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FOREWORD 

The Fifth European Conference of TRIGA Users was held September 4-6, 
1978, in Portoroz, Yugoslavia under the sponsorship of the J. Stefan Institute 
of the University of Ljubljana. Representatives from seven reactor 
facilities were in attendance. Thirty one papers were presented. 

The conference papers are printed here in the same order listed in the 
conference program. All papers received have been included. 

The papers are reproduced here by means of photo-offset printing from 
the best originals available. 
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1.1. OPERATION EXPERIENCE AND MAINTENANCE OF THE TRIGA REACTOR VIENNA IN 
THE PERIOD JULY 1976 TO JULY 1978, H. Bock (Vienna, Austria) 

1. Introduction 

The TRIGA reactor Vienna operated during the last two years with
out any undesired major shutdown. The average operation time at 
full power was approximately 1500 hours per year. 

Three major tasks have been performed or are currently under 
progress during this period which are 

1) Investigation of cracks in the reactor shielding 
construction 

2) Data logging of reactor parameters and of the area monitors 

3) Repetition of the licensing procedure due to new legal 
aspects. 

The results of the crack investigation will be presented later 
during this conference, therefore more emphasize will be put on 
data logging and the licensing procedure. 

2. Data logging of reactor and health physics parameters 

A PDP 11/10 Process Computer was installed for the automatic docu
mentation of the important reactor parameters and for dose rate 
levels of the area monitors. A block diagram displays the system 
(fig. 1). Being basically an on line/open loop system the computer 
is able to collect all significant data, but has no feed back on 
the reactor itself. As the present reactor instrumentation does 
not provide computer compatible signal levels, much effort has 
been devoted to accomodate the various analog and digital signals. 

The following reactor parameters are monitored by the computer 
- reactor power from the linear channel 
- reactor power from the logarithmic channel 
- reactor period 
- fuel element temperature 
- primary coolant temperature 
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- position of three control rods 
- all scram signals 

In addition the computer produces the daily check-lists giving 
the predetermined commands and waiting for the operators action 
(fig. 2). If the action is recognized to be in accordance with 
given safety criteria the computer states the next command. When 
the reactor is started the state of criticality is recognized 
from the reactor data and the power level, rod position etc. is 
printed when stable conditions are reached. 

During operation the operator can request a complete date print
out, he can type any text or comment and he can use the computer 
as memory for reactor experiments (fig. 3). 
The area monitors are also connected to the PDP and the local 
dose rates are printed in a periodic cycle. For each monitor an 
alarm level can be set and the computer compares the given level 
with the actual level. In case of alarm the area monitor(s) 
identification number together wiXth the dose rate levels are 
printed immediately in a ten seconds cycle as can be seen also 
from fig. 3. 
3. Licensing procedure 
The TRIGA reactor Vienna has an interim operation license based 
on the legal construction laws effective during the construction 
period between 1959 and 1962. In 1971 the law on radiation pro
tection became effective and the Atominstitute has to be licensed 
in view of these new legal aspects. In the period between 1971 
and 19 77 the Austrian Ministery of Health and Evironmental Pro
tection was very busy in licensing the first Austrian power reac
tor. Together with the public attention on nuclear power also the 
Atominstitut moved into the focus of public interest and the 
authorities have now formally started the licensing process in 
June 1978. The main effort is devoted to rewrite and update the 
safety analysis report and to compete with the more stringent 
standards on physical protection. The full impact of this proce-
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dure is not yet completely forseen, but we are confident that 
Austria will also participate at the next TRIGA Users Conference. 
4. Experience with components 
After removing one capsule from the rotary specimen crack humidi
ty was found on the containers surface. A check of all 40 posi
tions with one perforated capsule showed that in 3 positions 

3 
some cm of white liquid was accumulated. The liquid was deter
mined to be water with a suspension of Al„0-.. 
The water was removed with perforated capsules containing water 
absorbing paper; later the humidity was removed with silica-gel. 
Some problems were encountered with the specimen container pick
up assembly as the solenoid failed and the whole system showed 
an undesired activity level. The solenoid was replaced, together 
with the scissor like pick-up device, but due to friction the 
system is not working properly at the moment. 
5. Future programs 
As a result of the crack investigation it will be necessary to 
upgrade the reactor cooling system to maintain a steady-state 
temperature level of 28 C. The primary loop is already overde-
signed and only minor changes will take place. The secondary 
system will have to be modified by increasing the pipe diameter 
and the pumping capacity. 
6. Conclusions 
In summary during the last two years no major problems were 
encountered in reactor operation. Some equipment failures happened 
due to ageing and only few components had to be replaced. Definite
ly more problems are encountered with non-nuclear systems such as 
the cooling system and the shielding construction. 
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Fig. 1: Block diagram of the data logging system at the 
TRIGA reactor Vienna 



R E A K T O R P R U E F B L A T T NR. 

REAKTORBETRIEBSLEITER : DR.BOECK 
REAKTORFUEHRER i SCAHCHNER 

DATUM : :?.!-.II.IN-7M 

VISUELLE UEBERPRUEFUNG i J 

ABSORBERSTABPOSITIONEN 5 TRIMMSTAB : 61.00 REGELSTAB *. 52.00 
IMPULSSTAB ! 53.00 

PRIMAERKREISLAUF AN SEKUNDAERKREISLAUF AN ! J 

KOMPRESSOR AN S J 
HALLENENTLUEFTUNG AN ! J 

I 

UEBERPRUEFUNG DER SCHNELLABSCHALTUNG : 
1. DURCH HANDAUSLOESUNG TRIMMSTAB : J 

REGELSTAB : J 
IMPULSSTAB : J 
GEMEINSAM : J 

2. DURCH DEN LINEAREN SCHREIBER : J 
3. DURCH DAS %-LEISTUNRSMESSGERAET 5 J 
4. DURCH DAS PERIODENMESSGERAET i J 
5. DURCH DIE I-KAMMER HOCHSPANNUNG : J 
IMPULSSTAB ALLEIN : 
6. DURCH BRENNELEMENTTEMPERATUR B : J 
7. DURCH BRENNELEMENTTEMPERATUR C } J 
8. DURCH DIE NEUTRONENQUELLE J ABSCHALTSTAB AUF ! J 

ABSCHALTSIGNAL AUSGELOEST : 
THERMISCHE SAEULE GESCHLOSSEN : J 
TEMPERATUR ( C) : HALLE : 25 

REAKTORKANZEL : 
AUSSEN t 24 

WASSERTEMPERATUR i 26.0 C 

STAND DES KWH-ZAEHLERS : 529662 

LEITFAEHIGKEIT BEI EINTRITT (MICRO S) 
BEI AUSTRITT <MICRO S) 0.6 

0.2 

REAKTOR ANFAHRBEREIT ZEIT 16t14!20 

Fig. 2: Computer produced daily reactor check list UNTERSCHRIFT : 



