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REACTOR OPERATION AND MAINTENANCE EXPERIENCE, 
SAFETY ASPECTS 





Operation Experience with the TRIGA Reactor Vienna 

H. Bock, 
Atominstitut of the Austrian Universities, Vienna, Austria 

1. Introduction 
Since the last European TRIGA Users Conference in Bukarest/Romania in September 
1992 the TRIGA reactor Vienna operated without any major undesired shutdown. 
Some problems were centered around the new microprocessor controlled 
instrumentation installed in summer 1992. The fuel behaviour was excellent, no 
fuel failures were experienced. The experimental facilities were extensively used for 
students education and training. 

2. Reactor instrumentation 
The last TRIGA Users Conference in 1992 took place immediatly after installation 
of the new GA supplied reactor instrumentation. The original instrumentation design 
proposed by GA was considerably modified to meet the stringent requirements of 
the licensing authorities, the final design is shown in fig. 1. Although one wide-range 
channel is microprocessor controlled, it is only considered as an operational channel 
without safety relevance. Two parallel independent linear channels are hard-wired 
into the reactor protection together with all other safety relevant signals. The data 
display is shown on one graphic CRT and on one status CRT. The block diagram 
in Fig. 1 shows in bold lines the instrument modification for the TRIGA Vienna 
compared to the original proposal. During the last two years of operation a number 
of failures occured which made the reactor inoperable for about 30 days in total. 
Some of the errors were localized within a short time, other errors were more 
difficult to overcome. In example in February 1994 a computer drive in DAC 
failed and a new drive loaded with the Austrian DAC software was ordered from 
GA. In June 1994 the drive in CSC computer failed and again a new drive loaded 
with the Austrian CSC software was ordered from GA. Appearantly both the DAC 
and CSC software which was used in Vienna before both failures was not the 
same as the new software loaded by GA, therefore problems arose with pulse 
operation. In fact since June 94 pulse operation was not possible due to this 
problem. Finally after many phone calls and faxes the problem was solved and 
the system in fully operational again. 

Further we observed that the system is quite sensitive to room temperature. During 
summer 1994 we some times had control room temperatures of 35°C, and some 
channels in the DAC cabinet had surface temperatures of above 55°C. We had 
already removed the front and backdoor of the cabinet before and installed two 
ventilators on the top of the cabinet, however it is strongly recommended to 
improve air circulation in the DAC. Also the microprocessor of the NM-1000 is 
very temperature sensitive, the channel constants are erased above 30°C. 
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Fig. 1 Block diagram of the new reactor instrumentation 

DATE CAUSE CONSEQUENCE 

Sep. 92 Thunderstorm ROM of wide-range-channel destroyed 
Oct. 92 Contacts of microswitches Problems with rod-drives 
Dec. 92 EMI due to motor Period-SCRAM 
Jan. 93 Bad electrical contact Temperature-SCRAM 
Mar. 93 Temperature-effect Problem with a safety-channel 
Mar. 93 Broken capacitor Transformer died 
Mar. 93 Broken resistor Purifier flow low 
Mar. 93 Loose wire No magnet current 
Apr. 93 Short-cut Fuel temperature low 
Jun. 93 NM-1000 Constants erased 
Feb. 94 DAC drive failure No reactor operation 
Jun. 94 CSC drive failure No reactor operation 

Fig. 2 Summary of instrument problems during the last two years 
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Finally we had realized that there is no document available which allows the 
operator simple verification of software or to adapt certains parts of the software 
to local needs. In example the procedures to change date and time in the status 
window, to change the denomination of sensors in the status-, alarm- and scram 
windows or to access the pulse number or the kWh value in case of necessary 
changes, ail this has to be individually asked for. This is a time consuming and 
unnecessary burden both for the operator and the supplier. In Fig. 2 there is a 
summary of instrument related problems since summer 1992. 

3. Fuel Elements 
The present reactor core is composed of 

57 Al-clad fuel elements 
9 FLIP fuel elements 
11 SST-clad fuel elements 
2 instrumented fuel elements 

These elements are controlled for elongation and bowing every 2 years. In the 
spent fuel storage pit presently only 8 Al clad fuel elements are stored. As one 
fuel element has two cladding failures the wet storage pit was converted to a dry . 
storage pit filled with dry CO2 (Fig. 3). The fresh fuel storage pit contains 7 SST 
and one instrumented fuel element. 

Fig. 4 Gamma scanning and optical inspection device 
for spent TRIGA fuel elements 

1-3 



I DRY STORAGE 

REACTOR HALL FLOOR 

LOCATION OF 6 FUEL 
STORAGE PITS FUEL CONTAINER 

FUEL CONTAINER WITH 
14 FUEL POSITrONS 

. i n ii 

73
0 

67
5 

225 
~ 

Fig. 3 Fuel storage TRIGA Vienna 

1-4 



Fig. 5 Autoradiography across the diameter of an irradiated 
standard TRIGA fuel element 

Fig. 6 Relative burn-up across the TRIGA fuel element no. 2172 
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Spent fuel elements can be verified for its burn-up by an out of core gamma 
spectrometry facility (Fig. 4). This facility can also be used for optical inspections 
of the fuel surface by an endoscope. This endoscope has recently been modified 
to a water tight system, therefore it can also be used to look at spent fuel elements 
underwater as well as to tank internals. 

One fuel element which was cut into 3 cylinders in 1983 has recently been 
autoradiographed across its diameter (Fig. 5). From the variation in film transmission 
the radial distribution of fission product activity (mainly Cs-137) which is proportional 
to the uranium consumption was investigated. It is obvious that the fuel surface 
layer have a slightly higher burn-up than the fuel center due to the selfshielding 
effect. As the fuel element was positioned in one position relative to the core 
center the assymetric burn-up is also obvious. This computer enhanced figure (Fig. 
6) has been created by 12 radial scans across the fuel diameter. 

4. Summary 
During the past two years the reactor itself operated without any major problems. 
The instrumentation however was the source of reactor unavailability. Also at this 
point it has to be emphasized that it were not the various failures themselves but 
the lack of qualified documentation. Although GA's staff is very helpful to localize 
the failure, an operator feels much better and confident,, if he can localize the 
failure with no external assistance. 
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Renewal and Upgrading of the TRIGA Mark II Research 
Reactor in Ljubljana 

V. Dimic, B. Glumac, D. Kavsek, L. Lipic, I. Mele, G. Pregl, M. Ravnik, 
A. Trkov 
J. Stefan Institute, Ljubljana, Slovenia 

Despite regulatory supervision, the owner/operator is directly responsible for safe 
operation of the reactor. Therefore, at the 250 kW TRIGA Mark II research 
reactor in Ljubljana ever since the beginning of operation in 1966 gradual 
modification and modernization have been taking place. Further more, a review 
and assessment of improvement programmes for the instrumentation and control 
systems and related safety features of the reactor protection system was made as 
early as 1980 by an independent expert from the International Atomic Energy 
Agency. The primary goal was to modernize the instrumentation in accordance 
with modern industrial standards. This programme was successfully concluded in 
1982 according to the IAEA expert recommendations. The IAEA also delivered 
part of the new instrumentation. Most emphasis was laid on standardization, 
flexibility, reliability and service and repair possibilities. Since development in 
electronics is rapid, provision should be made for some changes in the future. 
Standard units and modular systems make it easier to carry out these changes. 
Therefore new analog instrumentation fulfilling all these demands was chosen from 
the Hartman and Brawn company. Besides modernization of the four nuclear 
channels, an additional safety channel (fuel temperature meter), a water level 
indicator, an instrument integrator which measures the power of the reactor (digital 
display) and a reactivity meter were also introduced. 

Although the reactor was designed very carefully in order to be used for research 
and training, during the last twenty years many improvements were introduced, 
such as: 

• a dry central thimble for target irradiations (isotope production) 

• a new pneumatic facility for loading and unloading samples into a new ro
tary specimen rack or the central thimble, and 

• automatic data logging by a configuration based on two microcomputers (al
ready in 1978). 

Furthermore, it was decided in 1989 to upgrade our reactor for pulsing mode 
operation and pulse registration. A two-person project group (reactor operators) 
and partly also other personnel from the Reactor Physics Division of our Institute 
participated in the project. The technical experience that has been gained during 
the last 25 years was utilized in planning and installing a new control console, 
and into developing a sophisticated system for pulse mode operation. 

1-7 



The project was carried out in strict compliance with the quality assurance programme 
which is required by Slovenian law for constructing, upgrading and operating nuclear 
installations. The QA program was divided into three phases: design and construction, 
pre-operational functional tests and start-up physical tests. It covered all important 
aspects of the project: organization, procurement, documentation, etc. The QA and 
QC activities were carried out by Institute staff, supervised by inspectors of the 
national regulatory body. 

In 1991 our reactor was almost completely reconstructed and upgraded. The 
reconstruction consisted mainly of replacing the grid plates, the control rod 
mechanisms and the control unit. Also a new PC based system was adapted and 
developed to collect the operational radiation data of the reactor. New wiring of 
the electric power supply system and a new air-exchange system in the operations 
room were installed in 1993 and 1994. 

Within the scope of the reactor renewal and upgrading project, a new spent fuel 
storage facility was built in the basement of the reactor building. The storage is 
of pool type with a capacity of 630 spent fuel elements. Detailed safety analyses 
of the spent fuel storage was performed by applying the same principles as are 
required by international standards for power reactor spent fuel pits. Particular 
attention was paid to criticality safety calculations. 

However, the main novelty in the reactor physics and operational features of the 
reactor was installation of the pulse rod. Having no previous operational experience 
in pulsing, a detailed and systematic sequence of tests was defined in order to 
check the predicted design parameters of the reactor against measurements. The 
following experiments were conducted: initial criticality, excess reactivity measurement, 
control rod worth measurement, fuel temperature distribution, fuel temperature 
reactivity coefficient, pulse parameter measurements (peak power, prompt energy, 
peak temperature). Flux distributions in steady state and pulse mode were measured 
as well. The experiments were performed with completely fresh fuel of 12 w% 
Standard Stainless Steel type. The core configuration was uniform (one fuel element 
type, including fuelled followers) and compact (no irradiation channels or gaps), 
as such an array is particularly convenient for testing computer codes for TRIGA 
reactor calculations. 

After successful renewal and upgrading of the TRIGA Mark II research reactor 
in Ljubljana in 1991, a new safety report was presented to the Slovenian Regulatory 
Body. A very detailed review of all the safety related systems was performed by 
the Regulatory Body. After receiving the final approved document from the authority, 
the reactor started to operate again at the beginning of 1992. 
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Graphical Display and Analysis of Operational Radiation 
Data of the Vienna TRIGA-Reactor 

M. Tschurlovits, J. Scherzer, H. Bock 
Atominstitute of Austrian Universities, Vienna, Austria 

Abstract 
A PC based system was developed to collect operational radiation data of the 
Vienna TRIGA reactor. The following requirements have to be met: continuous 
data collection, reasonable effort for data registration, convenient screening, and 
possibility for convenient data evaluation. In addition, the system has to have 
reasonable reliability. A commercially available software was adapted for data 
handling. The system is described. Typical examples of data sets and evaluation 
modes are presented in the paper. 

1. Introduction 
The operation of a reactor requires in addition to a continuous registration of 
operational primary parameters as power a registration of numerous complementary 
parameters as radionuclide release data, dose rates at different sites and other 
related parameters, since the number of sites is usually large and the equipment 
is continuously operated, a bulk of data has to be handled. A simple registration 
in hard copies as recorder sheets, printouts etc is not satisfying, but any attempt 
to find even previous data in usually dusty files is difficult and time consuming. 
On the other hand, information on typical data sets under normal conditions (e.g. 
increase or decrease of a quantity in relation to reactor operation) is very useful 
for judging the radiological situation. It is therefore promising to take advantage 
from a computer based data management HI. 

2. Hardware components 
Fig 1. shows a schematic diagram of the monitoring system as used for detection 
and registration of doserate and activity concentration on different sites. The location 
of the detectors is shown elsewhere in more details HI. On line display of the 
readings in the reactor control room is done as well as triggering an alarm at 
instrument failure or if a certain level is exceeded. From the display panel the 
signals are transferred to an ADC converter and to a PC where the data are 
stored eventually on a diskette. The diskette is available for remote evaluation. 16 
detectors are connected with the system (see Fig. 1). 

3. Software 
A preliminary version of a program was shown in /3/. In order to improve the 
properties of the system, a commercially available software (Quattro Pro 3.0) was 
adapted for data presentation and handling. 
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The following features are possible: 

mam menu 
- selection of measuring stations 
- read data of one or more days 
- read data of a week or a month 
- read data of a given year 

• calculations 
- mean figures of the considered measuring station 
- maximum figures of the considered measuring station 
- summation of daily data (dose calculation) 

screen display 

daily report 
comparison of two days 
weekly report 
display of daily mean and maximum over one month 
display of monthly mean and maximum over one year 

hard copy 
each graphical presentation can be printed 
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Fig. 1 Block doagram of the area monitoring system 
TRIGA Mark II reactor Vienna 
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4 Selected data 
The following figures show some typical printout of sampling sites, where locations 
with a simple relation to the reactor operation (e.g. immediate response and 
constant reading) as well as delayed response are shown. 

Tankoberflache Di 070691 
GW1=0.01 GW2=100 GW3=400 

-1 1 1 1 1—l 1—T T T T T T—T—I 1 1 1 1—1 1 1 1 r-
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■ Mepwert 

Fig. 2 Doserate at tank surface, one day 
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Fig. 3 Doserate in control room, one day 
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Primarkreis 23.Woche 1994 
GW1=0.5 GW2=10000 GW3=99000 
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Fig. 4 Activity concentration in the primary circuit, six days 

Ionenaustauscher 23.Woche 1994 
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Fig. 5 Doserate close to ion exchanger, six days 

Fig. 2 shows the dose rate (hourly mean) over one day at the surface of the 
rector tank. The reading is proportional to the power of the reactor. 

Fig. 3 shows the dose rate (hourly mean) over one day at the reactor console. It 
has to be taken into account that the reading is just above background and 
therefore rather statistical than proved. 
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In both cases, only one day is presented to avoid confusion. 

Fig. 4 shows the reading of the detector in the primary circuit. It can be seen 
that after starting the reactor operation in the morning a continuous increase of 
activity concentration in water takes place. After reactor shut down but with primary 
cooling water flow, decay reduces the water activity to approximately the same 
value as in the morning. 

Fig. 5 shows the activity retained in the ion exchanger. A slow build up over the 
week and saturation after some days can be seen, decay being obviously also 
slower. 

Conclusions 
The system permits an easy evaluation and data analysis. Previous time intervals 
can easily displayed and used for comparisons. This possibility might be advantageous 
for checking operational conditions. 

References 
111 Safety Analysis report, Vienna TRIGA reactor, Rev May 1994 
HI J. Scherzer: Diploma Thesis, Technical University Vienna 1992 
131 G. Zugarek, M. Tschurlovits: Proc. 11th Europ. TRIGA Users Conf. 1990, 3-63 
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TRIGA Spent Fuel Storage Criticality Calculations 

M. Ravnik, B. Glumac 
J. Stefan Institute, Ljubljana, Slovenia 

Abstract 
A new spent fuel storage has been built at the J. Stefan Institute TRIGA reactor. 
Detailed criticality safety analysis was performed within the framework of the 
licensing procedure. Two independent computer codes were applied: Monte-Carlo 
code MCNP and lattice cell code WIMS. Two types of fuel elements were considered: 
12 w% standard and FLIP. Parametric study on lattice geometry, water density 
and burn-up was performed. Main results are new findings about the reactor physics 
properties of the spent fuel storage in particular, and experience and guidelines in 
performing criticality safety analysis of research reactor spent fuel storage in general. 

1. Spent fuel storage description 
The spent fuel storage is built in the basement of the reactor building. Its main 
technical characteristics are as follows: 
- pool type, 2.6 m x 2.6 m x 3.6 m 
- walls covered by stainless-steel 
- filled with demineralised water 
- spent fuel rack made of Al 
- 8 cm pitch, 21 x 10 positions in the grid, divided into three segments of 

7 x 10 positions by the partition walls made of cadmium. 

The geometry of the storage and of the racks is presented in Fig. 1. 

2. Criticality safety analysis 
The purpose of our work was to prove that fuel in SFP could not become critical 
under any anticipated conditions. Since no appropriate standards are available for 
research reactors, we applied the same methods and approach as in power reactor 
SFP designing which are regulated by American Standard ANSI 57.2 and 3-1983. 
Basic requirements and assumptions implied in the standard are as follows: 
- use of verified computer codes including a Monte-Carlo code 
- it is assumed that fuel is at its highest reactivity in its burn-up life 
- optimal moderation conditions 
- we consider that the geometry of the racks may change due to accident conditions 

(e.g. earthquake). 

The following two computer codes were used in the criticality calculations: 
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1. MCNP4A, which is a 3-D Monte-Carlo code, appropriate for calculating transport 
of neutrons, gamma rays and electrons simultaneously. A continuos cross-section 
library based on ENDF-B/6 (preliminary release) was applied. The scattering kernels 
for hydrogen in zirconium hydride were taken from ENDF-B/4. Advantages of the 
code are detailed geometry modeling and continuos energy dependence. The 
disadvantage is that some TRIGA specific nuclides are not available (e.g. Er, fission 
products) in the library distributed with the code, and long running time (several 
hours on PC-AT-486). 

2. WIMS, which is a deterministic lattice-cell transport code. We used it in 1-D 
32 group approximation. The code is supplied with a 69-group cross-section library 
appropriate for TRIGA calculations. The advantages of the code are: short running 
time and the burn-up calculations. The disadvantages are: inappropriate axial leakage, 
physical models are not adequate for conditions significantly different from reactor 
lattice cell. 

Both codes were verified by benchmark calculations. They have been routinely used 
for TRIGA reactor calculations, particularly in core management problems and in 
designing of experiments. Results of both codes agree well for spent fuel pit 
conditions which are not significantly different from normal reactor lattice cell 
conditions (normal water density, low axial leakage), as can be seen from 
Table 1. 

Table 1 
koo as a function of lattice pitch calculated by MCNP and WIMS for fresh 12% 
standard fuel at normal water density 

pitch (cm) WIMS MCNP 
4 1.49379 1.50711±0.00110 
5 1.36685 1.37337±0.00130 
6 1.18963 1.19123±0.00160 
7 1.00860 1.00938±0.00210 
8 0.84739 0.84530±0.00230 

Discrepancies are observed for abnormal conditions, i.e. for water density below 
0.5 g/cm3 where the transverse leakage, being proportional to DBZ

2 D —> °°, prevails 
over the variations of koo. Results are presented in Table 2. 
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Table 2 
keff as a function of water density, 12 w% standard fuel, fresh, 8 cm pitch 

keff 

density (g/cm3) W I M S MCNP 
1 0.75060 0.75518±0.00300 
0.9 0.78390 0.79341±0.00240 
0.8 0.81664 0.83737±0.00270 
0.7 0.84574 0.87783±0.00270 
0.6 0.86724 0.92069±0.00280 
0.5 0.87473 0.95961±0.00260 
0.4 0.85800 0.98728±0.00250 
0.3 0.80105 0.99856±0.00300 
0.2 0.68000 0.97029+0.00300 
0.1 0.46982 0.85155±0.00390 
0.01 0.21788 0.49355±0.00520 

* only axial leakage is considered in keff, lattice is infinite in x and y direction 

Discrepancies are due to inappropriateness of WIMS physical models for non-lattice 
conditions. For this reason the MCNP results are considered as reference. On the 
other hand, not all cases can be treated with MCNP (e.g. effect of burn-up and 
burnable poisons). Combining MCNP and WIMS calculations systematic criticality 
analysis becomes feasible. 

3. Results 

Two types of fuel elements are considered: 
- 12 w% standard stainless-steel clad (20% enrichment) 
- FLIP (70% enrichment). 

The first type is treated due to high initial reactivity (k-inf = 1.5). FLIPs are 
studied because their reactivity, unlike to the standard fuel not containing burnable 
poison, increases with burn-up (maximum at 30% BUP), as can be seen from Figs. 
2 and 3. Other fuel element types have properties which are similar or lie in 
between the two types considered in our analysis. 

First step in our analysis was determination of critical number of fresh standard 
fuel elements for the core lattice pitch conditions and when they are in contact. 
WIMS code was used. Results for core conditions agree well with critical number 
which was measured in our reactor during start-up tests after reconstruction. Result 
of the calculation also show that 60 fuel elements or more may become critical 
even if the distance between them is reduced to minimum. Such situation may be 
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an approximation of conditions when the fuel elements are shaken out of their 
racks and form a pile on the bottom of the pool (e.g. due to earthquake). The 
critical number for such conditions is larger than in case of reactor lattice pitch, 
because the system becomes undermoderated. It can be also concluded that 70 
fuel elements, which are filled in one segment of the spent fuel rack without 
additional absorbers, may become critical if the distance between them is reduced. 

In our next calculation we studied the dependence of multiplication factor on the 
distance between the fuel elements in the racks (pitch). Results are presented in 
Figs. 5 and 6. The lattice was considered infinite in x-y direction. In axial direction 
it was assumed that the elements are infinite (k-inf) or finite with actual composition 
(k-eff). It can be observed that k strongly depends on the lattice pitch in both 
cases, k-eff approaches criticality at lattice pitch around 7 cm. Radial leakage of 
70 fuel elements, which may be considered as a unit in the fuel rack, being 
practically negligible, it may be concluded, that fresh 12 w% fuel elements may 
become critical if the lattice pitch of the racks is reduced below 6 cm, either due 
to damage or if such was design of the racks. Additional absorbers should be used 
at the locations of the fuel elements in the rack in order to reduce risk of 
criticality. 

