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ABSTRACT 
The measurements presented in this work were made essentially at in-pool gamma-
spectrometric facility, installed inside of the secondary pool of the RECH-1 research 
reactor, where the measured fuel elements are under 2 meters of water.  The main reason 
for using the in-pool facility was because of its capability to measure the burning of fuel 
elements without having to wait so long, that is with only 5 cooling days, which are the 
usual times between reactor operations. Regarding these short cooling times, this work 
confirms again the possibility of using the 95Zr as a promising burnup monitor, in spite of 
the rough approximations used to do it. These results are statistically reasonable within the 
range calculated using codes. The work corroborates previous results, presented in Santiago 
de Chile [1], and it suggests future improvements in that way. 
 
 

1. Introduction 
 
In the near future, the RECH-1 research reactor will be completely converted to the use of LEU 
(19.75% of 235U) fuel. The current reactor core loads 22 HEU (45% of 235U) fuel assemblies fabricated 
by the UKAEA in Deanery, Scotland, and 12 LEU fuel assemblies fabricated by the Chilean Fuel 
Fabrication Plant (PEC). The meat composition of the experimental LEU fuel assembly is U3Si2-Al, 
whereas the HEU fuel assemblies have a meat composed by UAlx-Al. The first two LEU fuel 
assemblies were loaded in the reactor core in December 1998, and the second two in July 1999. LEU 
fuel assemblies have been gradually loaded in the core to replace HEU fuel assemblies which have 
reached the discharged burn-up. The total conversion of the RECH-1 reactor will be achieved during 
the first semester 2006. The first four LEU fuel assemblies loaded in the reactor core are supporting a 
local qualification program to know the behavior under irradiation of fuel assemblies fabricated by the 
PEC. 
In order to measure the fuel burn up of irradiated fuel assemblies, the CCHEN has two completely 
independent facilities using gamma spectroscopy technique: a hot cell facility and an in-pool facility 
described in earlier works [1],[2]. The first facility is mainly used to measure burn up of spent fuel 
assemblies with decay periods larger than three months. With the purpose to measure burnup of fuel 
assemblies with shorter decay periods, it was decided to build an in-pool facility. 
The measurement of burnup using gamma spectroscopy technique after long decay period is very well 
known and 137Cs as monitor gives reliable results[2],[3],[4],[5]. However, the same measurement with 
short decay periods (few days) produces serious difficulties in the treatment of the collected 
experimental data. The origin of these difficulties is the high activity generated by a large number of 
fission products of short life time, which increases the dead time and background reducing the quality 
of the statistics of the monitor [6], and in our experience submerging completely the 137Cs under the 
background radiation, even with 4 months operation and 5 cooling days. Monitors like 95Zr, 140La, 
103Ru, 95Nb, etc. have good statistics; however, they have too short life to keep the accumulated burn 
up for long irradiation time.  
The burn up of one fuel assembly of the RECH-1 research reactor with short decay period was 
measured at the in-pool facility using 95Zr (724 keV, peak) as monitor in 2003 [1]. The methodology 
presented in this paper should be taken as a verification of our first attempt to use 95Zr as a monitor.  
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2. Measurements and results 
 
First of all, a full re-evaluation of utilized numbers of our cited previous work [1], was made including 
a refinement of basic burnup algorithm [3], [4], taking into account the differences of fuel density 
between external and internal plates of our fuel assemblies, more precise geometric measurements of 
in-pool measuring system, recalculation of gamma attenuation coefficients involved, and the use of 
new values of average fission yields adapted to the real operational conditions of RECH-1, an 
essentially thermal reactor [7]. The outcomes are showed in Table 1 where sub-index 1 and 2 represent 
the old [1] and new values, as much for 95Zr as for 137Cs. 
We used essentially the same simple physical assumptions and basic values to formulate the factor F 
in [1] for 95Zr except for a generalization that includes the possible non routine decay times. As it is 
known, this factor is needed to compensate for cumulative decay of 95Zr occurring during the different 
irradiation periods between the measurement and the relevant initial core operation. For 137Cs, a 
similar f  factor is known for a long time [3],[4],[5],[8]. Then, the refined expression for F is: 
 

                                          1( 1 )                       (1)−− −⎡ ⎤= + + − − −⎣ ⎦
TTF k e p k pe e λλτ λ ,                                                 

where,  k:  total numbers of reactor operations, 
            τ:   time between operations, 
            T:   maintenance period, and 
             p:  number of maintenance periods while the fuel assembly was in the reactor core. 

λ:   95Zr Disintegration Constant. 
 T1:  non routine decay  time. 

 
 

Fuel Assembly 
Identification 

Date of 
Measurement 

Decay Period 
Days and Monitor 

Burnup1 
% 

Burnup2 
% 

Calculated 
Burnup 

% 
LR-04L 30-Jan-03 5  (95Zr) 27.88 29.08 22.78 
LR-04L 13-Mar-03 5 (95Zr) 23.68 24.29 23.00 
LR-04L 12-Jun-03 5 (95Zr) 25.08 25.13 24.52 
LR-04L 24-Sep-03 53 (137Cs) 22.75  25.35 25.40 

Table 1. Measured burnup results obtained for the LR-04L fuel assembly using 95Zr and 137Cs (at 
fourth row) as monitors, refined in column2 and explained in the text, compared with  Citation code 
results (fifth column). 
  
