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A B S T R A C T 

Under the joint ENEL-EURATOM program for the utilization of plutonium 
in thermal reactors, post-irradiation analyses were carried out on an enriched-
uranium assembly irradiated at about 10,000 MWd/MTU in the Garigliano 
boiling water reactor. 

The objective was the determination of burn-up, uranium and plutonium 
concentration in order to supplement the experimental data to be used for the 
verification of the calculation method on irradiated fuel. Burn-up was measured 
non-destructively by means of a high-resolution solid-state detector and 
destructively through Nd-148 determination, whereas heavy isotope concentra
tions by mass spectrometry combined with isotopie dilution techniques. 

The measurements, carried out a t the Institute for Transuranium Elements 
in Karlsruhe, compare favourably with the five-group BURSQUID calculation; 
the burn-up values agree within ± 1.5 %, whereas the concentrations of U-235, 
Pu-239 and Pu-240 are within less than 4 %. 

The report discusses several correlations of general interest tha t were found 
among different isotope ratios or between isotopie abundances and burn-up 
parameters. The correlations were used only to check the consistency of experi
mental results, although their validity to determine also burn-up and isotopie 
abundances is recognized. 
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1. INTRODUCTION*) 

In 1966 ENEL and EURATOM entered a research contract to study 
the recycle of plutonium in light watéripower reac to r s . One of the main 
purposes of the contract was to develop a design criterion for elements con
taining plutonium, employing adequate calculation methods. For this pur
pose it was deemed appropriate to take the largest number of measurements 
possible so as to adjust the calculation methods and codes to be used. 

To complete and supplement the available experimental resul ts , post-
irradiation measurements of burVi-up and isotopie contents were taken on 
an irradiated enriched-uranium assembly presenting plutonium contents of 
the same order of magnitude as is expected to be used for the design of the 
plutonium assemblies. 

This topical report describes the main resul ts of the investigations 
carried out under the ENEL-EURATOM Contract 092-66-6 TEEI at the 
Common Research Center in Karlsruhe, Institute for Transuranium Ele
ments, on a fuel assembly that was irradiated in the Garigliano reactor , 
and the accuracy achieved by ENEL calculation methods. 

*) Manuscript received on February 9, 1971 
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2. DESCRIPTION OF THE PROGRAM 

2.1 Objectives of the program 

Task IV of the Contract calls for the execution of isotopie composition 

measurements on irradiated uranium fuel assemblies with an aim at obtain

ing experimental data to be used for the verification of the precision of the 

calculation methods developed within the framework of the referred Contract. 

The main difficulties in carrying out such a program arose from disas

sembly,transport and handling of the fuel assembly (about 3 m long) in the hot 

cells at the Karlsruhe Center. Since a fuel assembly of the Garigliano first 

load had been removed from the reactor during the May 1967 shutdown for 

other research purposes and was already available disassembled in the Gari

gliano fuel pool, it was decided that this assembly should not be reassembled, 

but that it should be made available for the program. 

This assembly, A-106, had reached a burn-up level of about 10,000 
(*) MWd/MTU . Thus, the fuel rods had been sufficiently exposed to contain 

an appreciable amount of plutonium. The estimated isotope content was, in 

fact, as follows: 

U-235 1.18% 
Total Pu 0.44% 
Pu-239 0.32% 
Pu-240 0.08% 

Pu-241 0.03% 
Pu-242 0.005% approx. 

In addition, assembly A-106 had been irradiated in a fairly central posi

tion of the core so that the power tilting effect could be expected to be rather 

limited. 

(*) MTU = metric ton of uranium 



The results of the post- irradiation analysis on assembly A-106 were 
therefore considered sufficiently reliable to check the burn-up calculations, 
and especially tb check the concentrations of produced plutonium. 

In view of the long period of decay that had elapsed before the begin
ning of the hot cell measurements, the program was limited to the measure
ments of burn-up and fuel isotopie composition. 

The program was then logically broken down into two parts : non-de
structive measurements based on gamma spectrometry and gamma scanning, 
and destructive analyses of burn-up and isotopie composition based on gamma, 
alpha, and mass spectrometric measurements of dissolved samples. 

The non-destructive gamma-activity measurements were to determine 
the burn-up distribution at a pre-se t level on the largest possible number of 
rods . These measurements a re actually easier and more amenable than the 
destructive measurements, even though they cannot provide the absolute value 
of burn-up, because the resul ts a re dependent on the geometry of the measure
ment. On the contrary, desctructive measurements permit an assessment of 
the heavy atom content, and specifically the depletion of U-235 and formation 
of plutonium. These measurements also offer the possibility of determining 
burn-up through the measurement of the concentration of a stable fission 
isotope. One of the isotopes most suited for this purpose is Nd-148, but its 
determination is not so simple as a non-destructive direct measurement and 
it requires the use of a mass spectrometer. 

Therefore, it was decided that the absolute value of burn-up should be 
determined on a limited number of rods and then correlated with the resul ts 
of the non-destructive measurements of burn-up distribution. In addition, 
the availability of the dissolved fuel samples prepared for the destructive 
measurements, offered the possibility of checking the burn-up by means of 
an additional destructive measurement, that is, through the determination of 
the specific activity of Cs-137. 
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For the purpose of adjusting the calculation method, it was of interest 
to determine the burn-up reached by the assembly at a given level, in order 
to apply the x-y geometry technique. In brief, the non-destructive measure
ments were taken on 34 rods at two levels corresponding to the positions of 
the in-core instrumentation (levels C and D; see Para 3.1), whilst the de
structive measurements were limited to 18 fuel sections taken all at the same 
level (level C). For a check of the axial distribution calculations, two rods 
were subjected to gamma scanning over their entire length. 

One reason for the choice of the particular level C was that the void 
fraction in operation at that point is representative of the average void con
tent in the core . 

These measurements permitted an integral and analytical verification 
of the calculation models and methods used in the nuclear design of the pluto
nium fuel assemblies . More specifically, the purpose of the measurements 
was to ascertain that the calculation technique was capable of: 

- determining the correct burn-up distribution among the various rods; 

- adequately assessing the concentrations of the heavy nuclides as a function 
of burn-up, with special reference to plutonium, while allowing for the ef
fects of spectrum variations. 

The measurements carried out in the Karlsruhe laboratories provided 
an adequate verification of the two above-mentioned stages in the calculations, 
and constitute an interesting source of information,considering the limited 
amount of experimental data at present available on power reac tors . 

2. 2 Program administration 

The measurement program was implemented by ENEL and the Insitute 
for Transuranium Elements in Karlsruhe, working in close cooperation. ENEL 
undertook to deliver the irradiated rods of assembly A-106 to the Institute in 
such conditions as to be easily handled. For this purpose the rods had been 
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firstly halved and then transported to Karlsruhe in a special shipping container. 
The rods were subjected to non-destructive gamma-spectrometry by a joint 
team of ENEL and EURATOM personnel. The cutting of the fuel sections and 
the performance of the destructive measurements were handled completely 
by the Institute. 

The nuclear burn-up and isotopie composition calculations were performed 
by ENEL on the digital computer IBM 360/65 of CETIS at the Common Research 
Center at Ispra. 
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3. CHARACTERISTICS OF THE FUEL ASSEMBLY 

This Chapter will deal with the main characteristics of assembly A-106, 

its irradiation history and a brief description of the problems solved to han

dle the irradiated rods from Garigliano station to the hot cells at the Institute. 

3.1 Description of assembly A-106 

Assembly A-106 belongs to the first core load of the Garigliano reactor; 
it is constituted of 81 rods arranged in a 9x9 array. Each of the eighty-one 
rods consists of four segments, containing pellets of ceramic uranium oxide 
enriched on the average to 2.02% in U-235 and clad in Zircaloy-2. The main 
geometrical dimensions of the element are given in Fig. 3-1 . 

The four segments of each rod are separated by zirconium connectors on 
which the steel grid r e s t s ; thus the fuel assembly is divided into four axial 
zones. All the pellets adjacent to the connectors have a lower enrichment 
in U-235 (1. 6%); in addition, the peripheral rods contain also erbium oxide 
(ErgO ) which acts as a neutron poison to flatten the flux peaking in the grid 
area. 

Fig. 3-2 shows the enrichment distribution in the individual rods in the 
assembly. The outer diameter of the rods is 13.56 mm, and the cladding 
thickness 0. 76 mm. 

The axial position of the fission chambers for the measurement of the 
in-core neutron flux is at about mid-height of each fuel segment; the iden
tification of levels at which the measurements were performed is shown 
in Fig. 3-3. 

3. 2 Irradiation history 

On the basis of the information contained in the station files, the his

tory of assembly A-106 has been put together up to the time of discharge 

from the reactor at the end of Cycle IB. Throughout Cycle 1, the assem

bly was irradiated in position 62-07 (Fig. 3-4); the steel sheath used in 

Cycle 1A was replaced by a Zircaloy sheath in Cycle IB. Fig. 3-5 sum

marizes the main history of the assembly during irradiation, especially 
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a s conce rns the r e a c t o r output, the position of the control r ods direct ly affect

ing the e lement , the coolant flow r a t e and the type of sheath . This informa

tion was used in the t r id imens iona l FLARE code to s imulate the h is tory of 

the c o r e during Cycles 1A and I B , and thus to de te rmine the operat ing condi

t ions in which the a s sembly was i r r ad i a t ed ; par t icu lar ly , the var ia t ion in 

a v e r a g e void fract ion with exposure at the elevations of in te res t and the 

a s soc ia t ed burnup l e v e l s . F i g u r e 3-6 shows the curve of the void fraction 

var ia t ion at l eve ls C and D, as calculated by the FLARE code. The 

b u r n - u p s , calcula ted at the end of Cycle I B , were: 

Average i r r ad ia t ion 9,458 MWd/MTU 

Average i r r ad ia t ion at level C 10,582 MWd/MTU 

Average i r rad ia t ion at levei D 7, 276 MWd/MTU 

3. 3 P r o b l e m s assoc ia ted with i r r ad ia t ed rod handling 

The a s sembly se lec ted for the ana lyses had a l ready been d i sassembled 

in the Gar ig l iano fuel pool for tes t ing during the 1967 shutdown. Ful l - length 

pins w e r e thus avai lable in specia l s t a in l e s s steel ba ske t s . F o r r e a s o n s 

concerning handling in the hot ce l ls it was necessa ry to naive the length 

oi the pms before t ranspor t ing them to the Kar l s ruhe Cen te r . The halving 

opera t ions w e r e c a r r i e d out at CNEJSJ's Eurex Center in Saluggia, Italy, 

where adequate fac i l i t ies were ava i lab le . Fo r the r e q u i r e m e n t s of the final 

m e a s u r e m e n t p r o g r a m , th i r ty - s ix h a i l - r o d s were selected and shipped to 

the Inst i tu te . 
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4. BURN-UP CALCULATION METHOD AND MODEL 

A brief desc r ip t ion of the computer codes used by ENEL to c a r r y out 

i r r ad ia t ion ca lcula t ions is contained in Appendix 1, The main aspec ts of 

the ca lcula t ions re la t ing to the A-106 fuel assembly a r e summar ized below. 

The ca lcula t ions of the exposure and fuel isotopie composit ion were 

pe r fo rmed init ial ly with the two-group BURNY code on the calculation model 

as shown in F i g . 4 - 1 . In the ca lcula t ions it was assumed that the neutron 

c u r r e n t was nil around the a s sembly only during the exposure t imes when 

the a s sembly was not affected by the p resence ol control r o d s . On the 

con t ra ry , when a control rod was inser ted , use was made of extrapolation 

lengths calcula ted by means of the t r anspor t code DTK. It was also assumed 

that during i r r ad ia t ion a diagonal s y m m e t r y existed, tins assumpt ion s im

plified the ca lcu la t ions , but made it necessa ry to neglect the p resence of the 

in -core ins t rumenta t ion guide tube near one edge oí the a s sembly . 

The ca lcula t ions re la ted to level D were performed at a l a te r date 

and the model was changed in r e spec t of the intersect ion of the control rod 

b l ades . In the ca lcu la t ions , the re la ted a r e a was r ep re sen t ed by lat t ice 

cons tan ts of s t e e l - w a t e r mix tu re instead of the extrapolated length pert inent 

to the absorbing m a t e r i a l used in the preceding calculat ions for the whole 

cont ro l rod . Actually, the control rod is constituted by four absorbing 

b lades formed of s t ee l - c l ad boron carb ide pins sheathed in a s teel f rame 

and connected with a cen t ra l s tee l suppor t . If this detai l is omitted in 

r ep re sen t ing the rod, the absorbing effect on the corne r rod facing the 

control rod is o v e r r a t e d . This effect was observed for the f i rs t t ime in 

the exper imen ta l r e s u l t s of the m e a s u r e m e n t s of the contro l - rod-affec ted 

power d is t r ibut ion c a r r i e d out at the Garigl iano in the 1968 s u m m e r shut

down , and it has been confirmed by the theore t i ca l -exper imenta l com

par i son per formed tor level C (see Chap. 6). 

The ca lcula t ions w e r e repea ted with the f ive-group BURSQUID code 

(a link of the f ive-group RIBOT and SQUID codes) . This f ive-group code 
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retains the main features of the calculation model of the two-group BURNY 

code, the difference being the subdivision of the thermal spectrum into two 

groups, whilst the condensation of the fast group is no longer carried out. 

This code was developed under the ENEL-EURATOM contract on the'basis 

of the preliminary information obtained from the analysis of the relationship 

between Pu-239 and U-235 fission ra tes measured on the DIMPLE critical 

a s s e m b l i e s ^ . This analysis had indicated as the most promising for 

burnup and isotopie composition calculations the five-group method for the 

use of two thermal groups. Indeed, the use of two thermal groups allows 

the local react ion-rate variations due to thermal-spectrum deformation to 

be determined for the two isotopes more accurately than one thermal group. 

Figure 4-2 shows the resul ts of the burn-up calculations with the 

BURSQUID code for all the rods of assembly A-106 at level C, while 

Fig. 4-3 gives the resul ts obtained with the two-group BURNY code at 

level D. 
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5. POST-IRRADIATION ANALYSES 

The selection of rods to be subjected to post-irradiation analyses was 
based on a compromise between the desire for a large measurement program 
and the transport requirements which limited the number of rods that could be 
transported in one container to only thirty-six half-rods. Of these, thirty-four 
were the upper halves of the full-length rods and comprise the measurement 
levels C and D. Two bottom half-rods were included in order to have some 
information on the lower part of the assembly. These lower halves were 
taken from a corner rod and a central one. 

The program of analyses was broadly devided into non-destructive 
measurements for burn-up determination and destructive measurements for 
burn-up and heavy-isotope content determination. 

From the flow diagram of the post-irradiation examination (Fig. 5-1) 
the sequence of each analyses can be seen. 

After the non-destructive tests on all the mentioned fuel rods at two 
levels, pellet-size samples were cut from 18 rods at a position corresponding 
to level C. Figure 5-2 shows the orientation of the assembly and the position 
of these 18 rods inside it. 

During dissolution of the samples, the isotopie composition of the fission 
gas was analyzed. The solutions were diluted sufficiently so that they could 
be handled outside the hot cells without danger. Portions óf these' solutions 
were then subjected to gamma and mass spectrometry. Gamma spectrometry 
was used to determine the concentrations of certain fission products from 
which the burn-up was derived; mass spectrometry was used to determine 
the concentrations of heavy isotopes and Nd-148. The Nd-148 concentration 
Was then utilized for a separate evaluation of the burn-up. 

5 .1 Non-destructive gamma spectrometry 

In order to determine the burn-up distribution in the fuel assembly 
at à fixed plane, the gamma activity over the whole-emission spectrum 
(from a few keV to over 2 MeV) was monitored from each fuel rod at the 
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same axial position, by high-resolution gamma spectrometry. This non

destructive technique is based on the possibility of correlating the gamma 

activity of a selected fission product to burn-up, so leading to a relative 

burn-up distribution. The reliability of this assumption depends on the 

extent to which the fission product satisfied the conditions for accurate 

burn-up monitors* . 

The isotopes selected for these measurements were: 

Isotope 
Ru-106/Rh-106 

Cs-137 

Ce-144/Pr-144 

Energy, 
512 

662 

2186 

keV Half-life, y r s 
1.008 

30.60 

0.778 

The activity of the relatively long-lived Cs-137 is proportional to 
the burn-up level reached, whereas the activities of Ru-106/Rh-106 and 
Ce-144/Pr-144 permit useful information to be obtained on the irradiation 
of the fuel element in the last period of residence in the reactor . For instance, 
owing to the different fission yields of U-235 and Pu-239 (0. 38% versus 4.57% 
in the field of thermal fissions and 0.5% versus 6.4% for fast fissions), it is 
also possible to obtain information on plutonium burnv-up in the preceding 

(4)(5) 
operating period from the activity of Ru-106/Rh-106 . Although this 
report gives the resul ts of the measurements on all three these isotopes, 
the analysis of the resul ts was limited to the values of Cs-137, which can 

be correlated directly to the burn-up level calculated by means of the ENEL 

codes. To evaluate the information gathered from the other two isotopes, 
it is necessary to modify the calculation codes. This is being- done, but 

at the time of this writing, the revised codes a re not available yet for a 
complete analysis of the resu l t s . 

The non-destructive technique adopted is based on the use of a 

Ge-Li monitor which gives a very high resolution of the gamma activity 
of the spectrum. This technique consists in monitoring the gamma activity 
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of a rod placed in front of a slit in the lead shield, whereby it is possible to 
collimate a very thin beam of radiations. The details of the technique are 
described in Appendix 2. 

A typical spectrum obtained at the C level of a fuel rod is shown in 
Fig. 5 -3 . The peaks due to the main fission products (Cs-137, Ru-106/Rh-106, 
Ce-144/Pr-144), to the main neutron capture products (Cs-134, Eu-154) and 
to the main activated corrosion product (Co-60) are clearly recognizable. 

The first set of scans was completed in December 1968. During the 
setting of the instrumentation before the measurements at level D, a non-
linearity was noted in the response of the electronic chain at different en
ergies . Therefore all the electronic equipment was substituted. Then gam
ma scanning at level D was performed and completed towards the end of January 
1969. 

5 .1 .1 Data processing 
The calibration and calculation procedures required for the interpreta

tion of the spectra were considerably simplified because for the selected iso
topes it was only necessary to establish the relative activity of the rods . 

