit of
time registered by the detector due to the jth fuel
plate, when the collimator tube is positioned over

the point (x, y), is equal to

Q
j
(x, y)"o(x, y)a

j
sI

c
e
c
k
1
k
2
k
3
K18~j (5)

where a
j

is the area de"ned by the detection solid
angle on the central plane of the jth plate meat, s is
the meat thickness, I

c
is the absolute emission

intensity of the gamma-ray and e
c

is the intrinsic
e$ciency of the HPGe detector for gamma-rays of
a given energy.

Considering the activity of all the 18 fuel plates of
an irradiated fuel element, the total number of
counts per unit of time registered by the detector,
results

Q(x, y)"
18
+
j/1

Q
j
(x, y)"o(x, y)sI

c
e
c
k
1
k
2
k
3

18
+
j/1

a
j
K18~j

. (6)

If l is the active length of each fuel plate of the
element, w is the active width of each fuel plate of
the element and o6 is the average speci"c activity of
each fuel plate, the total activity of a fuel element
due to a burnup monitor is

D"18lwso6 . (7)

On the other hand, the average value Q for the
total number of counts per unit of time registered in
the detector is obtained by means of measurements
performed along the active length and along the
active width of the fuel element, been related to o6 by
the expression

Q"o6 sI
c
e
c
k
1
k
2
k
3

18
+
j/1

a
j
K18~j. (8)

Using expressions (7) and (8), the total activity of
a fuel element due to a burnup monitor can be
written as

D"

18lwQ

I
c
e
c
k
1
k
2
k
3

18
+
j/1

a
j
K18~j

. (9)

Expression (9) shows that, once the total correc-
tion due to attenuation e!ects has been considered,

it is necessary to measure the values of e
c
, a

j
and Q

in order to determinate experimentally the total
activity D of the irradiated fuel element that corres-
ponds to a given burnup monitor.
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Fig. 3. Representation of typical burnup pro"les obtained from
gamma-ray spectroscopy measurements on irradiated MTR fuel
elements. The parameters indicated are employed to calculate

the average value Q.

2.2. Burnup determination

The values of e
c

and a
j
are measured during the

e$ciency calibration of the experimental appar-

atus. Regarding the parameter Q, its value must be
measured to determinate experimentally the total
activity of the irradiated fuel element due to a given
burnup monitor and, thereafter, the "ssioned mass
of 235U in this fuel element. The ratio between
"ssioned and initial masses of 235U in a fuel ele-
ment furnishes its burnup.

As mentioned before, the average value Q for the
total number of counts per unit of time registered in
the detector is obtained by means of measurements
performed along the active length (X-axis) and along
the active width (>-axis) of the fuel element. These
measurements de"ne a function of two variables,
with typical pro"les like the ones shown in Fig. 3.

Applying a property of two-variable functions
[10] to the experimentally obtained pro"les, one
"nds

Q"P
x
#P

y
!Q (10)

where P
x

is the average number of counts per unit
of time obtained in measurements along the fuel

element active length, P
y

is the average number of
counts per unit of time obtained in measurements
along the fuel element active width and Q is the
number of counts per unit of time measured at the
central point of the fuel element. Replacing this

formulation for Q in expression (9), and using the
radioactive decay law, the total number of burnup
monitor nuclei present in the fuel, immediately after
the end of the last irradiation period, becomes

N
0
"

18lw(P
x
#P

y
!Q)

jI
c
e
c
k
1
k
2
k
3

18
+
j/1

a
j
K18~j

ejt# (11)

where j is the decay constant of the burnup moni-
tor and t

#
is the time interval between the end of the

last irradiation period and the start of the measure-
ments on it.

The "ssioned mass of 235U in the irradiated fuel
element is given by

*;"

N
0
m

0
yN0

U

f (12)

where N0
U

is the initial number of 235U atoms in the
fuel element, m

0
is the initial mass of 235U in the

fuel element, y is the average yield of the burnup
monitor in the "ssion of 235U (see Table 1) and f is
a correction factor that takes into account the
decay of burnup monitor nuclei occurred during
di!erent irradiation periods and powers, which is
given by the following expression [11]:

f"

j
n
+

k/1

P
k
t
k

n
+

k/1

P
k
e~jqk (1!e~jtk)

, (13)

where j is the decay constant of the burnup moni-
tor, P

k
is the average relative power corresponding

to the kth irradiation period (been +n
k/1

P
k
"1),

n is the total number of irradiation periods during
the whole irradiation history of the fuel element,
t
k

is the duration of the kth irradiation period and
q
k

is the time interval between the end of the kth
irradiation period and the end of the last irradia-
tion period.

Finally, the combined use of Eqs. (11)}(13) deter-
mines the "ssioned mass of 235U in the irradiated
fuel element, while the ratio *;/m

0
furnishes its

burnup.