The dependence on water density was studied by performing WIMS and MCNP 
calculations at various water density between 1 and .01 g/cm3 for two lattice pitches: 
8 cm and 4 cm. Results are presented in Figs. 7 and 8. Results of 4 cm pitch 
indicate overmoderation of reactor lattice resulting in positive water density and 
negative water temperature reactivity coefficient. This results are also confirmed by 
the experimental evidence. In case of 8 cm pitch the lattice is overmoderated and 
the effect on k-inf is positive if water density is reduced. At low water density 
the effect of leakage prevails over the effect of better moderator to fuel ratio 
because the space between the fuel elements becomes 'transparent' for neutrons 
which for this reason easily escape in z direction. Optimal moderation effect is 
observed at around 0.3 g/cm3 water density. 

It is of course impossible to imagine practical conditions at which water density 
in the racks would be 0.3 g/cm3. This results are interesting only because they 
indicate that the effect of optimal moderation exists. We simulated conditions which 
may occur in practice and which are similar to the reduction of water density. We 
decreased water level in the racks from completely flooded to completely dry 
conditions. Water density was 1 g/cm3. Results are presented in Fig. 9. We can 
see that no effect of optimal moderation is observed for these conditions which 
may be expected in practice. 

The same calculations were performed also for 22% burned 12 w% standard fuel. 
Results are presented in Figs. 10 to 12. The same conclusions may be drawn as 
for the fresh fuel. No radically new effects are observed, only fuel reactivity is 
smaller. 
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Similar analysis was performed also for fresh and partly burned (30%) FLIP fuel. 
Results are presented in Figs. 13 to 16. Comparison of results to standard fuel 
shows only small differences. The same effects are observed either for fresh or 
spent fuel conditions. The results are more conservative for burned FLIP fuel since 
the reactivity is increasing with burn-up. 

4. Conclusions 
The conclusions may be summarized into three groups: interesting reactor physics 
findings, findings on the use of the computer codes and general remarks, concerning 
organization and procedure of research reactor criticality safety analysis. 

REACTOR PHYSICS 

i. Strong dependence of k on lattice pitch: minimum lattice pitch > 8 cm for fresh 
fuel. 

ii. Subcriticality condition not fulfilled for fuel in contact even for high burn-up 
=> additional absorbers (e.g. cadmium rods) required. 

iii. Effect of optimal moderation exists, k may exceed 1 for lattice pitch = 8 cm. 
However, not likely to occur in practice, needn't be considered as a constraint. 

iv. Criticality safety analysis for FLIP fuel should be performed at ~ 30% burn-up. 

VERIFICATION OF CODES 

i. WIMS is appropriate for lattice cell conditions. 

ii. Original MCNP data basis should be extended for TRIGA specific nuclides and 
burn-up products. 

iii. Optimal approach: Monte-Carlo (e.g. MCNP) in combination with reactor codes 
(e.g. WIMS) 

GENERAL 

i. Criticality safety analysis according to modern standards for TRIGA spent fuel 
storage is necessary and feasible. 

ii. Existing power reactor standards are not applicable due to specific TRIGA fuel 
physical properties. Specific research reactor standards, recommendations and 
procedures are required. 
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Fig. 1 Spent fuel storage layout 
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k-inf as a function of burnup in %, 12 w% fuel, WIMS 
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Fig. 2 k-inf as a Junction of bum-up for standard fuel element unit cell 

k-inf as a function of burn-up in %, FLIP fuel, WIMS 

10 15 20 

bum-up (%) 

25 30 35 

Fig. 3 k-inf as a Junction of bum-up for FLIP fuel element unit cell 
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k-eff as a function of number of fuel elements, 12 w% fuel, fresh, WIMS 
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Fig. 4 k-inf as a Junction of number of fresh 12 w% standard fuel elements for 
core lattice pitch (4 cm centre-to-centre) and for fuel elements in contact 

(1.97 cm centre-to-centre distance) 
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Fig. 5 k as a function of lattice pitch for fresh 12 w% standard fuel, 
WIMS calculation 
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k as a function of pitch, MCNP 
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Fig. 6 k as a function of lattice pitch for fresh 12 w% standard fuel, 
MCNP calculation 

k as a function of water density, 12 w% fuel, fresh, WIMS 
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Fig. 7 k as a function of water density for fresh 12 w% standard fuel, 
WIMS calculation 
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k as a function of water density, MCNP 
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Fig. 8 k as a function of water density for fresh 12 w% standard fuel, MCNP 
calculation 

k-eff as a function of water level height, MCNP 

Fig. 9 k4nf as a function of water level height, 8 cm pitch, fresh 12 w% standard 
fuel, MCNP calculation 
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k-eff as a function of number of fuel elements, 22.25% burn-up, 12 w% fuel, WIMS 
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Fig. 10 k-inf as a function of number of 12 w% standard fuel elements for core 
lattice pitch (4 cm centre-to-centre) and for fuel elements in contact (1.97 cm 

centre-to-centre distance), 22% burn-up 
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Fig. 11 k as a function of lattice pitch for 12 w% standard fuel, 22% bum-up, 
WIMS calculation 

1-27 



k as a function of water density, 12 w% fuel, 22.25 bum-up, WIMS 
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Fig. 12 k as a function of water density for 12 w% standard fuel, 22% burn-up, 
WIMS calculation 

k-eff as a function of pitch, FLIP, fresh fuel, WIMS 
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Fig. 13 k as a function of pitch for fresh standard and FLIP fuel 
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k-eff as a function of pitch, FLIP, WIMS 
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Fig. 14 k as a function of pitch for fresh and burned FLIP fuel 

k as a function of water density, FLIP, fresh, WIMS 
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Fig. 15 k as a function of water density for fresh FLIP fuel 
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k as a function of water density, FLIP fuel, 30% bum-up, WIMS 
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Fig. 16 k as a function of water density for 30% burned FLIP fuel 
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The Future of Spent TRIGA Fuel Elements from European 
TRIGA Reactor Stations 

H. Bock 
Atominstitute of the Austrian Universities, Vienna, Austria 

1. Introduction 
Presently there are 11 TRIGA reactors of the Mark I and Mark II series operating 
in Europe. One exception is the 14 Mwth reactor in Pitesti/Romania. Most of 
these reactors started initially between 1960 and 1970 and have therefore experienced 
over 25 years of reactor operation. In some cases also a permanent shut down is 
under discussion. To all reactor stations a common question is not yet solved 
concerning the future of spent TRIGA fuel elements. Therefore a initiative has 
started in spring 1994 to collect all necessary data of TRIGA fuel elements available 
at European TRIGA stations. These data have been transmitted to General Atomics 
in June 1994 and subsequently some valuable information was received in July 
1994 from General Atomics concerning the future spent fuel policy of the US 
Department of Energy (DOE). The following paper gives a summary of the present 
available informations. 

2. Background information 
The European research reactor fuel discussion started several years ago especially 
in the MTR community when national authorities in some European countries did 
not allow the operators to load fresh fuel into the core unless they can prove a 
solution for the ultimate disposal of their spent fuel. This actually means an 
operation phase out for several European research reactors. At that time research 
reactor operators got into contact with a US based lawyer company to start 
negotions with the DOE as there was a practical moratorium on fuel return 
shipment to the US. After a number of meetings and negotiations the DOE 
announced in April 1994 that it would accept a limited number of spent fuel 
elements from eight foreign research reactors (none of them TRIGA reactors) in 
Europe needing urgent relief from spent fuel storage problems. All these reactors 
utilize HEU of US origin. The ultimate fuel destination is the Savannah River 
Site in South Carolina /1,2/. 

Further the DOE issued in June 1994 a draft Environmental Impact Statement 
(EIS) 131 for the spent nuclear fuel management which supports the acceptance of 
up to 15000 spent fuel elements over a 10 to 15 years period for uranium enriched 
in the US. A firm decision is not expected before mid-1995 but it should include 
spent fuel from R&D reactors, US university reactors and foreign research reactors. 
In the draft EIS the DOE proposes five different alternatives for the spent fuel 
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management which spans from "No action at all" to ,Maximum treatment, storage 
and disposal". The preferred alternative might be a combination of the various 
proposals and is expected to be identified in the EIS document in 1995. 

3. TRIGA fuel element survey 1994 
A TRIGA fuel survey was carried out in spring 1994 among European TRIGA 
stations. Until 1.10.1994 all European TRIGA stations have answered and (with 
exception of the 14 Mwth Romanian HEU elements reactor) the standard TRIGA 
fuel situation is summarized below and shown in detail in table 1. 

Fresh fuel on stock Spent fuel in core Spent fuel not more usable 
535 949 401 ■ 

A good fraction of the fuel elements in the core will also be considered as final 
spent fuel by the year 2000 which means that at the end of the decade more 
than 1000 U-Zr-H fuel elements will be stored in eight European countries. 

4. Recommendations for TRIGA reactor operators 
From the contacts with GA it is obvious that GA keeps a close eye on DOE's 
activities and is keenly interested on DOE's spent fuel policy which affects all GA 
supplied reactors. Any further important decision is not expected before 1995 when 
the final EIS should be available. After a decision has been issued a "window" of 
about 10 to 15 years for the return of spent fuel to the US seems to be one of 
the solutions for European TRIGA reactors, a period which is realistic if the age 
of most of the European TRIGA reactors is considered. Meanwhile another 
important part of the spent fuel aspect should be considered which is the availability 
of spent fuel shipment casks and their licensing situation in various countries. 

References 
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of foreign research reactor spent nuclear fuel, April 1994 
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Survey of the TRIGA fuel situation at European stations 
(as of Oct. 1, 1994) 

Name of Facility Fresh fuel elements 
Fuel elements in core 
(in brackets year of 
estimated discharge) 

Fuel elements not 
more usable 

TRIGA Mk II Hannover 
Al 8,5% 0 59 12 

SST 8,5% 0 5 0 

TRIGA Mk II Mainz 
Al 20% 1 58 (>2000) 4 

SST 20% 7 12 (>2000) 1 
SST (instrum.) - 1 (+1 in tank rack) -
SST (instrum.) - 1 (+1 in tank rack) -

TRIGA Mk II Heidelberg 
Al - 54 (-1994) 11 in tank racks 

SST 12 56 (-95/96) -
SST-fuel follower 5 4 (-95/96) -

TRIGA Mk II Roma 
Al 20% - - 65 

SST 20% 17 6 (-1998) 
9 (-2001) 
10 (-2005) 
81 (>2005) 

82 

TRIGA Mk II Pavia 
Al - 53 7 

SST 1 24 (2005) -

TRIGA Mk II Liubli ana 
Al 20% - - 67 

SST 20% 8,5% - - 125 
SST 20% 12% 42 75 (2004) -

SST 70% - 25 (2000 in storage 
racks) 

1 

TRIGA Mk II Billinj ?ton 
SST - 89 (> 95/96) (incl.3 fuel follower contr.rods) 

SST fuel follower 1 

TRIGA Mk II Vienna 
Al 20% - 57 8 (+1 cut into pieces) 

SST 20% 8 13 -
SST 70% - 9 -

TRIGA Mk II Helsinki 
Al 8% - 53 (1999) 16 

SST 8,5% 12 7 (1999) 1 
SST 12% 21 17 (1999) -

TRIGA ACPR Pitesti 
HEU 93% - 782 (-95/97) 96 

LEU 19,9% 24 100 -
-374 (Soon) 

TRIGA Mk II Istanbul 
SST 8,5% 10 69 (-2000) 
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The Evaluation of Research Reactor TRIGA MARK II Safety 

R. Jordan, M. Kozuh, B. Mavko 
J. Stefan Institute, Ljubljana, Slovenia 

Abstract 
In the paper the Probabilistic Safety Analysis (PSA) of a research reactor is 
described. Five different initiating events were selected and analyzed with the use 
of event trees. Seven reactor systems were modeled with fault trees. Three groups 
of radiation releases were introduced - Success, Reactor-Hall, Environment - and 
their frequencies were estimated. The importance factors of initiating events, human 
errors and basic events were calculated regarding the consequence groups. 

I. Introduction 
For research reactor as a nuclear facility, a high reliable operation is required -
from economical and environmental point of view. In the paper safety of the 
research reactor TRIGA MARK II in Podgorica was estimated by PSA - Probabilistic 
Safety Assessment-method where risk can be defined as a combination of initiating 
events frequencies, probabilities of safety systems failures and radiation release 
categories. 

For the risk estimation it is necessary to find the consecutive events - accident 
sequences - which lead to an undesired event. The accident sequences are determined 
with event trees. Their construction is started with initiating events definition and 
continued with determination of safety systems response. 

For safety systems which are included in the accident sequences due to their ability 
to prevent or mitigate the radiation releases, the probability of failure is calculated. 
This is done by logical models named fault trees. They are combination of basic 
events-basic faults requiring no further development. Mathematical background is 
based on Boolean algebra. 

With computer treatment of event and fault trees it is possible to estimate the 
probability of an undesired event, the probability of safety systems failures, the 
probabilities of accident sequences with minimal number of events and the importance 
of single initiating events, safety systems and basic events. With these data it is 
possible to improve availability of an item. 

II. Research Reactor Description 
The TRIGA MARK II research reactor is used for operator training, research 
involving neutrons and isotope production. It has been operating since 1966 and 
modified to the pulse reactor in the year 1991. It has approximately 4000 operating 
hours per year. The thermal power of the reactor is 250 kW, maximal pulse power 
achieved during the benchmark experiment is 970 MW. 
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The reactor is open pool, light water reactor cooled by natural convection. The 
fuel is a homogenous mixture of uranium and zirconium hydride. It has a large 
prompt negative temperature coefficient, which leads to the inherent safety against 
reactivity accident. 

III. Research Reactor Probability Model 
As an undesired event the release of radioactivity to the reactor hall or in the 
environment was defined. Assumptions made during the initiating events analysis 
are: 

- only internal events were included in the research, 
- the collected data do not explicitly manifest the influence of component 

aging, 
- analyzed events were caused by reactor operation. 

The initiating events were selected regarding the consequences and frequency of 
occurrence. 

The selected initiating events used in the analysis are: 

• Loss of Coolant Accidents: 
- Primary Coolant Pipe Break/Rupture, 
- Reactor Vesssel Break; 

• Erroneous Handling or Failure of Equipment or Components: 
- Fuel Element Cladding Failure, 
- Mechanical Damage of Fuel Element during the Transfer; 

• Experiments: 
- Radiation caused by Experiments. 

No initiating event which is caused by pulse operation of reactor was found. The 
reasons are the prompt negative temperature coefficient and reactor core limitations. 

For each of initiating events an event tree was constructed. Safety systems which 
are needed to mitigate or prevent the consequences of the initiating event are: 

- Reactor Protection System, 
- Primary Coolant System, 
- Secondary Coolant System, 
- Emergency Water Supply System, 
- Reactor Hall Ventilation System and 
- Liquid Waste Processing System. 

The support system for some of the safety systems operation is Electrical Power 
Supply System. All these systems were modeled with fault trees. 

In the construction of event trees three groups of radiation releases were introduced: 

• Success: No radiation release to the environment, possible release below 
allowable limits to the reactor hall. 
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• Reactor Hall: Possible release to the reactor hall, which is above allowable 
limits. 

• Environment: Release in the environment under allowable limits. 

IV. Research Reactor Data Base 
The input data for event tree and fault tree calculation are initiating events 
frequencies and basic event probabilities. 

Initiating Events 
For the initiating event Radiation Caused by Experiments the specific datum was 
used 11,21. It was estimated with the use of operator log-books and with the 
conversation with the operators. 

For the other initiating events generic data were used/3,4/. The estimated frequencies 
are as follows: 
Primary Coolant Pipe Break/Rupture 
Reactor Vessel Break 
Fuel Element Cladding Failure 
Mechanical Damage of Fuel Element during the Transfer 
Radiation caused by Experiments 
Basic Events 

3.3 x 10-2/year, 
1.3 x 10"5/year, 
1.1 x 10-2/year, 
5.6 x 10"5/year, 

1/year. 

Three types of different basic events were included in the fault trees: component 
unavailabilities, human errors and common cause failures. 

Components were modeled with exponential and binomial distribution 151, parameters 
for component models were obtained from literature 16,11. Parameters were estimated 
by binomial, Poisson, lognormal and discrete distribution. For test intervals and 
repair times specific data were used for most of components /8,9/. 

Human errors were estimated with ASEP (Accident Sequence Evaluation Programme) 
technique /10/. The demanded data for human error probability estimation are: 

• the maximum allowable time to have correctly diagnosed an abnormal event 
and to have completed the necessary human actions, 

• the time needed to get to a particular location plus the time needed to perform 
required actions once a diagnosis of an initiating event has been made, 

• level of operator knowledge of the initiating event (training), 
• operator stress level. 

We got human operation data from conversation with operators, operator log-books 
and safety report 1111. 

For common cause failures the beta factor model was used 151. The parameter 
F128Mb is defined as the fraction of the total failure rate attributable to dependent 
failures 1121. The conservative assumption of this method is, that a common cause 
failure leads to a failure of all components in the common cause group. Components 
which were modeled with P factor are: control rods, filters, circuit breakers, fuses, 
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amplifier, thermocouple, ion chamber, limit parameter indicator, Geiger-Miiller 
counter, water level meter, pump, transformer and manual valve. Data were obtained 
from literature /13,14,15,16,17/. 

V. The Results of Research Reactor Probabilistic Safety Assessment 
Two groups of consequences were analyzed: Reactor Hall and Environment. The 
releases to the environment were found to be under allowable limits. However, 
the computer analysis was done for this kind of releases because it may be needed 
for optimisation of safety of research reactor. 

Three types of component importance factors were calculated: 

• Fussell-Vesely importance (Im) of an item is the relative change in the risk 
for a relative change in the failure probability of the item, 

• risk reduction worth (RRW) of an item is the ratio of the nominal risk to the 
risk that would result if the item was perfect, 

• risk achievement worth (RAW) of an item is the ratio of the risk that results 
from the item failed to the nominal risk 1121. 

Computer code Risk Spectrum does not calculate risk achievement worth (RAW) 
for events which are modeled with frequency as a parameter. This is the reason, 
why RAW was not calculated for initiating events. 

Consequence Group Reactor Hall 
The sequences with the biggest impact on consequence group frequency are (figure 
1): 

1 Reactor Vessel Break (Z2) 

2 Radiation Caused by Experiments (Z5) 
and control rods fail to insert-common 
ause failure (KPALICE) 

3 Radiation Caused by Experiments (Z5) 
and bistable for control rods power 
supply does not switch (RTSDC) 

4 Mechanical Damage of Fuel Element 
during the Transfer (Z4) 

The highest importance factors Im and 
RRW have initiating and basic events which 
have the biggest impact on consequence 
group frequency. A high RAW have basic 
events: "control rods fall to insert-common cause failure" and "bistable for control 
rods power supply does not switch". The importance factors are shown in the 
figure 2. 

Fig. 1 The contribution of 
sequences in the consequence 

group Reactor Hall 
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Fig. 2 Importance factors of consequence group Reactor Hall 

Consequence Group Environment 
The following sequences contribute more than 99% to the frequency of consequence 
group Environment (figure 3): 

1 Fuel Element Cladding Failure 
(Z3) and operator did not isolate 
reactor hall (VSHEPIS) 

2 Primary Coolant Pipe Break/Rup
ture (Zl) and worker did not 
verify waste water activity 
(PSHEPSC) 

Radiation caused by Experiments 
(Z5) and worker did not verify 
waste water activity (PSHEPCS) 
and bistable for control rods 
power supply does not switch 
(RTSDC) 

Fuel Element Cladding Failure 
(Z3) and recirculation fan fail to 
start (VSQFSV3) 

3 
2% 

4 
1% 

2 
4 3 % 

Fig. 3 The contribution of sequences in the 
consequence group Environment 

5 Primary Coolant Pipe Break/Rupture (Zl) and waste water activity meter fails-low 
output (PSACM) 
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Initiating and basic events witch are in the first five sequences have the biggest 
Fussell-Vesely importance (Im) and risk reduction worth (RRW). High risk 
achievement worth (RAW) have some components of Reactor Hall Ventilation 
System and components of Electrical Power Supply System (figure 4): 
ESCBAR01...bus R01 failure 

RAW 
basic events j 10 IQO 

Z3 
VSHEPIS 
PSHEPCS 

Z1 
Z5 

RTSDC 
VSQFSV3 
PSACM 

ESCBAR01 
ESKADR01 
ESKADL1 
ESKADV3 
VSQFRV3 
VSVXOL4 
VSVXEL1 

0.01 0.1 1 10 
Im, RRW 

Fig. 4 Importance factors of consequence group Environment 

ESKADR01...circuit breaker (400 A) failure to remain in position 
ESKADL1... circuit breaker to inlet valve failure to remain in position 
ESKADV3... circuit breaker to recirculation fan failure to change position 
VSQFRV3... recirculation fan failure to run 
VSVXOL4... recirculation valve failure to open 
VSVXEL1... inlet valve failure to close 

Comparison of Some Results 
Figure 5 shows the comparison of frequencies of radiation release groups. The 
frequency of consequence group Environment is 4.29 x 10"3/year, the frequency of 
consequence group Reactor Hall is 3.81 x 105/year. The reason for significant 
difference between two frequencies are human errors and initiating events. Human 
errors have a great impact on the Radioactivity Release to the Environment and 
with their relative high probability increase frequency of the consequence group. 
The frequencies of initiating events which have a high impact on Reactor Hall 
frequency are small. Initiating event Radiation Caused by Experiments has higher 
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Fig. 5 Consequence groups frequencies 

frequency, but it causes the radioac
tivity to the reactor hall only if the 
Reactor Protection System is unavail
able. Initiating events which have a 
high impact on consequence group 
Environment have higher frequencies 
of occurrence. 