Peak integration and Compton-background correction were done by mea
suring the net area of each peak from the spectrum printed out in numerical 
form. In the calculation of the relative activities of the three isotopes from 
the resulting spectra, a simple numerical method was used to assess the area 
of the peaks, that is, a constant amplitude of nine memory channels was a s 
signed to each peak (Fig. 5-4). In addition, to take into account the Compton 
effect and background, the peak area was defined by the formula: 

m+4 
l~> 'ra - ! (im-4 + W ( 1 ) 
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where: 

i = memory channel content 

m = channel index corresponding to the maximum value of the peak. 

Tables 5-1 and 5-II list, for all the examined rods and for the two 

levels C and D,. the measured activity values for the selected isotopes, 

namely, Ru-106/Rh-106; Cs-137, and Ce-144/pr-144. 

5.1.2 Precision of the measurements 

During the measurements, a number of experiments were carried 
out for the dual purpose of developing a gamma-spectrometry technique 
and of evaluating the precision of the resulting data. One of these exper
iments consisted in establishing the effect of non-isotropic irradiation of 
the rod such as will generate a fission product distribution in the fuel which 
is not in circular geometry. 

For this purpose, before beginning the measurements proper, the 
activity of Ru-106/Rh-106 was determined at the same level on one rod; 
since this isotope has the lowest peak energy (512 keV), it is the most 
sensitive to the rod self-shielding effect. It was observed that the devia
tion of the resul ts was on the order of 5%, so that it was decided that the 
rods should be rotated manually during the measurements . 

The reproducibility of the measurements was then checked by repeat
ing the measurements on two rods (E-l and E-5) several times on different 
days. The resul ts for the three selected peaks are given in Table 5-III 
together with the experimental standard deviations (σ exp) and the theoret
ical statistical e r ro r s (o~t). It will be noted in this table that the theoret
ical statistical e r ro r for the measurement of Cs-137 activity (0.2%) is 
only a small fraction of the total e r ror (1.8%). A larger contribution, 
though difficult to evaluate, is given by the e r ro r in positioning the rod 
in front of the collimator and by the probable displacement of the pellets 
or part of them inside the rod. To assess the magnitude of these e r r o r s 
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Table 5-1 

Activities measured at level C 

Rod 

A - 1 
B - l 
C - l 
D-1 
E - 1 
J - l 
A - 2 
B - 2 
C - 2 
D-2 
H - 2 
A - 3 
B - 3 
C - 3 
D - 3 
E - 3 
A - 4 
D-4 
A - 5 
C-5 
E - 5 
B - 6 
D-6 
C - 7 
D - 7 
G - 7 
A - 8 
B - 8 
H 8 
A - 9 
B - 9 
C 9 
D-9 
J - 9 

C o u n t s , cps 

(Ru/Rh) (*) 
512 keV 

7 5 . 1 2 
6 7 . 0 8 
6 0 . 4 3 
6 3 . 0 8 
6 4 . 3 6 
9 2 . 4 5 
6 3 . 1 7 
6 0 . 6 6 
5 5 . 6 1 
5 5 . 6 9 
6 8 . 5 0 
6 1 . 2 3 
5 6 . 16 
5 3 . 2 3 
5 2 . 9 9 
5 4 . 17 
6 1 . 7 2 
5 0 . 4 8 
66 . 38 
5 5 . 5 5 
4 3 . 0 3 
6 1 . 8 0 
5 3 . 9 4 
5 9 . 4 1 
4 7 . 4 5 
62 . 21 
9 5 . 11 
7 2 . 0 3 
74 .5 0 

1 0 2 . 9 8 
8 8 . 2 7 
8 1 . 0 2 
79. 77 
8 8 . 19 

C s 
662 keV 

164.90 
148.29 
158.59 
159 .29 
164.15 
196 .24 
146 .33 
159 .68 
148 .30 
143.65 
179 .60 
158 .14 
146.55 
141 .37 
139 .24 
1 3 9 . 4 3 
160 .16 
131 .67 
165 .99 
143 .77 
112 .82 
15 7 .38 
142 .98 
155 .26 
124 .71 
160.87 
187 .15 
185 .16 
190 .79 
214 .39 
185 .92 
2 0 1 . 9 1 
191 .18 
175 .51 

( C e / P r ) ( i ) 
2186 keV 

1.453 
1. 35 7 
1. 388 
1.465 
1 .470 
1 .661 
1.3 39 
1.435 
1.352 
1. 306 
1.586 
1.424 
1. 356 
1 . 302 
1.286 
1.240 
1.455 
1.209 
1.549 
1. 322 
0 . 9 9 6 
1.412 
1.278 
1.416 
0 . 8 6 1 
1.45 9 
1.636 
1 . 716 
1 .680 
1 .827 
I .638 
Ì . 8 4 2 
1.827 
1 .533 

(±) Counts referred to November 18, 1968 
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Table 5-II 

Activities measured at level D 

Rod 

A - l 
B - l 
C - l 
D - l 
E - l 
J - l 
A - 2 
B - 2 
C - 2 
D - 2 
H - 2 
A - 3 
B - 3 
C - 3 
D - 3 
E - 3 
A - 4 
D-4 
A - 5 
C-5 
E - 5 
B - 6 
D-6 
C - 7 
D - 7 
G - 7 
A - 8 
B - 8 
H-8 
A - 9 
B - 9 
C - 9 
D-9 
J - 9 

C o u n t s , c p s 

( R u / R h ) (*) 
512 keV 

3 7 . 6 9 
3 5 . 3 0 
3 2 . 5 4 
32 .05 
3 3 . 4 1 
4 6 . 4 8 
3 3 . 7 1 
3 0 . 3 5 
2 8 . 0 5 
2 7 . 7 6 
3 3 . 0 5 
3 1 . 7 4 
2 8 . 0 4 
2 8 . 2 6 
2 5 . 7 3 
2 6 . 2 0 
3 0 . 8 3 
2 5 . 5 8 
3 2 . 5 9 
2 6 . 1 2 
2 5 . 2 6 
2 7 . 9 6 
2 6 . 5 9 
2 8 . 1 0 
2 7 . 8 1 
2 9 . 7 4 
4 1 . 7 2 
3 4 . 6 2 · 
3 6 . 1 8 
4 9 . 5 7 
4 4 . 3 9 
3 9 . 3 2 
3 7 . 7 0 
5 1 . 4 4 

C s 
662 keV 

9 4 . 4 8 
9 6 . 1 2 

1 0 1 . 7 5 
1 0 1 . 0 3 

9 6 . 5 6 
1 1 9 . 6 8 

9 2 . 8 4 
9 8 . 1 0 
8 9 . 5 0 
8 9 . 0 4 

1 0 6 . 1 1 
9 9 . 6 5 
8 9 . 2 1 
8 8 . 5 7 
8 3 . 1 1 
8 2 . 3 5 
9 6 . 8 1 
8 1 . 2 8 

1 0 0 . 5 1 
8 2 . 3 1 
7 8 . 7 0 
8 9 . 2 2 
8 1 . 5 1 
8 9 . 7 2 
8 5 . 7 4 
9 2 . 2 0 

1 0 9 . 0 1 
1 1 0 . 7 0 
114 74 
1 2 5 . 4 5 
1 1 . 1 2 
1 1 8 . 9 7 
1 1 3 . 4 6 
1 2 3 . 1 7 

(Ce/Pr) (±) 
2186 keV 

0 .774 
0 .815 
0 .856 
0 .839 
0 .785 
0 .989 
0 .744 
0 .796 
0 .707 
0 .736 
0 .882 
0 . 7 3 1 
0 .785 
9 .717 
0 .647 
0 . 6 4 8 
0 .794 
0 .657 
0 .827 
0 .667 
0 .654 
0 .705 
0 . 6 7 1 
0 .735 
0 .688 
0 .749 
0 . 8 9 3 
0 .915 
0 .940 
0 .958 
0 ,914 
1.032 
0 .936 
1.011 

(x) Counts referred to January 10, 1969 
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Table 5 -III 

Total reproducibility measurements 

Q 
ι—I 

0) 
> 
0) 

w 
Ό 
Ο 

S 
Ο 

o 
m 
m 
H 
Ό 
Ο 
tí 

Date 

17/1 /69 

21 /1 /69 

7 /2 /69 

7 /2 /69 

10 /2 /69 

Average 

°éxp % 

^t % 

15 /11 /68 

21 /11 /68 

25 /11 /68 

27 /11 /68 

3 /12/68 

3 /12/68 

3 /12/68 

10 /12 /68 

Average 

cr % exp 

<n % 

Ru/Rh 
(512 keV) 

33.75 

34.48 

28.95 

31.05 

31.43 

31.93 

6.95 

1.0 

80.52 

79.31 

75.98 

77.31 

78.92 

76.58 

77.08 

77.01 

77.83 

2 .00 

0 . 5 

Cs-137 
(662 keV) 

100.45 

96.81 

92.45 

93.92 

96.43 

96.01 

3.19 

0 . 2 

168.61 

172.83 

166.10 

166.81 

166.18 

165.33 

164.95 

163.62 

166.83 

1.80 

0 . 2 

C e / P r 
(2186 keV) 

0.867 

0.748 

0.769 

0.795 

0.708 

0.787 

6.30 

2 . 1 

1.549 

1.568 

1.466 

1.610 

1.546 

1.552 

1.556 

1.520 

1.545 

2.60 

1.7 
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it was. decided that at least five rods should be given a "fine" axial gamma 
scan around a fixed position; the rods selected for this purpose were A - l , 
B-2, D-4, E-5 and J - 9 . 

A gross gamma scan was. started at level D, taken as a central datum, 
while the rod was moved in steps of 2 mm in either direction in order to cover 
a length equal to the height of a pellet. In addition, at each point, four 
measurements were taken at 90-degree angles around the rod. The e r r o r s 
of these measurements are given in Table 5 -IV. 

An examination of this table will reveal that the variation in the counts 
is generally on the order of 2% except for the case of rod A - l . For this rod, 
one must suppose that an axial dishomogeneity was present at level D. 

Finally, from an analysis of the shape of the peaks it was observed 
that some of them presented an abnormal widening, which would appear to 
indicate instability in the counting chain. On the basis of this observation, 
the results relating to the following rods were considered of dubious rel iabil
ity: 

level C: E-5 , D-7, J-9 

level D: A-3, D-3, E-5, A-9. 

5 . 2 Axial gamma scanning on rods A-l and E-5 

An axial gamma scanning was also carried out along the whole length 
of rods A-l and E-5 for which both halves (bottom and top) were available. 
For this purpose a continuous advancing system was used and the individual 
activity of the selected isotopes was recorded. The rods were moved slowly 
and steadily in front of the slit by means of a motor-driven dolly; it should be 
noted that during the measurements it was not possible to ensure perfect 
constancy in speed. 

Figures 5-5 and 5-6 give the normalized values of the activities of 
Ru-106/Rh-106 (512), Cs-137 (662) and Ce-144/Pr-144 (2186). 

The two charts clearly show the diversity between the axial distribu
tion of the corner rod (upwards tendency) and that of the central rod (tendency 
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Table 5 -IV 

I I-m J · ' Fine ' axial gamma scan aroud level D 

Rod 

Al 
Al· 
B2 

B2' 

D4 

D4' 

E5 

E5* 

J9 

Average 
m 

(counts) 

114970 

118838 

101033 

101480 

81711 

82067 

805 06 

81333 

15 7351 

o- % 

13.1 

9.1 

1.9 

1.3 

1.8 

0.9 

3.3 

1.4 

2.3 

Note: The pr imed va lues r e fe r to the averages from which values exceed

ing the average by m o r e than 3 C w e r e d i sca rded . 
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to shift toward the bottom of the core). This diversity is due to the combined 
effect of the voids and control rods. 

The peaks due to the presence of the end connectors are fairly well iden
tifiable in the reduced diagrams. On the contrary, some of the finer charac
teristics are visible only on the original recordings, on a wider scale. On these, 
for instance, it is possible to see the depressions due to the surfaces separating 
two adjacent pellets; in some points the depressions are so marked as to suggest 
the possibility that the whole pellet stack is separated. This is possible, at least 
in the case of the top half-rods where no spring is provided to compress the pel
lets together, but only a sleeve to ensure a plenum for collection of the fission 
gases. Thus, it is possible that there may be a few mil l imeters ' clearance. 
The only way to avoid this trouble would have been to handle the rod in its normal 
position, that is , vertical. 

5 . 3 Destructive gamma spectrometry 

At the beginning of the destructive measurement program it was decided to 
take advantage of the availability of dissolved fuel slices to check the burnup level 
by determining the specific activity of some of the fission products in the fuel. 
Therefore, a portion of each solution was subjected to gamma spectrometry 
with an absolute-calibrated system. The solutions were diluted sufficiently to 
be handled outside the glove boxes and to avoid the use of shields. 

The measured fission product isotopes were: Ru-106/Rh-106, Cs-137, 
Cs-134 and Ce-144/Pr-144, that is, the same isotopes selected for the non
destructive analyses plus Cs-134. The activity of the latter isotope can be cor
related with the neutron flux to which the fuel was exposed . For the same 
reasons given in Paragraph 5 .1 , although the experimental data are listed in 
this report , use was made only of the Cs-137 resu l t s . Once the specific ac
tivity of Cs-137 (defined as Cs-137 activity per gram oi fuel) is known, it is 
possible to derive the burn-up by means of a conversion factor that takes into 
account the characterist ics of this fission product and the reactor history, 
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G a m m a s p e c t r o m e t r y was per formed on part of the solution p repa red 

for the heavy- i so tope ana lys i s (Pa rag raph 5 .3) . 

The s ample was subjected to counting with the G e - L i detector and 

mul t i - channe l s ana lyze r , as descr ibed in Appendix 2. The absolute effi

ciency of the moni tor ing counting sys t em had been cal ibra ted with s tandard 

s o u r c e s over the de s i r ed range of energy . 

P r e l i m i n a r y m e a s u r e m e n t s w e r e made to a s c e r t a i n whether one 

s a m p l e of each solution was giving accu ra t e r e s u l t s . F o r this purpose th ree 

s a m p l e s of one g r a m each were counted with the same technique in r e spec t 

of the 512 and 662 keV peaks . Since the observed exper imenta l deviation 

(see Appendix 2) was very c lose to the s ta t i s t ica l one, it was decided that 

only one sample should be used . 

5 . 3 . 1 Data p roces s ing 

The m e a s u r e d spec t r a w e r e p rocessed in the s ame manner as de

scribed in P a r a g r a p h 4 . 1 . 1 by means of a s imi lar formula to take into account 

the Compton effect and background, in peak integrat ion. The resu l t ing count

ing r a t e (cps) was c o r r e c t e d for decay since reac tor shutdown (May 7, 1967). 

F o r the calcula t ion of the specific activity (Ci/g) , the following for

m u l a for each se lec ted isotope was employed: 

(2) S. Τ R. 4 
ι ι 10 

Λ ~ . eX l i E. QPD. 3.7 χ 10 
ι ι 

10 

where : 

i = isotope cons idered 

A. = specific activi ty (Ci/g) at r e a c t o r shutdown (7 May 1967) 
ι 

S. = counting r a t e of sample (cps), net of background and Compton 

effect 
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= counting efficiency in percent 
= decay constant (sec ) 
= time lapse between 7 May 1967 and date of measurement (sec * ) 
= self-absorption factor 
= weight of sample, (g) 
= fuel concentration in the solution, (g/g) 
= branching ratio, (%) 

Table 5 -V gives the parameters selected for the four isotopes with rele
vant references, and Table 5 -VI lists the calculated values of specific activity 
(Ci/g) as of 7 May 1967. 

Table 5 -V 

Parameters selected to calculate the fission product specific activity (Ci./g) 

I s o t o p e 

R u - 1 0 6 / R h - 1 0 6 ( 7 ) ( 8 ) 

C s - 1 3 7 ( 9 ) 

C S - 1 3 4 < 1 0 ) 

C e - 1 4 4 / P r - 1 4 4 ( 8 ) 

E n e r g y 
keV 

512 

662 

796 

2186 

E i 
% 

0 . 0 9 5 8 

0 . 0 6 4 6 

0 . 0 5 1 0 

0 . 0 1 4 0 

R. 
1 

1.063 

1.056 

1 .050 

1 .080 

D. 

20 .5 

8 5 . 1 

9 7 . 0 

0 . 7 3 

( T ! > i 

368 d 

3 0 . 6 0 y 

2 . 0 4 y 

284 d 
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Table 5 -VI 

Specific activities of solutions (Ci/g) 

Rod 

A - l 

A - 3 

A - 5 

A - 9 

Β 1 

B - 2 

B - 8 

C - l 

C - 3 

D-2 

D-4 

E - 1 

E - 5 

G - 7 

H 2 

H - 8 

J - l 

J - 9 

R u - 1 0 6 

0 . 1 4 6 . 