A ' B S C H A L T L I 8 T E .NR.I DATUM t 21-JUN-78 
SCHLUESSEL ABGEZOGEN \ J 
STEUERSTAEBE EINGEFAHREN î J 
KOMPRESSOR AUS î J 
HALLENENTLUEFTUNG AUS : J 
WASSERTEMPERATUR t 25.4 LEITFAEHIG KEIT BEI EINTRITT (MICRO S) î 0*6 

BEI AUSTRITT (MICRO S) J 0.2 
GESAMTE BISHER ABGEGEBENE ARBEIT (IN KWH) : 331670 

IN DIESER BETRIEBSPERIODE ERZEUGTE ARBEIT (IN KWH) Î 2008»0 

REAKTOR STILLGELEGT ZEIT J 16'$ 15)33 

i 

* UNTERSCHRIFT î 

Fig. 2 Ccont.): Computer produced daily check list 



•PRINTRDAT 

21-JUN-78 15:39:11 

•PRINTRAD 

21-JUN-78 15:39Î42 

MOMENTANE REAKTORDATEN : 
LEISTUNG STABIL BEI 250351.7 WATT 
STABSTELL .UNG TRIMMSTAB * * 51 .00 

REGELSTAB * 52 .00 
IMPULSSTAB • 5; 5.00 

TEMP ERATUR KUEHLWASSER > 31 .1 
BRENNELEMENT B • 241 * » 2 
BRENNELEMENT C * 1901 ,6 

RAUMUEBERWACHUNGSSYSTEM { 
(MESSWERTE IN MILLIR/H) 

MESZSTELLE 1 * 0.069 
MESZSTELLE 0 0.130 
MESZSTELLE 3 * 0.144 
MESZSTELLE 4 0.084 
MESZSTELLE 5 0.173 
MESZSTELLE 6 * 1.088 
MESZSTELLE 7 3.496 
MESZSTELLE 8 1 .393 
MESZSTELLE 9 * * 0.622 
MESZSTELLE 10 2.250 

21-JUN-78 15Î40:08 

MESZSTELLE 

RAUMUEBERWACHUNGSSYSTEM : 
(MESSWERTE IN MILLIR/H) 
1.595 ACHTUNG !!!GRENZWERT UEBERSCHRITTEN 

Fig. 3: Answer to operators request on present reactor 
parameters (top) 
Routine print-out of arae monitors (center) 
Interrupt due to alarm at area monitor no.9 together 
with dose rate value and accoustical alarm (bottom) 
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1.2. OPERATION EXPERIENCE AT THE TRIGA MARK III REACTOR FRN WITHIN THE LAST 
TWO YEARS, G. Rau (Neuherberg, Germany) 

This report deals with the operation experience at the FRN-reactor since 
the last TRIGA-Conference, that means actually for the period from Septem
ber 1976 to June 1978 inclusive. 
The FRN, a TRIGA Mark III reactor with a steady state power of 1 MW and a 
pulsing capability up to 2000 MW had been operated up till now to an en
ergy relaease of 6141 MWh and a total of 3295 pulses. Within the above 
mentioned time interval, 576 reactor shifts had been covered; the released 
energy amounted to 2450 MWh, the number of pulses to 714. 
The curve of released energy is shown in fig. 1. Due to the annual inspec
tion periods, deep breaks in reactor operation occurred in January 1977 
and January 1978. 

E [MWhl 
200 

150 

100 

50 

0 

Fig. 1 Energy release at the FRN for the period September 1976 to 
June 1978 
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In December 1976, severe lack of excess reactivity demanded the addition 
of more fuel to the reactor core. Thus core No. 8 had been established by 
inserting ten fresh fuel elements into the G-ring, which brought a gain in 
excess reactivity of 1 % Ak/k. The initial excess reactivity of core No. 8 
amounted to 3.73 % Ak/k at 100 W and to 1.38 % Ak/k at 1 MW reactor power. 
Fig. 2 shows the new core arrangement. 

fuel element 

H H graphite element 

flft beryllium element 

(RS) regulation rod 

( j s ) shim rod 

(SS) safety rod 

(PS) pulse rod 

(SpK) fission chamber 

& K ) safety chamber 

(LiK) lin-chamh^ 

(LgK) log-chamber 

© pneumatic-transfer 
system 

(NO) n-source 
in-core irradiation 
tube 

Fig. 2 Core No. 8 - 103 fuel elements and 3 fuel follower control rods; 
initial mass of U-235: 3825 grams 
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Due to the neutron flux flattening by the enlarged core, the reactivity 
values of all control rods had been diminished in respect to core No. 7. 
The highest loss of control rod efficiency occurred at the regulation rod, 
which had a reactivity decrease from 1.54 % Ak/k to 1.26 % Ak/k. Neverthe
less the stuck rod criterion remained fulfilled since the controlled re
activity amounted to -7.61 % Ak/k and thus the shut-down reactivity to 
-3.88 % Ak/k. 

In fig. 3, the reactivity curve for core No. 8 and the later established 
core No. 9 is plotted versus energy release for the cold and hot reactor 
core. The slope of both curves corresponds to the relation 

Ap 

AE 
££. = -1 .74 • 10"* % Ak/k/MWd . 

2,0 
6 s -

L 5 
o o 

:3 
on 

1.0 

4.0 

3.0 

0 L 2,0 _ i i i i i i i 1 — i — i i -

4500 5000 5500 

E [MWhl 

6000 

Fig. 3 Excess reactivity of the cold and hot reactor core in dependence 
of released energy (shifted zero point at 100 W reactivity curve) 
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The individual reactivity measurements had been performed in each case on 
Monday, when Xe-poisoning had decayed almost totally during the weekend; 
the slight deviations of several measuring points from the straight line 
are caused by differently absorbing irradiation samples in the core. The 
reactivity rise in core No. ,8b resulted from a temporary fuel element 
change within the core for test reasons. In core No. 8c, as described be
low, a defective fuel element from the D-ring had to be eliminated and was 
replaced by an almost fresh one from the G-ring. This procedure did not in
fluence the total reactivity balance essentially. 