In the figure 6 contributions of 
initiating events, components failures 
and human errors to the single 
consequence group frequency are 
shown. Big influence of initiating 
events to the frequency is evident. 
Their impact is of two type: 
- initiating events selection and 
- initiating events frequencies. 

Initiating events were selected with operator log-books/8/ and specific documents/11/ 
analysis. Their frequencies were resumed by generic data for nuclear power stations 
and introduce into the analysis substantial uncertainty. However, they do not 
influence component unavailabilities, human error probabilities and their importance 
factors. 

initiating events 
99.997% 

components 
0.003% 

components 
0.15% 

initiating events 
22.77% 

human errors 
77.08% 

Fig. 6 The contribution of event groups to the frequencies of consequence groups 

VI. Conclusions 
The research of TRIGA MARK II reactor in Podgorica was done with the 
Probabilistic Safety Assessment (PSA) method. Five different initiating events were 
selected for analysis: 

- Primary Coolant Pipe Break/Rupture, 
- Reactor Vessel Break, 
- Fuel Element Cladding Failure, 
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- Mechanical Damage of Fuel Element during the Transfer and 
- Radiation caused by Experiments. 

Two groups of consequences were analyzed: 
- Reactor Hall and 
- Environment. 

The analysis shows a great impact of initiating events and human errors on 
consequence group frequencies. High importance of Reactor Hall Ventilation System 
components, Electrical Power Supply System component, control rods and waste 
water activity meter is also seen. 

The presented PSA is the basis for improvements of research reactor safety, such 
like maintenance and testing optimisation, operation procedures modification and 
safety systems modifications. 
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Research Activities at the TRIGA Mainz 

K. Eberhardt 
Institut fiir Kernchemie, Universitat Mainz, Germany 

Abstract 
The experimental programme at the TRIGA Mainz covers a wide range of 
applications in different fields. Two of the four beam tubes are used for the 
development of fast and mainly continuous chemical separation procedures. These 
procedures are applied for the investigation of short-lived nuclides and for studies 
of the chemical behaviour of the heaviest elements. At the third beam tube an 
on-line mass-separator facility with a microwave-induced plasma as an ion source 
is installed. Very recently the fourth beam tube has been modified for the production 
of polarized neutrons by interaction with optically pumped 3He atoms. 

The other irradiation facilities are used for Neutron Activation Analysis (NAA) of 
different samples, among them geological and environmental ones, tracer production 
for chemical investigations, neutron irradiations of rat brain tissue to explore the 
utility of 157Gd for cancer therapy and y-ray irradiations for biological purposes. 

1. On-line separation of fission products 
For the separation and subsequent investigation of short-lived nuclides from complex 
reaction product mixtures as, e.g., obtained in thermal neutron-induced fission of 
135U, 239Pu and 249Cf fast procedures are required. Such procedures have been 
developed HI by combining a gasjet system with either continuous 12, 3/ or 
discontinuous /4/ chemical separation facilities. Separation times of only a few 
seconds can be achieved, including transport time in the gas-jet system (=1 s at 
the TRIGA Mainz). On-line mass-separation 151 is another approach in this field. 
Here the separation time is limited by the transport time in the gas-jet. 

Figure 1 shows a horizontal section view of the TRIGA Mark II reactor in Mainz 
indicating the positions of the beam tubes. 

1.1 Fast centrifuge system SISAK 3 
In the last years most of the chemical experiments have been performed with the 
fast chemical separation system SISAK 3 which has been developed and applied 
in a cooperation between the Institut fur Kernchemie in Mainz, the Chalmers 
University of Technology in Goteborg and the University of Oslo. 

This centrifuge system SISAK 3 121 allows a continuous separation of nuclides with 
half-lives down to =1 s. It is based on fast multistage solvent extractions using 
specially designed mini-centrifuges (45000 rpm, 0.3 ml volume) for phase separation. 
In a degassing unit the reaction products attached to clusters - as delivered from 
the gas-jet - are dissolved in an aqueous solution and the transport gas as well 
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Figure 1: Horizontal section view of the TRIGA Mark H reactor. At beam tube 
positions A, C and D gas-jet transport systems can be installed and coupled to 
fast chemical separation facilities (A and D) or an on-line mass-separator (C). 

Beam tube B has been modified for the production of polarized neutrons. 

as gaseous fisson products are removed. Then the aqueous solution is contacted 
with an organic phase containing an extractant for a selective and quantitative 
extraction and the two phases are separated in the centrifuge within 0.1 s. Depending 
on the chemical behaviour of the element to be separated a multi-step procedure 
may be necessary. The experimental set-up for such a multi-step extraction is 
shown in figure 2. 

After the fast separation step the phase containing the activity is continuously 
pumped through a detector cell at flow rates between 0.1 and 3.0 ml/s. 

In a recent application the SISAK-system has been used to perform $-y/y 
coincidence measurements on 110Tc produced in the fission of 249Cf. An experimental 
programme has been initiated to study the chemical behaviour of element 106 
produced at the heavy-ion acclererator UNILAC of the Gesellschaft fur 
Schwerionenforschung in Darmstadt. Two isotopes - 265106 and 266106 - with half-lifes 
of 10-30 s are expected which are well suited for chemical investigations on element 
106. Separation procedures for the transactinide elements 104, 105 and 106 have 
been developed with carrier-free amounts of their lighter homologues Zr, Nb and 
Mo produced by thermal neutron-induced fisson of 239Pu at the TRIGA reactor. 
With SISAK 3 a single-step extraction procedure is sufficient. 
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For subsequent on-line a - and spontaneous fission measurements of transactinide 
elements a completely new detection system based on liquid scintillation spectroscopy 
has been worked out and tested 161. For this an organic phase consisting of an 
extractive scintillator is used. 

TARGET AND 
GAS JET TRANS
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C4 Conditioning step 

GAMMA-RAY SPEC
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Figure 2: Experimental set-up of the SISAK centrifuge system for multistage 
extraction. For the separation of Tc or element 106 a singe-step procedure is 

sufficient. 

1.2 On-line mass separator facility HELIOS 
On-line mass separation of ions using a quadrupole mass filter is applied in the 
HELIOS apparatus (see fig. 3) installed at beam port C of the TRIGA Mainz. 
Whereas with conventional ion sources high yields can be obtained only for elements 
with first Ionization potentials up to approximately 8 eV, the microwave-induced 
plasma (MIP) operated at atmospheric pressure with helium as plasma supporting 
gas is a powerful ion source for elements with higher first d connected with higher 
first ionization potentials II, 8/. It can easily be coupled with a gas-jet system and 
connected with an on-line mass separator /9/ because helium can serve as transport 
and plasma gas. By means of a specially designed interface the atmospheric pressure 
plasma is connected with the high vacuum part of a quadrupole mass filter. Aerosol 
particles entering the plasma discharge are almost completely vapourized /10/ and 
the attached fission products are released into the hot plasma and Ionized therein. 
By means of a static ion deflector the mass separated fission products are implanted 
in a Capton foil placed in front of a Ge-detector. First test measurements with 
mass separated fission products from a 235U target have just been performed. 
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Figure 3: HELIOS mass-separatorfacility with a microwave-induced plasma ion 
sourcepperating at atmospheric pressure. 

2 He neutron spin filter 
A facility for the production of polarized neutrons by interaction with optically 
pumped 3He atoms has been installed at beam port B. It consists of a neutron 
collimator, a spherical glass cell placed between Helmholtz-Coils and filled with 
polarized 3He under a pressure of 10 bar, a subsequent analyzer crystal and a 
neutron counting device to determine the yield of polarized neutrons. Figure 4 
shows schematically the beam collimator. At the exit of the collimator the spin-filter 
cell (60 mm in diameter) is placed and exposed to a neutron flux of 5.105 n/cm2s. 

In the cell the reaction 3He(n,p)T takes place. In the case of optically pumped 
3He the cross section is very high for neutrons with antiparallel spin whereas it 
is almost zero for neutrons with parallel spin as illustrated in the following scheme: 

n(tf),n(fl) I > n(tf) 
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In this way a very effective neutron spin filter / l l / has been created in a collaboration 
of the Institut fiir Physik, University Mainz with the Ecole Nationale Superieur in 
Paris, the Hahn Meltner Institut in Berlin and the Institut Laue-Langevin in 
Grenoble. 

It could be shown that polarized 3He atoms can be sored for many hours in the 
cell without a significant loss in polarization. Such a simple arrangement is very 
important in the field of neutron physics and for neutron scattering experiments. 

Hot end: 1.8 x 1011 n/cm2s Exit: 5.0 x 105 n/cm2s 

Figure 4: Cross section view of the beam collimator for the He spin-filter facility. 
The spherical filter cell placed near the exit of the collimator is exposed to a 

neutron flux of 5.1(T n/cm s. 

3. Other irradiation experiments 

3.1 Neutron Activation Analysis (NAA) 
Neutron Activation Analysis is a powerful tool for multielement analysis in various 
samples. In the following different applications of NAA at the TRIGA Mainz /12/ 
are given: 

• determination of platin group elements and lanthanides in geological samples 
and of platinum in glass 

• determination of halogens in water and of trace elements in food samples 

• determination of heavy metals in fly-ash 

• investigation of corrosion phenomena in dental alloys 
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The irradiations for Neutron Activation Analysis (in 1993 all together 5409 
irradiations) have mainly been carried out in the pneumatic transfer systems and 
in the rotary specimen rack. 

3.2 Neutron and y-irradiations 
Irradiations in the rotary specimen rack and in the central thimble are frequently 
performed for the production of radioactive tracers as required for chemical and 
medical investigations. 

Very recently a group of radiologists at the Mainz University Hospital has explored 
the utility of 157Gd for cancer therapy /13/. For this a tumor in a rat brain is 
saturated with 157Gd and then exposed to the neutron flux of the thermal column 
of the TRIGA reactor for 30 minutes. The cross section for the 157Gd(n,y)158Gd-
reaction is extremely high (254000 barn) and the resulting 7.9 MeV y-irradiation 
is highly converted to electrons. This should result in a high dose rate in the 
tumor. It is expected that the surrounding tissue remains almost unaffected. 

Furthermore the effect of y-rays on DNA /13/ and on the decomposition of 
halogenated organic compounds in waste water /12/ is studied 
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Use of the TRIGA Reactor by the Radiochemistry Group of 
the Atominstitute of the Austrian Universities 

M. Bichler, K. Buchtela, F. Grass, S. Ismail 
Atominstitute of the Austrian Universities, Vienna, Austria 

Abstract 
The Radiochemistry Group of the Atominstitute of the Austrian Universities uses 
the TRIGA Mark II Reactor mainly for neutron activation analysis. Transport of 
samples to and from the irradiation positions in the reactor is performed by fast 
pneumatic transfer systems (transfer time 20 msec and 300 msec) and slow 
conventional transport facilities. Gamma-spectrometric instrumentation equipped with 
loss free counting systems is used to handle the high count rates up to 500 000 
counts/sec. 

During the last years neutron activation analysis was applied to investigate 
environmental samples (soil, dust, incineration ash), geological samples (rocks, 
sediments, fossils, volcanic gases), biological materials (lichens, mushrooms and other 
plant materials, human diet, biological reference materials), raw materials (phosphate, 
coal) and archaeological materials (ancient glass). 

Lichen analysis was used for environmental monitoring. The content of some of 
the trace elements can be correlated with industrial activities, like manganese content 
with steel industry, the occurrence of vanadium and nickel with oil firing plants 
and stainless steel industry, selenium is found in lichen near coal firing plants. The 
amount of chlorine and sodium indicates the application of salt for road treatment 
during winter time, aluminum, scandium and hafnium content depends on the 
amount of dust in the environment. 

A further environmental application of neutron activation analysis is the determination 
of trace elements in volcanic gases. The halogens, arsenic, antimony, selenium, 
tellurium and mercury were determined and their daily output was calculated. 

The distribution of trace elements in fossils of known age gives us a geochemical 
key to condition and development of the paleo-environment. For this purpose we 
determined rare earth elements in 250 million years old microfossils (conodonts). 

Neutron activation analysis served also for some non scientific but nevertheless 
useful purposes: Organic farming groups grew herb varieties used for tea preparation. 
The farmers were accused of using forbidden methylbromide treatment of their 
products, because the bromine content of their tea products were above the limit 
of 50 ppm. It could be shown that this bromine enrichment process was due to 
the high natural bromine content of the soil in the region, the use of bromine 
containing fertilizer and the unexpected high transfer factor of some of the plant 
species. 
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Introduction 
The Radiochemistry Group of the Atominstitute of the Austrian Universities uses 
the TRIGA Mark II Reactor mainly for neutron activation analysis. Five irradiation 
facilities are used for this purpose. In Table 1, irradiation position, thermal neutron 
flux and applicable sample volume are shown. 

TABLE I 
Irradiation positions TRIGA Mark II, Atominstitute, Vienna 

position 

thermal neutron 
flux 

cm" s 

max. sample 
volume 

cm /capsule 
transfer time 

s 

central thimble 1 x 1013 45 / graphite 
85 / aluminium 

manual 

irradiation tubes (dry) 1,7 x 1012 44 / PE manual 

slow pneumatic transfer 
system (GA) 

2,5 x 1012 25 / PE 4 

VFIMS* 2,5 x 1012 0,4 / PE 0,3 (N2) 
0,12 (He) 

FIMS** 1,3 x 1010 0,4 / PE 0,02 (N2) 

* Vertical Fast Irradiation and Measurement System 
** (Horizontal) Fast Irradiation and Measurement System 

During the last years neutron activation analysis was applied to investigate 
environmental samples (soil, dust, incineration ash), geological samples (rocks, 
sediments, fossils, volcanic gases), biological materials (lichens, mushrooms and other 
plant materials, human diet, biological reference materials), raw materials (phosphate, 
coal) and archaeological materials (ancient glass). 

Environmental Monitoring 
Lichen analysis was used for environmental monitoring. As lichen is an excellent 
monitor for natural and man-made aerosols we collected lichens (most of the 
samples were Pseudovernia furfuracea) from the Mur-Murz valley. The valley bottom 
is the traditional region of the Austrian steel industry. This concentration of heavy 
industry in a narrow valley renders it interesting for environmental studies. In most 
cases the lichens were sampled from larch trees, in some cases from spruce trees 
and only few samples from deciduous trees. To ensure that no lichen was analyzed 
which was too young to have collected dust for more than seven years we measured 
the Cs-activities when the age of the lichens seemed doubtful. These activities are 
a rough measure for the age of the lichen: if there is a 137Cs surplus greater than 
the 137Cs/134Cs ratio corresponding to the Chernobyl accident, the lichen is assumed 
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to contain 137Cs from the nuclear weapon tests in the atmosphere. The Chinese 
weapon tests were the last atmospheric tests 1976 to 1980, so a minimum age of 
12 years may be assumed. 
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Fig. 1 Position and concentration of some elements in lichen samples 

Fig. 1 shows a series of measurements in a profile NNE to SSW from Maria 
Schutz to Stuhlegg on a ridge parallel to the valley bottom of the Mur-Miirz 
valley. A telecommunication tower and a larch tree are indicated in this figure. 
This larch was uprooted so that a dependence of some trace elements on the 
sampling height could be estimated, see Fig. 2. Generally the lichens were sampled 
1-2 m from the ground. So the 1 m value from this larch was used in Fig. 1. 
To give an impression of the geographical distribution of Mn, V and I in the 
Mur-Miirz valley region the data are shown in Figs. 3 - 5 schematically. It is 
clearly seen that the Mn content in lichens is more widely distributed as apart 
from the steel industry. There is an additional source through the burning of cheap 
heavy oil with high V content by other larger consumers. 

The geographical distribution of the iodine content in lichens in Styria deserves 
special interest, as in this region goiter was endemic in former days. Now the 
iodine demand in human nutrition is covered by addition of iodine to kitchen salt. 
From Fig 5 it is clearly seen that iodine is enriched in the elevated region and 
near the industrialized zones and shows low values in the isolated valleys. 
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Besides lichens, many other matrices are of interest in environmental research. 
There are also some elements, which have special properties regarding nutrition, 
medicine, and pollution problems. 
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Fig. 2 Analysis of lichen on an uprooted larch tree, all values in ppm 

Fig. 3 Geographical distribution of Mn content in lichen 
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Soil Analysis 
Lithium is an interesting element owing to its role in nutrition chemistry. The vital 
function of Li in living organisms is well known. Li carbonate is used in treating 
manic depressive psychosis. There are evidences that Li ions exert a protection 
influence on the arteriosclerotic heart disease in man. The main source of this 
element in food are materials being related to soil. Three problems hamper the 
determination of Li by short time activation analysis. Firstly, Lithium can only be 
determined by counting its hard beta rays, which means the need of a Cherenkov 
detector. Secondly the half life of 8Li is only 840 ms, which renders the determination 
without a very fast transfer system impossible. Thirdly a suitable software is needed 
for analyzing the decay mode spectrum statistically. FIMS with the transfer time 
of 20 ms, was connected with a Cherenkov counter, a suitable facility for such a 
task. 

Table 2 shows the concentrations of some elements determined in Egyptian soil 
and sediment samples by applying STNAA. The mean values of Li in the analyzed 
Egyptian soil were found 11 ppm (5.5 - 13.0 ppm). This value is higher than the 
value found in lake Nasser sediment (5.8 ppm, the values range from 2.0 to 7.0 
ppm). But these two values are significantly lower than the reported values of the 
mean soil and crust composition. (25 and 20 mg/g, respectively) The Li distribution 
in soil is important as it was established that Li being an essential plant nutrient. 
This deficiency of Li in Egyptian soil should therefore be further investigated, to 
establish the effect on plants and human health. 

TABLE 2 
Concentrations of some elements in Egyptian soil and sediment samples 

Element Soil Sediment1 Soil2 Crust2 

Al (%) 6.50 (5.30 - 8.40) 8.10(5.90 - 9.10) 7.1 8.20 

Ca (%) 2.10 (1.30 - 2.80) 4.30(2.40 - 4.90) 1.5 4.10 

Hf (ppm) 8.20 (6.40 - 9.90) 11.80(7.80 - 15.00) 6.0 5.30 

Li (ppm) 11.00 (5.50 - 13.00) 5.80(2.00 - 7.00) 25.0 20.00 

Mg (%) 1.70 (0.72 - 2.60) 1.40(1.30 - 1.70) 0.5 2.30 

Mn (%) 0.05 (0.04 - 0.16) 0.10(0.10 - 0.14) 0.1 0.09 

Na (%) 0.06 (0.23 - 0.90) 1.10(0.90 - 1.20) 0.5 2.30 

Sc (ppm) 16.80 (11.00 - 24.00) 25.40(2.30 - 27.00) 7.0 16.00 

Se (ppm) 0.47 (0.11 - 0.80) 0.16(0.15 - 0.17) 0.4 0.05 

Ti (%) 0.87 (0.64 - 1.40) 1.90(1.00 - 2.60) 0.5 0.56 

V (ppm) 150.00(110.00- 229.00) 347.00(257.00-436.00) 90.0 160.00 

1) sediment composition 
2) mean soil and crust composition 
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Waste Incineration Products 
By our industrial activities and also by our present style of everyday life we are 
producing large amounts of waste. Waste disposal is an environmental problem 
regarding not only the volume of waste but also the content of hazardous and 
toxic materials. 

Incineration plants are needed to diminish the large volume of industrial and 
custom waste. As a result of such processes roasting ash, fly ash, wet filter cake, 
and waste water are produced. Such products should be investigated chemically, to 
determine the level of trace and toxic elements in these materials. Short time 
activation analysis was applied in this work to investigate the waste of incineration 
products of an Austrian plant (Flotzersteig, Vienna). 

The halogens (i.e. F, CI, Br, I) were determined in the waste water. The results 
show that the concentration of F, CI, Br, I were 7.1 mg/1, 112 mg/1, 9.1 mg/1 and 
1.5 mg/1 respectively. The ash samples were screened for Ag, Au, F, Se as well 
as some of the toxic elements like Cd, Hg, Sb, and Zn (by irradiating the samples 
for 2 hours in the central thimble, at a neutron flux density of lxlO13 cm-2 s"1. 

The results (see Table 3) indicate that most of the investigated elements were 
enriched in the wet filter cake. The ratio of the concentration of these elements 
in wet filter cake to the concentration in roasting ash (Rl) shows that the value 
of Cr is distributed equally between both samples, while Se was 70 times higher 
in wet filter ash. Surprisingly, Hg was found only 3 times higher in the wet filter 
cake. Both Ag and Zn were about 10 times higher in the filter cake. R2 shows 
the ratio between the concentration of these elements in wet filter to the 
corresponding values in fly ash. Further investigations are necessary to clear the 
behavior of these elements (i.e. Hg) and their distribution in ash samples. 

TABLE 3 
Concentrations of some elements in waste incineration products 

Element Roasting ash Fly ash Wet Filter Rl R2 

Ag 18.9 58.0 203.0 10.74 3.50 

Au 0.4 0.9 1.4 3.50 1.55 

Cd 44.0 367.0 1410.0 32.04 3.84 

Cr 1649.0 3218.0 1672.0 1.01 0.52 

F - 4400.0 29000.0 - 6.59 

Hg 850.0 . 1950.0 2600.0 - 3.06 1.33 . 

Sb 14.0 66.0 100.0 7.14 1.51 

| i |vSe||il llllllp'iji Jlllllllill lillliillll p;;?|B.|iJl ilBllBll 
Zn 2218.0 6770.0 27300.0 12.31 4.03 

Rl = ratio between wet filter / roasting ash 
R2 = ratio between wet filter / fly ash 
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Rare Earth Elements in Microfossils 
A paleontologic application of INAA was the determination of trace elements, 
especially the REE in very small, toothlike elements of an extinct marine animal, 
the conodont. The results are useful to obtain records of local oceanic events and 
processes connected to plate tectonics in the ancient Tethys ocean from about 250 
to 200 million years ago. This oldest Mesozoic period is called the Triassic. 