0 . 1 1 1 

0 . 1 1 9 

0 . 2 0 3 

0 . 1 2 6 

0 . 1 0 4 

0 .135 

0 . 1 1 8 

0 . 1 0 2 

0 . 1 0 2 

0 . 0 9 8 

0 . 1 3 7 

0 . 0 9 6 

0 . 1 2 2 

0 . 1 3 0 

0 . 1 2 9 

0 . 1 6 7 

0 . 2 0 4 

C s - 1 3 7 

0 . 0 3 3 0 

0 . 0 3 2 5 

0 . 0 3 3 6 

0 . 0 4 3 2 

0 . 0 3 0 0 

0 . 0 3 1 3 

0 . 0 3 7 6 

0 . 0 3 2 8 

0 . 0 2 8 2 

0 . 0 2 9 2 

0 . 0 2 7 6 

0 . 0 3 2 8 

0 . 0 2 7 6 

0 . 0 3 1 6 

0 . 0 3 5 9 

0 . 0 3 7 9 

0 . 0 4 0 2 

0 . 0 4 3 9 

C s - 1 3 4 

0 . 0 2 1 8 

0 . 0 1 9 1 

0 . 0 2 1 0 

0 . 0 3 4 3 

0 . 0 1 8 7 

0 . 0 1 8 6 ·, 

0 . 0 2 4 2 

0 . 0 2 0 3 

0 . 0 1 6 3 

0 . 0 1 7 2 

0 . 0 1 6 0 

0 . 0 2 1 3 

0 . 0 1 6 4 

0 . 0 1 9 5 

0 . 0 2 3 8 

0 . 0 2 5 2 

0 . 0 2 0 5 

0 . 0 3 5 2 

C e - 1 4 4 

0 . 2 9 1 

0 . 3 0 8 

0 . 2 9 6 

0 . 3 4 3 

0 . 2 7 2 

0 . 2 8 4 

0 . 3 1 6 

0 . 2 8 8 

0 . 2 6 0 

0 . 2 6 2 

0 . 2 5 1 

0 . 2 9 7 

0 . 2 4 5 

0 . 2 8 6 

0 . 3 0 6 

0 . 3 2 0 

0 . 3 4 3 

0 . 3 5 8 
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5 . 3 . 2 P r e c i s i o n of the m e a s u r e m e n t s 

Since the p a r a m e t e r s in the formula used for the calculat ion of the 

specific activity a r e mul t ip l icat ive , the total coefficient of va r i a t ion 

is the squa re root of the sum of each squared coefficient. Table 

5VÌI l i s t s these va lues , calculated as explained below,' for the 

four isotopes cons idered : 

Table 5 VII 

Standard deviat ions % (o) 

Isotope 

Ru106/Rh106 

Cs137 

Cs134 

Ce144/Pr144 

Counting 

1 

0 . 3 

1.2 

1 .3 

Efficiency 

2 

2 

2 

2 

Self

absorption 

0 . 4 

0 . 4 

0 . 4 

0 . 4 

Concen

tration 

0 . 1 

0 . 1 

0 . 1 

0 . 1 

Weight 

0 . 1 

0 . 1 

0 . 1 

0 . 1 

Branching 

ratio 

5 

0 . 5 

2 

5 

Total 

5 . 4 9 

2 . 1 2 

3 . 10 

5 . 5 5 

The values in this table were obtained on the bas i s of the following 

considera t ions : 

(a) the e r r o r in integrat ing the peaks was calculated according to the 

formula in Appendix 2; 

(b) the e r r o r in efficiency (about 2%) includes the s tandard source e r ro r in

dicated by IAEA (abt 1%), thé "statistical counting e r r o r (0.3%) and the 

source positioning e r r o r (0.5%); 

(c) the uncer ta inty of the se l f absorp t ion coefficient can be a s s e s s e d f rom 

the char t in F i g . 5 7 , in which the deviation between the expe r imen ta l 

values and the bes t  f i t curve is about 0.4% ; 

(d) the e r r o r in. concentra t ion (P) and weight (Q) is given by the 

p rec i s ion of the weighing method, that i s , on the o rde r of 1 m g / g ; 

(e) the e r r o r of the branching r a t i o i s the l a r g e s t ; in fact, published branch

ing r a t i o s differ grea t ly rmd a r e affected by g rea t e r r o r s . 



4^ 
CT 
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5.3 .3 Burn-up determination from Cs-137 activity 

The method (see Appendix2 ) is based on the calculation of the 

fissions occurred in the fuel by measuring the specific activity of Cs-137 

deriving the number of Cs-137 atoms present and dividing by its fractional 

fission yield. Since the Cs-137 fission yield varies slightly with the fissile 

isotopes, an appropriate average was takerf. The number of fissions was 

then converted into burn-up expressed in MWd/MTU, by multiplying by an 

energy transformation constant. 

For the purpose of these calculations the following equation was derived: 

B=K A - ^ (3) 
Y 

Cs-137 
Ει.-.-λτή.-λτί 

where: 
Κ = energy transformation constant 
A = Cs-137 specific activity (Ci/g) 

Τ = total time of residence in the reactor (days) 
YCs-137 = average Cs-137 fission yield (%) 

Λ = Cs-137 decay constant (days ) 
T. = time of irradiation for any i-th period (days) 
"C"̂  = time of decay since any i-th period to the end of irradiation (days). 

By using all the numerical values discussed in Appendix 2, the equation 3 
is reduced to: ι 

Β = 3.086 · IO5 · A (4) 

which permits the burn-up in MWd/MTU to be derived from the Cs-137 
specific activity in Ci/g. 

r or Lhe eighteen rods examined at level C, the burn-up so calculated 
is given in Table A. 2-III of Appendix 2. 
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5 .4 Analysis of heavy isotopes 
In order to determine the conversion of uranium atoms inside the fuel 

assembly, the abundance of heavy isotopes was measured by destructive anal
yses". 

By means of isotope dilution and mass spectrometry techniques, the abundances 
were determined for all uranium and plutonium isotopes except Pu-238. This 

isotope, together with americium and curium isotopes, was analyzed by means 

of the alpha spectrometry technique. 
The analyses have been performed in glove-boxes on diluted samples of 

about 0. 2 mg of fuel per gram of solution. 

5 .4 .1 Mass spectrometry 

The concentrations of U-2 35, U-236, U-238, Pu-239, Pu-240, Pu-241 
and Pu-242 were determined by mass spectrometry combined with isotopie 
dilution techniques (11). For this purpose uranium and plutonium were 
separated from interfering material by washing the solution with 8 molar 
nitric acid and excessive uranium was removed from a single sample to 
get about the same quantities of uranium and plutonium (12). The techniques 
are described extensively in Appendix<8 . 

For isotopie dilution the U-2 33 and Pu-242 spikes were used after double 
calibration against standards of the National Bureau of Standards (N.B.S., U.S.A.). 
The resul ts of the calibration were: 

Spike Calibration 

Pu-242 3J.449 . 1014.atoms per gram of solution + 0. 3% 

U-233 30.578 . 101 7 atoms per gram of solution + 0. 34% 

These values were corrected for mass discrimination of the mass spectro

meter as "determined by N . ß . S , standards (0.01% per inäjäß unit). 

Each mass spectrometry measurement was generally performed three times; 

only in a few cases it could be taken only twice. The experimental e r ro r , ex

pressed as deviation from the mean value for a single analysis, are given in Ap

pendix 4. On the average, the e r ror is close to the calibration e r ro r . 
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5.4.2 Alpha spectrometry 
Without any further chemical treatment, a portion of the dissolved 

sample containing about 0.01 mg of U was dropped onto a counting plate, 
and an alpha spectrum was taken. The alpha decay energies partly overlap, 
so that only the activity ratios (Pu-238 + Am-241)/(Pu-239+Pu-240), Cm-242/ 
(Pu-239+Pu-240) and Cm-244/(Pu-239+Pu-240) can be determined. By measur
ing the (Pu-239+Pu-240)/Pu-238 activity ratio in the sample separate for mass 
spectrometry, and by use of the ratio Pu-239/Pu-240 determined by mass 
spectrometry, the concentration of the single nuclide can be computed. 

The accuracy of the method is about 2-5%. 
. The technique used is described in Appendix 3. 

5 .4 .3 Data processing 

To compare the experimental data of the isotope analysis with the calcu
lated values, they were related to the initial amount of the fuel. Use was 
made of the ratio of each heavy isotope N. to the total of heavy isotopes N. be
fore irradiation, i . e . all initial uranium atoms. In this case the reduction of 
the measured data does not rely on any pre-irradiation data, as is clearly 
shown in the following equation: 

N. R i ( 5 ) 

1 

IK £R1+£A 
where: 

R. = is the ratio of each isotope to the post-irradiation amount of U-238 
(i=U-234, U-234, U-236, U-237, U-238, Pu-238, Pu-239, Pu-240, 
Pu-241, Pu-242, Am-241, Am-242, Am-243, Cm-242, Cm-243, 
Cm-244) 

^ Λ = is the ratio of fissioned nuclides to the post-irradiation amount of 
U-238, that follows from the Nd-148 analyses. 
The substitution of N. and R. is a simplification of the analysis 

where only the relative isotopie abundances are determined (see Appendix 3). 
The results of the uranium and plutonium isotopes content a re sum

marized in Table 5-VIII, while the radiometric and mass spectrometric mea
surement data are collected in Appendix 4. 



T A B L E 5-VIII 

R e s u l t s oí F d e t e r m i n a t i o n and of the con t en t s of u r a n i u m and plutonium i s o t o p e s 

S a m p l e 

A. 1 

A. 3 

A. 5 

A. 9 

B . 1 

B . 2 

B. 8 

C. 1 

C. 3 

D . 2 

D . 4 

E. 1 

E . 5 

G. 7 

H. 2 

H. 8 

J . 1 

J . 9 

ττ 
Τ 

a / o 

1. 126 

1 . 1 1 8 ' 

1. 128 

1.499 

1.046 

1.094 

1.293 

1. 138 

0 . 9 7 2 

1.008 

0 . 9 4 1 

1. 153 

0. 950 

1. 121 

1.273 

1. 351 

1 .370 

1.542 

U r a n i u m 

23 5 

0 . 0 0 7 7 7 

0. 01235 

0. 01185 

0. 00555 

0 . 0 0 8 5 1 

0 . 0 1 2 3 1 

0 . 0 1 0 5 0 

0 . 0 1 2 2 5 

0. 01348 

0 . 0 1 2 9 7 

0 . 0 1 3 3 2 

0 . 0 1 2 0 4 

0 . 0 1 3 3 5 

0. 01199 

0 . 0 1 0 9 6 

0 . 0 1 0 3 6 

0 . 0 0 6 3 1 

0 . 0 0 5 4 1 

236 

£ N P 

0 . 0 0 1 6 1 

0 . 0 0 1 8 7 

0 . 0 0 1 7 3 

0 . 0 0 1 8 4 

0 . 0 0 1 4 2 

0 . 0 0 1 8 9 

0 . 0 0 1 9 9 

0 . 0 0 1 8 8 

0 . 0 0 1 6 8 

0 . 0 0 1 7 3 

0 . 0 0 1 7 2 

0 . 0 0 1 9 0 

0 . 0 0 1 6 4 

0 . 0 0 1 8 3 

0 . 0 0 1 9 5 

0 . 0 0 2 0 0 

0 . 0 0 1 8 0 

0 . 0 0 1 9 1 

238 

ΣΝ? 

0 . 9 7 3 9 

0 . 9 6 9 3 

0. 9697 

0 .9720 

0 .9742 

0 . 9 6 9 6 

0 . 9 6 9 3 

0. 9692 

0 . 9 6 9 7 

0 . 9 6 9 8 

0. 9701 

0 . 9 6 9 0 

0 . 9 7 0 1 

0 . 9 6 9 3 

0 .9690 

0 . 9 6 8 5 

0 . 9 7 2 5 

0 .9714 

238 

ΓΝ? 
χ 10 

0 .01860 

0 .01751 

0 .01586 

0 .02669 

0 .01864 

0 . 0 1 7 0 1 

0 .02004 

0 .01774 

0 .01332 

0 .01427 

0 .01691 

0 . 0 1 7 3 9 

0 . 0 1 7 8 0 

0 . 0 1 8 9 0 

0 .01892 

0. 02047 

0. 02900 

0 .03246 

239 

IN? 
χ 10 

.3.725 

3 .884 

3 .977 

3 . 4 3 9 

3 . 8 5 9 

3 . 8 5 7 

3 . 6 8 5 

3. 929 

4 . 148 

4 . 0 2 8 

4 . 181 

4 . 0 5 8 

4 . 2 2 1 

4 . 167 

3 . 8 2 0 

3 . 8 5 5 

3 . 6 6 3 

3 . 518 

Plutonium 

240 

IN? 
χ 10 

. .1. 117 

0 . 9 1 9 

0 . 9 3 5 

1.420 

1 .010 

0 . 8 7 9 

1.064 

0 . 9 1 9 

0 .807 

0 . 8 0 9 

0 . 7 6 4 

0 .934 

0. 770 

0 .941 

1 .028 

1. 133 

1 .324 

1 .474 

241 

IN? 3 
χ 10 

0 . 4 3 9 4 

0 . 3 7 2 2 

0 . 3 8 4 7 

0. 5496 

0 . 4 0 3 0 

0 . 3 5 0 6 

0 . 4 0 3 6 

0 . 3 7 6 1 

0 . 3 3 6 0 

0. 3383 

0 . 3 3 1 1 

0 . 3 9 0 9 

0 . 3 3 3 6 

0 . 3 8 9 4 

0 . 4 1 3 0 

0 . 4 3 6 0 

0. 5497 

0 . 5 8 4 0 

242 

ΙΝ<? 3 
χ 10 

0 . 0 8 6 1 

0 . 0 5 4 4 

0 . 0 5 5 5 

0. 1649 

0 . 0 6 7 6 

0. 0494 

0 . 0 7 3 5 

0 . 0 5 6 1 

0 . 0 3 8 4 

0 . 0 4 1 1 

0. 0364 

0 . 0 5 5 9 

0 . 0 3 5 9 

0 . 0 5 4 2 

0 . 0 6 9 3 

0. 0827 

0. 1407 

0 . 1 8 2 0 

τ Ζ Σ Ν ο 
ι 

0 . 9 9 9 9 3 

0 . 9 9 9 9 5 

0 . 9 9 9 9 3 

0 . 9 9 9 9 8 

0 . 9 9 9 9 5 

0 . 9 9 9 8 9 

0 . 9 9 9 9 7 

1 .00001 

0 . 9 9 9 9 2 

0 . 9 9 9 8 1 

0 . 9 9 9 8 8 

0 . 9 9 9 9 3 

0 . 9 9 9 9 7 

0 . 9 9 9 9 0 

0 . 9 9 9 9 9 

0 . 9 9 9 9 0 

1 .00002 

0 . 9 9 9 9 3 

ΟΙ 

Ο 
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5 .5 . Nd148 analyses 

The burnup determination by means' of the stable fission product Nd148 

has established advantages as a burnup monitor over the other radioactive 

fission products (13). Again the isotopie dilution technique using a Nd150 

spike was applied. Chemical separation of neodymium is based on the selectiv

ity of its c.omplexwith c4thydroxyisobutiric acid on cation ion exchangers and 

is discussed extensively in Appendix 3:. The unavoidable contamination of the 

sample by natural neodymium can be determined and corrected for by using 

the nonfission product Nd142 as a monitor. 

The determination of percent burnup Fp, expressed as heavy atoms 

burnt per initial heavy atom,was calculated from the following equation (see Ap

pendix 3): 

'τ <« ■ Ε Β, Sgf f fc ' '» 

where Y140 is the fission yield of Nd148. A value of 1.695% was taken for 

Frr, determination (see Paragraph 5.5.1 below). 

The results of FT(%) are given in Table 5VIII. 

5 .5 .1 Accuracy of F j derived from Nd148 analyses 

The calibration of the Nd150 spike was performed against a natural 

neodymium standard which was supplied by the Central Bureau of Nuclear 

Measurement  Geel, Euratom. The e r ro r in calibration of Nd150 is 0.6% . 

Each analysis was performed at least twice. The er ror of a single anal

ysis is given in Appendix 5 and on the average it is close ¡to spike cal ibra

tion e r r o r . ^ 

The Nd148 fission yield was taken as the average between the values 

relevant to U235 and Pu239. F rom reference 14, these values are: 

U235 = 1.69 + 0.01% 

Pu239 = 1.70 + 0.03% 

In the determination of burnup as F , the e r ror in fission yields prevails 

over all other e r ro r s and limits the accuracy of the burnup analysis to about 

1.5%. 
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6. DISCUSSION OF RESULTS 

The results obtained can be divided into two categories: burn-up and i so 

topie composition data. Burn-up data were obtained with at least three different 

techniques; the relevant results were first compared with one another to evaluate 

the spread of experimental values . A correlation between the results of the de

structive and non-destructive analysis was then developed in order to obtain the 

burn-up for the rods subjected only to non-destructive gamma spectrometry. 

The isotopie content data instead were checked for consistency with correlation 

criteria developed from additional measurements available. After having est i 

mated the validity of the experimental data, a comparison with the theoretical 

calculations was performed. 

6 . 1 Evaluation of burn-up analysis 

For the various rods, the burn-up distribution was determined by non

destructive gamma spectrometry, whereas the irradiation level was determined 

by destructive techniques from the Cs-137 activity and from the Nd-148 concen

tration. 

From al l parallel burn-up analysis carried out it was possible to make 

a comparison of the burn-up distribution among rods at level C. Therefore, 

tne in tegra t ion of Cs-137 peak gamma activities (cps) based on the non -des t ruc 

tive m e a s u r e m e n t , the gamma act iv i t ies (Ci/g) of Cs-137 in the solutions and 

the heavy a toms burned F (%) were normalized and compared . The no rma l i za 

tion was made for the eighteen rods by re fe r r ing each single measu remen t to 

the total value of that pa r t i cu la r type of measu remen t . This compar i son is 

siiown in Table 6 - 1 . 

Π · η;; r-o e mc-.it among these r e s u l t s was sat isfactory ( less than 2% devia

tion) and confirmed the d iscrepancy in some of the values of Cs-137 act iv

ity obtained from non-des t ruc t ive gamma spec t romet ry (see P a r a g r a p h 

o . 1 . 2). Since the r e s u l t s for rods E-5 and J-9 showed a l a rge deviation only 

in c o m p a r i s o n with the des t ruc t ive m e a s u r e m e n t s , the values obtained from 
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TABLE 61 
Comparison of the burnup distribution obtained 

with three different techniques 

Rod 

A  l 

A  3 . 