In May 1978, excess reactivity had decreased to such a level that a new 
core configuration had to be built up. Instead of adding more fuel, a fuel 
element shuffle was performed with the aim to bring the most spent fuel 
elements from the core's center to its outer zones and those with least 
burnup to the central core positions. Thus core No. 9 had been estab
lished without any additional fuel; however, an appreciable gain of 
1.4 % Ak/k excess reactivity had been obtained. 

Because of the different uranium distribution in the new core arrangement, 
the neutron flux decreased by about 20 % in the G-ring and at the beam-
port endings, but it remained almost constant in the main irradiation po
sition E22. As expected, thermal and fast neutron flux was raised in the 
central zone of the core, evidence of which was given by the increased 
control rod efficiency in respect to core No. 8. Table 1 gives the com
parison between the two core configurations No. 8 and No. 9. 

Troubles occurred with the fuel element No. 6643, which showed mechanical 
deformations at first and fission product leakage later on. In May 1977, 
when performing routine inspections on elongation measurements of some 
fuel elements, the element No. 6643 could not be removed from grid plate 
position B2, since it stuck after hoisting it up for approximately 35 cm. 
The reason for this turned out to be a semispherical bubble in the center 
of the fuel element, protruding from the cladding for about 3 mm. This 
damage had been located after withdrawing this element together with the 
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Table 1 Essential data of core No. 8 and core No. 9 

Core No. 8 9 

Begin of operation Dec. 1976 May 1978 

Number of fuel elements 103 + 3 FFCR 101 + 3 FFCR 

Initial mass of U-235 3825.3 grams 3669.3 grams 

Initial excess reactivity 
P (100 W) 3.73 % Ak/k 3.87 % Ak/k 

P Q V ( 1 MW) 1.38 % Ak/k 1.41 % Ak/k 

Reactivity values of 
control rods 

P R S 1.26 % Ak/k 1.50 % Ak/k 
P T S 2.03 % Ak/k 2.18 % Ak/k 
P S S 2.24 % Ak/k 2.41 % Ak/k 
P p s 2.08 % Ak/k 2.10 % Ak/k 

Controlled reactivity -7.61 % Ak/k -8.19 % Ak/k 

Shut-down reactivity -3.88 % Ak/k -4.32 % Ak/k 

inner hexagonal section and stripping off the hexagonal section after 
storing the defective element in the storage rack. Subsequently, the ele
ment 6643 had been inserted without any mechanical difficulties in grid 
position D5 within the enlarged irradiation space, which can accept three 
fuel elements. 

About one month after this event, a sudden increase of radioactivity, mea
sured at the aerosol monitor in the reactor hall gave indication upon a 
fission product leakage from a fuel element cladding burst. Additional 
measurements by taking air samples within the reactor hall in compressed 
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air cylinders (pressure 200 bar) and subsequent gamma spectroscopy con
firmed this assumption by showing the gamma lines of the short lived noble 
gases Kr-85m, Kr-87, Kr-88, Kr-89, Xe-135m, Xe-135, Xe-138 and their fol
lowers Rb-88, Rb-89 and Cs-138. Naturally, the element No. 6643 was sus
pected to be the leaking one. It was removed from the core after shutting 
down the reactor. After some hours, when radioactivity in the reactor hall 
had been reduced to its normal level by decay and ventilation, reactor 
operation had been resumed for several hours and not the least fission 
product emission could be measured. For a definite test, the element 
No. 6643 was reinserted into the core and after recommencing reactor oper
ation for some minutes, a repeated increase of the radioactivity level in 
the reactor hall gave assurance that element No. 6643 was the failing one. 
It was taken out of the core definitively and transferred to a storage 
well in the biological shield. 

Several minor failures with the pneumatical shock absorbers of the control 
rods gave reason for some mechanical improvements. In its original version, 
the shock absorber's working surface was too coarse to ensure optimal de
celeration of the falling rod. The deceleration values decreased more and 
more by moist and dirt in spite of regular maintainance, and finally one 
shock absorber failed totally in July 1977. To eliminate this misoperation 
once for all, investigations and tests in the reactor workshop were per
formed with the result of polishing the gliding planes of all shock ab
sorbers with utmost accuracy and greasing them by a thin layer of a spe
cial lubricant. From that time on, all shock absorbers work excellently. 
Control inspections in regard to their correct operation are performed 
monthly, regular maintainance work with cleaning and relubricating takes 
place each three months. 

During the annual main inspection in January 1978, the pool water had been 
transferred totally to the storage tank after unloading the core with sub
sequent shifting the fuel elements to the storage wells. This was neces
sary for control of the reactor tank by the TOV, a German technical super
vision authority. Since no damages could be detected in the aluminum ves-
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sel, especially at the beamport weldings, which had been repaired three 
years ago with a special metallic adhesive, the tank could be refilled as 
scheduled and the core had been reloaded. 

In a large amount, the reactor had been utilized for irradiation of sam
ples for various purposes, e.g. activation analysis, radionuclide produc
tion, irradiation of biological matter and animals. In the regarded peri
od, more than 10 000 samples had been irradiated; a survey is given in 
Fig. 4. 
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Fig. 4 Number of samples irradiated at the FRN during the period 
September 1976 to June 1978 
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A new irradiation device, the so-called rotating disk assembly, had been 
installed in the reactor. It replaces the rotary specimen rack in nearly 
all cases, since normally those samples which shall be irradiated together 
for means of comparison have only small sizes and can be filled into the 
rotating disk. The main reason to construct this new irradiation device, 
however was the impossibility of performing irradiations with the rotary 
specimen rack in the reactor bridge position I, the beam port side. Since, 
except for irradiations at the exposure room, normal reactor operation 
takes place in position I because of beam tube utilization, it was quite 
reasonable to find an adequate alternative for the rotary specimen rack. 
The rotating disk assembly is shown in fig. 5. Its main part is the ro
tating disk itself, which can take up 40 quartz ampoules of 6 mm diameter 
and 70 mm length. The ampoules are haltered by an aluminum wire wrapped 
twice around the disk in the outer notch and twisted together on its ends. 
To perform irradiations, the disk is coupled to the driving mechanism of 
the assembly, the whole device is inserted into the addional grid plate 
and the disk is swiveled to the core. 