 
Two LEU assemblies made by the PEC were measured during January of 2005; the LR-47 which has 
nearly 5 months in core, and again (to follow its behaviour) the LR-04L, that in the moment of 
measuring has nearly 66.5 months in operation. Additionally, this last assembly had an intermediate 
decay interval of 209 days specifically made to use 137Cs in measuring the burnup of it, and therefore 
to have a more reliable result to compare. The LR-04L was taken from the core on 2 August 2003, was 
measured on 24 September 2003 (see Table 1), and returned to the core on 27 February 2004, and 
continues in operation until now. 
The following two tables, show the relevant results using the aforementioned factor F, and two 
different ways to evaluate the burnup of LR-04L:  
 (i) The first way, presented in Table 2, consists in repeating the already known procedure [1] taking 
into account in F, that T1 = 209 days for LR-04L. Table 2 includes, besides the result for LR-47 whose 
operational conduct is much more simple, therefore not requiring the second proposed way.  
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Fuel Assembly 
Identification 

Date of 
Measurement 

Decay Period, 
Days 

Burnup(Zr –95) 
% 

Calculated Burnup 
 % 

LR-04L 13-01-05 5 25.16 29.98 
LR-04L 20-01-05 5 29.07 29.98 
LR-47 27-01-05 5 2.44 1.95 

Table 2. Burnup results obtained for two LEU assemblies measured in January 2005, with the same 
refinements than Table 1 and using first evaluation way. The calculated burnup using Citation code, 
corresponds to 17/01/05(fifth column). 
  
(ii) The second evaluation way, used only in LR-04L for comparison reasons, measures the burnup of 
this fuel element from the first day it was put on the core again (27/02/04) until the measurement 
dates. This is equivalent to suppose that it is fresh, or that P, T and T1 in (1) are zero. Then the real  
burnup is obtained adding this number to the previous burnup measured of LR-04L with 137Cs, whose 
refined value (25.35%) is in  Table 1. The outcomes of this addition is showed in the fourth column on 
Table 3. 
 

Fuel 
Assembly 

Identification 

Date of 
Measurement 

Decay Period, 
Days 

Burnup(Zr –95) as 
fresh element 

% 

Actual Burnup 
adding the Table 2 

% 

Calculated Burnup
 % 

LR-04L 13-01-05 5 5.57 30.92 29.98 
LR-04L 20-01-05 5 6.52 31.87 29.98 

Table 3. Burnup results for the same LR-04L assembly in table 2, using now the burnup results of 
24/09/03, with 137Cs monitor showed in Table 1 as zero reference and explained in text, compared 
with  CITATION code outcomes corresponds to 17/01/05.(fifth column). 
 
The full results of  the two described ways of measuring are showed in Graph 1. The averaged 
differences used in graph are given by:  

Averaged Diff.= ( )1 c 2 c
1 B B B B                               (2),
2

− + −  

where, B1: Measured percentage Burnup with 95Zr , by first evaluation way. 
            B2 : Measured percentage Burnup with 95Zr , by second evaluation way. 
            BC: Calculated percentage Burnup. 
The  averaged difference is used because of the differences between the burnup measurements dates 
and the calculated burnup date, not allow to make a precise comparison date to date.  
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3. Conclusions 
 
-Considering the simplicity of the physical assumptions used to formulate F, and the supposed 
periodical operation of RECH-1 used on the algorithm to calculate F, the results are promising. The 
tables show that the averaged differences between the measured burnup and the codes or calculated 
burnups, are lower if the assembly operational biography is simpler. Similar conclusion is obtained 
from measurement of  the LR-47 assembly. Then, the results using 95Zr are reasonably within the 
range calculated using codes. 
-The measurements confirm that 137Cs is a very reliable burnup monitor even with nearly 50 days 
cooling period.      
-Due to the unavoidable non periodic operation of the RECH-1 and  to the relatively short life of 95Zr,  
the obtained results with this monitor have unavoidable variability, too. It is seen specially  in the 
interoperation measured burnup results. The actual behavior of operation conspire against the 
simplicity of the algorithm. 
 -Three possible improvements (in increasing order of importance) are suggested in algorithmic and 
experimental fields: 
(i) Algorithmic: Take into account the actual power history of RECH-1 reactor in a very much detailed 
way, as with the 137Cs monitor. It is possible that the hypothetical benefit in precision could be smaller 
than the loss in the simplicity of the present F. 
(ii) Experimental: The HPGe detector must be fixed to the mechanical measurement system, due to the 
fact that it produces important variations in activity measurements, which only contributes to increase 
the uncertainty in the efficiency of system. 
(iii) Experimental and Algorithmic: It is necessary to make continuous measurements during a 
sufficient time (3 or 4 months) for a specific LEU assembly, in order to improve the empirical 
knowledge of  95Zr behavior, between and in routine reactor operations. 
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