A  5 

A  9 

B  1 

B  2 

B  8 

C  1 

C  3 

Β 1 , 
r e l 

0 . 9 9 1 

0 . 9 5 0 

0 . 9 9 7 

1 .288 

0 . 8 9 1 

0 . 9 5 9 

1 .112 

0 . 9 5 3 

0 . 8 4 9 

Β 2 , 
r e l 

0 . 9 8 2 

0 . 9 6 8 

1 .000 

1.287 

0 . 8 9 2 

0 . 9 3 1 

1.119 

0 . 9 7 8 

0 . 8 3 9 

Β 3 , 
r e l 

0 . 9 6 7 

0 . 9 6 0 

0 . 9 6 9 

1 .287 

0 . 8 9 8 

0 . 9 4 0 

1 .111 

0 . 9 7 7 

0 . 8 3 5 

Rod 

D  2 

D4 

E  1 

E  5 

G  7 

H  2 

H  8 

J  l 

J  9 

r e l 

0 . 8 6 3 

0 . 7 9 1 

0 . 9 8 6 

0 . 6 8 8 

0 . 9 6 6 

1 .079 

1 .146 

1 .179 

1 .070 

r e l 

0 . 8 7 0 

0 . 8 2 2 

0 . 9 7 7 

0 .816 

0 . 9 4 1 

1.069 

1.128 

1.196 

1.298 

Β 3 , 
r e l 

0 . 8 6 6 

0 . 8 0 8 

0 . 9 9 0 

0 . 8 0 9 

0 . 9 6 3 

1 .093 

1 .160 

1 .177 

1 .314 

ß l r e i from cps of Cs137 

B^rel from Ci/g of Cs137 

B3rel irom % F T 

c r / ( B 2 .  B 1 .) / B 1 __/ = + 1.8% 
■̂  rel re l rel·' 

< Γ / ( Β 3 Ι 

J- rel 
Bl .) / Β 1 , / = + 1.5% 

re l ' rel· — 

TABLE 6Π 
Comparison between the burnup values obtained with the two 

destructive techniques based on Cs137 activity and Nd148 concentration 

Rod 

A  l 

B  1 

C  1 

E  1 

J  l 

B  2 

D2 

H2 

A  3 

B 1 

10 ,355 

9 , 6 1 9 

10 ,465 

1 0 , 6 0 3 

1 2 , 5 9 9 

1 0 , 0 6 0 

9 , 2 7 0 

11 ,706 

1 0 , 2 8 1 

B 2 

10, 183 

9 , 2 5 2 

1 0 , 1 3 8 

10, 125 

1 2 , 4 0 3 

9 , 6 5 9 

9 ,017 

1 1 , 0 8 1 

1 0 , 0 3 9 

π 1 π 2 . 2 
Β  Β / Β 

" χ 100 

+ 1.66 

+ 3 . 8 1 

+ 3 . 1 2 

+ 4 . 5 1 

+ 1.56 

+ 3 . 9 8 

+ 2 . 7 3 

+ 5 . 34 

+ 2 . 3 5 

Rod 

C  3 

D4 

A  5 

E  5 

G  7 

B  8 

H8 

A  9 

J  9 

B 1 

8 , 9 3 9 

8 , 6 5 3 

1 0 , 3 7 3 

8 , 7 3 6 

1 0 , 3 0 9 

1 1 , 8 9 0 

1 2 , 4 2 4 

13 , 785 

1 4 , 1 8 0 

B 2 

8 ,702 

8 ,517 

1 0 , 3 6 9 

8 ,517 

9 ,752 

1 1 , 5 9 7 

1 1 , 6 9 6 

13 ,344 

1 3 , 5 4 7 

B '  B W 
χ 100 

+ 2 . 6 5 

+ 1.57 

+ 0 . 0 4 

+ 2 . 5 1 

+ 5 . 4 0 

+ 2 . 4 6 

+ 5 . 8 6 

+ 3 .20 

+ 4 . 4 6 

B 1 obtained from F T in MWd/MTU 
B 2 obtained from Ci/g of Cs137 in MWd/MTU 
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the gamma spectrometry on the two rods were excluded from all the subsequent 

comparisons. 

The rod burn-up obtained from destructive techniques were compared in 

order to find the relative meri ts of the two methods. The comparison is shown 

in Table 6-II. F rom the examination of these resul ts a systematic deviation of 

the values will be noted, being the burn-up from Cs-137 activity constantly lower 

than the corresponding values from F The calculated standard deviation is 

+ 3.5%, which is well consistent with the error analysis carried out to evaluate 

the burn-up obtained from the two different methods. 

With the burn-up resul ts at level C it is possible to obtain a correlation 

with the non-destructive measurements of Cs-137 activity in order to obtain the 

burn-up of these rods which were submitted only to non-destructive gamma 

spectrometry. This correlation is presented in Table 6-III for the measure

ments taken at level C. 

A mean correlation factor for sixteen rods (that is , excluding E-5 and J-9) 

of 64. 33 MWd/MTU per cps was applied to the remaining sixteen rods (measured 

at level C only by non-destructive gamma spectrometry). 

The burn-up values which are compared with the theoretical ones derived 

from the 18 destructive Nd-148 measurements and for the above-mentioned rods 

from this correlation. 

It was not possible to extend the correlation to level D because, owing to 

the instrumentation replacement (see Para 5.1), the gamma spectrometry r e 

sults at this level were not comparable with those at level C and no results are 

available from level D destructive measurements. 

6. 2 Correlations between isotope ratios and burn-up parameters 

The formation and burn-up of isotopes exposed to neutron flux are related 
(15) together and correlations between different isotope ratios can be predicted 

/ i n ι n \ 

and were experimentally observed ' . During this study the correlations 
were used in the first place to check the consistency of experimental resul ts , but 
some of the correlat ions, especially those based on fission gas nuclides, may be 
of general interest . Their potential will be discussed separately. 



55 -

TABLE 6-III 

Cor re la t ion of burn -ups a s obtained from F (%) 
with Cs-137 (cps) non-des t ruc t ive gamma spec t rome t ry 

Rod 

A - l 

B -1 

C-1 

E-1 

J - l 

B-2 

D-2 

H-2 

A-3 

C-3 

D-4 

A-5 

G-7 

B-8 

H-8 

A-9 

F T 
(%) 

1.126 

1.046 

1.138 

1.153 

1.370 

1.094 

1.008 

1.273 

1.118 

0.972 

0.941 

1.128 

1.121 

1.293 

1.351 

1.499 

Β from 
Frp 

(Mwa/ 
MTU) 

10,355 

9,619 

10,465 

10,603 

12,599 

10,060 

9,270 

11,706 

10,281 

8,939 

8,653 

10,373 

10,309 

11,890 

12,424 

13,785 

mean 

Cs-137 
(cps) 

164.90 

148.29 

158.59 

164.15 

196.24 

159.68 

143.65 

179.60 

158.14 

141.37 

131.67 

165.99 

160.87 

185.16 

190.79 

214.39 

value 

Β 
Cs-137 

62.796 

64.866 

65.988 

64.593 

64.202 

63.001 

64.5 32 

65.178 

65.012 

63.231 

65.717 

62.492 

64.083 

64.215 

65.119 

64.299 

64.333 

Β from 
Cs-137 
(MWH/ 

MTU) 

10,608 

9,540 

10.202 

10,560 

12,625 

10,273 

9,241 

11,554 

10,174 

9,095 

8,471 

10,679 

10,349 

11,912 

12,274 

13,792 

Rod 

D-l 

A-2 

C-2 

B-3 

D-3 

E-3 

A-4 

C-5 

B-6 

D-6 

C-7 

D-7 

A-8 

B-9 

C-9 

D-9 

Cs-137. 
(cps) 

159.29 

146.33 

148.30 

146.55 

139.24 

139.43 

160.16 

143.77 

157.38 

142.98 

155.26 

124.71 

187.15 

185.92 

201.91 

191.18 

Β f rom 
Cs-137 
(MWd/ 

MTU) 

10,248 

9,414 

9,541 

9,428 

8,958 

8,970 

10,304 

9,249 

10,125 

9, 198 

9,988 

8,023 

12,040 

11,961 

12,989 

12,299 

<T=-M.548% 



- 56 -

6.2 .1 Consistency of experimental results 

A systematic study of the experimental results revealed several linear 

correlat ions, which are illustrated by the following plots. The consistency be

tween independently obtained sets of data is proved by the correlations, too. 

In Fig. 61 the postirradiât ion isotopie ratio R i . e . U238/U235 

6 

determined by mass spectrometric analysis, is plotted versus F (a/o), total 

atom percent burnt as determined by Nd148 analysis. The observed linear 

correlation is slightly sensitive to initial U235 enrichment. This facr ex

plains the deviation for the corner rods for which the initial enrichment was, 

as already mentioned, lower than in other rods. 

The sensitivity to the initial fuel enrichment is also apparent on the plot 

in Fig. 62, in which the R isotopie ratio is correlated to another isotopie 

ratio R from which the U235 fractional depletion, D , defined as the ratio 

(U°235  U235)/U°235, and the fractional U235 burnup, can be deduced. 

The consistency of the experimental results for the plutonium isotopie 

composition is clearly demonstrated by the plot in Fig. 63. The Pu240/ 

Pu239 atom rat ios plotted against the corresponding U235/U238 values 

result in two straight lines depending on the two different fuel enrichments. 

The experimental data concerning burnup parameters can also be 

correlated to the formation and depletion of selected fission products. We 

found experimentally that from the fission gas isotopes depleted by neutron 

capture, the stable Kr8 3 isotope is the best to check burnup parameters . 

For instance in F igs . 64 and 65 Kr83/Kr86 and Kr84/Kr83 atom ratios 

are plotted versus F , F and D . In this case the correlations are not 

Τ 5 5 

sensitive to initial fuel enrichment. Moreover the correlation Kr84/Kr83 

versus D , shown in Fig. 65, can be described by an equation of the type: 

(U°235U235)/U°235 = a Kr84/Kr83 b 

For the analytical experimental data a least square fit gives for a and 

b the following values 

a = 0.94; b = 1.5 8 
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F r o m theore t i ca l cons idera t ions it de r ives that the t e r m 1.58 co r responds 

to the effective f ission yield ra t io of the two Krypton isotopes . A prac t i ca l ap 

pl icat ion of co r re l a t ion (6), for ins tance , is the possibil i ty of calculating the 

final amount of U-235, provided the initial one is known. 

6 . 2 . 2 Discuss ion of c o r r e l a t i o n s 

The change of the amount of a nuclide, N, in a r e a c t o r depends on the in

tegra ted neut ron flux, (fit, and on the neutron energy dis t r ibut ion, which is r ep

r e s e n t e d by the effective c r o s s - s e c t i o n , cr, for the considered react ion of the 

nuclide with neu t rons . Hence the formation r a t e of a nuclide, dN/dt , can be 

desc r ibed by: 

dN. 

~W = Kl Ni-1 <* (7) 

d N f 
—~ = Y, N. ^-f ψ (8) 

dt f J J 
The differential equation (7) s tands for the build-up of a nuclide with a 

m a s s i-1 by neutron c a p t u r e . Equation (8) desc r ibes the formation of the f i s -
—c 

sion product . N . with the fission yield. Y ( o - is the effective capture c r o s s -
- f sec t ion and O is the effective f ission c r o s s - s e c t i o n ) . The depletion r a t e due 

to neu t ron cap ture of the cons idered nuclide follows from equation: 

dN. 
<r. N. 0 (9) 

dt i i 

F o r the following d i scuss ions it is not nece s sa ry to account for the r a d i o 

act ive decay of the nuc l ides . 

The bu rn -up of the fuel is d i rec t ly proport ional to the formation of f i s 

sion produc ts (equation 8). The formation and depletion of nuclides (equations 

7 and 9) a r e functions of the neutron flux, (fi, just as the burn -up . This may be 

cons idered an explanation for the c o r r e l a t i o n s . A thorough explanation in the 
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frame of this- report is impossible; besides it requires additional burn-up 

calculations. 

6. 3 Comparison between theoretical and experimental data 

6.3.1 Burn-up 

In Fig . 6.6 are indicated the experimental values of burn-up (E) together 
with the percent deviations in comparison with theoretical values (T) calculated 
with two-group BURNY and five-group BURSQUID codes. 

The results of the two calculation techniques are well consistent with the 
experimental data, larger deviations being observed for the two-group BURNY 
calculation (0~= + 3.1% against + 1.5%). 

By analyzing the deviations for the two-group BURNY calculation, it will 
be noted that the greater deviations occur in proximity of the a reas where the 
enrichment differs and that the control rod effect on the corner rod is overrated 
because of the inadequate representation of the control rod blade intersection 
(see Para 4). 

As for the comparison with the five-group theoretical resul ts , no system
atic concentration of the e r ror is observed also because this calculation incor
porated the modification relating to the control rod representation referred to 
in Para 4. 

Fig. 6-7 shows the comparison at level D between theoretical data, ob
tained by two-group BURNY with the modified control rod representation, and 
the experimental data relating to non-destruc tive Cs-137 gamma spectrometry. 
Since no absolute burn-up values for this level are available, the experimental 
data were expressed normalized in respect of their average. The same method 
was applied to the theoretical data in order to evaluate the percent devia
tions between calculated and experimental values. The bias for the corner 
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rods disappeared. 

With regard to the peripheral rods facing the black area of the control 

rod blades, the deviations were greater at level D than at level C. This is 

probably imputable to the fact that for a certain period of irradiation the ter

minal part of a control rod was positioned right in front of level D. In the 

twodimension irradiation calculation, it was assumed that the control rod was 

inserted beyond level D throughout the period considered, whilst in practice 

the effect of the control rod should have been smaller, because that level was 

actually between a controlled and noncontrolled area. 

6.3.2 Isotopie content 

In Figs. 68 to 614 are Collected the results of isotopie abundance 

measurements as percent Of the postirradiation number of atoms to the 

initial uranium atoms. These data are compared with the theoretical 

values calculated by twogroup BURNY and fivegroup BURSQUID codes 

and reported as percent deviation. 

Table 6IV gives for each isotope the average deviation of the results of 

the twogroup BURNY calculation. The deviations are given as arithmetical 
Τ  E 

averages of ——— χ 100 for the uranium isotopes and Pu239 and Pu240 where 

there appears to be a clear systematic error. For Pu241 and Pu242 the de
(TE/T)2 

viation seems to be erratic. soCT = \ / -rr1 was calculated. 

■ sys iemain 

:, so<T = \j-

The twogroup BURNY calculation appears unsatisfactory in particular 

for what concerns Pu239 concentration which is systematically underestimated 

by 25% on the average. 

By observing the deviation distribution, it may be noted that the deviations 

above the average are in correspondence of corner and peripheral rods. From 

this it may be assumed that the difference is to be imputed to an inadequate rep

resentation of the thermal spectrum and to the library data used in BURNY 2. 

This consideration seems to be confirmed by the results obtained by BUR

SQUID, which provides a more adequate representation of the thermal spectrum 
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TABLE 6 - IV 
Theoretical-Experimental Comparison of Uranium and Plutonium Isotope Content 

Sample 

U-235 
-3 

χ 10 

U-236 
χ IO' 3 

U-238 

Pu-239 

χ IO"3 

Pu-240 
χ IO"3 

Pu-241 
χ 10-3 

_Pu-242 
χ IO"3 

A l 

7 .70 

7 .40 

-5 .00 

1.61 

1.48 

-8 .78 

0. 9739 

0.*9758 

-»0.19 

3.725 
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1. 2182 

+8.29 

0. 4394 

0.4119 

-6 .68 
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-6 .43 
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-11 .31 

0. 9693 

0. 9715 
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- 1 . 4 2 
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- 1 . 1 0 

CI 
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+5.36 

0.3894 

0.4235 

+8.05 

0.0542 

0. 0577 

+5.(30 

H2 

10.96 

10.43 

- 5 . 0 8 

1.95 

1.86 

- 4 . 8 4 

0.9690 

0.9707 

+0.18 

3.820 

3.007 

-27 .04 

1. 0280 

1.1491 

+10. 54 

0. 4130 

0. 4171 

+0.98 

0.0693 

0. 0727 

+4.68 

H8 

10.36 

10.06 

- 2 . 9 8 

2 .00 

1.91 

- 4 . 7 1 

0 9685 

0.9705 

+0.21 

3.855 

2.993 

-28. 80 

1.1330 

1. 2022 

+5.76 

0. 4360 

0. 4341 

- 0 . 4 4 

0. 0827 

0.0801 

-3 .25 

Jl 

6 .31 

5 .88 

- 7 . 3 1 

1.80 

1.70 

- 5 . 8 8 

0.9725 

0. 9747 

+0.23 

3.663 

2.551 

-43 .59 

1.3240 

1. 4923 

+11.28 

0. 5497 

Of4411 

-24. 62 

0. 1407 

0. 1212 

-16 .09 

J9 

5 .41 

4 .58 

- 1 8 . 1 2 

1.91 

1.72 

- 4 . 9 4 

0. 9714 

0. 9735 

+0.22 

3 .518 

2.639 

-33. 31 

1.4740 

1.6400 

+10.12 

0 .5840 

0 .5253 

-11 .17 

0 .1820 

0. 1515 

-20. 10 

A Experimental value 
** Theoretical value 

*** (Τ - Ε/Τ) χ 100 

- Values calculated by two-group BURNY 
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and in addition employs an updated Pu-239 library 

Table 6-V compares the average deviations for the two types of calcula

tions and shows a satisfactory agreement between the BURSQUID data and the 

measured abundances of all 'isotopes having an average deviation less than 

4%, except for Pu-241 (10%) and Pu-242 (25%). There still remains the fact 

that the e r ro r s have a bias; however, no high e r ro r concentration is noted for 

any of the rods . 

TABLE 6-V 
Comparison between the average deviations obtained with 
two-group BURNY and five-group BURSQUID calculations 

I s o t o p e 

U-235 

U-236 

U - 2 3 8 

P u - 2 3 9 

P u - 2 4 0 

P u - 2 4 1 

P u - 2 4 2 

> <r% ( τ 

F i v e g r o u p s 

- 3 . 9 4 

- 6 . 8 5 

+ 0 . 0 7 2 

+ 3 . 6 9 

+ 3 . 2 6 

+ 1 0 . 1 2 

+ 2 5 . 5 0 

- E / T ) 

Two g r o u p s 

- 5 . 6 6 

- 7 . 3 8 

+ 0 . 1 9 

- 2 4 . 6 6 

+ 7 . 6 9 

+ 8 . 9 5 

+ 8 . 5 3 
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7. CONCLUSIONS 

The main objectives of the program, i . e . the determination of the burn-

up reached by each rod at given elevations and the determination of the con

centration of heavy atoms, were substantially achieved. The resulting data 

were accurate and representative to permit a conclusive comparison with cor

responding calculated data. Another objective achieved was that adequate mea

surement techniques were established.useful for measurements on fuels of nu

clear power stations. These are high resolution gamma spectrometry with 

solid-state detectors, and mass spectrometry for isotope abundances of ura

nium, plutonium and neodymium. 

Concerning the non-destructive gamma spectrometry technique on single 

rods, apart from a few initial difficulties, it proved to be relatively quick, 

simple and easy, and it provides abundant information. The main difficulties 

were encountered in adjusting the mechanical components in the hot cells and 

in maintaining the stability of the electronic equipment over long periods. Be

cause of the latter point the time of future measurements should be kept to a 

minimum. Fur thermore , for high resolution Ge-Li detectors it is necessary 

to work with large multichannel analyzer and therefore it is advisable to use 

cn-line computers lor data processing. 