Fig. 5 Arrangement of the rotating disk assembly at the core 
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The disk is operated hydraulically and rotates with approximately 200 rpm. 
In the original design, the driving mechanism contained a stainless steel 
ball bearing, which stuck after about 20 hours of operation because of 
missing lubrication. It had been replaced therefore by a simple sleeve 
bearing of special graphite, which has worked excellently for several 
hundred hours of operation up to now. Comparison measurements in neutron 
activation analysis of more than 1000 samples showed agreement within the 
error limits of one percent and thus demonstrates this irradiation device 
to be an excellent tool for multisample irradiations. 
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1.3. OPERATING AND MAINTENANCE EXPERIENCE OF THE TRIGA MARK II REACTOR 
AT THE UNIVERSITY OF PAVIA IN THE PERIOD: JULY 1976 - JUNE 1978, 
A. Cambieri, F. Cingoli, N. Genova, E. Orvini (Pavia, Italy) 

INTRODUCTION 

The importance of the Pavia reactor has been increased in the past 
two years due to the shut down of many research reactors in the northern 
part of Italy were we operate. The external users have increased in 
number and in irradiation time; researchers from Firenze, Torino, Genova, 
Ferrara, and Siena Universities have been utilizing the Pavia reactor. 

Besides this accademic researchers, many other firms and official 
organisations have utilized the facilities available at Pavia. Emong 
them the Commission of the European Communities, some governative 
laboratories, the National Electric Energy Autority, and the Carlo Erba, 
a Montedison subsidiary. 

Reactor operation 

The reactor operation period considered in this paper ranges from 
July 1976 to June 1978. Reactor operation time, MWD and burn-up data 
are shown in table 1. 
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In the period July 1976 - June 1978 the reactor was operated 
1,986 hours at full power (250 Kw) steady state. No pulses were performed 
in the considered time mainly because no applications were presented by 
the researchers, possibly for the high cost of each pulse,, During the 
same period 551 applications for reactor use were submitted. The applications 
were classified in several main groups and the distribution of reactor time 
among this groups are reported in table 2 and 3o 

Despite its age (13 years) and despite the fact that our console is 
still of the vacuum tubes kind, the control electronic equipments still 
work with minor trouble so that the updating of the entire electronic 
system, now in progress, may be performed without special urgency. 

The Health Physics procedures in the past two years were those already 
described in the previous Conferences. All doses to personnel were below 
the sensitivity of the film-badges (15 mrem/l.5 months for fast neutrons 
and 20 mrem/month for gamma rays), also during the work done for the 
removal of the graphite from the thermal column for the installation of 
Euracos facility. 

Improvement of the area monitor equipments are now in progress. 
The number of new stainless steel elements in the core was increased 

in order to compensate the burn up of the old elements, and some reassesment 
of the in core position of the elements were done. 
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Inspection tool 

The utilisation of some new stainless steel clad elements arose some 
problems with the inspection tool. The new winged element lower part does 
not fit with the original design of the measuring tool, so that was 
necessary to modify it. 

Three cuts in the tool allow the lower part of the new winged element 
to penetrate in a riproducible and fixed position in the measuring 
equipment as shown in fig, 1, 2, 

The tool was tested and used many times giving always very reprodu
cible and reliable measurements, both for the new and the old elements. 

Central thimble 

Due to increasing requests in this maximum flux irradiation 
position, the central thimble irradiation facility have been modified. 

Essentially a sealed aluminum tube was installed so that irradiations 
are done in air, allowing the use of conventional rotating facility 
irradiation containers. The tube was sealed 35 cm from the bottom end 
(fig, 3) to ensure a vertical guide by the two grid plates and a good 
and reproducible positioning of the samples inside the tube. The lower 
portion of the tube below the seal was ventilated with holes to flood 
it with water. Only a minor decrease in reactivity was measured on 
respect of the previous central thimble assembly. 
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Thermalised flux pneumatic system 

After the installation of Euracos II converter some kind of irra
diations in Thermal Column were very difficult to do. To allow an easier 
utilisation of the thermal flux there available, a pneumatic system was 
inserted in the thermal column behind the converter inside the empty box, 
close to the external face of the column, as shown in fig, 4o The facility 
may be operated both by compressed air or by a vacuum system, 

, 9 -2 Preliminary flux measurements show a lower flux (3«2 x 10 n cm sec 
than in the previous thermal column pneumatic facility. 

Safeguards and book keeping rules 

From 1978 new safeguards rules have been enforced by the European 
Communities Regulations and by the IAEA0 They mainly refer to the 
accounting records of the fuels and other fissile materials flow. 

In particular the whole LENA Laboratory was designed as one single 
material balance area (MBA) and two strategic points were identified 
inside this area for the determination of nuclear material flow, 
A) Receipt and deexemption of nuclear material; 
B) Shipment, examption and accidental loss of nuclear material, nuclear 

loss and nuclear production. 
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For the determination of physical inventory, four key - measurement 
points (KMP) were assigned: 
A) Fresh fuel storage 
B) Reactor core 
C) Spent fuel storage 
D) Other locations of nuclear material at the facility0 

Each single element was indicated as a single batch,, The basis for 
the evaluation of the fuel burn up has not yet been fully establishedo 
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T A B L E 1 

Data on reactor operation from 1966 to June 1978 

Period 
Yearly average 

1966 - 1975 
1976 1977 

Jan . 78 

June 78 

Hours at 250 Kw 1,224 892 889 539 

Pulses 79 5 0 0 

MWD 12.75 9.29 9.26 5.61 

Burn up 

(g of 2 3 5 U ) 13.42 9.78 9.75 5.91 
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T A B L E 2 

Reactor u t i l i s a t i o n in the time period 

July 1. 1976 - June 30, 1978 

Experiments Reactor time 
used (hrs) Time percent 

Activation analysis 

Radioisotopes 
production 

Forensic 

Miscellaneous 
experiments 

Teaching and 
t raining 

4,400 

491 

83 

519 

110 

78.53 

8.76 

1.48 

9.26 

1.97 

Total 5,603 100$ 
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T A B L E 3 

Reactor users in the time period 

July 1, 1976 -.Tune 30, 1978 

Users 
Reactor 

time (hrs) 

Time 

percent 

Pavia University 

Other Universi t ies 

Euratom 

Governative 

Courts of Jus t ice 

Industry 

4,424 

450 

528 

101 

83 

17 

78.96 

8.03 

9.42 

1.80 

1.48 

0.31 

Total 5,603 100$ 
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Fig. 1 
a) New measuring tool 
b) New measuring tool and new element 
c) New measuring tool and new element in measure 

a) 
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a) Old measuring tool and old 
element in measure 

Fig. 2 b) New measuring tool and old element 
c) New measuring tool and old 

element in measure 



I* '*! 