3. Experiment

3.1. Experimental apparatus

The experimental apparatus for gamma spectro-
scopy consists of collimator tube, lead shielding,
high-purity germanium (HPGe) detector together
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c
Fig. 4. Cross-sectional diagram of the collimator tube used in
the gamma-ray spectroscopy measurements.

with fast suitable electronics and an on-line
microcomputer data acquisition module. The col-
limator tube is positioned between the irradiated
fuel element and the detector in order to enable the
determination of the gamma emission rate of a spe-
ci"c fuel volume, as well as to avoid the system
over#ow concerning data acquisition.

Fig. 4 shows schematically the cross-sectional
diagram of the collimator tube used in the gamma-
ray spectroscopy measurements.

After been collimated, gamma-rays are detected
by the electronic components presented in Table 2.
These electronic components are specially designed
for nuclear spectroscopy applications with ultra-
high input counting rates (exceeding
200,000 counts/s). Moreover, the HPGe detector
employed in the measurements has an ultra-high
count-rate preampli"er (transistor-reset preampli-
"er) which can handle input counting rates up to
1,000,000 counts/s at 1 MeV.

In this work, the highest gross counting rate
registered in a complete spectrum obtained from
gamma-ray spectroscopy on irradiated fuel ele-
ments (see part 3, Section 3.5, as well as part 4) was
742.2 counts/s, which lays far bellow the above-
mentioned rates.

The HPGe detector has a volume of 130 cm3,
with 1.71 keV resolution and 26.1% relative e$-
ciency for the 1332.5 keV gamma-ray of 60Co [12].
The gamma-ray energy range taken for the analysis
was from 50 to 2800 keV.

3.2. Measurement of the intrinsic ezciency e
c

Before the burnup measurements, it is necessary
to measure the intrinsic e$ciency e

c
of the HPGe

detector at the gamma-ray energies of interest.
The intrinsic e$ciency of a detector usually de-

pends primarily on the detector material, the radi-
ation energy, and the physical thickness of the
detector in the direction of the incident radiation.
Therefore, the intrinsic e$ciency has a slight de-
pendence on the average path length of the radi-
ation through the detector [13].
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Table 2
Main electronic components of the experimental apparatus

Measuring system components

Component Model Manufacturer

HPGe detector GEM-25185-P-PLUS
Ampli"er 973U
High voltage supply 659 EG&G ORTEC
BIN 4001C
Multichannel analyzer 921 SPECTRUM MASTER

Regarding the HPGe detector used in the experi-
ment, this fact causes the intrinsic e$ciency to vary
when measured allowing gamma-rays of a given
energy to strike the entire face of the detector crys-
tal or a small area in its center. Such changes in
e$ciency, however, are quite small for high-energy
gamma-rays impinging on the close-ended coaxial
con"guration of the detector. Hence, it was decided
to measure the intrinsic e$ciency of the HPGe
detector without collimating the gamma-rays and
following the procedure described along this section.

In order to measure the parameter e
c
, the HPGe

detector was "xed at the upper part of a cylindrical
lead shielding with a side opening that enables the
one-by-one centralized positioning of punctiform
calibration sources inside. The main characteristics
of these calibration sources are shown in Table 3.
During the measurements, the distance between the
center of the HPGe detector window and the center
of each calibration source was constant and equal
to h"6.575 cm. The only exception was the
measurement performed with the 226Ra source,
during which h"19.045 cm. In this case, the
distance h was enlarged to assure that sum-coincid-
ence e!ects [13] do not a!ect the measurement.
The attenuation enhancement due to the larger
distance used is negligible, once only the higher
energy gamma-rays emitted were considered.

A gamma spectrum was obtained for each calib-
ration source in runs of 60 s live time. The full-
energy peaks of each spectrum were "tted by
Gaussian function plus a parabolic curve for the
continuous background using the computer code
IDEFIX [14]. By means of this procedure, the net
number of counts (Area) under each full-energy
peak was determined and therefore the intrinsic

e$ciency e
c

of the HPGe detector at the gamma-
ray energies emitted by the calibration sources.

The intrinsic e$ciency e
c

was calculated as

e
c
"

Area

GA¹I
c

(14)

where A is the calibration source activity at the
measurement start, ¹ is the live time of measure-
ment, Ic is the gamma-ray absolute emission inten-
sity and G is the geometric correction factor. In the
con"guration of the measurement, where the
detector is cylindrical, the calibration source is
punctiform, the distance detector/source remains
unchanged and the centers of both are aligned, the
geometric correction factor results [15]

G"

1

2G1!
(h#g)

[(h#g)2#R2]1@2H (15)

where R is the radius of the germanium crystal base
contained inside the HPGe detector and g is the
width of the gap between the aluminum window
and the crystal base in the detector. The dimensions
of the HPGe detector [9] are R"2.760 cm and
g"0.300 cm.