The hard parts of the conodont animals are the conodont elements, which occur 
in marine calcareous rocks and marls. They measure some tenth of a mm on the 
average and consist of apatite. Therefore they can be easily separated from the 
matrix by dissolution. Influences on the composition of the seawater, for example 
by submarine volcanism, are reflected by the REE distribution in the apatite of 
the conodont elements. Therefore, the trace element distribution in the conodont 
elements is used to obtain a record of the chemical variations in their marine 
environment. 

By INAA we analyzed the REE patterns in samples of the same age but different 
locations. The sampling locations were the Austrian Alps, the Turkish Taurus and 
Timor (Indonesia). Fig. 6 shows a sketch map of the Tethyan area during the 
Triassic period with Laurasia and Gondwana shown at their paleopositions. 

Fig. 6 Sketch map of the Tethyan area during the Triassic period 
with Laurasia and Gondwana shown at their paleopositions. 

NCA means the Northern Calcareous Alps of Austria. 
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In post-Triassic times, nearly complete ocean floor subduction and highly complex 
microplate tectonic with final collision of Gondwana and Laurasia lead to the 
formation of the alpine mountain-chains between Europe and Southern Asia (Alps, 
Taurids, Hindukush, Himalaya). The original extent and the paleogeography of the 
Tethys ocean are therefore highly speculative and a matter of intensive debates. 

1. NCA (Northern Calcareous Alps) 
2. Taurus (Turkey) 
3. Timor (Indonesia) JSL 

Fig. 7 Recent positions of the sampling points 

56 58 60 
atomic number 

Fig. 8 Normalized REE patterns of three conodont samples 
of the Upper Carnian (228 million years) 
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Fig. 7 shows the recent positions of the sampling points. The results obtained 
demonstrate that REE determinations are useful for recording local oceanic events 
and processes connected to plate tectonics, for example intraplate volcanism or 
ocean floor spreading. In Fig. 8 normalized REE patterns of three conodont 
samples of the same age but different locations show the informative differences. 

In future investigations we want to quantify the volcanogenic influence in conodont 
samples. Especially in regions where orogenic processes and plate subduction reduced 
the geological information, the REE data could preserve volcanic influence in the 
environment, leading therefore to a better understanding of the plate - tectonic 
processes within the Triassic Tethys ocean. The combination of all paleobiological, 
paleobiogeographical, geological and geochemical data should lead to an improved 
reconstruction of this ocean from the Alps to Timor. 

Volcanic Gases 
The present environment is influenced by gases of volcanic origin, which contribute 
to air and soil pollution. Additionally, these gases contain information about reactions 
and geothermal processes that cannot be observed directly. To collect samples of 
sufficient volume for the determination of trace elements in these gases, a portable, 
wind driven pumping station was designed and manufactured by one of us (Bichler). 
The sample volume varied from about 100 L to 800 L gas with temperatures in 
the range from 200 to 635°C. 

1. activated charcoal filter 

5 m teflon tube 

to pump 

vacuum insulated 
quartz glass tube 

fumarolic gas 

2. activated charcoal filter 

condensate trap 

Fig. 9 Gas sampling setup for volcanic exhalations 
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Fig. 9 shows the setup, by which the volcanic gases were sampled. It consists of 
two activated charcoal filters in quartz glass tubes, a quartz glass cooler and a 
Teflon condensate trap. Samples of the steam plume were taken additionally to 
quantify the depletion of the elements after condensation and dilution by the 
atmosphere. The elements F, CI, Br, I, As, Sb, Hg, Se and Te were determined 
by instrumental and radiochemical NAA. The data obtained are used to detect 
variations of the composition and to calculate the total amount released (see Tab. 
4). The concentrations in the condensate are compared to the amounts on the 
filters, enabling the identification of some of the compounds present in the gases. 
Objects of the investigation were Stromboli and the crater rim fumaroles of Vulcano. 

TABLE 4 
Dally output of hydrogen halogenids and some trace elements from La Fossa 
(Vulcano), based on a steam release of 1000 t / d (July, 1993) 

kg/d kg/d 

HF 1290 As 24 

HC1 6800 Sb 0.083 

HBr 15 Hg 0.018 

HI 0.8 Se 2.11 

Te 0.57 

Bromine and Agricultural Products 
Many farmers in our country, especially in the mountain regions have to face the 
competition of large scale agricultural production facilities being situated in much 
more favorable climatic and geographical environments. In many cases they are 
not able to produce their conventional farm products at costs which can compete 
successfully at the international or even at the national market. So these farmers 
start to look for new types of agricultural production and they start to have now 
problems.In some of our provinces (e.g. Lower Austria) a group of farmers started 
to grow herbs for tea production, for spices, and for pharmaceutical use. Fig. 10 
shows the areas used for that type of slowly increasing productivity. 

Unfortunately some products upon food control showed a bromine content of more 
than 50 ppm. The producers were accused and brought to court. Fortunately the 
lawyers believed the farmers who stated that they never had applied forbidden 
practices. Our laboratory was asked for analytical help in that case. In cooperation 
with the Institute for Plant Nutrition of the University of Agriculture in Vienna 
we should carry out investigations dealing with bromine content of soil and fertilizers 
and uptake of bromine by plants. 
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Fig. 10 Area under cultivation for spices arid pharmaceutical used herbs in Austria 
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The determination of bromine by NAA is not at all difficult and there is little 
use to describe details. From the Fig. 11 it can be seen that bromine content in 
soil can be rather high, especially if fertilizers of marine origin, e.g. from algae 
are applied. 

Some plants are quite effective in the uptake and enrichment of bromine. So at 
a bromine content of 26.7 ppm in black soil and an enrichment factor of more 
than 2, which is reached by some of the plants, an officially unacceptable level of 
more than 50 ppm Bromine in plant material is obtained. In those regions the 
farmers stopped their production. They do not want to face such troubles any 
more. All these examples should show the many types of applicability of NAA 
from science to everyday life. 

Acknowledgement 
Finally the chemistry group has to thank our reactor group for keeping the TRIGA 
Mark II of the Atominstitute of the Austrian Universities in good shape and 
perfect running conditions. 

References 
111 F. Grass, M. Bichler, J. Domer, H. Holzner, R. Ritschel, A. Ramadan, G. P. Westphal, R. 

Gwozdz, Application of short-lived radionuclides in neutron activation analysis of biological 
and environmental samples, Biological Trace Element Research, Vol. 43/44, in press. 

HI S.S. Ismail, F. Grass, Short time activation analysis of soil samples, Inter. Agrophys. 4, (1988) 
49. 

131 S.S. Ismail, F. Grass, Short time activation analysis of some plants of the Nubian part of the 
Eastern Egyptian desert, Inter. Agrophys. 5, 43 (1989) 43. 

/4/ F. Grass, G.P. Westphal, S.S. Ismail, F. Bensch, H. Loffler, Determination of some minor 
and trace elements in fly ash, wet-filter water and wet-filter cake of an incineration plant by 
short-time activation analysis, Austrian Federal Environmental Agency, Vienna, Vol 2 (1), 225 
(1989). 

/5/ F. Grass, M. Bichler, J. Domer, H. Holzner, S.S. Ismail, B. Lipp, G. Wiesinger, Nuclear 
methods of environmental analysis for the supervision of refuse incineration plants, Proceedings 
of an Int. Symp. on Application of Isotopes and Radiation in Conservation of the Environment, 
IAEA-SM-325/175, 571 (1992). 

161 M. Bichler, Y.B. Jenke, L. Krystyn, Determination of REE by INAA in conodont apatite of 
Triassic age, J. Radioanal. Nucl. Chem., Lett. 186 (5) 425 (1994). 

Ill M. Bichler, K. Poljanc, F. Sortino, Determination and speciation of minor and trace elements 
in volcanic exhalations by NAA, J. Radioanal. Nucl. Chem. in print. 

181 A. Edelbauer, K. Buchtela, Bromgehalt in verschiedenen Boden Osterreichs und darauf 
gewachsenen Teekrautem, Kongressband 1993 Hamburg, Qualitat und Hygiene von Lebensmitteln 
in Produktion und Verarbeitung, 105. VDLUFA Kongress 1993. 

2-19 



Status of NAA in Slovenia: Achievements and Applications 

B. Smodis L. Benedik, A.R. Byrne, M. Dermelj, A. Fajgelj, I. Falnoga, R. 
Jacimovic, Z. Jeran, P. Stegnar, V. Stibilj, B. Stropnik, Z. Slejkovec 
J.Stefan Institute, Ljubljana, Slovenia 

Abstract 
During past decades the accurate determination of trace element concentrations 
has been a subject of enormous interest for many fields such as nutrition, clinical 
chemistry and biochemistry, veterinary science, agriculture, environmental sciences, 
etc. 

Among reliable analytical methods for determination of very low concentration 
levels of essential and toxic elements NAA in both its forms, RNAA and INAA, 
is very useful, and is also well-known as a reference method HI. 

When using INAA the matrix usually has a negative influence on the ratio between 
the signal and background. This results in poorer accuracy and higher limits of 
detection. Such difficulties may be avoided in most cases through application of 
RNAA methods which, on the basis of carefully chosen experimental conditions, 
offer selective isolation of the desired radionuclide(s). Further, the addition of 
carriers and/or radiotracers enables the determination of the chemical yield for 
each analyzed sample. 

In using the Institute's 250 kW TRIGA MARK II Reactor for determination of 
ultra trace quantities of different elements various radiochemical methods have 
been developed which are briefly presented in the text below, and have been used 
to study their levels in human and biological samples, environmental samples and 
SRMs. 

1. Determination of U and Th 
For simultaneous determination of uranium and thorium via 239U (23.5 min) and 
233Pa(27 d) radionuclides, the so-called LICSIR technique (Long Irradiation, Cooling, 
Short Irradiation, Radiochemistry) was used. The separation of the induced 
radionuclides is based on solvent extraction with TBP and TOPO and the chemical 
yield for the two elements is determined using the radioisotopic tracers 235U and 
231Pa 12,3)1, respectively. 

2. Determination of I and Se 
Quantitative determination of both elements in the same sample aliquot via 128I 
and 75Se after double irradiation (LICSIR technique) of the sample is based on 
combustion in oxygen followed by solvent extraction (redox cycle for extraction and 
stripping of iodine, and extraction of the Se chelate 5-nitro-3,l,2-benzoselenadiazole 
/4/. The chemical yield for I was determined spectrophotometrically and for Se 
either spectrophotometrically 151 or by using the radioactive tracer 81mSe 161. 
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3. Determination of Pb, Ti and Cd 
After fast neutron irradiation of the sample, separation of the induced radionuclides 
115Cd (115mln), 203Pb and 202TI was made by the use of ion exchange in bromide 
media, solvent extraction and gravimetry. The chemical yields were determined by 
the radioisotope 210Pb, 109Cd and gravimetrically for TI HI. 

4. Simultaneous determination of Cd, Co and Cu 
The radiochemical NAA procedure is based on carbamate extraction of the induced 
radionuclides 115Cd(115mln), 60Co and 64Cu. The chemical yields of the separation 
were determined by the use of the radioisotopic tracers 109Cd, 17Co and 67Cu /8/. 
The latter, 67Cu (T1/2 = 62 h), was prepared by irradiation of a ZnO target (67Zn 
(n,p) 67Cu) and anionexchange separation of Cu from the Zn matrix was employed. 
This is the first report of the RNAA of Cu using a radioisotopic yield determination. 

5. Determination of ultra trace vanadium levels 
RNAA of vanadium is based on the only possible reaction 51V (n,y) 52V (T1/2 = 
3.75 min), and two complementary procedures were developed 191: a.) post-irradiation 
wet ashing, solvent extraction (time for separation is 10-12 min) and b.) preashing 
in an oven, rapid dissolution and separation after irradiation by solvent extraction 
(7-8 min). These methods were applied in a study of vanadium levels in blood 
and hair in exposed and non-exposed persons /10/. 

6. Determination of Ni 
Nickel can be sensitively determined using the fast neutron reaction 58Ni (n,p) 58Co 
(T1/2 = 71 d). A simple, near quantitative separation based on anion exchange in 
HC1 medium was developed, with the chemical yield being measured by 57Co tracer 
/ll/. Due to the presence of 60Co (produced by 59Co (n,y) 60Co) in the spectrum, 
anticoincidence counting to reduce the Compton background under the 58Co peak 
(810 keV) produced from the two cascade gamma rays (1171, 1332 keV) of 6°Co 
is very effective for ultratrace determination of nickel. 

7. Neutron activation analysis of arsenic species 
The total concentration of the element alone gives no reliable information about 
its possible effects on living organisms, such as toxicity. Ion exchange methods 
for trace separation of As species (inorganic arsenic, MMA, DMA, arsenobetaine, 
trimethylarsine oxide, tetramethyl arsonium ion) in various biological samples and 
the determination of total arsenic in the separated fractions using INAA were 
developed, involving arsenic speciation in urine, sea-food, mushrooms, etc /12,13/. 

8. RNAA of Hg binding to proteins 
In order to study the metabolism of Hg we investigated its subcellular distribution 
in the brains of rats exposed to Hg vapour. The aim of this work was to isolate 
and partially characterize metallothionein-like proteins with Hg affinity /14/. In a 
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related study the distribution of mercury in the organs of rats was followed during 
an exposure (uptake) phase, and its subsequent elimination after the end of 
exposure. A four compartment model to reproduce the toxics-kinetics of accumulation 
and excretion was then constructed and the required parameters obtained from 
fitting the experimental values using an analog computer /15A 

9. Use of the ko standardization method of INAA 
Apart from RNAA, INAA is also much used in the Nuclear Chemistry Department 
of IJS where the ko-based technique has been implemented for multielemental 
analysis of environmental samples. This technique, which allows determination from 
30-50 elements in one sample aliquot, was used in multielement analysis of epiphytic 
lichens (Hypogymnia physodes L. Nyl) which can be used as bioindicators for air 
pollution studies with heavy metas 1161. Further, this technique was also used to 
determine the elemental composition of lignite, electrostatically precipitated fly ash 
and size fractionated escaping fly ash particles for studies of the influence of the 
coal-fired Sostanj thermal power plant on the environment /17/. 

According to the nature of NAA (high sensitivity for many elements, negligible 
matrix influence on analytical results, small probability for sample contamination), 
which with care allows accurate and reliable results, the Department of Nuclear 
Chemistry acted several times as a reference laboratory for Hg determination in 
United Nations Environment Programmes (UNEP) and in International Atomic 
Energy Agency (IAEA) projects. In addition it has performed the function of 
external cooperating laboratory for the National Institute of Standards and 
Technology (NIST) in its certification programmes (trace elements), as well as in 
many other reference material certification exercises. The results of these analyses 
are quoted in many of the certificates of analysis. 

Conclusions and further trends 
Due its relatively high cost NAA, and especially RNAA, should be devoted to 
projects where its special characteristics (accuracy, freedom from blanks and 
contamination problems, multielement capacity, sensitivity, matrix independence) are 
best utilized. These include ultratrace analysis, materials research, panoramic analysis 
and employment as a reference method. 

Further improvements in INAA techniques are likely to emerge with improved and 
faster electronics for signal processing, better software, and sample changers and 
other technology for improved throughput or automation. The use of anti-coincidence 
counters will also increase. 

Another trend is undoubtedly the multimethod approach using several different 
analytical methods for complex problem solving, such as environmental and life 
sciences studies. In combination with preseparations, INAA can be very useful in 
speciation studies, an area currently undergoing an explosion of interest. 
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Thus in spite of some gloomy forecasts about the future of NAA and research 
reactors, we believe that its unique capabilities will continue to earn it a niche in 
analytical science and its applications. 
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Automatization of the Vertical Fast Irradiation and 
Measurement System of Vienna's TRIGA Mark II Reactor 

F. Grass, M. Frankl, G. Kroupa, H. Haider and G.P. Westphal 
Atominstitute of the Austrian Universities, Vienna, Austria 

Abstract 
The great advantage of short time activation analysis is the possibility to have the 
results within a short time. However, the continuous presence of one person used 
to be necessary during the activation and measurement. We have therefore put 
the sample changer designed by Salahi et al. into function. This enables to irradiate 
and measure 16 samples automatically according to a preset irradiation and 
measurement scheme. Monitoring the reactor power stops the cycle automatically 
if the reactor scrams, and starts the cycle again when a reactor power of 200 kW 
is reached. Up to 6 measurements of one irradiation can be programed in this 
scheme. Decay curves are measured simultaneously with the y-spectra allowing 
delayed neutron- or Cerenkov - counting, alternatively. Decay analysis with a large 
5" x 5" Nal detector is also possible for fluorine - determinations by the F-19 
(n,a) N-16 reaction. The application of a preloaded filter amplifier enables a 
throughput of up to 100 kc/s at a reasonable loss of resolution from 1.75 keV at 
10 kc/s to 2.70 keV at 100 kc/s throughput of an n-type HP-Ge detector. 

The automated system allows cyclic- as well as pseudocyclic activation analyses 
using 16 samples of up to 0.6 g, which is especially useful for biological materials. 
The summing technique has a distinct advantage over the normal cyclic procedure 
because samples may be homogeneous in the main element content but poor in 
the trace element representation if the sample size is small. 

The use of a 6LiD-converter increases the number of elements that can be 
determined because longer irradiations allow the analysis of elements with larger 
resonance integrals and half lives in the hour range. 

The function of the automatic VFIM-system 
The scheme of the Vertical Fast Irradiation and Measurement System with and 
without the 6LiD converter of the Institute's 250 kW TRIGA Mark II reactor is 
shown in Fig. 1. The samples are loaded computer controlled into the sample 
magazine. Shooting-in is performed by moving the sample into the expelling position 
using the step motor. The sample divider is then set in the through position and 
the sample catcher is opened. By actuating the shooting-in valve the sample is 
transported to the irradiation position. The irradiation can now be performed with 
or without the 6LiD-converter in position. Opening the expelling- and the pressure 
release valve the sample is transfered to the closed sample catcher in front of the 
HP-Ge detector. The transfer time using N2 or He is 300 ms or 120 ms, respectively. 
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Fig. 1 Scheme of the vertical fast irradiation system 

After the measurements the sample is expelled from the sample catcher to the 
tube for expelled samples or to the sample magazine and a new cycle is started. 
A more detailed view of the sample changer is presented in Fig. 2. 
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THROTTLE VALVE 

Fig. 2 Automated sample changer for 16 samples 

The inserted converter doubles the fast flux, but even more pronounced is the 
reduction of the thermal flux. This enables a reduction of most matrix activities 
such as 24Na, 27Mg, 28A1, 38C1, 46mSc, and 52V by a factor of 25-34 HI. Therefore 
an irradiation time of minutes is possible without producing an undue matrix activity 
enabling the determination of elements with minute nuclides. Irradiation times 
without the 6LiD-converter are in the range of 5-30 s at a flux of 2.5E12 cm2 

s"1 and a flux ratio of 12, and with the 6LiD-converter in the range of 300-600 
s 121. 

Electronic systems 
The gamma-spectrometry systems at the Institute's fast transfer systems are optimized 
for resolution and throughput rate. For best performance at high counting rates, 
n-type high purity germanium detectors of 15% and 20% relative efficiency are 
used together with the Pre-Loaded Filter pulse processing systems rendering a 
typical low-rate resolution of 1.8 keV at 1332 keV. The PLF-amplifier was 
substantially improved by simplifying the original design /3/ to maximize the 
throughput and produce an exponential pulse interval distribution enabling 
conventional corrections of the ADC dead-time losses. The maximum throughput 
rate is 110 kc/s in the high throughput mode which gives a worst case resolution 
of 3.3 keV. In the lower throughput mode, which is used in this paper, the 
maximum throughput rate is 80 kc/s with a worst case resolution of 2.6 keV. To 
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Figs. 3 & 4 Performance of the high rate high resolution 
gamma spectrometry system 

enable quantitative measurements of spectra with rapidly varying intensity and 
composition, the system is equipped with real-time loss correction modules ND 
599 LFC based on the Virtual Pulse Generator method of counting loss correction 
/4/. The pulses are fed into a Canbera-ND ACCUSPEC B multichannel analyzer 
within a 486, or 386 PC, respectively. The performance of the pulse processing 
system with our best HP-Ge detector is shown in Figs. 3 and 4. In addition to 
the spectrometry system, an ACCUSPEC fast multiscaling card was installed into 
the 486 PC allowing to register decay curves of gamma-, beta-, or delayed neutron 
pulses. 
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Computer control 
The automated sample changer of the VFIM-system is computer controlled as 
shown by the irradiation and measurement menu in Fig. 4. The irradiation- and 
the six measurement times can be programed in this menu. A negative first 
irradiation time corresponds to the delay-time before the measurement. The reactor 
flux is monitored: a reactor scram or shut down during the irradiation and 
measurement cycle stops the sample proliferation, and starts the cycle when the 
reactor power reaches 200 kW. 

Data processing 
The spectra recorded with the multichannel analyzer were processed in three ways 
according to the needs: for a proper assessment of the counting statistics, two 
spectra are recorded simultaneously: a dead-time and pile up corrected spectrum 
and an uncorrected spectrum. The peak positions of the latter are selected and 
the errors of the peak areas are calculated. The true peak areas are calculated 
from a comparison of corrected to non-corrected peak areas using a special peak 
evaluation program 15/. The data are printed immediately after the measurement. 
This enables the best evaluation of areas and its errors, but is time consuming. 