Fig. 3 - New central thimble irradiation facility 
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o 
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Fig. 4 Pneumatic facility in the thermal column 
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2.1. EXPERIENCE FROM THE TRIGA REACTOR IN FINLAND, B. Bars (Otaniemi, 
Finland) 

. ABSTRACT 

Experience from the Finnish 250 kW TRIGA reactor is reported. The 
maximum fuel elongation during 16 years operatior. is about 2.4 mra (B-ring) . 
No fuel damages have occured (U-ZrH. „, Al-clad). The instrumentation, has 
partly been renewed and a possible renewal of the whole instrumentation 
is under consideration. The communication with other TRIGA laboratories 
reveals similar trends to upgrade or to completely replace elder 
instrumentation. 

In order to test a theoretical model, to obtain experience and 
parameters for optimization and for possible use of the mean square (or 
Campbell's technique) for reactor power measurements, a series of 
measurements were carried out. Ine present fission and compensated 
ionization chambers in the FiR-1 reactor were used. The influence of 
compensation voltage, filter frequency, reactor power etc.were investigated. 
The preliminary results and findings are reported. 

The occupational (whole body) dose-commitment to about 100 workers in 
the laboratory has been about 20 man Tern/year (includes about 60 per cent 
from background radiation). The average additional dose (above background) 
has been in the range 4... 10 mrem/workingmonth x person during the last 
years. The largest occupational whole body dose ever measured is 1.35 rem/ 
year and the largest dose for the thyroid 1.9 rem/event and about 5 rem 
from several events during a one year period. 

e n . • .• c T131 _, 210 . , _.210. _. 122 , .,124 
Small contaminations of I , Po (a; from Bi ), Sb and Sb 

have been detected and have required decontamination of some working areas, 
some irradiation facilities etc. 

The yearly radiation dose from Ar release (£.30 Ci/1300 h oper time) 
and to a person in the neighbourhood of the reactor was semiempirically 
estimated to be at most about 100 yrem/year (dose commitment < 1 man-rem/ 131 year). The maximum thyroid dose from the largest I release (2 mCi/year) 
was estimated to about 100 yrem/year. 
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1965 1970 . 1975 1965 1970 1975 
2 .ELONGATION-OP 250 }cW TRIGA FUEL ELEMENTS, FINLAND 

1970 1975: 
29-8.1973/BB 



TRIGA INSTRUMENTATION 

Original 
Lab. Built instr. 

1 1961 GA 

2 1962 GA 
3 1962 GA 
4 1962 GA? 
5 1965 GA 
6 1965 GA 
7 1967 NOT GA 

8 1968 AEG ' 

9 1972 * H&B 

10 1973 Reyrolle 
Parson A 

New 
instr. Supplier Remarks 

1977 Own lab. 

1974 partly+add.plans Own lab.+? 

- need to renew No money 

? partly 

planned 

1977 partly 

1978 step by step 

partly 

Own lab. 

H&B 

Own lab. 

? 

Microprocessor rad.mon. 
system planned 

Plans: microproc. for dataglog 

Gradual replacements 
Possible microcomp. for logging of 
water system 
Computer control anticipated 

No additional plans 

Interest in wide range channel 
Minicomputer data logging and check
list; V-channel 

V-ionization chamber, SPND 

ig. 3. Some examples of TRIGA instrumentation and planned changes. 



2.2. OPERATING AND MAINTENANCE EXPERIENCE OF THE TRIGA MAINZ REACTOR, 
H. Menke (Mainz, Germany) 

Paper presented orally. Written paper not available. 
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2.3. OPERATION AND MAINTENANCE OF THE 250 KW TRIGA MARK II REACTOR AT THE 
J. STEFAN INSTITUTE, V. Dimic, I. Mrcun (Ljubljana, Yugoslavia) 

1. INTRODUCTION 

At the J.Stefan Institute in Ljubljana a 250 kW TRIGA 
Mark II reactor has been in operation since May 31, 1966. It is 
the steady state operated reactor without pulsing capabilities. 

During the last two years the reactor was in operation 
without any longer shut-down. Only a small bending of the 
regulating control rod was noticed. This failure was repaired. 

One of the major problem, but not connected to the opera
tion of the reactor, is the delivery of the new FLIP fuel 
elements which were ordered from the General Atomic Company in 
1977« Because we are not able to get an export licance from 
the US Government for this 70 % enriched uranium, the delivery 
of the 7 fuel elements has been postponed so the reactor is 
operating without any spare fresh fuel elements. Fortunately, 
regular inspections of the fuel elements have not shown any 
further elongations of the Al-clad fuel elements, as was revealed 
in 1973-

Since the beginning of operation, the reactor has been 
at full power about 24-00 hours per year, or 220 hours per month, 
which means that the utilization of the reactor in Ljubljana is 
relatively very high (Diagram l). One of the reasons for this 
high utilization is the quite extensive production of radioactive 
isotopes, especially short lived, for various consumers and the 
irradiation of samples for our nuclear chemistry division. In 
1977 around 1200 samples were irradiated in the rotary specimen 
rack, 300 samples in the central thimble and 500 samples in the 
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pneumatic system. In particular, the number of irradiations of 
lithium carbonate in order to produce radioactive F-18 for bone 
scanning has substantially increased and in the first half of 
1978 we produced around 1800 mCi of F-18. An avarage value of 
the activity of F-18 per one irradiation is 18 mCi. In order to 
get this high value, we increased the amount of natural lithium 
carbonate from 2 grams to 4- grams, which is the maximum weight 
which can be irradiated, otherwise the container is too long, 
because of the bend in the central thimble at the top of the 
reactor tank. 

In 197& "the water was removed from the central thimble in 
order to use the semiautomatic sample lifting device for 
inserting or removing irradiation containers. Until now we did 
not notice any problem during the irradiation of samples arising 
from the absence of water in the central thimble. 

At the last TRIGA Users Conference we already reported 
that problems with rotary specimer rack occurred, and therefore 
we redesigned the Lazy Susan. 

2. A NEW ROTARY SPECIMER RACK 

It was metioned already that the frequency of irradiations 
at the reactor in Ljubljana is quite high; therefore reliable 
and useful irradiation and sample handling facilities have to be 
available. The original Lazy Susan became defective in the sense 
that many times we could not find the proper position of the 
inserted samples. Therefore we redesigned the original Lazy Susan 
so that loading and unloading is performed by a pneumatic system; 
also the bearing had to be replaced by stainless steel and 
graphite balls, a system alredy made by the General Atomic for 
TRIGA Mark III reactor. Such a rotary system was not available 
on the market and therefore we designed the new Lazy Susan with 
a pneumatic system and a ball bearing which is not affected by 
high irradiation. At the same time there is also the possibility 
of inserting and lifting the sample by the old semi-automatic 
lifting devices. 
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In order that the pneumatic system will function at the 
bottom of the sample tube in the rotary system there are small 
holes at all 4-0 positions to facilitate air circulation. Because 
the rotary drive mechanism is closed by shielding material to 
prevent streaming of gamma and neutron radiation to the top of 
the reactor, a special tube is mounted along the rotary drive 
tube which also serves for the air circulation. To prevent too 
high speed of the sample container during the loading procedure, 
a two-way valve is provided in the system which is closed during 
the loading of the sample. In this case circulation of the air 
is prevented and the sample container reaches the irradiation 
position without any damage. 