Similar considerations apply for the gamma spectrometry of the dissolved 

samples. This technique, however, can be used to calibrate the non-destructive 

gamma spectrometry of the rods . In this connection, it should be pointed out 

that the calibration of the results of non-destructive gamma spectrometry was 

done wiiJi iho-c oí' Nd-148 maüü spectrometry analysis, because the latter 

lurried out io be more precise , although more time-consuming and painstaking. 

However, the determination of absolute gamma activity takes little effort and 

provides a fair number of data; it was used to cross-check the burn-up values 

obtained from Nd-148 concentration measurements and to identify possible ex

perimental e r r o r s . 
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The experimental techniques employed for the destructive analyses proved 
to be adequate especially as regards the calculation methods used. The major 
obstacle was the possibility of cross-contamination of different samples. This· 
can occur during the cutting of pellets out of the pins, the drilling of micro -
samples, the chemical treatment of samples and the mass spectrometric mea
surement, in particular for the operations where small samples were to betaken 
from large amounts of fuel, i . e . microdrilling, mass spectrometry samples, e tc . , 
the danger of cross-contamination appeared to be enhanced. Only str ict precau
tionary measures as the use of throw-away equipment, easy decontaminable hard
ware, e tc . , can cope with this problem. The techniques themselves are based 
more or less on known methods with minor changes, which proved to be useful. 

The correlation between isotopie ratios and certain reactor parameter?, 
developed during this study may become a promising tool in the future. The ac
curacy demanded from the predictive methods can be met pratically with the fis
sion gas correlations. Some future studies will improve this technique, which 
may result in a sharp reduction of analytical efforts. 

By comparing the experimental data with the values calculated accoro :. 
to the technique developed by ENEL, it is possible to obtain useful information 
for further refinement of the technique itself. F i r s t of all, it was possible to 
ascertain that the burn-up of single rods, including the corner rod and periphera 
rods, i . e . rods in "difficult" positions, is well represented by both the two-group 
BURNY calculations (o*= + 3.1%) and the five-group BURSQUID calculations (<r = 
+ 1.5%). 

With regard to the isotopie abundance of fissile atoms, it was observed 
that two-group treatment of the neutron spectrum leads to a systematic under
rating of the plutonium content, particularly Pu-239. On the contrary, five-
group treatment with the BURSQUID code, i . e . with the thermal group divided 
into two par ts , gives a better evaluation of the Pu-239 content. This effect has 
already been noted in the measurements on the DIMPLE critical assembly with 
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(2) plutonium-bear ing fuel . More specifically, an evaluation with the five-group 

BURSQUID improves the Pu-239 and Pu240 representation, but introduces for 

Pu-241 and Pu-242 higher systematic e r ro r s (<T= + 25% for Pu-242). The U-235 

content was slightly underestimated (o~ca. -5%) with both calculation techniques. 

As a final comment, it should be pointed out that to obtain high precision 

with the BURSQUID calculations, it is necessary to use a more detailed calcula

tion model and to take into account the irradiation history as close as possible. 
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APPENDIX 1 

BURN-UP CODES USED IN THE CALCULATIONS 

This Appendix s u m m a r i z e s the main features of the codes used for the 

ca lcula t ions of the b u r n - u p and isotopie content of the fuel. A m o r e detailed 

desc r ip t ion of the codes , together with the i r verif ication and t r imming , is con

tained in another topical r epo r t (2). 

The bu rn -up calculat ions were performed with the FLARE code to r e p 

r e s e n t the h i s to ry of the whole co re during the i r rad ia t ion cycles and to de 

t e r m i n e the opera t ing conditions in which the assembly was i r r ad ia t ed . 

The i r r ad ia t ion dis t r ibut ion and the isotopie content of each rod of the 

a s s e m b l y at the designated levels have been ca r r i ed out with e i ther the two-

group BURNY code or the f ive-group BURSQUID code. 

Abr ie f desc r ip t ion of FLARE, BURNY and BURSQUID codes follows. 

A. 1-1 FLARE code (20) 

The t h r ee -d imens ion FLARE code pe rmi t s a fairly approximate ca lcu la

tion of r eac t iv i ty , power dis t r ibut ion and burn-up, and a lso the r e p r e s e n t a 

tion of the cont ro l rod configuration during the per iods in which the life of a 

BWR is subdivided for the purpose of the calcula t ions . Since this code is f a i r 

ly quick, it was used to s imulate the behaviour of the Garigl iano c o r e . 

The FLARE code is cha rac t e r i zed by: 

a) a t h r e e - d i m e n s i o n calculat ion technique; 

b) a r e p r e s e n t a t i o n of the effects of flow r a t e , power and void content, and 

thei r mutual i n t e rac t ions ; 

c) the feasibi l i ty of cons ider ing each control rod separa te ly at different i n s e r 

tion l e v e l s ; 

d) the feasibi l i ty of consider ing the effects of i r rad ia t ion on each individual 

e lement ; 

e) a r e l a t ive ly sma l l number of m e s h e s so as to lead to acceptable computer 

running t i m e s . 
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This code permits a fairly rapid and accurate evaluation of the variation 

in macroscopic power distribution over the fuel cycle, and the optimization of 

the corresponding control rod withdrawal sequences. 

The code represents every type of material by means of the multiplica

2 

tion constant for an infinite medium K and of the migration area Μ , and it 

is therefore necessary to furnish tc the program those coefficients which, when 

introduced into appropriate analytical expressions, take into account the var ia

tions of these two parameters with irradiation, void content, rod density, and 

local power. 

The program also requires parameters relating to the thermohydraulic 

part, such as those that represent the correlation between steam quality and 

enthalpy. 

Local power sharing is controlled analytically by means of K and of 

two distinct expressions, conventionally called "kernels", one of which is 

2 

axial and the other radial . Both kernels are a function of the M of the mate

r ial and of an adjustment parameter g, which has no real physical significance. 

The kernel W is a neutron balance term representing the fraction of neu

trons born at node 1 and absorbed at node m, and is given by: 
ÆA" VI2i 

W l m =^-S) T r T " + S 7 2 — (A· 1 " 1 * 

lm lm 

where r, is the distance between the 1 and m nodes. 

The neutron leakage into the reflector from one of the peripheral fuel 

nodes is represented by: 

L l = S l W l m ( 1 " « V (A. 12) 

where S is the source term. Considering this relation, it can be inferred 

that the parameter 0< , conventionally called "albedo", has no real physical 

meaning, but constitutes only a simple means of adjusting the neutron balance 

at the nodal points located on the active core boundary. 
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With reference to a given reactor , both the g and 0{ parameters are prac

tically derived from correlations between calculated and experimental power-

distribution data. 

A.1-2 BURNY code (21) 

The BURNY code performs calculations of diffusion and lifetime in the 
x,y and r , z dimensions, utilizing a two-group scheme with energy cut-off at 
0.625 eV. The calculation of the neutron constants is performed by means of 
the RIBOT code incorporated in the BURNY code. 

The thermal constants a re calculated by means of a correlation of the 
cross-sect ions based on the Wigner-Wilkins spectrum as a function on the fol
lowing characterist ic parameters : 

1. Absorption 1 /v per atom of II 

2. U-235 concentration per atom of H 

3. Pu-239 concentration per atom of H 

4. Absolute moderator temperature. 

This correlation was carried out with recourse to the TEMPEST code. 
The cell disadvantage factors were calculated by means of the Amouyal-Benoist 
method 

With regard to the determination of the constants of the fast group, the 
W". Λ 4- V. .^ r\ t . r. f\ r^ ι e~* still quicker than the one tised for the thermal constants, even 
though as accurate. To define Ombrellaro type microscopic cross-sections, 
the iasi group is in turn subdivided into three sub-groups, the lower limits of 
which a ie 183 keV, 5.5 keV and 0.625 eV respectively. The cross-sections 
of the three sub-groups are then condensed in one fast group. 

The values of these microscopic cross-sections are obtained by correlai 
ing the resul ts of a ser ies of calculations performed with the MUF T-IV code 
for a variety of water lat t ices. Instead, the resonance integrals relating to 
Sub Group 3 were calculated case by case as a function of the characteristics 
of the lattice being considered. 
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Making use of the RIBOT technique which permits the neutron constants 

to be calculated in a relatively short time (about 0.1 sec), the BURNY code has 

the specific characteristic of calculating the constants of the individual regions 

after each irradiation interval. 

A.13 BURSQUID code 

This code is a link of the fivegroup RIBOT (19) and SQUID (22) codes and 

was prepared by ENEL in the framework of this Contract. 

The fivegroup RIBOT code retains the main features of the calculation 

model of the twogroup calculation method described earl ier; the modifications 

involve only the subdivision of the thermal spectrum into two groups. In addi

tion, the condensation of the fast groups is no longer carried out, and therefore 

the division in groups is the following: 

Group 1 over 183 keV 

Group 2 183 to 5.5 keV 

Group 3 5.5 keV to 0.625 eV 

Group 4 0.625 eV to 0.2 eV 

Group 5 less than 0.2 eV 

The macroscopic transfer crosssections of Group 3 (/ _,_ . and ^ ) 
ι *—^K3,4 tio,5 

are obtained from ¿ _ R „ on the assumption that the scattering is elastic and iso

tropic and due only to atoms of H. 

With regard to downscattering phenomena of Group 4 and those of upscat

tering from Group 5 to Group 4, it is assumed that these phenomena are due 

only to hydrogen according to the WignerWilkins theory. The values of "S_ n 

— R4, 5 

. were obtained by the TEMPEST code for a wide variety of water 

lat t ices. 

For the diffusion calculation, use was made of the 15, 000 meshpoint 

SQUID code which accepts a complete matrix of transfer crosssect ions . 
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APPENDIX 2 

GAMMA SPECTROMETRY TECHNIQUES 

Α.2-1 Non-destructive gamma spectrometry 

For the non-destructive gamma spectrometry, the half rods were 
placed horizontally on two fork-shaped supports and rested against a shoulder; 
both the fork supports and the shoulder were rigidly attached to a lathe saddle 
that advanced automatically or was moved manually by means ot the counting 
equipment. 

Correct axial positioning of the rods in front of the counting equipment 
was ensured by standing a rule of calibrated length next to the rod and sight
ing by means of a m i r r o r . Use of a mi r ro r was necessary because the count
ing equipment was placed between two windows of the cell and could not be 
seen from outside. 

The described equipment had not been designed especially for this type 
of measurement and thus there was some uncertainty on the reproducibility 
of the positioning and proper rotation of the rods (V.'.:.). 

The gamma rays from the rod were collimated and measured by a de
tector outside the cell . The width of the collimator could be varied, and it 
was fixed at 1 mm for these measurements . The detector was constituted 
of a semi-conductor Ge-Li crystal connected to an amplification and count
ing chain, according to the sketch in Fig. A. 2-1 . 

The Ge-Li monitor used, manufactured by Nuclear Diodes, Inc. , had 
the following character is t ics : 

Operating voltage 1600 V 
Shape Trapezoidal 
Λ · , „ o 2 

Active area 1O.6 cm 
Length 37.5 mm 
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Relative efficiency at peak (1 . 33 MeV) 3.3% 

Resolving power (1.33 MeV ) 3.2 keV 

Peak/Compton ratio (1.33 MeV) 12/1 

The monitor was connected to a pre-amplifier-linear amplifier system 
with RC-pulse-shaping networks; the output signal passed via-bias amplifiers 
and pulse s t re tchers to a 400-channel RIDL analyzer which recorded the spec
tra both in digital and analogic forms. 

Fig. A, 2-2 shows the block diagram of the circuit used for the gamma 
spectrometry. 

Since the spectrum to be analyzed ranged from 400 keV to 2300 keV, it 
was subdivided in about 5 keV per channel. The resolving power, at mid-height 
of the peaks, was in practice 8 keV, i . e . about four channels per peak. 

Rather than take the gamma spectrum at a fixed distance from the shoulder 
of each rod, it was considered advisable to search around the preset point for 
the position that corresponds to a pellet center. The purpose was to avoid that, 
when the collimator slit was open 1 mm, any gap between pellets or inside a 
pellet in the measuring area might lead to erroneous resul ts . Therefore, be
fore each measurement, a gamma scan was performed in steps of one milli
meter around the selected position. 

This set-up was also used to perform the axial scan by means of a num
ber of single channels each calibrated for one peak, and of Potentiometrie r e 
cords to record the related intensities. 

A.2-2 Gamma spectrometry of the solutions 
The solutions obtained by dissolving the slices of rods at level C (see Ap

pendix 3) were taken to a specially equipped laboratory for the gamma-spectro-
3 

metry measurements . The equipment used for this purpose included a 14-cm 
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Ge-Li detector, cryostat, TC 130 pre-amplifier, 446 Ortec HT unit, TC 

200 amplifier, 4096-channel analyzer LABEN comprising an input and con

version unit, programming unit, printing unit and printer, punching unit 

and puncher, XY recorder , and visual display unit. The voltage setting 

was 1600 V. 

For these units, 2048 memory channels were used so as to have 1.4 

keV/channel to cover the spectrum from 200 keV to about 3 MeV. 

The upper face of the detector was used as a support and a 7.8-mm 

plexiglass shim was inserted to reduce the Bremsstrahlung. A hollow PVC 

cylinder was laid on the plexiglass shim, and the container with the sample 

or standard source was rested on top of it (Fig. A.2-3) . The center of the 

solution was thus at 45 mm from the detector. 

Considering its low efficiency, the monitoring system was not shielded; 

the natural background producing a uniform spectrum that decreased with en

ergy was subtracted according to the integration technique described further 

on. 

The measurement of each sample was carried out in two stages; the 

first lasted 1000 seconds and was repeated three times for the determination 

of the peaks at 512, 662 and 796 keV, whereas the second lasted 20,000 sec

onds and was also repeated three times for the lesser intense peak at 2186 

keV (0.4 cps). While the 1000-second measurements led to very good sta

t is t ics , the 20, 000-second measurements for the Ce-144 peak are hardly suf

ficient. However, this time interval was maintained, because with a longer 

duration of the measurement the fluctuations of the instruments would have 

offset the advantage of better s tat is t ics . 

To ascertain the number of solutions to be used, preliminary measure

ments were carried out on three samples of one gram each with the same 

technique. The results for the 512 keV peak of Ru-106/Rh-106 and for the 

662 keV peak of Cs-137 are given in Table A.2-1. 
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TABLE Α. 2-1 

M e a s u r e m e n t s on different s amp le s of the s ame solution 

Isotope 

Ru-106 / 
Rh-106 

Cs-137 

Energy 
keV 

512 

662 

c p s / g , 
s ample A1/1 

5 8 . 2 

157.0 

c p s / g , 
sample A l / 2 

5 7 . 3 

155.5 

cps /g , 
sample A l / 3 

57 .8 

155.7 

Avg 
cps/g 

57.76 

156.06 

Theor . 

% 

1 

0.32 

Exper 

% 

0.8 

0.52 

The theore t i ca l o~was calculated with the formula (24): 

cr°Io = 
n-1 

a. + (~r) (a , + a ) ι=2 ι v 2 ' v 1 n ' 

0.5 
η 

4-rr a. - — (a„ + a ) 
ι=1 ι 2 1 η 

-1 
(A. 2-1) 

w h e r e : 

i = number of the channel 

a = counting of channel i 

η = number of in tegra t ion channe l s . 

Since the exper imenta l deviation was very c lose to the s ta t i s t i ca l one, only 

one s a m p l e was used . 

Calcula t ion of the intensi ty of the photoelectr ic peaks 

F i g . A. 2-4 shows a typical photoelectr ic peak produced by the counting 

s y s t e m employed. It will be noted that it is a symmet r i ca l in r e spec t of the peak 

channel ; t he re fo re , an in tegra t ion technique, a symmet r i ca l to the peak, was 

se l ec t ed . In choosing the channels to be used, the following r e q u i r e m e n t s w e r e 

met : 

1) The l a r g e s t number poss ib le of channels should be considered to r each the 

the energy zone in which the gamma radia t ion due to the Compton effect i s 

nea r ly constant ; in th is manne r ins t rumenta l var ia t ions of the peak width 

have l i t t le influence. 

2) The number of channels should be l imi ted to avoid the inclusion of s m a l l e r 

peaks due to other i so topes . 
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Since these requirements a re conflicting, it is necessary to reach a 

compromise. It was therefore decided that the number of channels should 

be such that the variation of one channel determined a 2% variation in the 

integral . F ig . A. 2-5 shows the variation of this integral as a function of 

the 'jumber of channels, for the peak of Fig . A. 2-4. 

Description of system calibration 

Standard sources supplied by IAEA were used to obtain the equipment 
efficiency curve in the geometry described above. 

The sources were placed on the PVC support at a height correspond
ing to the center of the solutions, between two aluminum disks, each 1 mm 
thick. This aluminum thickness was chosen to simulate the 2 .3-mm thick
ness of the plastic at the bottom of the sample containers. 

Table A.2-II provides, for each calibrating source, the results of the 
measurements, the parameters , the values corrected for decay, and the r e 
sulting efficiency. The efficiency data are plotted in Fig. A. 2-6, and the 
value relating to the 2.186-MeV peak of Ce-144/Pr-144 was extrapolated 
from 1.850 MeV. 

Since the thickness of the solutions was finite, it was necessary to cal
culate the effect of self-absorption as a function of the energy of the gamma 
r a y s . This effect was presented by the factor R. ratio between the measured 
activity and actual activity, as expressed by the equation 

R = — 5 S - — (A.2-2) . -mx 1-e 

where m is the absorption coefficient in cm and χ the thickness of the 
source. 