The second evaluation method FAST needs only the corrected spectra and determines 
peak areas and concentrations from a data string after all the measurements are 
completed 161. 

Irrad. Meas. Meas. Meas. Meas. Meas. Meas. 
Filname Pos. Shoot 

Sample 
Time 
(s) 

Time 
1 

Time 
2 

Time 
3 

Time 
4 

Time 
5 

Time 
6 

Filname Pos. Shoot in pos. 

1 30 10 100 300 0 0 0 207A 1 P 1 Y Y 
2 30 10 100 300 0 0 0 207A 2 P 2 Y Y 
3 30 10 100 300 0 0 0 207A 3 P 3 Y Y 
4 5 -5 30 300 1000 0 0 207A 4 P 4 Y Y 

' 5 5 -5 30 300 1000 0 0 207A 5 P 5 Y Y 
6 10 3 10 30 300 1000 0 207A 6 P 6 Y Y 
7 10 3 10 30 300 1000 0 207A 7 P 7 Y Y 
8 100 100 -30 100 300 1000 3000 207A 8 P 8 Y Y 
9 30 10 100 300 0 0 0 207A 9 P 9 Y Y 
10 30 10 100 300 0 0 0 207A10 P10 Y Y 
11 30 10 100 300 0 0 0 207A11 . Pll Y Y 
12 10 30 30 30 30 30 30 207A12 P12 Y Y 
13 10 30 30 30 30 30 30 207A13 P13 Y Y 
14 10 30 30 30 30 30 30 207A14 P14 Y Y 
15 10 30 30 30 30 ' 30 30 207A15 P15 Y Y 
16 10 30 30 30 30 30 30 207A16 P16 Y Y 

Total measuring time in min.: 226.77 
Reactor power: 250 kW 

Fig. 5 Irradiation & measurement menu for the VFIM-system 
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If only a few nuclides are to be analyzed, the printout of the regions of interest 
(ROI) of the corrected spectrum is sufficient. All the three methods were applied 
for this paper. 

Applications 
Lichen analyses have attracted much attention as biomonitors in the last years II, 
8, 9/ and will demonstrate the applicability of these automated measurements on 
the three lichen species usnea subfloridana, pseudevernia furfuracea, and hypogymnia 
physcia, which were sampled on the same windfall fir tree (abies alba) from 
different heights. 

Table 1 shows the results of the three species obtained from three independent 
measurements of the short-lived nuclides (half live less than 1 min.) which were 
added into a sumfile, followed by peak area determination with the Nuclear Data 
peak program. The Cl-data show great variations. 

Table 1 
Trace elements determined by short-lived nuclides in lichen species sampled on an 
abies alba windfall tree: data in mg/kg 

Height (m) 1.-2. 10.-12. 14.-16. 20.-22. 24.-26. 
Sc-46m 18.7 143 keV 
USNEA 0.05 0.06 0.068 0.094 

PSEUDEV. 0.285 0.196 0.109 
HYPOGYM. 0.103 0.174 

Sc-77m 17.5 s 162 keV 
USNEA 0.172 0.221 0.271 0.239 

PSEUDEV. 0.196 0.285 0.239 
HYPOGYM. <0.1 0.14 

Hf-179m 18.7 s 214 keV 
USNEA 0.026 0.02 0.023 0.036 

PSEUDEV. 0.04 0.042 0.053 
HYPOGYM. 0.026 0.064 

Ci-38m 0.740 s 671 keV 
USNEA 239 211 132 288 

PSEUDEV. 791 1000 1930 
HYPOGYM. 1170 1210 

These 27 spectra can be registrated in two baches within a single hour. 
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Estimating Errors in the Experimental Determination of 
Neutron Fluence Spectra 

Borut Smodis, Radojko Jacimovic 
J. Stefan Institute, Ljubljana, Slovenia 

Abstract 
For characterisation of the neutron fluence shape in a reactor, two parameters are 
relevant: (1) the thermal-to-epithermal fluence rate ratio (f = (pth/cpe), and (2) 
the parameter a in the l/E1+a epithermal spectrum representation. Both parameters 
are determined experimentally, thus introducing errors in the results. The influence 
and propagation of these errors can be also calculated. These characteristics were 
experimentally determined for some irradiation channels in the TRIGA Mark II 
reactor of the Jozef Stefan Institute, and the experimental errors introduced 
compared to calculated ones. A comparison between the experimentally obtained 
uncertainties and the calculated ones is outlined and the influence of particular 
parameters on error propagation when determining a and f are elucidated. 

Introduction 
Reactor neutron activation analysis (NAA) is mostly based on (n,y) reactions with 
thermal and epithermal neutrons. The thermal neutron spectrum shape is usually 
described by a Maxwell-Boltzman distribution, and the epithermal part can be 
approximated by a l/E1+ot dependence. 

When characterising the neutron fluence rate for absolute or k0 - based neutron 
activation analysis (NAA), two quantities describing the contribution of epithermal 
activation, namely a (accounting for the nonideality of the epithermal part of the 
neutron spectrum) and f [subcadmium (thermal)-to-epithermal neutron fluence rate 
ratio], should be introduced into the equations for concentration calculation. They 
have to be experimentally determined for each particular irradiation channel, thus 
introducing uncertainties in the results. When calculating the values of a and f 
from the experimental measurements, some other parameters enter the relevant 
equations, such as Qo (resonance integral to 2200 m s"1 cross-section ratio), Fed 
(correction factor for transmission of epithermal neutrons through Cd), and Er 

(effective resonance energy), so that uncertainties in these parameters should also 
be considered. 

The errors and their propagation depend on the method of determining a and f 
and on the monitors used. 

For experimental determination of these two parameters, various methods have 
been proposed by De Corte and coworkers HI. Methods for a-determination can 
be classified into three groups, based on Cd-ratio ("Cd-ratio for multi-monitor"-
method), Cd-covered ("Cd-covered multi-monitor"-method) and bare irradiation 
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("Bare multi-monitor"-method) measurements, respectively, involving a set of 
activation monitors with appropriate nuclear characteristics. For experimental 
determination of f, two methods are proposed by the same authors: the "Cd-ratio 
method", where a suitable fluence rate monitor is irradiated consecutively with and 
without Cd-cover, and the "Bare bi-isotopic monitor"-method using Zr. Details 
concerning the use of particular methods are described in Ref. 1. 

Error propagation connected with the experimental determination of a is dealt 
with in Refs. 2 and 3, and for the experimental determination of f in Refs. 1 
and 3. However, in none of the above cited references was a general solution 
offered (i.e. dealing with all the cases and accounting for their uncertainties). 
Therefore it was the purpose of this contribution to combine knowledge in this 
field, to introduce additional unknowns, and to put them into a user-friendly 
programme, called ERON (ERror propagatiON), which would offer the possibility 
of evaluating errors introduced by different monitors/methods in specific irradiation 
channels. 

Uncertainties and error propagation 
For calculation of the uncertainty in a; 

(i) Using the "Cd-ratio for multi-monitor"-method /4/, the following parameters 
should be considered: specific count rates (Asp) of bare and cadmium-covered 
irradiation for each monitor, correction factor for Cd-transmission of epithermal 
neutrons (Fed) for each monitor, resonance integral (1/E) to 2200 m s"1 

cross-section ratio (Qo), effective resonance energy (Er), and effective Cd cut-off 
energy (Ecd). 

(ii) Using the "Cd-covered multi monitor"-method, based on k0 -factors /4,5,6/ the 
following parameters should be considered: Asp for each monitor, mass of each 
monitor (w), ko factors, full-energy peak detection efficiency (ep) for each 
measured gamma-line, Fed, Qo, E r and Ecd. 

(iii) Using the "Bare multi monitor"-method, based on k0-factors 151, the following 
parameters should be considered: Asp, ws, k0, ep, Qo and E r. 

For calculation of the uncertainties in f; 

(i) Using the Cd-ratio method /l/, the following parameters should be considered: 
a, Red, Qo, and E r and Ecd-

(ii) For the "Bare bi-isotopic monitor"-method using Zr HI, following parameters 
should be considered: Asp, E r, a, Qo, and ep. 

All these parameters and their correlations are introduced, together with an extended 
data file containing all the relevant nuclear constants and their uncertainties for 
144 radionuclides/reactions, in the ERON programme. In addition, for some reactions 
exhibiting a strong dependence of E r on a /8/ (e.g. 98Mo, 102Ru, n 6Cd), this 
correlation is also accounted for. 
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An example for some typical irradiation positions in the TRIGA reactor 
Using the above mentioned methods the error propagation factors and the overall 
relative uncertainties in a and f were calculated for some typical irradiation positions 
in the 250 kW TRIGA Mark II reactor of the Jozef Stefan Institute, Ljubljana, 
and compared to experimentally determined values /12/. Calculated and experimentally 
obtained results for uncertainties in a and in f for irradiation channels CR25, PT, 
and CC using various methods are presented in Tables 1 and 2, respectively. The 
same monitors as used in Ref. 9 were taken for calculations: 

CR25 monitor set: 197Au-124Sn-112Sn-59Co-98Mo-122Sn-68Zn-100Mo-64Zn-94Zr; 
PT monitor set: 197Au-124Sn-112Sn-59Co-122Sn-68Zn-100Mo-64Zn-94Zr; 
CC monitor set: 197Au-59Co-68Zn-64Zn-94Zr; 

From Tables 1 and 2 it is evident that the agreement between the calculated and 
experimentally determined uncertainties in a and f is fairly good and can be used 
for a realistic estimation of the uncertainties introduced by experimental 
measurements. 

Table 1. 
Experimentally obtained and calculated uncertainties in a in three different channels 
of the TRIGA Mark II reactor; f - 20. 

Channel CR25 PT CC 

exp.: 
calc: 

a = -0.009 a = -0.048 a = -0.051 

"Cd-ratio for multi-monitor" 
exp.: 
calc: 

44% 
69% 

10% 
13% 

16% 
12% 

exp.: 
calc: 

a = -0.014 a = -0.046 a = -0.057 

"Cd-ratio for dual-monitor" 
exp.: 
calc: 

43% 
37% 

24% 
11% 

18% 
9% 

calc.: 

a = -0.009 a = -0.057 

"Bare triple monitor" calc.: 132% 19% 
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Table 2 
Experimentally obtained and calculated uncertainties in f in three different channels 
of the TRIGA Mark II reactor. 

CR25 PT CC 
f = 19.6 f = 19.4 f = 20.9 

"Cd-ratio"-method using Au 
exp.: 4.1% 3.6% 3.8% 

"Cd-ratio"-method using Au 
calc: 2.9% 2.7% 2.5% 

"Bare bi-isotopic monitor"-method 
exp.: 4.1% 3.6% 3.8% 

"Bare bi-isotopic monitor"-method 
calc.: 6.7% 5.7% 5.3% 

Conclusion 
Error analysis, based on the assumptions outlined in this paper, should allow the 
best choice of monitors for determination of a and f using different methods and 
procedures, and give the possibility of assessment of the errors introduced in a 
and f by using particular monitors and methods or procedures. The calculations 
necessary to assess the influence of particular parameters and to optimise the 
choice of monitors for a particular case are rather complicated. So a computer 
programme for a PC computer, called ERON (ERror propagatiON), which 
incorporates all the relevant parameters and their correlations, together with an 
extended data file containing all the appropriate nuclear constants and their 
uncertainties for 144 radionuclides/reactions, was written. By applying this 
user-friendly programme, the whole error analysis is rapid and simple. The ERON 
programme is available on request from the authors. 
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Calibration of Thermal Neutron Detection Compound BN-1 & 
CR-39 in the Exposure Room of Triga Reactor in Ljubljana 

E. Kristof, R. Ilic, J. Skvarc, R. Dijanosic 
J. Stefan Institute, Ljubljana, Slovenia 

Abstract 
Description of determination of thermal neutron fluences in the range from l.E+02 
to l.E+12 cm"2 for calibration of the neutron sensitive compound consisting of the 
neutron converter BN-1 and charged particle detector CR-39 is given. 

The method employs two proportional BF3 detectors supplemented by a Ge(Li) 
gamma spectometer utilizing gold foils. 

The results of the measurements are also presented. 

Experiment and results 
To measure the fluences in the range from 102 to 1012 cm"2 in one step, and with 
one type of detection is virtually impossible. For this reason we devided the whole 
range into several partially overlapping regions. At lower fluences we used two 
BF3 counting systems, and for higher values we employed the method of activation 
analysis by using gold foils with known masses and known geometrical characteristics. 

These irradiations were performed in the exposure room of our reactor. The first 
detector (A) is mounted vertically together with the samples in front of the window 
(Fig. 1). Here, at the full power of 250 KW, the thermal neutron flux is ~108 

cm2 s"1. The Cd ratio is 44, and neutron flux density varies within 2%. The second 
BF3 detector (B) stays on the symmetry axis of the tangential channel, 206 cm 
away from the reactor wall. This particular detector B is irradiated by neutrons 
coming from the walls of the tangential channel and passing through Bi filter 
located near the exhaust aperture. For both BF3 counting systems we have determined 
by experiment that dead time correction is negligible up the counting rates on the 
order of 104 c/s. However to be on the safe side we never exceeded the counting 
rate of approximately 600 c/s. 

Alltogether, there were performed 22 irradiations of samples, where the first 12 
irradiations were controlled by the system A, the next 7 irradiations by the system 
B, and the last 3 by the activation of gold foils. 

In order to determine the correspondence between the counting system B, and the 
fluence as derived from the gold foils activation analysis, we made a separate 
irradiation at the appropriate flux (circumstances of the irradiation 19). We obtained 
the following result 

f = 107,6 (1 ±0,013) cm"? NB 
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Fig. 1 Location of detectors A and B, and of compounds BN-1 & CR-39 

Here NB denotes the counts gathered in the counter B, and f the corresponding 
2200 meters-per-second fluence. Simple observation of simultaneously determined 
NA and NB gives 

f = 107,6 (1 ±0,013) cm-2 (NB / NA) NA = 0,415 (1 ±0,021) cm"2 NA . 

To check the validity of the last relation for the fluence we made an additional 
and longer measurement analogous to the measurement with which we have 
determined f(NB). The result is 

f = 0,416 (1 ±0,021) cm"2 NA . 
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Perhaps it is important to note that the ratio NB / NA depends considerable on 
the position of the compensating rod located in the south part of our reactor 
core. Therefore, this rod has to be kept at the same position. 

The foils were etched in 6N KOH at 60°C, whereby the preetching time was 15 
min, and the electrochemical etching time was 2 hours. The corresponding track 
density, p, versus neutron fluence f, is plotted in the Fig. 2. The usable interval 
lies between points I (1.39E+04 cm"2) and II (4.58E+07 cm"2). The best linear fit, 
g, in the log-log scale on this interval is 

g = 0,0230 • f0,888 , 

where the root of mean square error equals 

V 1 
N- I 2 

i=l 

log pi - log fi 
log/; 

= 0,027 

At the geometrical mean fs = ^J~Ji = 7.98 • 105 cmr1 we obtain 

~ = 5,0 • 10"3. 
Is 
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Fig. 2 Track density p versus 2200 meters-per-second fluence f [cm' ] 
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Production and Clinical Use of FDG 
18 ( F-2fluoro-2deoxiglucose) using Fluoride Produced by ENEA 

- CASACCIA TRIGA Nuclear Reactor 

N. Burgio, G. Capannesi, C. Ciavola, A. F. Sedda 
ENEA Casaccia and UCSC University, Policlinica Gemelli, Italy 

Abstract 
Among the presently advanced diagnostic nuclear techniques available to hospitals, 
the attention on clinical PET using 2[18F]fluoro-2-deoxiglucose (FDG) is rapidly 
growing, as method for tumour detection, staging and monitoring treatment responses. 
Despite this fact, the initial high capital cost and the discontinuities in 180 supply 
continue to weaken the FDG-PET diffusion. 

The establishment of regional production and distribution centres of radio 
pharmaceuticals inside the existing irradiation and radiochemical facilities at public 
research centres could cut down start-up risks and costs, and promote the 
development of low cost, more widespread, gamma camera (non PET) FDG scanning 
methods. In order to explore the viability of such a decision, ENEA and UCSC 
University- Policlinico Gemelli are engaged in a joint program focused to the 
production of FDG at Casaccia Triga reactor, and the clinical utilisation in Nuclear 
Medicine Department of Policlinico Gemelli. 

A special vial was fabricated which can withstand long irradiation time at the high 
temperature produced by the 6Li(n,alpha)3H reaction without loss of mechanical 
properties; due to low specific activation, good thermal conductivity and chemical 
inertia of the vial material, it can be used both as the primary container in rabbit 
line and as a reaction vial in the purification process of 18F from target material. 
By using this container 10 grams of natural Li2C03 can be irradiated for 1 h 
(thermal flux 1.3 1013 n/cm2/s) in the fast pneumatic system "rabbit", obtaining 10 
mCi of 18F. 

The produced 18F is purified from tritium, activation products and chemical impurities 
by distillation of gaseous 18F(CH3)3Si from the irradiation vial. The entire synthesis 
runs under control of a Zymark robot in 70 minutes, with 45% yield EOI corrected, 
following the Hamacher reaction scheme. 

In order to check resolution efficiency, FDG samples were examined by a 
Radiax-SIEMENS gamma-scanner, in view of a program concerning with the FDG 
utilisation by gamma camera scanning techniques. 

The project of a new irradiation facility, located on a peripheral grid position, will 
be filed for approval to the Nuclear Safety Department (ANPA). That facility will 
be able to routinely irradiate 250 cc LiN03 aqueous solution (80g/100cc, 1.38 
density). A simulating experiment showed 150 mCi 18F yield after 2 h irradiation, 
0.152 $ maximum reactivity change at target extraction, sub-boiling temperature 
conditions (<135 C°) during irradiation. A "black-box" will also be developed for 
the automatic synthesis of FDG, in order to achieve the possibility of an 
almost-unattended production facility starting with a large volume target. 
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Introduction 
2-[18F]fluoro-2-deoxiglucose (FDG) is the most commonly used radiopharmacon for 
Positron Emission Tomography. The success of the FDG-PET scanning method in 
different diagnostic procedures is due to its ability to differentiate between normal 
and pathological tissues in glucose membrane transport and glycolytic activities, 
which respond to changes in mitochondrial respiration under both aerobic and 
anaerobic conditions. 

The FDG-PET regional studies of the "anaerobic" glucose metabolism in heart and 
brain ischemic lesions stranded the established prognostic tools used in clinical 
cases of infarction and ictus. More recently, the FDG imaging of the intensive 
glycolysis occurring in malignant cells in the presence of oxygen is achieving a 
growing clinical recognition as a method for tumour detection, metastases distribution 
mapping, tumour stage differentiation, proliferation rate determination, monitoring 
treatment response; while some of these methods relies on strictly quantitative data 
which can only be obtained by complex PET experiments, the most of the unique 
and valuable information for the clinical practice are morphological and on principle 
can be obtained by using conventional, largely accessible, imaging techniques. 

Despite this fact, the initial high capital cost, to some extent associated with 
radiochemical laboratories and irradiation facility start-up difficulties, and the 
discontinuities in 180 supply (for cyclotron produced 18F) continue to weaken the 
FDG-PET diffusion and development. 

The establishment of regional production and distribution centres of radio 
pharmaceuticals inside the existing irradiation and radiochemical facilities at public 
research centres could cut down start-up risks and costs, and promote the 
development of low cost, more widespread, gamma camera (non PET) FDG scanning 
methods. In order to explore the viability of such a decision, ENEA and UCSC 
University- Policlinico Gemelli are engaged in a joint program focused to the 
production of FDG at Casaccia Triga reactor, and the clinical utilisation in Nuclear 
Medicine Department of Policlinico Gemelli. 

FDG synthesis system 
Under neutron bombardment 6Li undergoes the exothermic reaction 6Li(n, alpha)3H 
with a Q-value of 4.78 MeV; the tritons emitted in the process produce 18F 
following the 160(3H, n)18F reaction. 

In order to overcome the problem of the large amount of heat generated by the 
nuclear reaction (7 W/g for natural Li2C03), from a carbon rilled thermosetting 
resin a special vial has been realised which can withstand more than 100 hours 
irradiation time at high temperature without loss of mechanical properties; due to 
low specific activation, good thermal conductivity and chemical inertia of the vial 
material, it can be used both as the primary container in the fast pneumatic system 
"rabbit" line and as a reaction vial in the 18F purification process. By using this 
container 10 g of natural Li2C03 can be irradiated in core for 1 h (thermal flux 
1.3 1013 n/cm2/s), obtaining 10 mCi of 18F. 
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The target is dissolved in acid into the irradiation vial, and the produced 18F is 
purified from tritium, activation products and chemical impurities by treatment with 
CI(CH3)3Si and distillation of gaseous 18F(CH3)3Si, that is then hydrolysed in 
acetonitryle solution containing K2CO3 and 4,7,13,16,21,24 hexaoxa-1-10 diazabicyclo 
(8.8.8) hexacosane as phase transfer catalyst. 

The dehydrated solution was added with l,3,4,6-tetra-0-acetyl-2-trifluor-methanesul-
fonyl-beta-D-mannopyranose, following the Hamacher reaction scheme; the 18F 
incorporation yield in FDG was about 70%. 

The acetylated intermediate was separated by a C18 cartridge and diethyl ether as 
eluant, then hydrolysed by HC1 1M, purified by ion exclusion resin, by C18 and 
alumina cartridges, and finally sterilised by 0.22 micron filtration. 

The entire synthesis runs under control of a Zymark robot in 70 minutes with a 
yield corrected to EOI of 45%. 