The obtained values of the intrinsic e$ciencies
e
c

at the gamma-ray energies Ec emitted by the
calibration sources are shown in Table 4. These
data were "tted by a function with the following
general expression [16]:

ln e
c
"a

0
#a

1
lnA

E
c

E
3
B#a

2ClnA
E

c
E

3
BD

2

#a
3ClnA

E
c

E
3
BD

3
(16)

L.A.A. Terremoto et al. / Nuclear Instruments and Methods in Physics Research A 450 (2000) 495}514 501



Table 3
Main characteristics of the punctiform calibration sources utilized in the determination of e

c
[4,13]: half-life ¹

1@2
, initial activity A

0
,

gamma-ray energy E
c
, gamma-ray absolute emission intensity I

c
, manufacture date

Source ¹
1@2

A
0

(kBq) E
c

(keV) I
c

Manufacture date
(day/month/year)

22Na 2.60 yr 379$15 1274.6 0.9990 01/05/1996
54Mn 312.5 d 447$18 834.8 1.0000 01/05/1996
57Co 271.8 d 452$18 122.0 0.8560 01/05/1996

136.5 0.1060
60Co 5.27 yr 473$19 1173.2 0.9990 01/05/1996

1332.5 1.0000
88Y 106.6 d 396$16 898.0 0.9400 01/05/1996

1836.1 0.9940

133Ba 10.54 yr 396$20 160.6 0.0072 01/05/1996
223.1 0.0047
276.4 0.0729
302.9 0.1860
356.0 0.6230
383.9 0.0884

137Cs 30.14 yr 421$17 661.6 0.8510 01/05/1996

152Eu 13.33 yr 66$2 121.8 0.2840 01/04/1991
244.7 0.0751
344.3 0.2660
411.1 0.0223
444.0 0.0312
778.9 0.1300
867.4 0.0421
964.1 0.1460

1085.9 0.0992
1112.1 0.1360
1408.0 0.2080

203Hg 46.58 d 684$41 279.2 0.8150 01/05/1996

207Bi 33.40 yr 426$34 569.7 0.9780 01/11/1981
1063.7 0.7490
1770.2 0.0685

226Ra 1600 yr 369$15 2118.6 0.0121 01/09/1997
2204.2 0.0499
2447.9 0.0155

where a
0
, a

1
, a

2
and a

3
are "t parameters, while

E
3
is the energy reference value, which is constant.

Fig. 5 shows the result of this "t.
Finally, the intrinsic e$ciency of the HPGe

detector was determined as function of the
gamma-ray energy and, therefore, the values of this
e$ciency at the gamma-ray energies of interest
were calculated, with the results presented in Table
5. The uncertainty associated with these e$ciencies
were calculated by covariance.

3.3. Measurement of the areas a
j

During gamma-ray spectroscopy measurements,
the detection solid angle de"nes the fuel area from

which gamma spectra are obtained [17]. In the
measurements on irradiated MTR fuel elements,
the detection solid angle de"nes a circle with area
a
j

on the central plane of the jth plate meat of
a given irradiated fuel element. The measurement of
the absolute gamma activity of an irradiated fuel
element due to a burnup monitor requires the de-
termination of each one of these areas. Analytical
calculation of the a

j
values is not feasible, since:

(a) the collimator tube structure is rather complex
(see Fig. 4); (b) a perfect alignment of collimating
apertures of the upper and bottom collimators is
very di$cult to achieve (both collimating
apertures have a diameter of 0.455 cm and
in the collimator tube they are 288.10 cm apart).
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Table 4
Obtained values for the intrinsic e$ciencies e

c
as function of the

gamma-ray energies E
c

emitted by the calibration sources

E
c

(keV) e
c

121.8 0.410$0.013
122.0 0.388$0.016
136.5 0.397$0.016
160.6 0.349$0.028
223.1 0.311$0.026
244.7 0.324$0.013
276.4 0.264$0.013
279.2 0.287$0.023
302.9 0.248$0.012
344.3 0.228$0.008
356.0 0.214$0.011
383.9 0.210$0.011
411.1 0.203$0.014
444.0 0.177$0.012
569.7 0.136$0.011
661.6 0.1249$0.0050
778.9 0.1114$0.0048
834.8 0.1032$0.0042
867.4 0.1001$0.0072
898.0 0.0969$0.0029
964.1 0.0952$0.0039

1063.7 0.0797$0.0064
1085.9 0.0896$0.0047
1112.1 0.0766$0.0037
1173.2 0.0762$0.0031
1274.6 0.0750$0.0030
1332.5 0.0674$0.0027
1408.0 0.0690$0.0028
1770.2 0.0518$0.0044
1836.1 0.0527$0.0016
2118.6 0.0522$0.0070
2204.2 0.0584$0.0040
2447.9 0.0501$0.0062

Fig. 5. Measured intrinsic e$ciency for the HPGe detector,
showing the function "tted to the experimental data.