The self-absorption factors so calculated at the energies of interest 
are given in Fig . 5..7 
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TABLE Α. 2-II 

Efficiency of the monitoring sys t em 

Isotope 

Hg-203 

Na-22 

Cs-137 

Mn-54 

Y-88 

Co-60 

Na-22 

Co-60 

Y-88 

Energy 

279.2 

511 

661.6 

834.8 

898 

1174 

1274.5 

1332 

1836 

Activity 
on 1. L 6.9 

(>iCi) 

21.94 

9.67 

10.98 

10.50 

10.77 

10.99 

9.67 

10.99 

10.77 

Activity on 
day of m e a 
su remen t 

(/iCi) 

1.34 

8.43 

10.85 

6.91 

3.19 

10.26 

8 .43 

10.26 

3.19 

G a m m a 
activity on 

peak 
(dps) 

4 . 0 4 x l 0 4 

5 . 6 0 x l 0 5 

3 .41x l0 5 

2 . 5 6 x l 0 5 

1.079xl05 

3.786xl05 

3 . 1 2 x l 0 5 

3 . 7 9 x l 0 5 

1.173xl05 

Pu l se s 
on peak 

(cps) 

104.6 

536.3 

220.7 

124.3 

48.41 

113.06 

84.10 

98.89 

20.07 

Efficiency 
% 

(cps /dps) 

0.259 

0.0958 

0.0646 

0.0486 

0.0448 

0.0298 

0.0269 

0.0261 

0.0171 
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Α.2-3 Burn-up determination from Cs-137 activity 

To determine the burn-up from Cs-137 activity it was necessary to know 

the irradiation history of the A-106 assembly. This history was introduced in 

the definition of the energy produced per tonne of fuel: 

Β = K f γ- (t) φ (t) dt (Α.2-3) /rf
(t) * 

where, 
B is the burn-up in MWd/MTU 
K an energy transformation constant 
T the total time of residence in the reactor (sec" ) 
ι -2 -1 

<p (t) the neutron flux at time t (cm sec ) 
) f(t) the macroscopic fission cross-section (of the fuel, (cm" ). 

To solve Eqn A.2-3 in a practical manner, it was necessary to introduce 
some approximations. 

During irradiation, the fluxes and the macroscopic fission cross-sect ions 
vary in a way that it is difficult to establish; however, if it is legitimate to use an 
average flux ψ , an arbitrary time Τ and an average uranium and plutonium 
fission cross-sect ions, we have 

B = K H i *Σ3 (Α. 2-4) 

On the other hand the specific activity of a fission product having a decay 

constant Λ and a fission yield Y, will be at the end of irradiation: 

A^ (1-e-^,p%« + V^>1 ( A . 2 . 5 , 
If the values of Y do not differ much for the two isotopes, an average Y may 
be used and the formula (A.2-5,) becomes: 
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φγ ( 1-e 
-λτ 

U .r—PU" 

f + / f rr 
( A . 2 - 6 ) 

B y c o m b i n i n g ( Α . 2-4) and (Α. 2 -5) w e ob ta in 

Β = Κ 
A T 

. ( A . 2 - 7 ) 
Y (1-e " Ί 

w h i c h r e l a t e s t h e b u r n - u p wi th the s p e c i f i c ac t iv i ty of a f i s s i o n p r o d u c t and a 

few p a r a m e t e r s d e p e n d e n t on the r e a c t o r l i f e . 

It i s now to b e d e m o n s t r a t e d tha t to ge t the e x p r e s s i o n in ( A . 2 - 7 ) , t he a p 

p r o x i m a t i o n s m a d e a r e v a l i d f o r a s s e m b l y A-106 and for t h e f i s s i o n p r o d u c t 

C s - 1 3 7 . 

F r o m the h i s t o r y of the r e a c t o r p o w e r for the p e r i o d d u r i n g w h i c h a s s e m 

bly A - 1 0 6 w a s i r r a d i a t e d ( s e e C h a p t e r 3) we note the p r e s e n c e of f ive m a i n i n 

t e r v a l s , t h r e e r e l a t i n g to t h e r e a c t o r a t p o w e r and two to s h u t d o w n s : 

(1) A p r i l 10 to A u g u s t 30 , 1964 At p o w e r : 174 d a y s 

(2) S e p t e m b e r 1 to N o v e m b e r 3, 1964 Shutdown: 34 d a y s 

(3) N o v . 4 to S e p t e m b e r 24, 1965 

(4) Sept 24 , 1965 to A p r i l 27 , 1966 

(5) A p r i l 28 , 1966 to May 7, 1967 

S ince the t o t a l r e a c t o r p o w e r r e m a i n e d p r a c t i c a l l y c o n s t a n t t h r o u g h o u t 

a l l t he p e r i o d s of o p e r a t i o n , w e m a y u s e a n a v e r a g e v a l u e of the flux φ . 

The a v e r a g e v a l u e of the C s - 1 3 7 f i s s i o n y i e ld w a s d e t e r m i n e d by w e i g h 

ing the y i e l d s of the f i s s i l e i s o t o p e s o v e r t h e i r r e s p e c t i v e m a c r o s c o p i c f i s s i o n 

c r o s s - s e c t i o n s in the A - 1 0 6 a s s e m b l y a s a function of t i m e , a s c a l c u l a t e d wi th 

the B U R N Y - 2 c o d e . T h e C s - 1 3 7 f i s s i o n y i e l d s (Y) u sed for the d i f fe ren t f i s s i l e 

At p o w e r : 324 d a y s 

Shutdown: 218 d a y s 

At p o w e r : 371 d a y s . 

i s o t o p e s w e r e : 

6 . 2 2 + 0 . 1 4 % U-235 

6 . 4 8 + 0 . 1 9 % P u - 2 3 9 

6 . 6 2 + 0 . 3 3 % P u - 2 4 1 

i n d i c a t e d in r e f e r e n c e (25) . A s one m a y s e e , t he d i f f e r ence for U - 2 3 5 , P u - 2 3 9 

and P u - 2 4 1 Vs r e d u c e d to a few u n i t s p e r c e n t so that the u n c e r t a i n t y in the i s o -
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tope composit ion exist ing at any given t ime is of minor consequence. The av 

e rage value Y was thus calculated from 

 F f ' 6.22 . T f 6.48 +£24I6.62 
v = — — — : (A 28) 

y235 T239 y V— 241 

z_ f ¿_f Z_f 

F o r the th ree i r rad ia t ion per iods and for the two U235 en r i chmen t s (1.6% 

the following values w e r e found: 

Y I 

Y II 

Y III 

6.23% 

6.23% 

6.26% 

6.25% 

.6.37% 

6.32% 

These values w e r e averaged by weighing them over the number of days of 

the th ree pe r iods , thus obtaining: 

6.28% for 1.6% of U235 

6.27% for 2. 1% of U235 . 

Since the difference between these two values was minimal , in the calcula

tions the value of 6.27% was used for al l the r o d s . 

In r e s p e c t of t ime T, the following approach was adopted. A halfl ife of 

30.6 y e a r s was used for Cs137 and the t h r ee per iods of operat ion at constant 

flux and two shutdown t imes were taken into account so that the formula A. 27 

became: 
A T 

B = K r  ^ (A. 29) 

C ( l e 
X T i

)e ^ Y '  l 

where T. denotes the days of i r rad ia t ion for the i  th period and "£". the days 

of decay since the i th per iod to the end of i r rad ia t ion (May 7, 1967). 

With the following values in days: 

τ. Τ 
1 1 

174 948 

324 585 

371 0 



- 102 

the exponential t e r m at the denominator of (A.2-9) gives 0. 0519. 

Instead, by using a m o r e sophis t icated procedure to take into account the 

actual i r r ad ia t ion and decay pe r iods , we get a value of the exponential t e r m of 

0 .05218, which differs by 0 .5% from the preceding f igure . There fore , the 

s implif icat ion of using only th ree i r rad ia t ion periods appears to be acceptable . 

Then, E q n A . 2 - 9 becomes : 

B - 6 . 2 7 - A 0 8 0 5 2 1 8 < A 2 - 1 0 > 

F o r the calculat ion of K the following approach was adopted: 
-22 

1) Each f ission was taken to co r re spond to 3.634 . 10 MWd, based on an 
ave rage value of energy r e l e a s e d per fission of 196 MeV (cfr. P a r a A . 3 - 6 ) . 

1 fi 
2) A factor of 3.7 . 10 was introduced to convert A from C i /g to d p s / t . 

2 
3) A factor of 10 was introduced because the f ission yield Y is expressed in 

pe rcen t . 

4) Τ was conver ted f rom days into seconds . 
2 

Thus Κ = 1.162 . 10 and f rom Eqn A.2-9 we get: 
Β = 3.086 . IO5 A (A.2-11) 

where Β is exp re s sed in MWd/MTU, and A in C i / g . 

The calculated i r r ad ia t ion for the eighteen rods examined at level C, based 

on the activity va lues of Cs -13 7, a r e given in Table A. 2-III. 
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TABLE Α.2-III 

Β u rn -up values as obtained from Cs-137 
activi ty m e a s u r e m e n t s 

Rod 

A l 

B l 

C l 

E l 

J l 

B2 

D2 

H2 

A3 

B(MWd/MTU) 

10,183 

9,252 

10,138 

10,125 

12,403 

9,659 

9,017 

11,081 

10,039 

Rod 

C3 

D4 

A5 

E5 

G7 

B8 

H8 

A9 

J9 

B(MWd/MTU) 

8,702 

8,517 

10,369 

8,517 

9,752 

11,597 

11,696 

13,344 

13,547 
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APPENDIX 3 

MASSANDALPHA SPECTROMETRY TECHNIQUES 

Α. 31 Dissolution of samples and analysis of fission gases (26) 

Apparatus and Reagents 

A mass spectrometer of the type CH4, Varían MAT was used. Mano

meters and pumps were from Leybold Heraeus. All reagents were from 

Merck with the exception of the titanium sponge (Serva) and the helium with 

97.95% purity (Messer Griesheim). 

Procedure (the apparatus is shown in Fig. A. 31) 

1. The weighed sample G is brought into the dissolution flask (C) and the 

apparatus cleaned by flushing with helium. 

2. The collection flask (F) is evacuated to 1 Torr . 

3. 100 ml of concentrated HNO„ are transferred into C and heated to boiling. 
3

 s 

4. The fission gases a re transferred by an helium stream to F . In order to 

avoid losses due to leakageno excess pressure is allowed to build up in 

the apparatus. 

5. After complete dissolution of the sample the fission gases are forced through 

the washing bottles, G , (KMnO solution, NaHSO  NaOH, CaCl , CuO) 

furnace, Mg (CIO ) + natronasbestos furnace with titanium sponge. With 

~T El 

helium into absorption tubes, H, which are cooled by liquid nitrogen. The 
. 2 

speed of dissolution is about 12 mg/min.cm .. 

6. The sample is separated from helium by adsorption on molecular sieves. 

The Xe and Kr isotopes are determined by mass spectrometry. 

7. The solution of the samples is transferred into a weighing bottle and the 

weight G of the solution determined. 

8. The undissolved ring of cladding of the fuel element is dried and the weight 

G determined. 
ó 

9. An aliquot of solution is diluted to about 0.2 mg/g and the solution factor 

determined. 
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HOT CELL 
A He.bomb 
B Pump 
C Dissolution flask 
D HNO, inlet 
E Reflux condenser 
F Collection flask 
G Purification of gases 
H Adsorption tube 

o 
αϊ 

Fig.Α.3-1- Apparatus for sample dissolution and fission gas collection 



- 106 

Data Handling 
Five scans of each mass spectrum of Kr and Xe isotopes are evaluated 

and the isotopie ratios R (Kr, Xe) a re determined. 

R (Xe) = Xe-13l/Xe-134; Xe-132/Xe-134; Xe-136/Xe-134 

R (Kr) = Kr-83/Kr-86; Kr-84/Kr-86; Kr-85/Kr-86 

The weight of the dissolved sample G is calculated: G = G - G . 
The concentration of sample solution C is: C = G/G . 

A. 3 - 2 Isotopie dilution analysis (11) 

The isotopie dilution technique was used for the mass spectrometric 
analysis in order to determine the isotopie concentration. This technique is 
briefly described below. 

In the ideal case this analysis is rather simple. 

Let A be the isotope,the quantity of which has to be determined and I 
the known quantity of the spike isotope which has. been added to the sample 
to be analysed. After separation of the element from the sample (the separa
tion yield need not be known), the isotopie ratio A/I is measured. The quan-
tity of isotope A = — . I. 

Frequently, however, the sample already contains some amount of I p of the 
spike isotope and it may be that some Ai of the isotope A to be determinedis al
ready in the spike. Therefore the isotopie ratio R in the sample (A/I = R ) 
and in the indicator <\ /I = Rj) has to be determined. 

The mixture of the spike solution and the sample consequently contains 
the quantity of the spike isotope 1 =1 +.1 and the quantity of the isotope to 
be determined A m = Αι + Α. 

The isotopie ratio in the mixture, R m - ATn/im follows from considera
tions of Rj and Ri. 
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Λ + Ι. Ri R  R, 

«»■ÃTV^Í
 A = I r n v S 7 ( Α ·31 1 

that i s , a lso in this case only isotopie r a t i o s have to be de t e rmined . In 

most isotopie ana lyses only thé isotopie concentrat ion of the most abundant 

single isotope is de te rmined . The concentra t ion of the other i sotopes in the 

sample follows from the cor responding isotopie r a t i o . 

A . 3  3 Uranium and plutonium isotopie concentrat ion (12) 

Apparatus and Reagents 

F o r the separa t ion of u ran ium from plutonium the exchanger Dowex 

A χ 8, 200400 mesh , and quar tz d is t i l l ed n i t r ic acid diluted with bidis t i l led 

water was used . Uranium and plutonium s tandards were supplied by the NBS 

and U2 33 and Pu242 spikes by the Isotopes Sales Depar tment , ORNL. The 

m a s s spec t rome te r was a model CH4 (Varian, B r e m e n ) . The s amp le s a r e 
+ 

m e a s u r e d in t e r m s of Me ion with the twofi lament technique. 

P r o c e d u r e 

1. About 0.25 g of the exchanger a r e placed together with 1 ml 8M HNO into 

disposable pipet tes (0 5 mm) of which the top has been plugged with g lass 

wool. This column is washed with 1 ml of acid. 

2. The sample , dissolved in 8M HNO , and containing about 0.1  l u g Pu is 

added to the column. According to the uran ium content of the sample it i s 

washed with η ml 8M HNO Uranium and plutonium a r e eluted with 3 ml 

of 0.35 M HNO . 
ó 

3. The plutonium concentrat ion can be roughly determined by g r o s s alpha 

counting and alpha s p e c t r o m e t r y . 

4. l5^ig of plutonium a r e placed in the middle of the evaporat ion f i lament 

and the spec t r a of uranium and plutonium isotopes a r e r eco rded with the 

m a s s s p e c t r o m e t e r . 
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5. To the same amount of the sample as cited under 2, a calibrated amount of 

spike mixture (U-233 and Pu-242) is added. The amount of U, Pu and the 

ratio U/Pu of the spike mixture must correspond to that of the sample. 

6. To the solution of spike and sample about 0.3 ml of IM NH OH . HCl are 

added. The solution is heated to 80 C, cooled for 5 min. and then 0.7 ml 

IM NaNO are added. After evolution of the gases the solution is mixed 

and slightly heated. 

7. The solution is treated according to points 2-4 . 

Data Handling 

Eight scans of the mass spectra are sufficient for evaluation and cor

rection of possible changes in ion current. From the peak height the isotopie 

ratio R is calculated and related to the most abundant isotope: 

R r - U-235/U-238 5 
R„ = U-236/U-238 

o 

R« = Pu-240/Pu-239 

R' = Pu-24 l /Pu-239 

R» = Pu-242/Pu-239 
di 

The concent ra t ion of Pu-2 39 and U-238 in the sample is determined by 

isotopie dilution ana lys i s according to equations (A. 3-1). F r o m the ra t io 

PU-239/U-238 = R the corresponding r a t i o s R = N.. /U-238 (i = 240, 241, 242) 

a r e computed . The further reduct ion of data to p r e - i r r ad i a t i on conditions is 

desc r ibed in P a r a g r a p h 5 . 4 . 3 . 

A. 3-4 Determinat ion of other t r a n s u r a n i c n. ;soicp<· -

Appara tus and Reagents 

Reagents a r e as in A. 3 -3 . The alpha spec t romete r cons is t s of an OR TEC 

semiconductor detector type SBB J 025, connected to ORTEC amplifiers 103, 

203, and RIDL 400-channel analyzer, model 3412 B. 
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P rocedu re 

1. About 50 u l of the diluted sample solution a r e dropped onto the s t a i n l e s s 

s tee l counting plate and a r e d r ied . The plate i s f i red at about 800 C. 

2 . An a lpha - spec t rum counting t ime should be chosen such that the nuclide of 

lowest abundance is counted with at l eas t 10,000 cpm. 

3. An alpha spec t rum is a l so taken from the purified uranium and plutonium 

solution (A. 3-3) . 

Data Handling 

The percentage I of the dis integrat ion per ta ining to a single alpha decay 

energy is ca lcula ted . I (64) and I (62) a r e the pe rcen tages of Cm-244 which 

can be calculated d i rec t ly . F o r the de te rmina t ion of the percen tages of Pu-238 

and A m - 2 4 1 , chemica l separa t ion is n e c e s s a r y . 

The compar i son of the percen tages I (8 + 51) (before separat ion) and I (8)1 

(after separat ion) which a r e re la ted to the cor responding percen tages of Pu -

(239 + 240) - I (9 + 0)» and I (9 + 0)» follows: 

I (8) = I (9 + 0) I (8)· / I (9 + 0) 

I (51) = I (8 + 51) - I (8) 

To split up the percen tage I (9 + 0), the isotopie m a s s ra t io P u - 2 4 0 / 

Pu-239 = R must be known: 

I (9) = I (9 + 0 ) / l +(R ' g ·. A9/A0) 

Ai is the specific activity of the nuclide. 

Ai 

Pu-238 
Pu-239 
Pu-240 
Am-241 
Cm-242 
Cm-244 

Dpm/mol 

9 .19 .10 
3 .25 .10 
1 .20 .10 :* 
1 . 8 3 . 1 0 " 
1.77.10 ° 
4 . 4 7 . 1 0 
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The conversion of R values (Rt = Ni/U238 isotopie mass ratio) follows 
ι 

the equation: 
A 

R; =TT9) · ATI) · R9 ( A  3 _ 2 ) 

The further reduction of the measured values to the preirradiation con

ditions is described in Paragraph 5 . 4 . 3 . 

A. 35 Nd148 concentration analyses (13) 

Apparatus and Reagents 

The separation of neodymium was performed by chromatographic elution 

with^rydrcKysobitiric acid (purest, Serva Entwicklungslabor) Dowex 50 χ 8, 

200400 mesh. All reagents are made with quartzdistilled water. Nd150 

for spiking was received from the Isotope Sales Department, ORNL. The ex

perimental setup was simplified on purpose in order to permit easy replace

ment of components which have been contaminated by neodymium. Therefore, 

regulation of the flow rate in the column by air pressure was used. The alpha 

emitters Am241, Cm242 and Cm244 were measured by using a drop counter 

(Frieseke und Hoepfner). The mass spectrometer was a model CH4 (Varían, 

Bremen). The sar 

filament technique. 