A vial containing FDG was examined by a gamma-scanner Radiax-SIEMENS, using 
a collimator with focal plane of 10 cm, in order to check resolution efficiency. 
We foresee for next year the use of produced FDG for in vivo diagnostics by 
gamma cameras in clinical cases, especially of recidivial metastatic formations in 
thyroid carcinoma. 

Scale up of the F production and purification processes 
In handling of a large Li target the main problems are the heat production due 
to the 6Li(n,alpha)3H reaction, the reactivity change of the reactor and the difficulties 
in 18F purification. 

The project of a new irradiation facility, designed to handle in the reactor core 
a large volume liquid target, has been filed for approval to the Nuclear Safety 
Department (ANPA). The facility consists of a stainless steel irradiation vial fitted 
in a aluminum tube filled with deionized water. The rod is already mounted on 
a peripheral grid position previously occupied by a graphite rod. The vial is 
connected directly to the FDG synthesis equipments via a steel tube through which 
the liquid target can be transferred pneumatically in/out the irradiation vial. The 
continuously recirculating deionized water in the aluminum rod permits large heat 
dissipation. A simulating experiment showed that the proposed facility will be able 
of a routine irradiation of 250 cc aqueous solution of not enriched LiN03 (80g/100cc, 
1.38 density), maintained at sub-boiling temperature (<135 C°), with a measured 
yield of 150 mCi of 18F after 2 h of irradiation and 0.152 $ maximum reactivity 
change in the target extraction; therefore the facility can be operated without 
reactor core reconfiguring, or any interference in other reactor activities. 

In order to facilitate the silylation of 18F-fuoride in the very concentrated target 
solution, the Cl(CH3)3Si treatment was carried out in recirculating conditions with 
added tensioactive. A "black-box" with no moving mechanical elements will also be 
developed for the automatic synthesis of FDG, in order to achieve the possibility 
of an almost-unattended production facility starting from a large volume target 
material. 
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BNCT-Project at the Finnish TRIGA Reactor 

Seppo Salmenhaara, Iiro Auterinen and Pekka Hiismaki 
VTT Chemical Technology, VTT, Finland 

Abstract 
An epithermal neutron irradiation station for the Boron Neutron Capture Therapy 
(BNCT) will be constructed in the thermal column of the Finnish Triga reactor. 
The first target of the BNCT at FiR 1 is the treatment of malignant brain tumors. 
The epithermal neutrons have the capability to penetrate deep into the brain tissue 
thermalizing at the same time. The thermal neutrons are captured by 10B-nuclei 
situated ideally in the tumor cells only and thus the reaction products destroy 
selectively only the tumor cells. 

The graphite filling of the thermal column will be replaced by a special moderator 
material: AI+AIF3. The moderator material and its thickness has been chosen so 
that the system produces as much as possible epithermal neutrons with low fast 
neutron and gamma contamination. Both fast neutrons and gamma radiation are 
harmful for the patient. To reduce the gamma radiation there is a lead-bismuth 
gamma shield at the outer end of the moderator block. In spite of the low power 
(250 kW) of the reactor the needed epithermal neutron dose to destroy the tumor 
will be accumulated in a reasonable time e.g. 0.5 to 1.5 h. This is possible because 
of the rather short distance between the reactor core and the irradiation target. 

1. Introduction 
In the Boron Neutron Capture Therapy (BNCT) epithermal neutrons are used to 
treat malignant brain tumors. The epithermal neutrons can penetrate deep into the 
brain tissue thermalizing at the same time. Thermal neutrons are captured by 
10B-nuclei situated in the tumor cells. In an ideal case the surrounding healthy 
tissue does not contain any boron atoms. The neutrons split the boron nuclei and 
the reaction products, which have a range, shorter than cell size, destroy very 
selectively tumor cells with their reaction energy. The main (94%) reaction is 

10B + n -» 7Li + a + 2.31 MeV 
7Li -> 7Li + y + 0.48 MeV. 

The necessary conditions for the succesful therapy are high enough epithermal 
neutron flux connected with low fast neutron and gamma contamination and 
selectively in the tumor distributed boron atoms. Considering the distribution of 
boron atoms the essential factor is the ratio of the amount of 10B in the tumor 
tissue to the amount in the surrounding tissues and blood. Suitable boron carriers 
have been developed and better ones are under investigation. Our main interest 
is, however, the optimal design and construction of the epithermal neutron beam 
to the thermal column of the FiR 1 -reactor. 
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2. Epithermal neutron beam 
Thermal neutrons are needed to react with the 10B-nuclei in the tumor. If the 
tumor is situated at the surface of the target tissue, thermal neutrons give the 
best result. If the tumor is deeper in the tissue, more energetic neutrons, epithermal 
neutrons are needed, which can penetrate into the tissue, thermalize there and hit 
the target as thermal neutrons. Fast neutrons should be eliminated, because fast 
neutrons as well as gamma radiation are harmful for the patient. 

Fast neutron dose per unit epithermal fluence was used as the basic criterion in 
searching optimal parameters for the moderator HI. Generally accepted upper limit 
for the said ratio is 2.6 10"13 Gy/epithermal n/cm2. After selection of a certain 
moderator material with high scattering cross section and low absorption cross 
section it is possible to calculate the thickness of the material and the epithermal 
neutron flux keeping the fast flux below the limit. Comparing the achieved epithermal 
neutron fluxes it is easy to find the best material, as can be seen in figure 1. 

material thickness / cm (narrow bar) 

M g O 

MgAOCM 

A K 0 3 

AI+TID2 

D20+AI 

BIF3 
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AIF3(2/3)+Pb02 
AIF3C2/3) 

30%AKO3+70%AI 

AIF3(2/3)+PbS 
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AIF3(2/3>+Pb 
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4.5AIF 3+4.5PbF2+1 BeF2 
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1.0OE4O8 V.00E+O9 l.OOE+10 
epHhermal flux n/cm**2/s (wide bar) 

1.00E+11 

Fig. 1 Results of the 1-dimensional model for some moderator materials suitable 
for BNTC. Epithermal flux and required moderator thickness 

at fast neutron dose limit of 2.6 x 10' Gy/epithermal n/cm . 

According to the calculations the most suitable material is AI+AIF3. Especially for 
a small reactor it is very important to choose the most effective moderator material. 
After the material and its thickness have been fixed the thickness of the lead-bismuth 
gamma shield will be determined. The new arrangement in the thermal column is 
described in figure 2. 
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Epithermal BNCT beam for FiFM 

Measures are in mm 
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Fig. 2 Side view of the BNCT facility 

3. Construction of the irradiation station 
To start the construction of the BNCT irradiation station the fuel elements will 
be transferred from the core to racks on the wall of the tank so that it is possible 
to work inside and near the thermal column cavity. Next all the graphite has to 
be removed from the thermal column. The emptied thermal column will be covered 
with thick aluminum sheets. In the bottom sheet there are plenty of small wheels, 
on which the heavy moderator block can be loaded and unloaded, figure 3. The 
moderator block consists of separate, thick Al and AI+AIF3 sheets installed in an 
aluminium box. 

If the moderator block needs some rearrangements and it has to be removed from 
the thermal column, there will be a water tank available, which can be loaded 
into the thermal column. This way the reactor can be operated without any longer 
interruption. 

In the first stage the irradiation facility is aimed to the verification of the designed 
physical properties of the neutron beam without and with a phantom. If the results 
will be satisfactory, the project can proceed to the next stage, when large animals 
will be irradiated. After that treatment of brain tumor patients will be initiated. 
For this stage the area in the front of the thermal column will be enlarged cutting 
certain parts of the concrete shielding away. 

References 
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Fig. 3 Details of the modertor arrangenment 
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BNCT Project at the J. Stefan TRIGA Reactor 

B. Glumac, I. Kodeli*, M. Maucec, R. Jeraj 
J. Stefan Institute, Ljubljana, Slovenia 
* Commissariat a I'Energie Atomique, Saclay, France 

Abstract 
Contribution presents condensed description of the BNCT method, as one of the 
most promising methods of cancer radio therapy in the future. Certain planned 
research activities considering realization of BNCT project in Slovenia are also 
shown. Modelling of irradiation facility as well as mathematical simulation of neutron 
and photon transport are completely performed by Monte Carlo computer simulation, 
and for that reason some basic characteristics and capabilities of MCNP4A computer 
code are also presented. Finally, some results obtained up to this time are 
presented. 

1. Introduction 
Boron Neutron Capture Therapy (BNCT) is radiation treatment that offers the 
potential of a highly selective effect of radiation - alpha particles - while sparing 
normal tissues. It brings together two components that when kept separate have 
only minor effects on normal cells. The first component is a stable isotope of 
boron that can be concentrated in tumor cells. The second is a beam of low-energy 
neutrons that produces short range radiation when absorbed or captured by boron 
nuclei. The combination of these two conditions at the site of the tumor releases 
intense radiation that destroys malignant tissues. 

The central feature of effective BNCT is the selective delivery of a drug containing 
the stable, naturally occurring isotope boron-10 into the tumor. As the tumor is 
irradiated with the low energy neutrons (epithermal neutrons become thermalized), 
there is a higher likelihood of the boron-10 nucleus absorbing them than that of 
the nucleus of the any other element normally present in tissues. The boron 
nucleus becomes unstable and immediately splits into two recoiling ionizing particles, 
an alpha particle (i.e. helium nucleus) and a lithium nucleus: 

n + 10B -> nB* -> 4He + 7Li + y 

These products of the BNCT reaction 10B(n, a)7Li are of short range (9, 5 mm, 
respectively) and are confined to the immediate vicinity of the boron containing 
compound which, hopefully, should be concentrated in the tumor. 
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A major appeal of BNCT is that lithium-7 nuclei and energetic alpha particles are 
produced by fission reaction following the neutron capture. These heavy particles 
which carry 2.79 MeV of energy, have very high ionisation density. Another 
advantage of alpha particles is that they can affect dividing and nondividing tumor 
cells alike - tumors are known to have a large number of viable but inactive cells. 
Other forms of radiation treatment and chemotherapy tend to work best only on 
the cells that are dividing. 

These characteristics make BNCT a theoretically ideal system for the destruction 
of malignant cells. 

2. BNCT Project in Slovenia 
Slovenian BNCT project was approved in January this year, and is financed by 
the Ministry of Science and Technology. It should be noted that this is an 
extensive and interdisciplinary project where numerous reactor physicists, organic 
chemists, biochemists, molecular biologists and oncologists are engaged. 

Among this, an international cooperation between our research team, CEA Saclay 
Strasbourg University Reactor and Hospital "Centre Paul Strauss" from Strasbourg 
has been established. On the field of research of monoclonal antibodies we 
cooperate with the University of Zagreb, Croatia, too. 

2.1. Schedule Of Research Activities 

1994: - finishing the Monte-Carlo model of Ljubljana TRIGA MARK-II reactor, 
- calculation of the (epi)thermal filters, gamma filters, collimators, using 

Monte Carlo simulation, 
- irradiation facility design and fabrication, 
- boron compounds research (borocaptane, etc.) study of boron transport 

and tumor boron deposition with monoclonal antibodies and/or "stealth" 
liposomes, 

- activities on a field of boron autoradiography of malignant tissue. 

1995: - irradiation facility construction, 
- dosimetry of the facility, phantom dosimetry, 
- first "in-vivo" experiments on mice, 
- "final tuning" and calibration of the irradiation facility. 

•1996: - research into tumor boron deposition using monoclonal antibodies and/or 
liposomes, 

- detailed neutron dose studies, 
- gathering the necessary pharmacological data, 
- elaborating protocol for irradiator use, 
- clinical protocol. 
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3. Monte Carlo Simulation 
MCNP4A is a general purpose Monte Carlo code for calculation of time-dependent 
continuous-energy transport of neutrons, photons and electrons. It is particularly 
convenient for calculations in complicated three-dimensional geometries. Both fixed 
source and criticality safety problems can be solved with MCNP4A. Nuclear data 
representations can be either fully or partially continuous or multigroup. 

Nuclear data: the neutron data libraries are derived from three sources (ENDF/B, 
ENDL-85 and LANL T-2 group data) and cover the energy range from 10-11 to 
20 MeV. Low energy neutrons are treated in two different ways. The first and 
most detailed and accurate treatment is the S(a,|3) data that includes molecular 
and crystalline bindings effects at specific temperatures in selected materials. The 
second treatment is the free gas model where the nuclei are assumed to be gas 
having an isotropic Maxwellian distribution of velocities. For coupled problems, 
detailed neutron-induced photon data are available for most evaluations. The energy 
range for photon transport in MCNP is between 10"3 and 100 MeV. These libraries 
contain data for pair production, incoherent and coherent scattering and photoelectric 
absorption. The electron transport data are necessary for thick-target bremsstrahlung 
calculations. Energy range is from 100 keV to 100 MeV in this case. 

Cells and surfaces: cells are basic geometric units in MCNP. They locate materials 
and are used for volume tallies and variance reduction parameters specifications. 
A general repeated structures capability is available to reduce geometry setup time 
when portions of the geometry appear more than once. MCNP surfaces are defined 
by all first and second order equations and certain fourth-order equations. Certain 
surfaces can be specified by points as well. When symmetry exists in the geometry, 
reflecting surfaces can be used to simplify the problem setup and improve the 
efficiency of the calculation. 

Tallies: MCNP can tally by particle in units of flux, current and heating. All tallies 
can be programmed as a user-specified function of space, energy and time. The 
quantities required for the calculation of the estimated relative error of each tally 
result are calculated at the end of each history. If the desired tally is not available, 
the user can define any modified tally by his own coding (subroutine TALLYX). 

Particle sources: MCNP has four source model options, namely fixed source, surface 
source, criticality source and user-supplied source. Source variables can be defined 
as a value, as an independent distribution or as distribution dependent on another 
source variable. All input source parameters can be biased in various ways by the 
user. A subroutine SOURCE exists, so the user can write his own source. 

Variance reduction: this is probably the most important part of every Monte Carlo 
simulation code, because analog Monte Carlo calculations are usually effective only 
for problems where substantial numbers of particles are in the tally regions. For 
more difficult problems - for example reactor irradiation channels or reactor pressure 
vessel exposure, where particle fluxes can drop for several orders of magnitude, 
non-analog schemes must be used. These techniques can reduce the statistical 
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fluctuations for a given amount of computational time thus making calculation 
more efficient. MCNP has many variance reduction techniques, which can in general, 
be divided into four groups: 

- truncation methods, 
- population control methods, 
- modified sampling methods, 
- partially-deterministic methods. 

Graphic options: MCNP provides graphics to view the geometry and detect errors. 
Any arbitrary 2-D geometrical slice can be plotted. All tally results can also be 
displayed by MCNP in 2-D X-Y, 2-D contour, or 3-D surface plots. The results 
can be represented as a histogram, as a piecewise linear curve or spline between 
points, or in bar graph form. Finally, one of the code subsystems (SABRINA) 
produces 3-D color shaded or line plots of a geometry, or show actual Monte 
Carlo particle tracks. 

4. Preliminary Monte Carlo Results 
In the present time we are still in the developing phase of the extremely complex 
Monte Carlo TRIGA research reactor model, presented on the Fig. 1 and 2. 
Because of this geometry complexity, we are still facing the problem of efficient 
coupled neutron-photon transport, which demands application of several quite 
advanced variance reduction techniques. 

-100 -50 0 50 100 

Fig. 1. Side view of the TRIGA reactor model 
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Fig. 2. Top view of the TRIGA reactor core model 

Calculations of efficient (epi)thermal filters, gamma filters and collimators present 
the bulk of our study. For the first approximation of epithermal filter we have 
used AI2O3 material. On the Fig. 3 the neutron spectrum before entering the 
filter material (on the reactor core surface), and on the Fig. 4, a neutron spectrum 
after traversing the filter layer are presented. Comparison of results shows that 

3-9 



aluminium oxide filter causes the cut-down of fast neutron spectrum and translation 
to the epithermal area, what was our intention. The rate of attenuation between 
these two fluxes is approximately 0.008. 

For the gamma filters we are going to use a combination of bismuth and lead, 
because the main purpose is to attenuate the gamma ray level to the lowest 
possible level. 
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Fig. 3. The neutron spectrum at the core surface 
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Fig. 4. The neutron spectrum after traversing 50cm long AI2O3 filter 
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5. Conclusions 
The main reason for such complicated model is that we actually need three 
irradiational channels: one for neutron tomography, one for prompt gamma neutron 
activation analysis and one for BNCT for, possibly, clinical use. 

We still have not made any final decision which channel should be used for what 
purpose. We will try to optimize the possibilities, because all channels are in 
principle available. 
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1. Introduction 
The research program named Taormina, is concerned with an attempt to set up 
a method to use Boron neutron capture therapy for liver metastases an diffused 
tumours. 

According to our project, the liver will be explanted, treated with a solution of 
organic Boron compound, then irradiated in a thermal neutron field. 

Such modalities give the significant advantage to preserve the remaining patient 
organs from every damage. 

A collaboration including nuclear physicists and surgeons of the University of Pavia 
planned the original research project. Researchers in the fields of chemistry and 
anatomy gave contributions during the experiment in their particular fields of 
competence. 

As usual, the therapy is based on the ionising effect produced inside the cell by 
the passage of 4He, 7Li ions released in the final state of the nuclear reaction 

10B + n -» 4He + 7Li + 2.792Mev (1) 

Given the short range of such particles inside the typical hepatic tissue («10|im), 
the biological damage caused by the neutron irradiation is limited to those cells 
containing Boron. 
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2. Therapy Modalities 
The following conditions must be satisfied to get a safe neutron treatment: 

i) The Boron concentration in the tumour tissues must be larger than in the 
healthy ones in such a way that while the first receive lethal doses of radioactivity 
the latter result substantially preserved. 

ii) Neutron flux and Boron quantity inside the tumour tissues must observe such 
a distribution that into the entire liver the tumour cells are destroyed while the 
largest part of healthy ones are guaranteed to survive. 

Point i) requires a careful quantitative check of the so called brain-blood barrier 
specifically in the case of hepatic tissue. The problem is to find the most convenient 
Boron compounds and the best modalities for an optimal treatment. 

Point ii) concerns the condition generally limiting the deepness of the tumour to 
be treated. Various projects are presently in progress to set up epithermal neutron 
beams the most effective to treat deep tumours. 

In our particular case, due to liver thickness, the extra corporal irradiation by 
thermal neutrons results quite satisfactory. 

During the neutron irradiation undue doses of radioactivity arise from processes 
different from the reaction (1). The way to minimize such doses consists in getting 
Boron concentrations in the tumour tissues above a threshold value. 

To minimize the above dangerous doses it's necessary to get values of the 
concentration parameter T larger than 5 and a drastic reduction of the ganuna 
radiation into the Thermal Column of the reactor. In addition the Boron 
concentration in tumour cells must be 40 ppm at least. 

Parameter T is defined as the ratio of tumour tissues over healthy tissues 
concentrations. 

3. New Thermal Column Configuration 
We modified the structure of the Thermal Column (TC) of the reactor Triga Mark 
II of the University of Pavia to reach two objectives: 

a)To get a thermal neutron flux with a very low gamma background. 

b)To obtain a low noise irradiation position that allows a high counting sensibility 
of alpha particles. We measure Boron concentration in hepatic tissues by analysing 
spectra of particles produced in reaction (1). 

We built a Bismuth screen completely covering the TC vessel surface facing the 
reactor core. By this screen having a thickness of 10 cm we achieve the first 
attenuation of direct gamma ray intensity entering TC. Then we gave the graphite 
bars such a configuration to create a central channel, 103.5 cm long, with a section 
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40x20 cm. A further 10 cm thick Bi screen was positioned at the initial section 
of the channel. In this way an irradiation position was ready for both therapy and 
Boron concentration measurement. 

Figs. 1,2,3 show the new Thermal Colunm configuration resulting after the above 
modifications. Dots reported inside the irradiation channel indicate the positions 
where we measured neutron fluxes and Cadmium ratios. The neutron field 
characteristics inside the irradiation facility appear reported at the upper part of 
the figures; the neutron flux and thermalisation degree values are quite satisfactory. 
As we can observe, such values improve when the graphite block B encloses the 
irradiation channel. 

By using thermoluminescent detectors (TLD), we measured also the doses associated 
to the pure gamma ray background inside the irradiation channel. 

Table I gives the neutron field features with the most relevant dose rates due to 
processes different from the reaction (1). 

4. Blood-brain Barrier Effect in Hepatic Tissues 
We are investigating on the possibility to get useful values of T parameter by 
searching the modalities to take the greatest possible advantage from the so called 
blood-brain barrier. Such a barrier effect, due to the particular metabolism of 
tumour cells, produces Boron accumulation into tumour tissues while Boron solutions 
are circulating inside the blood channels. 

T parameter depends on AT, the time going from the Boron injection to the 
concentration measurement or irradiation. 

We undertook the study of Boron distribution in hepatic tissues by analysing rat 
liver behaviour. Such an analysis includes: 
- Tumour induction in the rat by inoculating 106 cells of a line established from 

a rat colon carcinoma chemically induced in a BD-IX strain rat (A. Cagnard 
et al, Int. J. Cancer, 36, 273-279, 1985). 

- After a time Ax from the preceding phase, the animal is sacrificed and its liver 
is extracted and frozen. The samples both of tumours and healthy tissues are 
then cut according to a common established geometry and counted at the 
neutron irradiation position. The samples are submitted to histological analyses 
before neutron irradiation. 