Table 5
Intrinsic e$ciency e

c
of the HPGe detector at the main gamma-

ray energies emitted by burnup monitors

Burnup monitor E
c

(keV) e
c

137Cs 661.6 0.1249$0.0050
95Zr 724.2 0.1176$0.0015

756.7 0.1129$0.0014
140Ba/140La 1596.5 0.0605$0.0009
144Ce/144Pr 2185.7 0.0500$0.0016

It is necessary, therefore, to measure the a
j

values directly.
The experimental arrangement for performing

these measurements is shown in Fig. 6. In this
setup, the collimator tube was positioned horizon-
tally over holders. The HPGe detector, once instal-
led inside the shielding, reproduces exactly the
geometrical con"guration of the detection set (col-
limator tube#HPGe detector) during the
measurements on irradiated fuel elements at the
reactor pool area.

In front of the opposite end of the collimator
tube, the arrangement has a platform for moving

and precise positioning of a strong 137Cs of known
activity. When the source is exposed, a high col-
limated and intense gamma beam derives from
a cylindrical opening (with diameter /"1.875 cm)
located in its front part. The measured source activ-
ity [9] was A"(2.063$0.042)]1010 Bq.

The source is positioned and centralized in front
of the bottom collimator. The areas a

j
were mea-

sured in this con"guration. The distances between
the bottom collimator window and the front part of
the source were adjusted to reproduce the relative
positioning between the bottom collimator window
and the center of each plate meat of a fuel element
during the measurements performed at the reactor
pool.

For each distance, a gamma spectrum was mea-
sured. A total of three complete sets of measure-
ments were performed. In each one of these spectra,
the net number of counts (Area) under the full-
energy peak that corresponds to the gamma-ray of
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Fig. 6. Photograph of the experimental arrangement used in order to measure the areas a
j
.

Table 6
Measured values of a

j

j d
j

(cm) a
j

(10~9 cm2)

1 8.073 (2.46$0.22)
2 7.632 (2.52$0.07)
3 7.191 (2.62$0.08)
4 6.750 (2.56$0.12)
5 6.309 (2.56$0.09)
6 5.868 (2.75$0.10)
7 5.427 (2.82$0.12)
8 4.986 (2.80$0.13)
9 4.545 (3.01$0.19)

10 4.104 (2.90$0.12)
11 3.663 (2.93$0.26)
12 3.222 (3.02$0.15)
13 2.781 (3.10$0.23)
14 2.340 (2.92$0.31)
15 1.899 (2.78$0.12)
16 1.458 (2.96$0.22)
17 1.017 (2.83$0.21)
18 0.576 (3.07$0.18)

661.6 keV was determined using the computer code
IDEFIX [14].

Finally, the areas a
j

were obtained by means of
the following expression:

a
j
"

Area!j

(A/pr2)¹I
c
e
c
e~kA-C2e~k!*3 (L`dj )

(17)

where Area!j is the average value of the area
under the full-energy peak of 661.6 keV for the jth
distance, A"(2.063$0.042)]1010 Bq is the
source activity, r"//2"0.9375 cm is the radius of
the opening outlet situated at the front part of the
source, ¹"600 s is the live time of each measure-
ment, I

c
"0.851 is the absolute emission intensity

for the gamma-ray of 661.6 keV in the decay of
137Cs, e

c
"(0.1249$0.0050) is the intrinsic e$-

ciency of the HPGe detector at the energy
of 661.6 keV, k

A-
"(0.2009$0.0007) cm~1 is

the linear attenuation coe$cient of aluminum
for gamma-rays of 661.6 keV [18], k

!*3
"

9.4868]10~5 cm~1 is the linear attenuation coef-
"cient of air for gamma-rays of 661.6 keV [19],
C

2
"0.100 cm is the thickness of the aluminum

window, ¸"327.40 cm is the total length of the
collimator tube and d

j
is the jth distance adjusted

between the aluminum window of the bottom col-
limator and the front part of the 137Cs source, given
by the equation

d
j
"C

1
#[37!2j][a#(s/2)]#[18!j]b, (18)

where C
1

is the distance between the bottom col-
limator window and the last (18th) fuel plate of an
element during the measurements at the reactor
pool, a is the aluminum cladding thickness, s is the
plate meat thickness, b is the distance between two
successive fuel plates of an element and j is the
index that designate the fuel plate (see part 2, Sec-
tion 2.1, specially Figs. 1 and 2).

The values obtained for the areas a
j
are shown in

Table 6. It should be emphasized that, in this
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experiment, the measured value of a
j
is the e!ective

projected area onto the central plane of the jth plate
meat, which takes into account also eventual e!ects
due to misalignment of collimating apertures inside
the collimator tube.

3.4. Survey of the fuel elements characteristics

After the parameters e
c

and a
j

were measured,
a survey was leaded to determine the main charac-
teristics of the irradiated fuel elements selected for
burnup measurements.

The operation registers of the IEA-R1 reactor
were examined in order to reconstruct the irradia-
tion history and the last irradiation date of each
selected fuel element.