+ + 
Bremen). The samples are measured as Me 0 and Me ions using the single

Procedure 

1. About 0.5 g of the resin are placed into the column and washed with 12 M 

HCl. The size of the column is 6.5 cm χ 0. 3 cm. The column is sub

sequently washed with 3 ml 12 M HCl, 3 ml H O , 1 ml 12M NH OH, and 
Li ~X. 

with water until pH = 7. Then the column is treated with 2 ml 0.25 M<*. 

H IBS, pH = 4 .6 . 

2. The sample solution, from which uranium and plutonium have been sep

arated, is brought to dryness and dissolved in 100 ûl 0.05M HCl, 200 ul 

0.05 M HCl; the sample solution and 300 ul 0.05M HCl are then added to 

the column. 
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3. With 0.25M HIBS, pH 4.6, elution is carried out until the Am-241 activity 

disappears. Directly after this a neodymium fraction of 0.75 ml is taken. 

4. The neodymium fraction is diluted with 70 μΐ 15M HNO + 1 ml H O and 

added to a second column with the same ion-exchanger (the resin must be 

washed previously with 0.5M HNO ), and finally the neodymium is eluted 

with 2 ml 6M HNO . The neodymium solution is brought to dryness and 

dissolved in 50μΐ IM HNO . The solution is placed on the evaporation 

filament of a sample holder for mass spectrometry. 

5. To a known amount of the sample solution a calibrated amount of Nd-150 

spike is added. This mixture is treated according to steps 2-4. 

6. In the mass spectrometer, the samples are continuously heated until the 

neodymium isotopes can be measured as NdO ion. During the measure

ment, the absence of CeO and SmO ions of masses 156 (Ce-140 0-16), 

168 (Sm-152 0-16), and 170 (Sm-154 0-16) is controlled. 

Data Handling 

Eight scans of each mass spectrum are sufficient for the evaluation 

and correction for possible changes in ionic current. From the peak height 

the isotopie ratio R" is calculated and related to neodymium-150: 

R1' 0 = Nd-142/Nd-150 
1 4 2 (A 3-3) 

R" AO = Nd-148/Nd-150 [Ά'ά ά) 

148 

The NdO spike is measured, and correction for the heavy oxygen iso

topes is not necessary because the neodymium isotopes are of similar abun

dances. Another correction, however, is unavoidable. Contamination by 

natural neodymium must be corrected for. This amount of neodymium can 

be calculated by the natural abundance Η (i = 142, 148, 15 0) and Nd-142 be

cause this isotope is not formed during fission. The corrected ratio R' = 
148 

Nd-148/Nd-150 is calculated according to the equation: 
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142 148 „ - „ 
H - H R 1 4 2 / R 1 4 8 

148 " 142 ._„ 150 „ . „ (A. 3-4) 
H/R 1 4 8 - H R 1 4 2 / R 1 4 8 

By isotopie dilution ana lys i s according to equation (A. 3-2) the concent ra

tion of Nd-148 can be de te rmined and from the known U-2 38 concentrat ion the 

r a t i o R 1 i n = N d - l 4 8 / U - 2 3 8 is ca lcula ted. 148 ' 

A. 3-6 Burnup de te rmina t ion from Nd-148 content 

Nd-148 was se lec ted a s a burnup monitor because , of all the other f i s 

sion produc ts , it is the only one present ing the following main c h a r a c t e r i s 

t i c s (3): 

- Its cumulat ive f iss ion yield Y is prac t ica l ly identical for uranium and pluto

nium and is independent of neutron energy . 

- Neodymium and i ts chain m e m b e r s do not change location in the fuel by dif

fusion or other t r a n s p o r t m e c h a n i s m s during i r rad ia t ion . 

- It is s table and neut ron cap ture by the chain m e m b e r s is pract ical ly negl i 

gible with r e s p e c t to their beta decay. This cha rac t e r i s t i c is quite impor

tant s ince it is genera l ly imposs ib le to account for neutron flux changes and 

shutdown per iods in the fuel i r r ad ia t ion . 

- Its chemica l s epa ra t ion and ana lys i s by isotope-dilution m a s s spec t romet ry 

is re la t ive ly s imple (see P a r a A. 3-5). 

In o rde r to de r ive the burnup (B) in MWd/MTU, it is f i rs t nece s sa ry to 

de t e rmine the pe rcen tage of fissioned a toms r e fe r r ed to the initial heavy 

a t o m s , F By indicating with Y the average value of Nd-148 fission yield, 
1 148 

the r a t i o R, . „ / Y . .„ r e p r e s e n t s the number of heavy a toms fissioned r e f e r r e d 148' 148 K J 

to the U-238 a t o m s . Consequently, the number of initial heavy a toms is given 

by the sum of all the r e m a i n d e r heavy a toms , r e f e r r e d to U-238 a toms , and 

the fissioned ones , R„ , J Y , „„. There fore , we shall have: 
148' 148 

« 1 4 8 ^ 1 4 8 _ ( A ^ 3 _ 5 ) 

T ?-'Ri + R 1 4 8 ^ H 8 
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in which Σ R. is the sum of a l l the uranium, plutonium, a m e r i c i u m and 

cur ium a toms presen t in the fuel. 

Since: 

ι m 6.2419 χ 10 . 
1 W . s e c = — fiss ions 

E 

where E is the total energy r e l e a s e d per f ission in MeV, once F „ is known 

we have: 
23 

1 MWd = 5 · 3 9 3 x 1 0 f iss ions (A. 36) 
E 

and therefore 

\t 

ñ, 

F x 10 Qí\ /A 

B(MWd/MTU) = — — = F χ 46 .92 χ Ε (Α. 37) 

(5 .393 χ 10 ) /Ε 

where CJ\ is Avogadro ' s number and A is the average atomic weight of a heavy 

atom (A = 238). 

Assuming a total energy per f ission of 194 MeV for U235 and 200 MeV 

for Pu239 (27), and that the U235 f iss ions a r e on the average 70%, we ob

tain a mean value of E = 196 MeV. As a r e su l t , Eqn A. 37 becomes : 

Β = 9.196 χ 10 3 F MWd/MTU (Α. 38) 
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APPENDIX 4 

ANALYTICAL RESULTS 

The resul ts of the radiometric and mass spectrometric measuremerts 

are cojlected in the following tables. 

The tables A. 4.1 and A. 4. 2 show the results of mass ratios for the 

isotopes of uranium, plutonium, americium, neodymium, krypton and xenon. 

For repeated measurements of a sample the mean value and the single stan

dard deviation is given. 

The same applies to the table A.4 . 3, which contains the percentage of 

alpha activity for the alpha emitting nuclides of plutonium, americium and 

curium and for table A .4 .4 , where the isotopie concentrations of Nd-148, 

U-238 and Pu-239 a re given, as they are determined by the isotope dilution 

technique. 



Table Α. 41 Isotope mass ratio of uranium, pltuonium, americium and neodymium 

Sample 

No. 

Al 

A3 

A5 

A9 

B1 

B2 

B8 

C1 

C3 

1 

Uranium 

R 5 

(U23S/U238) 

0. 00800 + 0. 20 

0. 00796 + 0. 32 

0. 00798 + 0. 40 

0.01279 + 0.57 

0 .01271+0.68 

0 .0127S+0.80 

0 .01213+0.61 

0.01232 + 0.41 

0.01222 + 0.60 

0. 00573 + 0. 55 

0. 00570 + 0. 28 

0.00571 + 0 . 5 0 

0. 00868 + 0. 52 

0.00880 + 1.05 

0. 00874 + 1. 00 

0 .01283+0.49 

0.012S7+0. 21 

0.01270 + 0.50 

0. 01080 + 0. 58 

0. 01086 + 0. 79 

0 .01083+0.80 

0.01260 + 0.80 

0.01270 + 0.39 

0.01265 + 0 . 8 0 

0.01404 + 0.48 

0. 01375 +0 .78 

0.01390 + 0.80 

R 6 

(U236/U238) 

Q. 00163 + Q. 85 

0. 00166 + 0. 95 

0.00165 + 1.10 

0. 00196 + 1. 46 

0.00190 + 1. 30 

0.00193 + 1.70 

0 .00178+0.72 

0.20179 + 1.20 

0.00178 + 1.20 

0. 00189 + 1. 10 

0. 00189 + 1. 00 

0.00189 + 1.30 

0 .00145+0.45 

0. 00147 + 0. 85 

0 .00146+0.80 

0. 00202 + 2. 20 

0.00187 + 1.60 

0.00195 + 2. 30 

0.00203 + 1.00 

0. 00207 + 0. 93 

0.00205 + 1. 20 

0. 00200 + 2. 40 

0.00186 + 1.09 

0. 00194 + 2. 20 

0.00172 + 1.00 

0.00173 + 1.30 

0. 00172 + 1. 40 

R '0 

(Pu240/Pu239) 

0 .3009+0 . 13 

0 .2988+0. IS 

0 .2998+0. 13 

0. 2998 + 0. 20 

0 .2365+0 .32 

0. 2365 + 0. 24 

0. 2365 + 0. 30 

0.2351 +0 .30 

0. 2354 + 0. 14 

0. 2352 + 0. 30 

0 .4137+0.21 

0 .4123+0 .29 

0.4130 + 0.30 

0 .2619+0 .18 

0. 2615 + 0. 37 

0 .2617+0 .40 

0. 2279 + 0.19 

0. 2280 + 0. 21 

0 .2279+0 .20 

0.2890 + 0.20 

0. 2884 + 0. 15 

0 .2887+0 .20 

0.2329 + 0.31 

0. 2347 + 0. 21 

0. 2338 + 0. 40 

0. 1948 + 0. 22 

0.1945 + 0. 30 

1 .1946+0.30 

Plutonium 

R' 1 

(Pu241/Pu239) 

0. 10S7 + 0. 22 

0. 1062+0. 32 

0.1060 + 0.34 

0. 1060 + 0.40 

0. 0852+ 0.31 

0. 0848 + 0. 27 

0.0850 + 0.40 

0.0842 + 0. 18 

0. 0842 + 0. 30 

0. 0842 + 0. 30 

0. 1392+0.10 

0.1392 + 0.31 

0. 1392 + 0.30 

0. 0928 + 0. 19 

0. 0930 + 0. 16 

0. 0929 + 0. 20 

0.0812 + 0.42 

0 .0818+0.31 

0 .081S+0.40 

0.0974 + 0.21 

0. 0974 + 0. 30 

0. 0974 + 0. 30 

0 .0847+0.51 

0. 0850 + 0. 46 

0. 0849 + 0. 60 

0. 0736 + 0. 42 

0 .0731+0 .40 

0. 0733 + 0. 40 

R' 2 

(Pu242/Pu239) 

0. 0227 + 0. 62 

0. 0232 + 0. 48 

0. 023S + 0. 78 

0 .0231+0 .80 

0.0142 + 0.61 

0 .0139+0. 35 

0. 0140 + 0. 60 

0.0140 + 0.94 

0 .0139+0 .54 

0.0140 + 1.00 

0. 0480 + 0. 27 

0. 0480 + 0. 40 

0. 0480 + 0. 50 

0.017S +0. 81 

0.0175 + 0. 54 

0. 0175 + 0. 80 

0.0129 + 1 . IS 

0 .0127+0 .87 

0.0128 + 1.20 

0. 0199 + 0. 78 

0. 0200 + 0. 90 

0.0200 + 0.90 

0.0143 + 1.30 

0.0143 + 1. 00 

0.0143 + 1. 40 

0 .0093+0 .60 

0.0092 + 0.72 

0. 0093 + 0. 90 

Americium 

R' 242 

(Am242/Am241) 

n. m. 

a. m. 

0.00667 

0.00667 + 2. 90 

0.00314 

0.00314 + 2.40 

0. 01550 

0.01550 + 1.50 

0.00665 

0. 00665 + 3. 10 

n. m. 

n. m. 

n. m. 

R' 243 

(Am243/Am241) 

n. m. 

n. m. 

0. 06S0 

0. 0650 + 3.10 

0. 1713 

0. 1713 + 1.10 

0.0815 

0 .0815+0 .80 

0.0773 

0. 0773 + 0. 50 

n. m. 

n. m. 

n. m. 

Neodymium 

R' 148 

ConNd148/Nd15C 

2.1752 + 0. 30 

2. 1677 + 0. 40 

2.1714 ±0. 40 

2 .2132+0.15 

2. 2037 + 0. 31 

2. 2085 + 0. 30 

2.1736 + 0. 44 

2.1791 +0 .72 

2.1763 + ô. ¿Ô 

2. 1800 + 0. 42 

2 .1865+0.61 

2.iå32 + ö.7ö 

2.1626 + 0. 48 

2.151S.+ 0. 48 

2. 1570 + 0. 60 

2. 1826 + 0. 40 

2. 2257 + 0. 50 

2. 2039 + 0. 60 

2.2364 + 0.42 

2. 2275 + 0. 70 

2.2275+0.70 

2 .2119+0 .40 

2.1954 + 0. 50 

2. 2036 + 0.60 

2.1858 + 0. 47 

2 .2006+0 .32 

2.1932 + 0. 50 

Ol 

I 



Table Α. 41 Contd 

Sample 

No. 

D2 

D4 

E1 

ES 

G7 

H2 

H8 

Jl 

J9 

Uranium 

RS 

(U235/U238) 

0 .01343+0. 25 

0 .01333+0. 36 

0.01338 + 0.40 

0.01372 + 0.21 

0.01374 + 0.24 

0 .01373+0. 30 

0.01225 + 1. 20 

0.01261 + 1.30 

0. 01243 + 1. 50 

0.01369 + 0.37 

0. 01383 + 0. 40 

0 .01376+0.32 

0 .01376+0.40 

0 .01241+0. 20 

0.01234 + 0. 24 

0 .01237+0.30 

0.01126 +0 .77 

0 .01136+0.79 

0 .01131+0.90 

0.01070 + 1.00 

0.01062 + 0. 84 

0.01066 + 1.10 

0.00652 + 0. 28 

0. 00646 + 0. 34 

0.00649 + 0. 40 

0. 00556 + 0. 50 

0. 00S5S + 0. 61 

0. 00S60 + 0. 45 

0 .00557+0.60 

R 6 

(U236/U238) 

0.00186 + 1.20 

0.00171 + 1.40 

0. 00178 + 1. 60 

0.00176 + 0. SO 

0 .00179+0.80 

0.00177 + 0. 80 

0. 00192 + 2. 10 

0.00201 + 1.80 

0.00196 + 2. 30 

0.00166 + 1. 01 

0.00171 + 1.15 

0.00164 + 1.09 

0. 00169 + 1. 30 

0.00192 + 0.78 

0. 00187 + 1. 20 

0.00189 + 1. 20 

0. 00203 + 1. 00 

0. 00201 + 1. 60 

0.00201 + 1.60 

0.00199 + 1.90 

0.00208 + 1. 70 

0.00203 + 2.20 

α 00188+0.90 

0.00182 + 1. 20 

0.00185 + 1.30 

0.00196 + 1.31 

0.00200 + 1. 20 

0.00195+ 1. 25 

0. 00197 + 1. 50 

Plutonium 

R'0 

(Pu240/Pu239) 

0. 2007 + 0. 15 

0.20:11+0.22 

0. 2009 + 0. 20 

0. 1828 + 0. 18 

0. 1826+0.20 

0. 1827+0. 20 

0.2304 + 0. 27 

0. 2300 + 0. 25 

0. 2302 + 0. 30 

0. 1830 + 0.25 

0. 1819 + 0.18 

0. 1820 + 0. 28 

0 .1825+0 .30 

0. 22S4 + 0. 15 

0. 2262 + 0.20 

0. 2258 + 0. 20 

0. 2692 + 0. 23 

0. 2690 + 0. IS 

0. 2691 + 0. 20 

0. 2943 +0. 25 

0. 2933+0. 42 

0 .2930+0 .40 

0. 34>15 +0 . 11 

0.3612 + 0.18 

0 .3613+0 .20 

0 .4189+0.21 

0.4194 + 0.19 

0. 4206 + 0. 19 

0. 4192 + 0. 20 

R' 1 

(Pu241/Pu239) 

0 .0732+0 . 31 

0 .0733+0.25 

0.0732 + 0.30 

0.0714 + 0.34 

0.0710 + 0. 28 

0.0712 + 0.40 

0. 0844 + 0. 16 

0. 0840 + 0. 35 

0. 0842 + 0. 40 

0 .0713+0 .31 

0. 0705 + 0. 15 

0.0710 + 0.16 

0. 0709 + 0. 30 

0 .0843+0 .38 

0. 0848 + 0. 32 

0. 0846 + 0. 40 

0 .0947+0 .18 

0. 0939 + 0. 35 

0. 0943 + 0. 40 

0. 1029 + 0. SO 

0.1020 + 0. 40 

ö. iöSS + ö. éö 

0.1321 + 0. 40 

0.1307 + 0. 42 

0.1314 + 0.50 

0. 1485 + 0. 20 

0 .1496+0.31 

0. 1489 + 0. 18 

0. 1491 + 0. 30 

R' 2 

(Pu242/Pu239) 

0. 0102 + 0. 82 

0, 0102 + 1. 20 

0.0102 + 1.30 

0.0089 + 1. 50 

0.0085 + 1.40 

0. 0087 + 1. 80 

0.0139 + 0. 59 

0. 0137 + 0. 62 

0 .0138+0 .70 

r
 0 .0085+0 .73 

0.0084 + 0. 68 

0.0085 + 0. 76 

0. 0085 + 0. 90 

0.0129 + 0.92 

0.0132 + 1.10 

0. 0130 + 1. 20 

0. 0181 + 0. 64 

0.0182 + 1.10 

0.0181 + 1. 10 

0. 0215 + 1. 10 

0.0214 + 1.10 

ö. ÖS15 + i. 30 

0 .0386+0 .84 

0. 0383 + 0. 72 

0. 0384 + 1. 00 

0.0516 + 0.42 

0 .0515+0 .34 

0. 0522 +0 . 38 

0 .1518+0 .50 

Americium 

R' 242 

jAm242/Am241) 

0.00433 

0.00433 + 2. 10 

n. m. 

0.00518 

0.00518 + 2.90 

n. in. 

0.00441 

0. 00441 + 2. 60 

n. m. 

n. rn. 

R' 243 

(Am243/Am241) 

0.0541 

0. 0541 + 0. 90 

0.0585 

Ö.ö585 + i."7ö 

n. m. 