It is possible to transfer irradiated samples by the 
described system to the hot cell even when the reactor is 
operated at full power. 

The rotary irradiation system was manufactured at the J. 
Stefan Institute workshop and it was installed very recently 
in our TRIGA reactor. So far it is working without any problems. 
Before installation it was tested very extensively. It runs 
very smoothly because of the stainless-steel graphite ball bearings 
are situated. 

3. DIGITAL CONTROL BY MICROPROCESSORS 

During the last years, we have gradually substituted some 
of the original instrumentation of the reactor because of ageing 
of the electronics or to improve the operational posibility of 
the reactor. Since 1972 we have added or exchanged the following 
instrumentation: an instrument integrator which measures the 
power of the reactor (digital display) and the number of kilowat 
hours; the starting channel, where instead of a meter, a 
counter/timer together with a preamplifier, amplifier and discri
minator is used; a recorder with two Keithel amplifiers with an 
automatic range switch, and a mechanical rod position indicators 
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have been replaced by a three-digit display which is fed by the 
signal from the shaft encoder. Throughout this process the 
possibility of automatic data logging and direct digital control 
by a computer was considered. Currently a configuration based on 
two microcomputers in a master-slave hierarchical origanisation 
is in the later stages of development. It is expected that this 
design will result in high reliability for routine operation, 
thus relieving the operators and also providing great flexibility 
for experiments. A more detail description of this system is 
given in a separate contribution. 
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2.4. ANALYSIS OF CRACK-FORMATION IN THE SHIELDING CONCRETE OF A TRIGA 
MARK II REACTOR, H. Linsbauer, P. Maydl (Vienna, Austria) 

1. General: 

In 1962 the TRIGA Mark II research reactor Vienna was put 
into operation. Within a short time several cracks appeared 
at the concrete surface and the number and width of the 
cracks had grown till now. Therefore the origin of this 
cracks had to be investigated and a solution had to be 
outlined to avoid further crack increase. 

2. Experimental analysis: 

First of all a survey of all cracks was made. Fig. 1a shows 
a typical crack-formation of the lower part of the shielding, 
which consists of baryte concrete. Crack No. 1 is the one 
with the maximum width of 1,7 mm. It circles around the 
whole shielding in the same level. 

At four points of this crack/ as well as at two vertical 
cracks the crack movement was measured by inductive gages. 
Simultaneously the temperature of the cooling water in 
the reactor tank at the top and at the bottom as well as the 
air and the concrete temperature waeerecorded. The results 
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of these measurements are shown in Fig. 1b where the crack 
movement as a function of the air and concrete temperature 
is demonstrated. A two weeks experiment did not show any 
correlation between primary water temperature and crack 
movement. 

Four drill cores were taken out of the concrete piercing the 
cracks under an angle of 45°. The concrete texture was 
undisturbed; with the drill cores the compressive and 
tensile strength as well as the static modulus of elasticity 
were determined by test. 
The compressive strength was at about 65 N/mm , the tensile 

7 strength at 3 N/mm and the modulus of elasticity at an 2 average of 36 000 N/mm . These characteristic values were 
used for the following calculations. 

3. Theoretical analysis: 

The calcultaion of the thermal stresses was made in two 
independent ways: 
1. analytically, simulating the shielding concrete as an 

infinite hollow cylinder of constant thickness 
2. by the Finite Element method, for a better description 

of the geometry 
The following assumptions were made: 
1. Stationary temperature conditions 
2. Reference temperature of 18 C 
3. Shielding concrete without cracks. 

For the build up-factor, which must taken into consideration, 
two approximations were used; 
1. the exponential approximation of Taylor for the analytical 

calculation with values for normal concrete,being more 
convenient for further use. 
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2. the polynome approximation for the Finite Element -
calculation, with values for baryte concrete. 

The geometric system for the Finite Element calculation is 
shown in Fig. 2 

For both methods the pool water temperature was assumed with 
38° C, the air temperature with 18° C. Analytically the three-
dimensional state of stress was calculated for 3 thermal 
insulations, glass or slag wool with a thickness of 5, 10 
and 15 cm, and for the bare shielding concrete. 

Finite Element calculations were made: 
1. without insulation and primary water temperature 38° C 
2. with 10 cm insulation and primary water temperature 38° C 
3. without insulation and primary water temperature 28° C 

The results are shown in the following Figs.: 
1. The analytical calculation: 

Fig.3 shows the temperature distribution in radial direction 
for the three various dimensions of the thermal insulation 
and that for the bare concrete; 

Fig.4 to 6 show the radial-axial-and tangential stress 
distributions for the four cases. 

Fig.7 and 8 show the influence of the ̂ -radiation on 
temperature and axial stress distribution. 

Fig. 9 shows the effect of various dimensions of the thermal 
insulation on the axial stresses at the concrete surface 
at different Ĵ -dose rates. 
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2. The Finite Element Method: 

Fig. 10 shows the temperature distribution for the three 
calculations mentioned above. 

Figs. 11 to 13 show the corresponding stress distribution 
of radial, axial and tangential stresses. 

Fig. 14 shows a plotter drawing of the iso-lines of axial 
stresses without thermal insulation for the baryte concrete 
part of the shielding. In this part the maximum tensile 
stress is located very close to the actual crack situation. 

Fig.15 shows the principal stresses. 

Comparing the two calculation methods very similar results 
are obtained with one exception,concerning the influence 
of the thermal insulation. 
- according to the analytical calculation 10 cm insulation 
yield an axial stress decrease of about 50°*, 

- using the Finite Element Method only 15°s are obtained. 

This can be explained as follows: The insulation reduces 
the temperature gradient in radial (horizontal) direction 
as the concrete surface temperature increases. At the same 
time an additional temperature gradient in vertical 
direction results which also causes tensile stresses beyond 
the tensile strend:h. 

4. Conclusions: 

1. The cracks of the shielding concrete are exclusively 
caused by the thermal stresses. 
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2. A temperature gradient of 20 Cproduces tensile stresses 
beyond the tensile strength. 