Besides, the mechanical project of each selected
fuel element was consulted to obtain the param-
eters which are relevant to gamma-ray spectro-
scopy. A summary containing the results of these
researches are shown in Table 7. Also important
are the properties of structural materials of the fuel
elements, water and air concerning the attenuation
of gamma-rays. These properties are joined in Table
8 for the most important gamma-ray energies emit-
ted in the decay of burnup monitors [13,18}20].

3.5. Gamma-ray spectroscopy measurements on
irradiated fuel elements

The detection set (collimator tube#HPGe de-
tector) was positioned over an aluminum base "xed
at the pool border of the IEA-R1 research reactor,
and equipped with two perpendicular crank driven
mechanisms forming a x}y frame that enables the
movement of the detection set either parallel or
normal to the axial direction of an irradiated fuel
element horizontally positioned.

In order to perform the gamma-ray spectroscopy
measurements, an irradiated fuel element pre-
viously selected was hoisted up from the spent fuel
storage rack (located at the bottom of the reactor
pool) and brought to an immerse stainless steel
platform, where it was positioned horizontally with
the fuel plates surface-upwards. Reproducibility in
the positioning of the irradiated fuel element was
assured by an angle steel welded at the platform
ground. Gamma-ray spectroscopy measurements
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Table 8
Gamma-ray energies of interest (E

c
) and corresponding values of the mass attenuation coe$cient (k/o), density (o) and linear attenuation

coe$cient (k) for aluminum, water, air and meat materials [13,18}20]

E
c

(keV) Material k/o (cm2/g) o (g/cm3) k (cm~1)

661.6 Al 0.07436$0.00025 2.702 0.2009$0.0007
H

2
O 0.0866 0.9982 0.0864

Air 0.07776 0.00122 9.4868.10~5

U}Al alloy 0.0837$0.0002 5.744 0.4808$0.0011
U}Al

x
alloy in Al 0.0959$0.0003 9.732 0.9330$0.0025

Dispersion U
3
O

8
in Al 0.0982$0.0004 4.1$0.2 0.403$0.020

724.2 Al 0.0734 2.702 0.1983
H

2
O 0.0835 0.9982 0.0834

Air 0.07497 0.00122 9.1463.10~5

U}Al alloy 0.0802 5.744 0.4607
U}Al

x
alloy in Al 0.0891 9.732 0.8672

Dispersion U
3
O

8
in Al 0.0908$0.0004 4.1$0.2 0.372$0.018

756.7 Al 0.0720 2.702 0.1946
H

2
O 0.0819 0.9982 0.0818

Air 0.07354 0.00122 8.9719.10~5

U}Al alloy 0.0779 5.744 0.4475
U}Al

x
alloy in Al 0.0856 9.732 0.8328

Dispersion U
3
O

8
in Al 0.0870$0.0003 4.1$0.2 0.357$0.017

1596.5 Al 0.04808$0.00016 2.702 0.1299$0.0004
H

2
O 0.0559 0.9982 0.0558

Air 0.05034 0.00122 6.1415.10~5

U}Al alloy 0.0489$0.0002 5.744 0.2809$0.0011
U}Al

x
alloy in Al 0.0500$0.0001 9.732 0.4862$0.0014

Dispersion U
3
O

8
in Al 0.0503$0.0002 4.1$0.2 0.206$0.010

2185.7 Al 0.0414 2.702 0.1119
H

2
O 0.0467 0.9982 0.0466

Air 0.04214 0.00122 5.1411.10~5

U}Al alloy 0.0424 5.744 0.2435
U}Al

x
alloy in Al 0.0438 9.732 0.4258

Dispersion U
3
O

8
in Al 0.0440$0.0002 4.1$0.2 0.1804$0.0088

were performed in the con"guration shown sche-
matically in Fig. 7.

In this con"guration, the distance between the
bottom collimator window and the last plate of the
fuel element was determined using a scale and
a radiation-resistant underwater camera. The dis-
tance measured was C

1
"(0.60$0.05) cm. This

value is compatible with the distance d
18
"

0.576 cm (see part 3, Section 3.3) and with recom-
mendations [21] that the reproducibility of the
relative positioning between the bottom collimator
window and the last plate of the fuel element must
be assured within an error lower than $0.16 cm.

Fig. 8 presents a photograph of the gamma-ray
spectroscopy system, where an irradiated fuel ele-
ment positioned for measurement at the central
point is shown.

In order to identify the full-energy peaks present
in every gamma-ray spectrum obtained, an energy
calibration of the HPGe detector was carried out
immediately after the measurements.

Once the gamma-ray energy corresponding to
the adequate burnup monitor was located, the net
area under its full-energy peak was determined by
means of the computer code IDEFIX [14]. Using
this value of the area, the parameter Q was
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Fig. 7. Cross-sectional diagram of the experimental apparatus
for gamma-ray spectroscopy installed at the pool area of the
IEA-R1 research reactor. Dimensions are given in cm.