Through sample counting we get the spectrum of alpha particles from the reaction 
(1). Then we evaluate the Boron concentration by a double comparison of such 
a spectrum with those achieved by analytical and Monte Carlo methods respectively. 
After preliminary unsatisfactory measures at an external neutron beam of the 
reactor, we got sensible progresses when the new irradiation position was available. 
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Figs. 4 and 5 evidence the strong reduction and stability of the background obtained 
at the latter facility. In such a condition we realise a satisfactory sensibility of 
Boron concentration measurement by our method: 

OB= 0.5 ppm 

The particle detector is a thin Silicon diode whose pulses are elaborated by a 
conventional electronic line. In the following two figures we summarise the results 
we got after the improvement of both Thermal Colunm structure and spectrometric 
system. 

By processing 24 rats we obtained the result given in Fig. 6. All samples refer to 
the common value of AT = 12 hours. The frequency distribution is displayed along 
the T value interval from 1.3 to 2.8 being peaked around T=2. Such interval is 
rather wide so giving indication that the blood-barrier effect is peculiar for each 
individual. In addition the mean values of T in correspondence of Ax. = 12 hours 
appear too small for a safe therapy. 

Fig. 7 shows the partial result of a run devoted to evidence the value of the time 
interval Ar giving the best value of the mean T parameter. The rather poor 
statistics presently affecting the measures do not allow meaningful conclusions but 
only some optimistic hopes. 

The results given in Figs. 6, 7 are associated to the Boron enrichment of sample 
tissues by BPA. 
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NEUTRON HELD CHARACTERISTICS AT IRRADIATION POINT 1 

0A = 1.4-10'°cm-2sec-1(EH •< 0.2eV) 
0epi =3.3- 107crrT2 sec~'(0.2eV <EK< 0.5MeV) 
0fasl = 2.0- 106cnT2sec1(EH y 3.5MeV) 
*/-• = 9.4 104crn2sec-'(En >■ 8.2MeV) 

RELEVANT DOSE RATES FROM PROCESSES DIFFERENT FROM (!) 

Gamma background H(n, y)D N(n,p) 
(Gy/hr) (Gy/hr) (Gy/hr) 

8.1 36.4 10.6 

TABLE I 
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Aspects Relating to the Efficiency of Building a Nuclear 
Thermal Power Plant For Demonstration Purpose at ICN 
Pitesti, Romania 

* 
L. Constantin , M. Ciocanescu, M. Ionescu, M.Preda 
Institute for Power Study and Design, Nuclear Division, Bucharest, Roumania 

Institute for Nuclear Research, Pitesti, Roumania 

Abstract 
The paper presents a comparative technical and economical study between a Nuclear 
Heating Plant (NHP) and a Heats Plant (HP) for Mioveni City placement. 

We present the technical features of TRIGA reactor concept for NHP, technical 
characteristics, the system solutions for prototype implementation, the main aspects 
of the economical and financial efficiency and conclusions. 

1. Introduction 
The energy crisis is world wide problem which affects each country by different 
ways because the resources and the consumption are unfairly. The world wide 
researches point out that the fossil fuel sources are not to be considered for long 
term the main energy sources as they are limited. 

Generally, the forecasts regarding the world wide utilizations of energy sources and 
fuel differ. Still, they agree that during the present industrial development stage, 
only coal and nuclear energy can really substitute the gas and oil deposits rapidly 
decreasing. 

In present, the nuclear energy is mainly used for the electric energy generation, 
which represent 17% of the world wide production, at the end of 1990, this 
consumption is cover by 424 Nuclear Power Plants, in 24 countries operated, 
connected to the respective energy systems. 

As mentioned before, till now the nuclear energy utilization is practically limited 
to the generation of electric energy and restrictively the thermal one. The studies 
of primary energy demands, from the finally utilization point of view, shows that 
30% represents the electric energy consumption while 70% is for thermal energy 
consumption. 

It is widely known that these demands are covered mainly, by using the conventional 
fossil and in very small quantity by garbage combustion using biogas and/or other 
resources. 

4-1 



The fossil fuel combustion releases in the air pollutants such as - CO2, NO/NOX, 
CH4, SO2 - which steadily increase the "greenhouse" effect, out of these, only the 
sulphur and azote products can be cleaned from the fuel gas observing the imposed 
value, with important financial efforts, while CO2 cannot be removed in economic 
technological conditions. 

So, all over the world intensive designing and research works are being developed 
in order to supply the industrial and domestic consumers from nuclear resources, 
with the purpose to save the fossil fuel for those activities where this is very 
necessary and cannot be replaced by a similar product with such performance. (See 
table 1). 

Table 1 
Cost district Heating Evaluation 

COST 

SPECIFICATION 
UNIT 

PLANT CAPACITY (Gcal/h) COST 

SPECIFICATION 
UNIT 8.6 50 200 400 

COST 

SPECIFICATION 
UNIT 

1. 2. 3. 4. 5. 6 7. 8. 9. 10 
Installed power Gcal/h «.« 9 <t3 4J.4 *» 1BL4 m too 344 400 

Heating annual power Gcal/y 
*10> 

44 44 3 » o* xu> «M «30 «34 17*0 1710 

Investment mil.S 11.1 4.41 13 M 3.24 l » 130 10.I 24J 21.6 

Decommissioning cost mil.S 
2.1 i . « 2-« •* « J 12 .U 

Operation costs mil.S l .t 1J7I ■-W a*n 6.W 11.23 22.94 H . H 44.45 M.M 

- fuel mil.S 0.M 1.11 J.08 1.71 4.M *M (.1 24.2S 1J.1 43.42 

- operation 
personnel 

mil.S 
O.tt 0.1M M cm* •.«« 0.1*2 QAS 1.73 e.* J . « 

- maintenance mil.S 

O.tt 

0.004 

M cm* 

•■•29 

0.1*2 

4.1 0.1 11.2 tX2 

- other cost mil.S 0.1 OLOM 0.J « j •.08 l .» M 0.1 2.4 0 J 

- amortization mil.S 0.0 0.0X7 y « 3-42 fcU I U •.» 0.7 14.T5 M l 

Cost price S/Gcal 4*.* 31.1 37.2 24.7 3 M 22-« 24.7 St.9 2 5 J 29.1 

Average specific 
cost for de NOx installations 

S/Gcal 
11.09 1.6 S.t M 

Cost considering 
the de NOx 
installations 

$/Gcal 
43.10 3 * 34.7 34.9 

Legend: 1. NHr1 Slowpoke 2. tie 3. NH PSIowpo ke 4 . ] NHP Tttl UA 5. HP "" fi.'N HPTR1C 5A 7 .N HPKWl J 
1x10 MWt 3x3GcaI/h 5x10 MWt 1x53 MWt 2x25 Gcal/h 4x53 MWt 1x200 MWt 

' 8. HP 9. NHP KWU 10.HP 
2x 100 Gcal/h 2x200 MWt 4x 100 Gcal/h 

VOTE : The analysis and the comparative table show that the thermal nuclear plants are economicaly feasible starting with 50 MW(th) average outputs 
and have a higher competitivity compared with the classical solutions using conventional fuel at an estimated cost of about 30S/barrel. 

The alternative for nuclear energy is extremely for the countries in course of 
development. For this the currency efforts to obtain the primary energy resources 
will be more and more difficult. In this direction near electric energy production 
from NPP's or cogenerative energy production we must develop the thermal energy 
production from Nuclear Heating Plant (NHP) for urban district heating or industrial 
uses. 

Romania is one of this country and the prognosis of steam and hot water demand 
in future is shown in table 2. 
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Table 2 
The Evolution of Thermal Power Consumption and Production under the Form 
of Tecnological Steam and Hot Water in Romania, on Structure of Consumers, 
Source and Fuel 

No. SPECIFICATION UNIT 1989 1990 2000 2010 

1. Gross consumption of thermal power 10" Teal 181,7 168,3 198,0 212,0 

2. The heal produced for being delivered, out of which in: 
-NHP 
- HP 

10' Teal 
168,3 155,0 183,6 196,6 2. The heal produced for being delivered, out of which in: 

-NHP 
- HP 

10' Teal 99.9 56.2 33.4 65.6 
2. The heal produced for being delivered, out of which in: 

-NHP 
- HP 

10' Teal 

68.4 98.8 119,3 131,0 
3. Net consumption of thermal power, out of which: 

- main branches of the national economy; 
- population; 
- city hall-social sector 

103 Teal 
162,0 148.0 178,5 191.2 3. Net consumption of thermal power, out of which: 

- main branches of the national economy; 
- population; 
- city hall-social sector 

103 Teal 131.2 112,3 130.0 136.0 
3. Net consumption of thermal power, out of which: 

- main branches of the national economy; 
- population; 
- city hall-social sector 

103 Teal 

23.1 26.1 36.7 42,0 

3. Net consumption of thermal power, out of which: 
- main branches of the national economy; 
- population; 
- city hall-social sector 

103 Teal 

7,7 9,5 11,8 13.2 
4. Heat hourly maximum consumption: 

- hot water; 
- technological steam; 

Total 

4. Heat hourly maximum consumption: 
- hot water; 
- technological steam; 

Total 

Gcal/h 29.845 - 31.996 34.866 
4. Heat hourly maximum consumption: 

- hot water; 
- technological steam; 

Total 
t/h 35.436 .- 39.826 41.397 

4. Heat hourly maximum consumption: 
- hot water; 
- technological steam; 

Total Gcal/h 51.107 - 55.892 64.356 

5. Heat produced for being delivered: 
- on coal; 
- on burning fuel; 
- on natural gas; 
- on other types of fuel 

10s Tcal/h 

168,3 155.0 183.6 196.6 5. Heat produced for being delivered: 
- on coal; 
- on burning fuel; 
- on natural gas; 
- on other types of fuel 

10s Tcal/h 
19,9 15,2 19.5 25.5 

5. Heat produced for being delivered: 
- on coal; 
- on burning fuel; 
- on natural gas; 
- on other types of fuel 

10s Tcal/h 30,3 34,3 56.4 62,8 

5. Heat produced for being delivered: 
- on coal; 
- on burning fuel; 
- on natural gas; 
- on other types of fuel 

10s Tcal/h 

97,3 90,9 90.9 90,9 

5. Heat produced for being delivered: 
- on coal; 
- on burning fuel; 
- on natural gas; 
- on other types of fuel 

10s Tcal/h 

20.8 14,6 16,8 17,4 

6. Fuel consumption for the production of thermal power: 
- coal; 
- burning fuel; 
- natural gas; 
- other types of fuel; 
- nuclear power 

10* tec/an 

28.7 26,7 31.5 34.0 6. Fuel consumption for the production of thermal power: 
- coal; 
- burning fuel; 
- natural gas; 
- other types of fuel; 
- nuclear power 

10* tec/an 
3.6 2.8 3,6 4,7 

6. Fuel consumption for the production of thermal power: 
- coal; 
- burning fuel; 
- natural gas; 
- other types of fuel; 
- nuclear power 

10* tec/an 5.1 5,9 9 .7" 10,8" 

6. Fuel consumption for the production of thermal power: 
- coal; 
- burning fuel; 
- natural gas; 
- other types of fuel; 
- nuclear power 

10* tec/an 

16.4 15.5 15.5" 15,5" 

6. Fuel consumption for the production of thermal power: 
- coal; 
- burning fuel; 
- natural gas; 
- other types of fuel; 
- nuclear power 

10* tec/an 

3,6 2.5 2.7 3.0 

6. Fuel consumption for the production of thermal power: 
- coal; 
- burning fuel; 
- natural gas; 
- other types of fuel; 
- nuclear power 

10* tec/an 

- - -' 10"' 

x) by delivering the heat exclusive for heating plants, it is possible to replace about 10 mil. tec/year of imported fossil 
lei hydrocarbons; 
) these fuel quantities are not completely covered from the country, according to the actual estimations. 

2. Technical features of TRIGA concept 
The technologic solutions of TRIGA concept present some specific features 
comparative with another concept for the thermal reactor used in urban district 
heating. This features are: 

1) TRIGA concept has the best power density, 100 kW/1, comparatively with another 
concept. This features will allowed a small construction, also could be allow an 
uderground placement like an alternate solution for construction; 

2) The TRIGA reactor is the only one concept which used UZrH with a large 
prompt negative temperature coefficient, and very high retention of fission 
products in the fuel matrix; 

3) The average fuel burn-up is the best, 56.000 MWd/t. Only GEYSER and KWU 
concept has 50.000 MWd/t; 

4) The specific consumption of enriched fuel and natural uranium is also the best; 

5) Safety features include passive systems; 

4-3 



6) It is not necessary a supplementary shutdown system, the passive safety features 
provide assurance for the plant to be maintained in a safe shutdown condition 
after a reactor trip; 

7) The retention of all fission products in the UZrH fuel provides a small volume 
for radioactive products, this minimization the financial efforts for in-service 
inspection operations and decommissioning operations; 

8) The operation experience of TRIGA reactor shows a small radioactive products 
quantity with low annual value. The fission products treatment station that is 
at INC Pitesti is a supplementary reason to placement the prototype in our 
institute. 

9) All major components, systems, and facilities are designed to be fabricated, 
assembled into modules, and tested in the factory prior to shipment to the site. 

3. Technical characteristics 
The main technical characteristics are present in table 3. Also, we present the 
reactor module in figure 6. 

Table 3 
The Technical Features 

The core design parameters 
Number of assemblies 76 
Fuel rods per assembly 25 
Rod diameter 13.7 mm 
Active rod length 978 mm 
Fuel billets per rod 7 
Active core volume 555 litre 
Average power density 95 KW/lilre 
U - 235 enrichment 19,9% 
Heat exchangers for TRIGA S3 MWt for district heating (intermediate circuit/district 
beating system) 
Shell ID 1.1/1.5 m 
Number passes shell/tube 2/2 si 2/2 
Total surface 2700/5400 m2 

Baffle type rod/rod 
Effective medium temperature difference 11/8.4 V 
Temperature shell in/out 88/133 °C / 

133/88 °C 
Temperature tubes in/out 142/102 °C/ 

70/130 "C 
Flow shell/tube 102/114 t/h / 

102/76 t/h 
The inherent safety characteristics 
The shutdown system the control rods 
The prompt negative temperature coefficient 
of reactivity to the core 

big 

The shutdown system not is necessary 
The primary coolant system conventional 
The shutdown coolant system double, by natural convection 
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Table 4 
The evaluation of the investments value, operating costs, cost price calculation 

Item Solutions UM 
Rnt Variant Second Variant 

Item 

Specifications 

UM 
Rnt Variant Second Variant 

Item 

Specifications 

UM 

Sdutico 1 
1x33 MWl 

Solution 2a 
mCAFlOO 

Solution 2b 
2XCAF30 

Solution la 
2*53 MWl 

Solution lb 
lxtOOMWt 

Solution 2a 
2«CAF50 

Solution 2b 
lxCAFlOO 

0. 1. 2. J. 4. 3. 6. 7. S. 9. 

1. Installed 
capacity 

Gcal/h 100 100 100 300 300 300 300 

2. Heat quantity per year 103 

Gcal/h 
290 290 760 760 760 760 760 

3. Investment mil. USD 32.3 3.42 8.32 94.3 72.0 8.34 3.42 

4. Operation cost mil. USD 7.92 10.64 10.84 21.33 20.19 28.23 28.03 4. 
from which combustible 
costs mil. USD 

331 7.74 7.74 11.24 11.03 . 19.93 19.93 

5. Price 
(cost) 

USD/Gcal 22 J/23.3 36.7 37.4 20.9/28J 18.9/26J 37.1 36.8 

6. Fossil combustible saving tec/year 38.64 77.28 77.28 

7. Currency effort reducing for 
the fossil combustible mil. USD 

6.I0/4.Q2* 12.2/8.04' 12.2/8 JO*' 

8. Atmosphere noxious 
substances reducing 

COjXlO6 

t/year 
132.9 263.< 130.6 

8. Atmosphere noxious 
substances reducing 

SO-xlO6 

t/year 1.173 2.346 1J29 

*) For the next price of combustible: 158$/tec / 104 $/tec 

4. The system solutions for a prototype implementation 

To determinate the optimal capacity we study the next alternatives: 
ALTERNATIVE I 

Solution 1 - 1 NHP x 53 MW, (45,6 Gcal/h) with base load operation; 
- 1 HP from ICN Pitesti with peak load operation (2 x 25 Gcal/h); 

Solution 2a - 1 new HP for Mioveni City (2 x 50 Gcal/h); 
Solution 2b - 1 new HP for Mioveni City (1 x 100 Gcal/h). 

ALTERNATIVE II 
Solution la - NHP 2 x 53 MWt (91,2 Gcal/h) with base load operation; 

- The HPs, from the Cars Factory from Colibasi and 
INC Pitesti with peak load operation; 

Solution lb - NHP 1 x 100 MWt (85,6 Gcal/h) with base load operation; 
- The HPs from the Cars Factory from Colibasi and 

INC Pitesti with peak load operation; 
Solution 2a - The development of HP from the Cars Factory with 

2 x 50 Gcal/h and interconnection with present sources, 
this at peak load operation; 
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Solution 2b - The development of HP from the Cars Factory with 
1 x 100 Gcal/h and interconnection with present sources, 
this at peak load operation. 

5. Aspects of the economical and financial efficiency and conclusions 
The results of economical and financial efficiency are shown in table 4 and figures 
1 - 5. 

In this paper have been analysed the economical and financial efficiency aspects 
for the thermic power delivery from the nuclear heating plant equipped with 
specialized heating reactors for the exclusive heat delivery (as hot water) in the 
specific conditions of industrial city. 

The comparative analysis has been made from the point of view of delivery price 
of the energy (USD/Gcal/h) and using some comparative economical criterions of 
the solutions such as DTC. 

The analysis of the intrinsic economical efficiency of the solutions has been made 
using the DNP criterion "The net current income" and the ration cost/benefit and 
the intern rate of profitableness. 

The resulting of values of the economic comparison lead to the conclusion that 
the TRIGA 53 MWt - Reactor is suitable to the urbane and industrial heating 
systems in our country, for the delivery of the hot water in order to cover the 
heating needs and from now it is possible to realize the feasibility investigation. 

Considering the technical innovation nature of this field results the necessity of 
elaborating a research program well-grounded which must consider the participation 
on the General Atomic supplying company and the international cooperation between 
TRIGA owners group. The proposal program by romanian specialists is shown in 
the table 5. 

The final result of this program could be a prototype of TRIGA reactor concept 
for District Heating. 
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Item Denomination of the objectiv Elaborating period | Observation Item Denomination of the objectiv 
1995 1996 1997 1998 | 1999 | 2000 2001 j 2002 J 

Item Denomination of the objectiv 

I I I I JL. I 41 I I I I ?L i I I 1 TT i I I 
i. Deadline for yours opinions, sugesfions and proposals regarding this pape: 

and oar proposal program * ' 
30.03.1995 

2. Workshop regarding nuclear healing plaol construction- demonstrative - oi 
1NR Pitesti platform and the impact of co-operation between TRIGA owner 
group and the suppling company General Atomics for this project (held a 
INR Pitesti, Romania). 

* 
We intend to organize this meeting in 

may or June 1995 and to visit the INR 
Pilesti platform. 

3. Preafeasibility study elaborated with the TRIOA owners group and thi 
suppling company General Atomics specialists * * 

From now on the elaborating period 
will be affect by the workshop conclu
sions. 

4. Lobby for financial resources to build the prototype. * * Inclusive to onbtain this financial 
support through a research program of 
European Communities. 

5. Feasebility study 
5.1 - Studies reagarding the technological impact over TRIGA owners grou] 
industry, the feasebillty of manufacturing the nuclear components, of (hi 
combustible and the conventional equipments. 
5.2 - Studies regarding (he elaboration of the nuclear security analysis, th< 
standards and the guide book; the public acceptance for the atomic reactoi 
displacement near the populate centers. Accurate studies of the field. 
5.3 - The establishing of the technologic solutions, analysis and dimensioi 
Ihc systems and equipments from the station slructure; finslization of th< 
constructive solutions for nuclear heating and general plan. 
5.4 - Economical-financial analysis finalizing the way of co-operation witl 
(he TRIGA ownera group and (he suppling company, the evaluation of lb< 
main technical-economic indicators. 
5.5 • The elaboration of (he necessary documentation in order to obtain th< 
recommendations and agreements from (he right organizations in accordance 
with the present standards. 

* * * 

6. Technical projects and conditions (of contract) * 
7. Execution details * 
8. Execution period * * * * * * 
9. Set into operation 4 
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The Crystal Neutron Diffractometer Resolution Function, 
Spatial Effects Included 

I. Ionita, A. D. Stoicaf 
Institute of Nuclear Research Pitesti, Roumania 
* Institute of Physics and Technology of Materials, Bucharest, Roumania 

Abstract 
The procedure for computing the resolution function for a crystal neutron 
diffractometer, taking into account of the spatial configuration of the experimental 
set-up and the monochromator curvature is presented. A brief general description 
of the matriceal computation technique is given. 

1. Introduction 
During the last decade new principles for high resolution configurations design 
have been developed in crystal neutron diffractometry, /l, 2, 3, 4/. The most of 
the existing high resolution crystal neutron diffradiometers, /5, 6, 7, 8/, are designed 
using the general ideas first presented by Hewat, 191. The current philosophy of 
improving the resolution of these instuments is to reduce the Soller divergences 
and to compensate the corresponding intensity reduction using multiple detectors 
and beams with increased vertical divergence. In order to obtain the best resolution 
at high scattering angles, where the overlapping problems are most important, a 
take-off angle of about 120 degrees is used. Such a high resolution diffractometer 
requires bright illumination and therefore has to be installed at a high flux neutron 
reactor, providing at least 1014n/cm2sec. 

In focusing high resolution configurations there are no Soller collimators and bent 
monochromators, preferable perfect crystals, are used. Curved crystals are used both 
to increase the flux at sample through spatial focusing and to achieve high resolution 
through reciprocal space focusing. Focusing in scattering, reciprocal space focusing, 
can be obtained by manipulating the shape and orientation of the resolution 
ellipsoid and this can be done with bent crystals. On can thus get high resolution 
with open beams, provided the elipsoid has one axis short. Such a diffractometer 
is able to work at weak illumination, therefore it can be installed at a medium 
flux neutron reactor. 