3. A thermal insulation at the lower part of the shielding 
is not effective. For a stress decrease it is necessary 
to reduce the temperature gradient from 20 C to 10 C 
which requires a maximum primary water temperature of 
28 C. This gradient causes maximum tensile stresses 
of 3 N/mm , near the tensile strength. 

4. The structural system of the shielding concrete as 
a monolithical block without joints produces auto
matically tensile stresses. Together with an un-
sufficient reinforcement-assuming a temperature 
gradient of 20 C - it causes cracks at the outer 
concrete surface. Baryte concrete has an unfavourable 
influence on the thermal stresses too, because the 
temperature expansion coefficient has nearly the 
double value of normal concrete. In consequence of 
his numerous cleavage planes the tensile strength of the 
investigated concrete is very low compared with the 
high compressive strength and rigidity. 
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2.5. ABOUT THE SAFETY ANALYSIS OF INSTANBUL TRIGA MARK II REACTOR, 
N. Aybers and H. Yavuz (Instanbul, Turkey) 

INTRODUCTION 

The accidents potentially related to the operation of 
TRIGA Mark-II reactor have been analysed in Safety Analysis 
Report of ITU Research Reactor, with special consideration 
being given to site characteristics. 

The maximum credible accident that can take place in a 
swimming pool type research reactor, is the accidental drop
ping of a fuel element into of the critical reactor core. In 
U type core loading it is possible to drop an element into a 
central position of the core. 

As it is well known, in BORAX experiment 3.2% 6k/k reac
tivity insertion at a speed of 12 m/sec. generated a total 
energy release of 130-180 MW-sec. (1), which caused the de
struction of the core by explosion. Therefore, in the safety 
analysis of pool type reactors BORAX accident should not be 
overlooked. Using the inhour equation and the graph of the to
tal energy against the period found in the BORAX tests, the 
conclusion is reached that a step insertion of 2% 6k/k in the 
IRR-I with the water temperature from 19-28°C, would cause an 
excursion of a 4.2 msec, reactor period and a maximum total 
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energy release of about 80 MW-sec. (1.9 x 10 7 cal.) which 
could cause considerable damage to the core of a swimming 
pool type reactor and some of the fuel might melt (2). It is 
interesting to note that, in TR-1 Research Reactor the reac
tivity effect of an element at central position was found to 
be about 2% 6k/k. 

In a TRIGA Mark-II Research Reactor with pulsing capabil
ity, $ 3.00 or 2.1% 6k/k reactivity insertion is amoung the 
usual operating practise. Therefore, this kind of event should 
not be considered in the safety analysis of TRIGA Reactor. 

The following events are abnormal incidents that should be 
taken into account: 

1. Cladding rupture. 

2. Reactivity accident. 
3. Loss of coolant accident. 

RELEASE OF FISSION PRODUCTS 

Table-1 lists the accumulated amount of fission products 
of 250 kW TRIGA Reactor during a continuous four year opera
tion period. 

The fission products that are released from U-ZrH type 
fuel elements, have been investigated extensively. This frac
tion was experimentally measured by GA as 1.5 x 10~ (3). 

In the safety analysis of a cladding rupture incident, it 
is basically assumed that only the fuel element located in 
the innermost ring (B ring) where it produces the highest 
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power density 2.6% of the total power, is involved in the 
event, and the fission products that are accumulated between 
the cladding and the fuel core are released to the water. 
Furthermore, it is assumed that 100% of the noble gases and 
50% of the halogens are released. The following assumptions 
are made: 

1) 100% of the noble gases are discharged through the chimney, 
2) 10% of the halogens are in the form of organic compounds 

which are totally discharged through the chimney, 
3) Of the remaining 90% inorganic halogens, 1% are discharged 

through the chimney, 
4) The emergency ventilation system is not in operation and 

the regular ventilation system is discharging air at a rate 
3.22 x 10 6 cm 3/sec. (building ventilation rate is 2 air 
changes/hr.). 

Under these conditions, the fraction of the fission pro
ducts that are released to the medium are calculated as fol
lows: 

1.5 x 1 0 ~ 5 x 1.0 x 2.6 x 10" 2 = 3.9 x 10~ 7 

1.5 x 10" 5 x 0.5 x (0.1x1. 0 + 0.9x0.01) x2.6xl0~ 2 

2.1 x 10~8 

With data given in Table-1 for the highest power density 
fuel element rupture incident the following results have been 
obtained: 

"NG 

fH 
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Total noble gases: 

127 033 x 2.6 x 10~2 = 3302.86 Ci 

Total halogens: 

76 830 x 2.6 x 10~2 = 1997.58 Ci 

Total iodines: 

71 600 x 2.6 x 10~2 = 1861.60 Ci 

The ammounts of gases that can escape from the fuel el
ements are as follows: 

Noble gases: 

3302.86 x 1.5 x 10~ 5 x 10 3 = 49.54 mCi 

Halogens: 

1997.58 x 1.5 x 10~ 5 x 10 3 = 29.96 mCi 

Iodines: 

1861.60 x 1.5 x 10~ 5 x 10 3 = 2 7.92 <mCi 

According the above presumptions, 100% of the noble gases 
and 50% of the halogens will be released by the fuel element. 
Therefore, the radioactivity account by the, 
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Halogens are: 

29.96 x 0.5 = 14.98 mCi 

Total iodine: 

27.92 x 0.5 = 13.96 mCi 

1-131: 

5950 x 2.6 xl0~ 2 x 1.5 x 10" 5x0.5 x 10 3 = 1.16 mCi 

CLADDING FAILURE 

The effect of the total failure of the cladding of a fuel 
rod was calculated for the 250 kW Oregan State University 
TRIGA Reactor (4). 

With stainless steel type 304 fuel elements, the cladding 
reaches its failure strength when the fuel temperature exceeds 
900°C. In a 250 kW TRIGA Mark-II Reactor, there are typically 
6 3 fuel elements and the calculated maximum power per fuel el
ement in the B ring is 6 kW. For the fuel element temperature 
to reach 900°C, it would be required that the coolant is to^ 
tally leaked out after the reactor is shutdown and that the 
maximum power per fuel element reaches 22 kW (3). 

With the assumption of a cladding rupture occuring at the 
highest power density fuel element when the reactor tank is 
full, the radioactivity of the released 1-131 is found as fol
lows: 
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5950 x 2.1 x 10 x 10 3 = 0.125 mCi 

Radioactivity level in the water: 

The volume of water in the reactor tank is 23.5 in3 (6200 
gal.), hence the water activity due to absorption of halogens 
is calculated as: 

(14.98 - 0.125) mCi c , 0 ,n-- „ . . 3 - = 6.32 x 10 yCi/cm3 

0.235 x 10 3 cm3 

This amount will decrease to 1.125 x 10~ uCi/cm3 whithin 
the following 24 hr. after the incident. The fission products, 
which are dissolved in the water can be filtered out, by the 
demineraliser, and disposed as liquid waste (5). 