Fig. 8. Photograph of the detection set positioned for measure-
ment at the central point of an irradiated fuel element.

calculated and thereafter the total activity of the
irradiated fuel element due to the burnup monitor,
as well as the "ssioned mass of 235U. Finally, the
ratio of the "ssioned to the original mass of 235U of
an irradiated fuel element furnished its burnup.

4. Results and discussion

After the pool background measurements were
performed, full-energy peaks in the corresponding
gamma spectrum were identi"ed using the energy

calibration. No "ssion products at all were found.
Only activation products and some isotopes of the
natural background [22] were detected [9].

Among the activation products, 58Co
(¹

1@2
"70.92 d), 60Co (¹

1@2
"5.27 yr) and 65Zn

(¹
1@2

"244.1 d) are always present in water sam-
ples collected from the reactor pool [6]. They are
generated by oxidation (chemical reaction) and
neutron absorption (nuclear reaction) occurred at
the cladding and holders of the reactor control
rods, both made of metallic nickel (cases of 58Co
and 60Co), or at structures of the heat exchangers
(case of 65Zn).

However, if the pool water sample is collected
with the reactor under operation or thereupon
the reactor shutdown, the activation product
24Na (¹

1@2
"15.02 h) is largely predominant. It is
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Table 9
Magnitude of the corrections due to attenuation e!ects for each gamma-ray spectroscopy measurement on standard fuel elements. The
magnitude of F

j
was evaluated considering all plates of the fuel element (see part 2, Section 2.1)

Fuel element Burnup monitor E
c

k
1

k
2

k
3

F
j

(keV) (%) (%) (%) (%)

84, 88, 91, 92, 93, 96, 98, 101, 105, 107, 108, 111, 112 137Cs 661.6 1.2 8.6 3.2 66.7
86 144Ce/144Pr 2185.7 0.6 4.6 1.7 33.3
IEA-123, IEA-124, IEA-126 137Cs 661.6 3.6 8.3 3.2 113.4
IEA-130, IEA-131, IEA-132 144Ce/144Pr 2185.7 0.7 4.4 1.7 31.9

generated by the nuclear reaction 27Al(n,a)24Na,
occurred in the aluminum cladding of fuel and
re#ector elements, as well as in aluminum struc-
tures of the reactor core, during the irradiation [6].

Finally, the activation product 110.Ag
(¹

1@2
"249.9 d) is generated by means of radiative

capture of one neutron by the isotope 109Ag, which
forms 48.17% of the natural silver [4], metal that
constitutes 80% of the alloy used in the reactor
control rods. This silver, activated in the reactor
core, dilutes in the pool water as monovalent ca-
tions, once the silver oxide is slightly soluble [23].
However, on the contrary of the other activation
products, 110.Ag is not detected in pool water
samples, but in metallic surfaces over which this
isotope is deposited probably by means of displace-
ment chemical reactions. Hence, 110.Ag was detec-
ted over the aluminum cladding surface of the fuel
plates of almost all stored fuel elements [6].

The pool background measurement also demon-
strated that prominent Compton continua from
high-energy gamma-rays, mainly the ones emitted
in the decay of activation products, can obscure
full-energy peaks from gamma-rays emitted in the
decay of burnup monitors and, as a consequence,
would distort the result of the gamma-ray spectro-
scopy measurements on irradiated fuel elements.
Once the most important activation product con-
cerning this issue is 24Na, it was decided that
gamma-ray spectroscopy measurements on irra-
diated fuel elements would be performed only dur-
ing long maintenance periods in which the reactor
did not operate.

Initially, the irradiated fuel elements, selected for
gamma-ray spectroscopy measurements, were as-
sorted in two groups, according to the cooling time
and "ssion product used as burnup monitor. Fuel

elements with cooling times equal or longer than
two years were monitored using 137Cs, whereas for
shorter cooling times the utilized burnup monitor
was 144Ce/144Pr. The "ssion products 95Zr and
140Ba/140La could not be used as burnup monitors
because all selected fuel elements were irradiated in
the reactor core for a period much longer than
200 d.

Thereafter, corrections due to attenuation e!ects
(see part 2, Section 2.1) were previously calculated
in order to evaluate their magnitude for each
measurement to be performed on standard fuel
elements, with the results shown in Table 9.

Correction factors regarding the irradiation his-
tory of the standard fuel elements selected for
measurement (see part 2, Section 2.2 and part 3,
Section 3.4) were also calculated, with the results
shown in Table 10.

Considering their importance, both corrections
were used in all measurements.

The duration of a gamma-ray spectroscopy
measurement at each selected point varied accord-
ing to the burnup monitor employed. If the chosen
burnup monitor was 137Cs, each measurement had
the duration of 600 s of live time. However, if the
suitable burnup monitor was 144Ce/144Pr, each
measurement had the duration of 3600 s of live
time. A gamma-ray spectrum was obtained from
each measurement. As a consequence, complete
gamma-ray spectra were accumulated as a function
of axial and transversal positions for a given irra-
diated fuel element.