The influence of crystal curvature on the spectrometer resolution cannot be described 
properly within the usual computation technique, /10/, in which only angular variables 
are used. A matriceal computation procedure has been proposed, 1111, for calculating 
the resolution function, using as initial variables the coordinates describing the 
geometry of the experiment and then making a transformation to angular variables. 
This method is suitable for treating effects related to the crystal spectrometry. 
However, in this case, owing to the constraints imposed by Bragg reflection, the 
initial variables are not independent and on has to operate first a reduction to 
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independent variables. The procedure to take account of Bragg constraints proposed 
in 1121 is not applicable for perfect crystals in symmetrical reflection. An equivalent 
computation method, 121, will be used below, applicable both for mosaic and perfect 
crystals. 

2. General theory 
The general computation method for resolution function is suitable expressed in 
matriceal form. The computation procedure implies several steps. 

The first one is to choose the initial variables of the problem, which define the 
neutron trajectories between source and detector. For a crystal neutron diffractometer 
the initial variables, which define the vector R, are all the relevant spatial coordinates 
plus the variable of the reflectivity curve of the monochromator. The normal 
approximation of the probability distribution of the initial variables can be constructed 
with a known transmission matrix, S. This amounts to replacing the actual shape 
of the spectrometer elements with Gaussian distributions having the same 
second-order moments. It is accepted also the approximation that the neutrons are 
scattered with a probability given by the real geometrical shapes of the spectrometer 
elements: this approximation can be improved by defining probability distributions 
taking account for extinction and absorption. 

The next step is to account for presence of Soller collimators, neutron guides, 
coarse collimators and slits (a slit can be defined as a coarse collimator with zero 
lenght). The neutron guide is assumed to be a Soller collimator with a wave lenght 
dependent angular divergence given by the total reflextion critical angle; this amounts 
to approximate the actual rectangular transmission function of the guide with a 
triangular one, having the same second-order moments. 

The vector U of the angular variables, with a known diagonal transmission matrix 
V, defined by the divergences of the Soller collimators, can be expressed through 
the initial variables: 

U = C * R (1) 

The transmition matrix of the initial variables will be multiplicated by a factor 
exp(-RT * C T * V * C * R T / 2 ) which is equivalent to modify the matrix S to 
Si, given by: 

Si = S + CT * V * C (2) 

Any ith coarse collimator or slit can be characterized by a transmission matrix Ti. 
The effect is also to multiply the initial variables transmission function by a series 
of factors exp(-RT * Ti * R / 2), so that Si is modified to S2, given by: 

S2 = S + CT * V * C + ZTi (3) 
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Owing to the existence of the Bragg constraints the initial variables are not linearly 
independent. The set R of the initial variables has to be reduced to a linearly 
independent subset R'. The initial variables can be expressed through "R"' variables 
as: 

R = D * R' (4) 

The transmission matrix for the subset R' is done by: 

S' = D T * S2 * D (5) 

This procedure to take account for the Bragg constraints is fully equivalent with 
the one used in 1121; it has the advantage of being applicable to perfect crystals 
to. 

The final step is to write the relation between X, the resolution function variables, 
and R': 

X = A * R' (6) 

The resolution matrix M is given by: 

M = [A * S ' _ 1 * A T ] _ 1 (7) 

The X vector is X = Q - Qo, Q = ki - kf and Q 0 defines the most probable 
value of Q. 

The Gaussian approximation of the resolution function is: 

R(X) = R 0 ( 2 T C ) " 3 / 2 * (de tM) 1 / 2 exp( -X T MX/2) (8) 

The normalization factor R0 is given by: 

Ro = j R(X)dX = Ve"1 * Jdcp/dkj * p i (kj,r) * pf (kf,r)dr dkjdQf (9) 

where d(p / dki is the source flux distribution, Ve is the irradiated sample volume, 
Qf is the monochromator solid angle as seen from the detector and the product 
pi*pf is the transmission function of the spectrometer. 

To calculate Ro we have to define the Y variables (ki, r, Qf) related to R' as: 

Y = B * R' (10) 

Ro is given by: 

Ro = Tm/Vp * dcp/dJq *• (2p i ) 9 / 2 * ( detG ) 1 / 2 ( n ) 
III C 

where Tm is the most probable neutron transmission. 

4-16 



To obtain the linewidths for different types of scans, we have only to define the 
scan variable vector Z, generally not linearly independent, related to the X vector 
as: 

Z = H * X 

The scan variable covariance matrix is given by: 

{<zizj>} = H * M 1 * HT 

(12) 

(13) 

and therefore, the linewidth for the "i" scan will be: 

wj = ( 81n2 < z iV)1 / 2 

3. The two-axis spectrometers resolution function 
We shall consider separately the situation when the monochromator unit is formed 
by one or two crystals. The experimental configuration is presented in fig.l and 2 
together with the corresponding coordinate axes. The crystals may be mosaic or 
perfect crystals, curved or flat; coarse or Soller collimators may exist between the 
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spectrometer components. Therefore the computation method presented here is 
suitable both for the focusing configurations, when the Soller collimators are absent, 
and the standard two-axis spectrometers. To reduce the dimension of the working 
matrices the horizontal and vertical components are treated separately and put 
together at the final stage. The horizontal and vertical components will be indicated 
by the subscripts H respectively V. 

3.1 Single crystal monochromator unit 
The variables which define the neutron trajectories in horizontal and vertical plane 
are R H = Go, lm, gm, le, ge, Id, £m) respectively Rv = (Zo, z m , z e , zd, £'m). 
The l's coordinates are measured from the centers along the widths of the source, 
monochromator, sample and detector, the g's coordinates are measured along the 
corresponding thicknesses direction and the z's are measured along the heights 
direction; ^ m , ^'m are the variables of the reflectivity curves for the horizontal 
respectively the vertical plane. The geometrical configuration gives the folowing 
expressions for the angular variables U H = (Yo, 71, 72), Uv = (50 , 8 i , 82) in 
horizontal respectively the vertical plane: 

L0Y0 = -lo + lm sin(0m + Xm) - gm cos (0m + Xm) (15) 

LiYl = lmsin(Gm - Xm) + gmcos(0m - Xm) + lecos(0e + %e) + gesin(0e + %e) 

L2J2 = Id ~ leCOS(®e ~ %e) + gesin(0e - %e) 
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5QLO = Zm - Z0 

81L1 = Ze - Zm (16) 

82L2 = Zd - Ze 

In matriceal form (15) and (16) may be writen as: 

U H = CH * RH 

Uv = Cv * Rv (17) 

The covariance matrices corresponding to the initial variables, SH_1, SV_1, are known, 
for a given experimental configuration. The effects of the presence of coarse 
collimators, characterized by the transmision matrices Tvi, THI, i=0, 1, 2, or Soller 
collimators, characterized by angular divergences eel, Pi, in horizontal respectively 
in vertical plane, is to modify SH, SV to SIH, SIV: 

SIH = SH + r r H i + CH
T * VH * CH (18) 

Siv = Sv + £Tvi + CvT * Vv * Cv (19) 

The diagonal transmission matrix corresponding to angular variables, VH, VV, are 
defined by the Soller collimators divergences; the diagonal elements are 
8ln2/afi respectively 8ln2/$P, i=0, 1, 2. 

The Bregg constraints, in the horizontal plane, are expressed by: 

YO + 71 = 2Cm^m + 2pmlm + 2pmBmgm (20) 

Ak / ko = cot0m * (yo - yi) / 2 + bm^m - pmAmgm (21) 

where Cm,bm are 1 respectively o for mosaic crystals and 
cos0m sin %m / abs sin(0m - %m) respectively cos0mcosxm / abs sin(0m - %m) for 
perfect crystals, pm = sign (0m + %m) / Rm and Rm is the radius of curvature of 
the crystal (positive if neutrons strike the concave side). The coefficients Am, Bm 

are given by: 

A m = 1 - (1 + V)COS23Cm ( 2 2 ) 

Bm = (1 + V) sin%m COS%m 

where v is the Poisson ratio. 

In the vertical plane, the Bragg constraints are expressed by: 

80 - 5i = 2sin0m (CmW + ZmPm') (23) 
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Where Cm' is 1 for mosaic crystals and 0 for perfect crystals, 
pm ' = sign0m/Rm' and Rm' is the radius of curvature of the crystal, in vertical 
plane. 

Owing to the exsistence of the Bragg constraints the sets of the initial variables, 
RH, RV, have to be reduced to the linearly independent subsets, 
RH' = (lm, gm, leeff, geeff, £m), Rv' = (zm, ze, £m'); leeff, geeff are the effective 
lenght and thickness of the sample, which can be expressed through le, ge as: 

leeff = leCOS (0 e + %e) + gesin (0e + Xe) (24) 

geeff = geCOS (0 e + Xe) + leSin (0e + %e) 

The variables RH, RV can be expressed through RH ' respectively Rv': 

R H = AH * RH ' 

Rv = Av * Rv' (25) 

The A H matrix is obtained by eliminating lo in (15), (20) and using then (24). 
The expression for lo is: 

lO = lm [sin(0m + %m) - 2pmLo + Lo/Lisin(0m - %m) + 

+ gm [Lo/Li cos(0M - %m) - COS (0m + Xm) - 2pmBmLo] - (26) 

- 2CmLoU + lo/Li leeff 

The relation (26) together with lm = lm, gm = gm, 

le = leeff COS (0 e + Xe) - geeff sin (0 e + Xe) (24)' 

ge = leeff sin (0 e + Xe) + geeff COS (0e + Xe) 

and ^m = ^m define the matrix A H in the first of the relations (25). To obtain 
the Av matrix, zo is eliminated in (23) and (16). The following expression is 
obtained for zo: 

zo = zm (1 - 2Lopm'sin0m + Lo/Li) - Ze Lo/Li - 2Lo£m' sin0m (27) 

The relation (27) together with zm = zm, ze = ze, §m = £m' define the matrix 
Av in the second relation (25). 
The transmission matrices, S2h, S2V, for the RH' variables respectively Rv' variables, 
are given by: 

S2H = A H T * SIH * A H 

S2H = AvT * Siv * Av 
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The next step is to define the mixt vectors 

Y H = (Ak, koyi, ko72, leeff, geeff) and Yv = (ko5i, ko82, ze), where k0 is the most 
probable value for the wave factor k. The relation between the Y H variables and 
R H ' variables is: 

YH = D H * R H ' (29) 

A similar relation can be written between the Yv and Rv' variables: 

Yv = Dv * Rv' (30) 

To obtain the D H matrix is necessary to express Ak through R H ' variables; the 
relation (21), which defines Ak, is used for this. In this relation 70 is eliminated 
using (20) and yi is expressed through lm, gm, leeff, geeff using (15) and (24)'. 
The expression obtained for Ak is: 

Ak = k0lm co t0 m [pm - sin (0m - %m)/Li] + gmko cot 0 m [pmBm -
(30') 

- cos (0m - Xm)/U] -pmAm - leeff cot 0 m / Li + ko^m (CmCOt0 + b) 

The relation (30') together the third of the relations (15) and leeff = leeff, geeff 
= geeff, define the D H matrix from the relation (29). To obtain the Dv matrix 
the first two relations in (16) are used together with ze = ze. 

The covariance matrix NH - 1 , NV - 1 corresponding to the Y H variables respectively 
to Yv variables, are given by: 

NH"1 = D H * S2H"1 * D H T 

Nv"1 = Dv * S2V1 * DvT (31) 

Many quantities of interest can be computed from NH_1, NV_1 as are the beam 
intensity and the beam area at sample or the effective volume and thickness, i.e. 
that part of the sample which is both illuminated by the incident beam and scatters 
neutrons capable of reaching the detector. 

To calculate the resolution function is necessary only to express the resolution 
function variables, Xi, Xz through the yH variables: 

Xi = 2ko abs (sin0e) Ak + ko (72 - yi) cos0e (32) 

X2 = ko (Yl + 72) abs (sin0e) 

In matriceal form (32) can be written as: 

XH = BH * YH (32') 

4-21 



The covariance matrix corresponding to XH variables is: 

MH _ 1 = BH * NH"1 * BH T (33) 

The complete the covariance matrix M"1 is necessary to calculate 

<X32> = ko2 (<8i2> + <622> - 2<5i82>) (34) 

In (34) ko2 <8i2>, ko2 <522>, ko2 <5i82> are obtained from NV-1 matrix. 

The resolution matrix M is obtained by inverting the M 1 matrix. The resolution 
function is: 

R(X) = Ro (2%)-3/2 (detM)1 /2 exp (-XTMX/2) (35) 

where 

Ro = rmPmVe"1 (2rc)4 [detMjr1 detMv -1]172 <36) 

In (36) Pm is the peak reflectivity of the crystal, Ve is the irradiated sample 
volume and rm is the ratio between the phase volumes of the neutrons before 
and after reflection from the monochromator; for perfect crystals is differs from 
unity because of the vertical mosaic and the asymmetry of reflection. 

3.2. Double crystal monochromator unit 
The variables which define the neutron trajectories in horizontal and vertical plane 
are R H = (lo, 1ml, gml, W , gm2, le, ge, Id, 5ml, £m2) respectively 
Rv = (zo, zml, zm2, ze, zd, Ij'ml, £m2'); £ml, 5m2, ^ml', 5m2' are the variables of 
the reflectivity curves corresponding to the two crystals, for the horizontal respectively 
the vertical plane. The subscripts o, ml, m2 s, d refers respectively to source, first 
crystal, second crystal, sample and detector. The geometrical configuration (fig.2) 
gives the folowing expressions for the angular variables U H = (To, 71, 72, 73)> 
Uv = (8o, 8i, 82, 83) in horizontal respectively the vertical plane: 

LoTo = -lo + 1ml sin (0ml + Xml) - gml cos (0mi + Xml) 

L171 = lm2 sin(Bm2 + Xm2) - gm2 COS(0m2 + Xm2) + (37) 

lml sin (0mi - Xml) + gml COS (0ml - Xml) 

L272 = le COs(0e + Xe) + ge sin (0 e + Xe) + 

lm2 sin(0m2 - Xm2) + gm2 COS (0m2 - Xm2) 

L373 = Id + le sin(0e - Xe) - ge COS (0e - Xe) 
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5oLo = Zmi - Zo 

5lLl = Zm2 - Zmi (38) 

62L2 = Ze - Zm2 

83L3 = Zd - Ze 

where Li, i=0, 1, 2, 3, are distances between the spectrometer ellements, 
©ml, Xml, ©m2, Xm2 are the Bragg angles and the cutting angles for the two 
crystals and the index i = 0, 1, 2, 3 refers to source-first crystal-second crystal-detector 
regions. The matriceal form of (37), (38) is also given by (18). 

The covariance matrix corresponding to the initial variables, SH_1, SV_1, are known 
for a given experimental configuration. The effect of the presence of coarse 
collimators or Soller collimators is to modify S H , Sv to S I H , Siv • The matrices 
SIH, Siv is given also by (19) respectively (20). In this case the diagonal matrices, 
of 4x4 dimension, have as diagonal elements l n 2 / a i 2 respectively 81n2/Pi2, i=0, 
1, 2, 3. 

The Bragg constraints corresponding to the reflection on the two crystals, in 
horizontal plane, are given by: 

70 + Yl = 2Cml£ml + 2pmllml +■ 2pm iBmlgml (39) 

Akl/ko = cotGml * (70 - Yl)/2 + bmi£mi - pmlAmlgml (40) 

yi + 72 = 2Qn2^m2 + 2pm2lm2 + 2pm2Bm2gm2 (41) 

Ak2 /ko = COt0m2 * (71 - 7 2 ) / 2 + b m 2 £m2 - pm2 A m 2 gm2 (42) 

At these relations on has to be added the condition that the neutron reflected by 
the first crystal must have a proper wave vector to be reflected by the second 
crystal too, i.e. Aki = Ak2. The corresponding constraint is: 

cot0ml (Yo ~ Yl) + 2bml^mi - 2pmlAmlgml "= cot0m2 (71 - 72) + 

+ 2bm2 £m2 - 2 pm2 Am2 gm2 (43) 

In vertical plane, the Bragg constraints are: 

80 - 81 = 2sinGml (^ml'Cml' + zmlpml') (44) 

81 - 82 = 2sin0m2 (£m2'Cm2' + Zm2pm2') (45) 
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Owing to the exsistence of the Bragg constraints the sets of the initial variables 
RH, RV have to be reduced to the linearly independent subsets 
R H ' = (W, gm2, leeff, geeff, Id, £ml> £m2) respectively 
Rv' = (zm2, ze, zd, ^ml', ^m2')- There are three constraints in horizontal plane, 
(39), (41), (43), and two in vertical plane, (44), (45). Therefore, the initial ten 
horizontal variables may be reduced to seven independent variables by eliminating 
10 and the variables concerning the first crystal, lml and gml. The two constraints 
in vertical plane allow the seven initial variables by eliminating Zo and zml. The 
transmission matrices S2h, S2V for R H ' variables respectively for Rv' variables, are 
also given by (28). To obtain the A H matrix, of 10 x 7 dimension, one has to 
express 10, lml, gml through the R H ' variables. It is obtained: 

lo = lml [sin (0ml + Xml) - 2Lopml + Lo /L i sin (0m l - %ml)] + 

+ gml [- COS (0ml + Xml) - 2LopmlBml + Lo / Ll COS (0ml + Xml)] + 

+ Lo/Li sin (0m2 + Xm2)lm2 - Lo/Li COS (0m2 + %m2)gm2 - 2Lo Cml ^ml 

(46) 

lml (T1T4 - T2T3) = lm2 [T4 (2pm2 - XI - %3) + T2 (2am - 1)X1 + T2X3] + 

+gm2 [T4 (X2 +2pm2Bm2 - X4) -T2 (2am - 1)X2 + T2X4 +2T2pm2Am2tan0m2] -

-24mlT2 (am lT2 ( a m C m l bm l tan0m2)+2^m2 (T4Cm2 - T2bm2tan0m2)+(T2-T4)leeff 

(47) 

gml (T2T3 - T1T4) = lm2 [T3 (%i + 2pm2 - X3) + XI (2am-l)Ti + TiX3] + 

+gm2 [T3 (X2 - X4 + 2pm2Bm2 -Ti (2am-l)X2 +TiX4 + 2Tipm2Am2tan0m2] -

-2UlTl (amCmi - bmltan0m2) +2^m2(T3Cm2 - Tibm2tan0m2) + (Ti -T3) leeff 

(48) 

where: 

Ti = sin (0ml - Xml)/Li 

T2 = cos (0ml - Xml)/Li 

T3 = Ti (2am - 1) - 2ampml 

T4 = T2 (2am - 1) - 2pml (amBml + Am l tan0m2) 

XI = sin(0m2 + Xm2)/Li 

X2 = COS(0m2 + Xm2) /L l 

X3 = Sin(0m2 - %m2)/L2 
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%4 = COS(0m2 - %m2)/L2 

and am = - tan0m2 / tan 0 m i 

In (46) the expressions of lml, (47), and gml, (48), have to be introduced. The 
relations (46), (47), (48) together with (24)' and lm2 = lm2 , gm2 = gm2 , 
4ml = 4ml , 4m2 = 4m2 define the A H matrix in (28), in the case of double 
crystal monochromator. 

To obtain the matrix Av, of dimension 7x5, on has to express z0, zml through 
the Rv' variables: 

Zo = zm2 [(l-2Lisin0m2pm2'+Li / L2) (1 - 2LoSin0mipml' + Lo / Li) - Lo / Li -

- L1/L2 (1 - 2Losin0mipml' + Lo/Li)ze - 2Losin0mlCml'4ml' -

- 2Lisin0m2Cm2' (1 - 2Losin0mipml' + Lo / Li)4m2' (49) 

zml = zml (1 - 2Lisin0m2pm2' + Ll/L-2) - Li /L2z e - 2LiCm2'sin0m24m2' 
(50) 

The relations (49), (50) together with zm2 = Zm2, ze = ze, zd = zd, 4ml' = 4ml', 
4m2' = 4m2' define the matrix Av in (28). 

It is defined the mixt vectors YH = (Ak, koYl, ko72, leeff, geeff) and 
Yv = (k06i, ko52, ze). The computational scheme is identical, from this point, 
with those used in 3.1. To obtain the equivalent of the relation (30), is necessary 
to use (42) in vhich 72 is taken from (41) and yi from (37). The expression for 
Ak is: 

Ak = kolm2 [Cot0m2pm2 - sin (0m2 - %m2)/L2] + gm2ko[pm2Bm2COt0m2 -

-cos(0m2 - Xm2) / L2-pm2Am2]+ko4m2 (Cm2COt0m2 + bm2) -koCOt0m2leeff / L2 

(51) 

The expression for yi is obtained from (41) and (37): 

Yl = W [2pm2 - sin (0m2 - %m2/L2] + 

+ gm2 [2pm2Bm2 - COS (0m2 - %m2/L2] + 2Cm24m2 - leeff /L-2 (52) 

The relations (51), (52) together with the third of the relations (37) and leeff = 
leeff, geeff = geeff define the matrix D H from (29)' and (30). The matrix Dv from 
(29)' and (31) is given by (45) and the third of the relations (38). 
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4. Concluding remarks 
The general matriceal computation method for resolution function is applied in 
the particular case of a two-axis spectrometer. The single and double crystal 
monochromator unit situations are considered. 

The matriceal computation technique is a proper method to describe both the 
standard neutron diffractometer configurations and the focussing configurations, 
when spatial effects are important. 
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