0.0584 

0. 0584 + 0. 80 

n. m. 

0.0827 

0. 0827 + 0. 60 

n. m. 

0.1486 

0. 1486 + 1. SO 

n. m. 

Neodymium 

R' 148 

Co« Nd148/Nd15( 

2. 2168 + 0. 32 

2.1515 + 0 . 4 1 

2.1837 + 0. 70 

2.1860 + 0.31 

2. 2042 + 0. 25 

2.5ÖÖ8 + ö. 30 

2. 209S + 0. 49 

2.1978 + 0. 45 

2. 2036 + 0. 50 

2. 2029 + 0. 25 

2. 2165 + 0. 35 

2. 2097 + 0. 40 

2.1564 + 0. 47 

2.1590 + 0. 30 

2. 1577 ± 0. 40 

2.2272 + 0.31 

2. 2186 + 0. 43 

2. 2229 + 0. 40 

2. 2150 + 0. 20 

2. 2005 + 0.18 

2.217B+U.30 

2 . 1 5 2 5 + 0 . 2 0 

2.1437 + 0. 16 

2.1481 + 0. 30 

2.1372 + 0. 29 

2.1541 + 0. 16 

2 .1553+0 .30 

ι 

t ¿ 
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TABLE Α. 4-2 Isotope mass ratios of Krypton and Xenon 

Sample 
No. 

A - l 

A-3 

A-9 

B-1 

B-2 

B-8 

C-1 

C-3 

D-2 

D-4 

E-1 

E-6 

G-7 

H-2 

H-8 

J- i 

J-9 

Kr 83/86 

0 . 2 6 2 6 + 0 . 15 

0 . 2 6 3 3 + 0 . 6 3 

0. 2445 + 0. 22 

0. 2694 + 1. 52 

0. 2682 + 0. 39 

0. 2561 + 1. 19 

0.2641 + 0 . 2 8 

0. 2706 + 0. 40 

0. 2696 + 0. 75 

0. 2703 + 0. 50 

0. 2653 + 0 . 6 0 

0. 2632 + 0. 46 

0. 2696 + 0. 40 

0. 2601 + 0. 72 

0. 2622 + 0. 60 

0. 2567 + 0. 92 

0.2481 + 0 . 7 0 

Kr 84/86 

0 . 5 7 6 3 + 0 . 2 5 

0. 5671 + 0. 89 

0. 5902 ;+ 0. 43 

0. 5923 + 0. 72 

0. 5698 + 0. 17 

0. 5707 + 0. 49 

0. 5671 + 0. 39 

0. 5687 + 0. 40 

0. 5679 + 0. 36 

0. 5650 + 0. 40 

0.5732 + 0.40 

0. 5678 + 0. 14 

0. 5702 + 0. 30 

0. 5681 + 0. 28 

0. 5855 + 0. 30 

0 .5959+1 .57 

0. 5966 +0. 50 

Kr 85/86 

0. 1 1 8 5 + 0 . 2 1 

0. 1153 + 1. 13 

0.1143 + 0.52 

0. 1163 + 0 . 7 7 

0.1172 + 0. 10 

0. 1 1 3 5 + 0 . 5 9 

0.1111 + 0 . 7 8 

0. 1 1 8 8 + 0 . 5 0 

0. 1099 + 0. 78 

0. 1178+0 . 80 

0. 1124 + 0.90 

0.1152 + 0. 30 

0. 1181 + 0 . 30 

0. 1 1 3 6 + 0 . 8 4 

0.1187 + 0 . 7 0 

0.1161 + 1.63 

0 . 1 1 7 9 + 0 . 8 0 

Xe 131/134 

0. 3544 + 0. 15 

0. 3488 + 0. 30 

0. 3385 + 0. 28 

0. 3 5 1 2 + 0 . 3 8 

0. 3509 + 0. 33 

0. 3433 + 0.49 

0. 3496 + 0. 30 

0. 3486 + 0. 50 

0. 3494 + 0. 53 

0. 3486 + 0. 30 

0. 3478 + 0.50 

0. 3464 + 0. 37 

0. 3491 + 0. 40 

0. 3423 + 0. 35 

0. 3473 + 0. 30 

0. 3417 + 0. 24 

0. 3365 + 0. 30 

Xe 132/134 

0. 6678 + 0. 20 

0.6501 + 0 . 18 

0.6824 + 0 .13 

0. 6654 + 0. 29 

0. 6550 + 0. 28 

0. 6614 + 0. 64 

0.6531 + 0 . 3 7 

0. 6517 + 0. 40 

0. 6524 + 0. 39 

0. 6491 + 0. 40 

0. 6566 + 0. 60 

0. 6553 + 0. 23 

0. 6588 + 0. 20 

0. 6610 + 0. 22 

0. 6670 + 0. 20 

0.6817 + 0 . 17 

0. 6857 + 0. 20 

Xe 136/134 

1.4310 + 0. 10 

1.3712 + 0. 34 

1 .5175+0 . 17 

1.4232 + 0.24 

1. 3 5 8 0 + 0 . 2 5 

1.4130 + 0.29 

1.3680 + 0.62 

1.3040 + 0. 20 

1.3270 + 0.27 

1 . 2 9 3 6 + 0 . 3 0 

1. 3636 + 0 . 4 0 

1.3670 + 0. 18 

1. 3490 + 0. 20 

1. 3980 + 0. 29 

1. 4040 + 0. 20 

1.4810 + 0. 24 

1.5380 + 0. 20 
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Table Α. 4-3 ·.. Percent of activity per alpha-emitting nuclides of plutonium, americium and curium 

Sample 

A - l 

A-3 

A-5 

A-9 

B-1 

B-2 

B-8 

C-1 

C-3 

Date of 
measurement 

06. 26. 69 

10. 09. 69 

02 .23 .70 

02 .23 .70 

09. 18. 69 

07. 15. 69 

09. 15.69 

10. 08. 69 

05 .13 .69 

Before separation After separation 
Pu239 + 240 

% 

26.60 
25.90 
26.40 
2 6 . 3 0 + 1 . 3 
34 .80 
34.40 
34.70 
34.63 + 0 . 6 
36.40 
36.60 
36,30 
36. 43 + 0. 4 
27.80 
28.30 
28.10 
28. 07 + 0. 9 
34.80 
34.40 
34.70 
34. 63 + 0. 6 
32.43 

32.82 
32.95 
32. 73 + 0. 8 
31.80 
31.60 
32.10 
3 1 . 8 3 + 0 . 8 
35. 10 
35.90 
35.50 
35.50 + 1. 1 
36.30 
35.90 
36.20 
36. 1 3 + 0 . 6 

Pu238*Am241 

% 

34.00 
33.60 
33.80 
33.80 + 0.6 
41.80 
41.50 
42.10 
41.80 + 0.7 
47.10 
47.80 
48.00 
47. 80 + 0. 4 
46.40 
45.60 
45.40 
45. 80 + 1. 1 
39.00 
39.10 
39.40 
39.17 + 0. 5 
38.10 
38.51 
38.28 
38. 30 + 0. 5 
43.40 
43.60 
43.30 
43. 44 + 0. 3 
41.50 
41.50 
41.70 
41.57 +0 . 3 
35.30 
35.50 
35.45 
35.42 + 0.3 

Cm242 

% 

34.00 
34.85 
3 4.. 60, 
34. 62 + 0.6, 
17.20 
17.70 
16.70 
17. 20 + 2. 9 
11.80 
11.50 
11.40 
11.57 + 1.8 
14.90 
15.30 
15.10 
1 5 . 1 0 + 1 . 3 
20.90 
21.60 
20.80 
21.10 + 2.0 
22.89 
22.81 
22.56 
22.75 + 0 . 8 
18.80 
18.60 
18.70 
18.70 + 0.5 
18.00 
17.40 
17. 50 
17.63 + 1.8 
25.40 
25.50 
25.45 
25. 45 + 0. 2 

Cm244 

% 

5.00 
5.65 

. 5. 20 

. 5.. 28 H- 6. 3 
6.20 
6.40 
6.50 
6. 37 + 2. 4 
4.20 
4.10 
4.30 
4. 20 + 2. 4 

10.90 
10.80 
11.40 
11.03 + 2 . 9 
5.30 
4.50 
5.10 
5.10 + 3 .0 
6.58 
5.86 
6.21 
6.22 + 5.7 
6.00 
6.20 
5.90 
6. 03 + 0. 5 
5.40 
5.20 
5.30 
5 . 3 0 + 1.9 
3.00 
3. 10 
2.90 
3.00 + 3.3 

Pu239 + 240 

% 

54.45 
55.00 
54.00 
54. 48 + 0. 9 
56.55 
56. 20 
57.00 
56.58 + 0.7 
57.30 
58.10 
57.50 
57. 63 + 0. 7 
47.90 
47.80 
48. 10 
4 7 . 9 3 + 0 . 3 
55.65 
55.05 
55.40 
55. 3 7 + 0 . 5 
56. 20 
55.45 
55.84 
5 5 . 8 3 + 0 . 7 
54.50 
53.80 
53.40 
53. 90 + 1.0 
55.55 
55.60 
55.55 
55.57 + 0 . 1 
63.15 
63.00 
62.95 
6 3 . 0 3 + 0 . 8 

Pu240 

% 

45.55 
45.00 
46.00 
45. 52 + 1. 1 
43.45 
43.80 
43.00 
43. 42 + 0. 9 
42.70 
41.90 
42.50 
42.37 + 1.0 
52.10 
52.20 
51.90 
52. 07 + 0. 3 
44.35 
44.95 
44.60 
44. 63 + 0. 7 
43.80 
44.55 
44.16 
44. 17 + 0. 8 
45.50 
46.20 
46.60 
46. 10 + 1. 2 
44.45 
44.40 
44.45 
44. 43 + 0. 1 
36.85 
37.00 
37.05 
36. 96 + 0. 3 
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Sample 

D2 

D4 

E1 

E5 

G7 

H2 

H8 

Ji 

J9 

Date of 

measurement 

02.17.70 

05.19.69 

01.27.70 

07.21.69 

05.12.69 

02. 17. 70 

05. 06. 69 

01.20.70 

07. 09. 69 

Before separation 

Pu239 + 240 

% 

38.90 

39.70 

39.50 

39. 37 + 1. 0 

31.65 

32.02 

31.58 

31.75 + 0 . 7 

38.20 

37.90 

38.50 

38. 20 + 0. 8 

34.30 

33.82 

34.02 

34. 05 + 0. 7 

31.94 

31.93 

32.03 

3 1 . 9 6 + 0. 2 

33.40 

33.80 

33.80 

33.67 + 0 . 7 

27.45 

27.27 

27.53 

27. 42 + 0. 5 

29.90 

29.80 

29.60 

29. 77 + 0. 5 

22.62 

22.61 

22.79 

22. 68 + 0. 4 

Pu238+Am241 

% 

45.20 

44.40 

45.00 

44. 86 + 0. 9 

3S.ÔÔ 

38.11 

38.39 

3 8 . 1 9 + 0 . 4 

47.50 

47.40 

47. 10 

47. 33 + 0. 4 

39. 13 

40.05 

39.37 

39 52 + 1. 2 

36.30 

36.51 

36.84 

36.55 + 0 . 7 

47.00 

46.60 

46.60 

46. 73 + 0. 5 

35.50 

35.98 

35.92 

35. 80 + 0. 7 

46.70 

47.20 

47.20 

47. 03 + 0. 6 

35 80 

35.69 

35.37 

3 5 . 6 2 + 0 . 6 

Cm242 

% 

10.40 

10.40 

9.70 

10. 17 + 3. 9 

24.58 

24.40 

24.79 

24. 59 + 0. 8 

10.90 

11.30 

10.70 

10. 97 + 2. 8 

16.95 

16.39 

17.70 

17.01 + 3 . 8 

28.05 

27.81 

27. 26 

27. 71 + 1. 5 

12.70 

12.20 

12.30 

12.40 + 2. 1 

27.33 

27.07 

27. 26 

27. 22 + 0. 5 

14.30 

14.50 

14.40 

14.40 + 0.9 

31.39 

31.60 

32.09 

31. 69 + 1. 1 

Cm244 

% 

5.50 

5.50 

. 5.80 

5. 60 + 3. 1 

5. 09 

5.47 

5.24 

5. 47 + 4. 1 

3.40 

3.40 

3.70 

3. 50 + 4. 9 

9.62 

9.74 

8.91 

9. 42 + 4. 8 

3.71 

3.75 

3.87 

3. 78 + 2. 2 

6.90 

7.40 

7.30 

7. 20 + 3. 7 

9.72 

9.68 

9.29 

9. 56 + 2. 5 

9. 10 

8.50 

8.80 

8. 80 + 3. 4 

10.19 

10.10 

9.75 

10.01 + 2 . 3 

After separation 

Pu239 +240 

% 

59.60 

59.40 

59.90 

5 9 . 6 3 + 0 . 4 

56. 07 

56.41 

56.90 

56. 66 + 0. 5 

57.10 

56.40 

57.00 

5 6 . 8 3 + 0 . 7 

56.80 

57.00 

56.40 

56.73 + 0 . 5 

56.00 

56,40 

56.80 

56. 40 + 0. 7 

54.60 

54.00 

53.80 

54.13 + 0 . 7 

54.90 

54.60 

54.00 

54.50 + 0. 8 

47.30 

47.50 

47.50 

47. 43 + 0. 2 

45.95 

45.42 

45.48 

45. 62 + 0. 6 

Pu240 

% 

40.40 

40.60 

40.10 

40. 37 + 0. 6 

43.33 

43.59 

43.10 

43. 34 + 0. 6 

42.90 

43.60 

43.00 

43.17 + 0.9 

43.20 

43.00 

43.60 

43. 27 + 0. 7 

44.00 

43.60 

43.20 

43. 60 + 0. 9 

45.40 

46.00 

46.20 

45. 87 + 0. 9 

45. 10 

45.40 

46.00 

45. 50 + 1. 0 

52.70 

52.50 

52.50 

5 2 . 5 7 + 0 . 2 

54.05 

54.58 

54.52 

54. 38 + 0. 5 
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Table Α. 4-4 Isotopie concentrations of Nd-148, U-238 and Pu-239 

Sample 
No. 

A - l 

A-3 

A-5 

A-9 

B-1 

B-2 

B-8 

C-1 

C-3 

17 
A(li-288)jr. 10 

% 

5. 6024 
5.5799 
5 . 5 9 1 2 + 0 . 2 0 
5.3510 
5. 2882 
5. 4175 
5. 3522 + 1. 20 
5.1594 
5. 1415 

5. 1504 + 0. 17 
5. 5701 

5. 5532 
5.5870 
5.5701 + 0 . 30 

5.6198 
5. 6254 

5. 6226 * 0. 05 

5. 5766 

5.5821 

5.5793 + 0 , 0 5 

5.6335 
5. 6297 
5.6316 + 0 . 0 3 
4. 9671 
4. 9636 

4.9653 + 0 . 0 3 
5.5336 
5. 5643 

5.5490 + 0. 28 

14 
A(Pu-239)xl0 

% 

21.419 
21. 348 
21.384 + 0. 17 

21. 4084 
21. 4840 
21. 4462HH0. 17 

21. 182 

21.063 
21. 122 + 0. 28 

19. 734 
19. 678 
19.706 + 0.14 

22. 271 
22. 269 

22. 270 + 0.004 

22. 218 
22. 168 

22. 193 + 0. 40 

21.418 
21. 397 
21.408 + 0.05 
20. 144 
20. 118 

20. 131 + 0 . 0 6 
23. 759 
23.718 

23.738 + 0.08 

14 
A(Nd-148)xlO 

% 

1. 1024 
1. 1047 
1. 1 0 3 6 + 0 . 10 

1. 0493 
1. 0577 
1 .0535+0 .40 
1.0193 

1. 0186 
1. 0 1 8 9 + 0 . 0 3 

1.4690 
1. 4522 
1 .4606+0 .57 
1. 0209 

1. 0323 

1 .0266+0 .55 

1. 0820 
1.0711 
1.0692 
1.0741 + 0 . 6 4 
1. 2864 
1. 2765 

1. 2815 + 0 . 38 
0. 9933 
0. 9895 

0.9914 + 0. 19 
0. 9439 
0. 9499 

0. 9495 + 0. 30 

Sample 
No. 

D-2 

D-4 

E-1 

E-5 

G-7 

H-2 

H-8 

J-i 

J-9 

17 
A(U-238)xl0 

% 

5.6123 
5.5738 

5. 5930 + 0. 34 
5.5319 
5.5731 

5.5525 + 0 . 3 7 

5.5739 
5.5718 
5 . 5 7 2 8 + 0 . 0 2 

5.6171 
5. 5763 
5.5967 + 0 . 36 
5. 4672 
5. 4999 

5 . 4 8 3 6 + 0 . 30 

5. 4717 
5.4581 

5.4649 +0 . 12 
5. 5095 

5. 4644 
5. 4870 + 0. 40 
5.5611 

5.5542 
5. 5576 + 0. 06 
5. 4778 
5. 4906 

5.4842 + 0. 12 

14 
A(Pu-239)xlO 

% 

23. 281 
23. 180 

23.231 + 0 . 22 
23. 954 
23. 906 

23.930 + 0. 10 

23. 401 
23. 277 
23. 339 + 0 . 27 
24. 387 
24. 247 
24. 321 
24. 3 1 8 + 0 . 29 
23. 577 
23.571 

23.574 + 0.01 

21.514 
21.574 

21.544 +0 . 14 
21.730 

21.954 
21.842 + 0.50 
20. 999 
20. 870 

2 0 . 9 3 4 + 0 . 3 1 
19. 805 
19. 860 

19. 860 + 0. 14 

14 
A(Nd-148)xl0 

% 

0. 9902 
0. 9870 

0. 9886 + 0. 16 
0. 9149 
0. 9238 

0 . 9 1 9 3 + 0 . 4 8 
1. 1237 
1. 1312 

1. 1 2 7 4 + 0 . 2 3 
0. 9320 

0. 9397 
0 . 9 3 5 8 + 0 . 4 1 
1.0790 
1. 0866 

1 0827 + 0. 35 

1. 2290 
1. 2118 

1. 2204+0 . 70 
1. 3116 
1. 3001 

1. 3059 + 0 . 44 
1. 3291 
1. 3330 

1.3310 + 0. 15 
1. 4792 

1. 4904 
1 .4848+0. 38 
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