An additional test of the experimental method
was performed later, measuring the burnup of two
partial fuel elements manufactured by IPEN and
irradiated in the IEA-R1 reactor. These partial fuel
elements present the same project parameters of the
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Table 10
Correction factor regarding the irradiation history of each stan-
dard fuel element selected for gamma-ray spectroscopy measure-
ment (see part 2, Section 2.2, specially Eq. (13) and part 3,
Section 3.4)

Fuel element Burnup monitor f

84 137Cs 1.46
86 144Ce/144Pr 10.81
88 137Cs 1.23
91 137Cs 1.34
92 137Cs 1.14
93 137Cs 1.31
96 137Cs 1.28
98 137Cs 1.30

101 137Cs 1.17
105 137Cs 1.22
107 137Cs 1.21
108 137Cs 1.19
111 137Cs 1.21
112 137Cs 1.18
IEA-123 137Cs 1.17
IEA-124 137Cs 1.17
IEA-126 137Cs 1.18
IEA-130 144Ce/144Pr 6.07
IEA-131 144Ce/144Pr 5.82
IEA-132 144Ce/144Pr 4.50

Fig. 9. Gamma-ray spectrum obtained from measurement of 600 s of live time performed at the central point of the irradiated fuel
element 111. The origin of each peak is indicated.

standard ones also fabricated by IPEN (see part 3,
Section 3.4, specially Tables 7 and 8), except for the
total number of fuel plates: the fuel element IEA-
128 has two fuel plates (the "rst and the 18th ones),
whereas the fuel element IEA-129 has 10 fuel plates
(the "rst, 3rd, 5th, 7th, 9th, 10th, 12th, 14th, 16th
and 18th ones). The other fuel plates of these ele-
ments were replaced by massive aluminum plates of
the same thickness. Each measurement on these
partial fuel elements was longer than correspond-
ing ones performed on standard fuel elements also
monitored using 137Cs, requiring 900 s of live time
(IEA-129) and 1200 s of live time (IEA-128).

As an example of gamma spectra obtained from
measurements on irradiated fuel elements
monitored with 137Cs, Fig. 9 shows the gamma
spectrum from a run of 600 s of live time carried out
at the central point of the fuel element 111.

It is important to observe that the full-energy
peak from 661.6 keV, that corresponds to the
gamma-ray emitted in the decay of 137Cs, is the
most prominent in the gamma spectrum.

For each gamma spectrum obtained from
measurements performed along the active width
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Fig. 10. Gaussian functions "tted to each full-energy peak of the
doublet with energies 657.7 keV (110.Ag) and 661.6 keV (137Cs)
using the computer code IDEFIX [14], in order to separate the
areas of these peaks in the gamma-ray spectrum obtained from
measurement at the central point of the fuel element 111.

Fig. 11. Experimental burnup pro"les for the fuel element 111:
(a) burnup pro"le along the active length; (b) burnup pro"le
along the active width. The curves joining the points are just to
guide the eye.

and along the active length of an irradiated fuel
element, the net number of counts (area) under the
full-energy peak from 661.6 keV was determined
using the computer code IDEFIX [14].

In every gamma spectra, the full-energy peak
from 661.6 keV is always preceded by another one,
much smaller and very close, identi"ed as corre-
spondent to the most intense gamma-ray emitted in
the decay of the activation product 110.Ag
(E

c
"657.7 keV, I

c
"0.947). Hence, it was neces-

sary to "t a Gaussian function to each one of the
full-energy peaks of a doublet using the computer
code IDEFIX [14], in order to separate correctly
their areas, as shown in Fig. 10.

The areas under the full-energy peaks from
661.6 keV, presented as a function of the active
length and active width of an irradiated fuel ele-
ment, constitute its burnup pro"les. As an example,
Fig. 11 shows the burnup pro"les for the fuel ele-
ment 111.

The values of the areas were used in order to
calculate the parameter Q and, thereafter, the total
activity of an irradiated fuel element due to the
burnup monitor 137Cs, as well as the "ssioned mass
of 235U in this fuel element (see part 2, Section 2.2).
Finally, the ratio between "ssioned and initial
masses of 235U in this fuel element furnishes its

burnup. All these calculations employed to deter-
mine burnup from experimental data were made
using the software EXCEL [24].

A resembling procedure was adopted for
measurements on irradiated fuel elements
monitored with 144Ce/144Pr, but in this case each
selected point was measured during 3600 s of live
time. Fig. 12 shows the gamma spectrum from
a measurement carried out at the central point of
the fuel element IEA-131.

In this spectrum, one observes many full-energy
peaks from gamma-rays emitted in the decay of
short-lived "ssion products, like 95Zr, 95Nb, 103Ru,
106Rh and also the adopted burnup monitor 144Pr,
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Fig. 12. Gamma-ray spectrum obtained from measurement of 3600 s of live time performed at the central point of the irradiated fuel
element IEA-131. The origin of each peak is indicated.

whose full-energy peak from 2185.7 keV arises iso-
lated and very clearly. The burnup pro"les for the
fuel element IEA-131 are shown in Fig. 13.

Once "nished the measurements on every irra-
diated fuel elements previously selected, the obtained
burnup values were directly compared with corre-
sponding ones provided by reactor physics calcu-
lations [8,25], with the results shown in Table 11.

Concerning standard fuel elements, the average
relative experimental uncertainty for measurements
monitored with 137Cs is 7.5%, whereas for
measurements monitored with 144Ce/144Pr this un-
certainty reaches 16.3%.

The lower precision obtained in burnup
measurements monitored with 144Ce/144Pr is
a consequence of the low absolute emission inten-
sity for the high-energy gamma-ray analyzed
(E

c
"2185.7 keV, I

c
"0.007), which enhances the

uncertainty of the area under the corresponding
full-energy peak, because the total number of detec-
ted gamma-rays and therefore of recorded counts

tend to be low at this energy. Relative experimental
uncertainties up to 30% were obtained measuring
with 144Ce/144Pr the burnup of nuclear fuels irra-
diated at power reactors [26,27].

Using the data exposed in Table 11, the ratio
gamma-ray spectroscopy/reactor physics calcu-
lations was determined for each fuel element
burnup, with the results shown in Fig. 14. For most
fuel elements, a good agreement within the experi-
mental error limits is observed.

Other burnup measurements performed recently
exhibit analogous results.

Measurements carried out using a planar
minidetector of cadmium telluride (CdTe) and em-
ploying the ratio of 134Cs and 137Cs activities to-
gether with isotopic correlations, furnished burnup
results that, compared with the ones declared by
the reactor operators, agree within an uncertainty
of 10% [28].

On the other hand, a compilation embracing
a very large number of burnup measurements
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Fig. 13. Experimental burnup pro"les for the fuel element IEA-
131: (a) burnup pro"le along the active length; (b) burnup pro"le
along the active width. The curves joining the points are just to
guide the eye.

Fig. 14. Ratio of measured/calculated burnup values for each
fuel element.

monitored with 137Cs, and performed on nuclear
fuels irradiated at power reactors, shows results
that, compared with corresponding ones provided
by reactor physics calculations, di!er at the utmost
by 8% [29].

5. Conclusion

Absolute burnup of several MTR fuel elements,
irradiated in the IEA-R1 research reactor, was de-
termined by nondestructive gamma-ray spectro-
scopy measurements.

The performed measurements embrace three
kinds of standard fuel elements with di!erent cool-

ing times and initial enrichment grades, as well as
two partial fuel elements.

Fuel elements with cooling times equal or longer
than two years were monitored using 137Cs, where-
as for shorter cooling times the utilized burnup
monitor was 144Ce/144Pr.

The obtained burnup values were compared with
corresponding ones provided by reactor physics
calculations and good agreement within the experi-
mental error limits was observed between them.

The technique and experimental apparatus em-
ployed in this work are rather simple and provide
by nondestructive analysis a considerable amount
of reliable information, never obtained before,
about the fuel elements irradiated in Brazilian re-
search reactors.
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Table 11
Burnup values obtained by means of gamma-ray spectroscopy measurements compared with corresponding ones provided by reactor
physics calculations

Fuel element Storage date
(d/month/yr)

Burnup monitor Gamma-ray
spectroscopy (%)

Reactor physics
calculations (%)

84 10/06/1996 137Cs 45.2$3.8 46.9
86 05/05/1997 144Ce/144Pr 50.2$9.9 48.4
88 31/12/1986 137Cs 38.3$2.9 40.5
91 12/12/1994 137Cs 46.8$3.3 47.6
92 09/11/1981 137Cs 37.2$2.9 37.6
93 09/07/1992 137Cs 35.3$3.1 39.9
96 09/07/1992 137Cs 40.3$3.4 40.5
98 19/12/1994 137Cs 46.0$3.1 48.3

101 30/06/1989 137Cs 35.9$3.2 39.1
105 16/10/1995 137Cs 46.7$3.2 47.4
107 17/09/1994 137Cs 44.8$3.2 48.3
108 27/09/1993 137Cs 40.6$2.9 46.2
111 04/09/1995 137Cs 46.4$3.0 47.4
112 04/09/1995 137Cs 44.5$3.0 46.3
IEA-123 16/10/1995 137Cs 46.6$3.4 45.9
IEA-124 16/10/1995 137Cs 48.0$3.5 45.6
IEA-126 10/06/1996 137Cs 47.7$3.3 46.2
IEA-128! 07/01/1991 137Cs 12.0$4.3 12.6
IEA-129! 30/09/1993 137Cs 17.8$1.8 18.4
IEA-130 09/09/1997 144Ce/144Pr 36.8$5.1 36.1
IEA-131 09/09/1997 144Ce/144Pr 28.9$4.7 31.5
IEA-132 09/07/1997 144Ce/144Pr 30.9$4.8 27.3

!Partial fuel elements.
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