REACTIVITY ACCIDENT 

In a TRIGA Mark-II Reactor, with a clean core, the maximum 
excess reactivity is 2.1% 6k/k. The control rods have a total 
effective reactivity worth of 6% Sk/k, the pulse rod alone has 
a reactivity worth of 2.1% 6k/k. 

Events related to the rapid insertion of the total excess 
reactivity in the reactor system is postulated as follows: 

High worth control rod (pulse rod) when ejected from the 
core, it introduces 2.1% 6k/k ($ 3.00) reactivity to the core. 
Such operation carried out at nearly zero reactor power, is 
the routine pulse mode of the reactor. 

In this case the reactor power jumps to 1200 MW and the 
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maximum power reaches 28.5 MW in the B ring fuel element. Du
ring the experiment 16 MW-sec. energy release occurs and the 
maximum temperature is calculated as 539°C. Obviously this tem
perature level is harmless to the core, and the resulting ther
mal stresses are negligible as compared to the yield strength 
of the material (3). 

A more serious accident is postulated as follows: 

The reactor is loaded to maximum excess reactivity. The 
operator slowly withdraws all the control rods (except the 
transient rod) until all the rods are completely out and the 
reactor is operating at highest steady-state power. The next 
step in this incident takes place as the operator inserts the 
full worth of the transient rod by ejecting it from the hot 
reactor operating at about 250 kW. 

Of course, in order for this operation to take place, the 
reactor operator would have to deliberately violete approved 
procedures, and a series of reactor safety interlocks and 
scrams. 

From the measurements done on the prototype TRIGA Mark-Ill 
Reactor (5) rated 1 MW, 1.4 MW was reached when all the con
trol rods were up. Under these circumstances, the prompt in
sertion of 2.1% 6k/k results an average temperature rise in 
the core of 233°C and a peak temperature rise of 399°C. 

Thus, even under this adverse situation, the average and 
maximum temperatures reach 470°C and 804°C respectively, and 
do not exceed the 900°C limit for type 304 SS cladding. There
fore, it is concluded that the reactivity accident in TRIGA 
Mark-II Reactor is not o serious incidence which requires a 
special attention. 
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LOSS OF COOLANT ACCIDENT 

If the coolant is lost immediately after reactor shutdown, 
the fuel temperature will rise to a maximum value of 275°C. 
The stress imposed on the fuel element cladding the internal 
gas pressure is about 1200 psi which is far below the yield 
stress for the cladding (37 000 psi). 

The most serious event is the coincidence of the rapid in
sertion of the total excess reactivity and loss of coolant ac
cident. The PULSE calculations indicate that, when the reactor 
is pulsed to 1200 MW the average and maximum fuel temperatures 
would be respectively 297°C and 539°C (3). We assume that the 
coolant is loss 2 seconds after initiation of the transient. 
The reactor power level after the transient with no control rod 
insertion is less than 400 kW, and the maximum power density 
per element is about 10 kW. When the expected temperature rise 
with zero cooling time is added to the already heated elements, 
the average and maximum fuel temperatures may reach respect
ively 697°C and 939°C. Although this is very unlikely, the 
cladding rupture of the highest power density fuel element may 
Occur. 

It must be noted that, the full section of a broken 6 in. 
radial beamport, without plugs will, drain the reactor tank in 
215 sec. 

DOSIMETRY CALCULATIONS IN THE VICINITY OF THE REACTOR 

Assuming that the reactor has been operating at 250 kW for 
four years (i.e., 1 MW-yr) prior to losing all of the shilding 
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water, using the predominant wind velocities, the radiation, 
dose rates at the vicinity of the reactor is calculated. In 
this calculation a method more detailed and different than 
usual is invoked (5). 

The variation of radioactivity concentration with distance 
from the chimney is given as: 

c = 2 ex P(-h 2/2 a2) 
TT u o a 

y z 
where 

C : Radioactivity concentration in Ci/m3 

Q : Activity released from the chimney in Ci/sec. 

U : The average wind speed at the exit of the chimney 
in m/sec. 

0 , 0 : Diffusion coefficients in m. 
y z 

h : Height of the chimney in m. 

The diffusion coefficients a and a , are obtained from the 
diagrams shown in reference (7). 

When the reactor tank is empty, the 1-131 activity contam
inating the air is 1.16 x 10~ Ci. Since this activity will 
disperse into 5800 m 3 of air confined by the reactor hall, the 
unit activity in the air will be 2 x 10 Ci/m3. 

In this analysis the emergency ventilation system is as
sumed to fail which leads to a vanishing filter efficiency. 
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Since the main ventilation system has a capacity to displace 
the air confined in the hall within 1/2 hr., the air dischar
ge rate will be 3.22 m3/sec. Therefore the radioactivity dis
charge rate is Q = 6.44 x 10~7 Ci/sec. 

As indicated (8) , the average wind speed measured for a 
period of 20 years at 10 m. elevation, at the site is 4.7 
m/sec. In highly stable weather conditions (Pasquill-F inver
sion situation), annual wind speed at 15 m. elevation is ex
trapolated as 6.5 m/sec. 

For 1-131 the thyroid dose is calculated as follows: 

D(x) = 3600 x B x K. x C(x) x t 

where 

D : Thyroid dose in Rem. 
B : The standard respiration ratio during an 8 hr. 

working day. 
K.: The internal dose effectivity of 1-131 
C : Activity concentration of 1-131 (Ci/m3) 
t : Radiation exposure period. 

In the calculation of the coefficient of this formula, B 
was taken as 3.4 7 x 10"" m3/sec. and K i as 1.486 x 106 Rem/Ci. 
Since, the total air confined in the reactor hall is displaced 
in 1/2 hr. the radiation exposure time t is taken as equal to 
this period. 

The results of the calculations made according to these 
assumptions, are tabulated in Table-2. 
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As it is seen from this Table, under the most stable 
weather conditions (inversion state), the maximum thyroid 

- 2 dose at 750 m. from the chimney is about 3.8 x 10 mRem. 

Fig.l shows isodose contours in the vicinity of the re
actor site. As it is seen from this figure, the dominant winds-
blow in N-E direction. Hence the location of the maximum dose 
is around the S-W foothills of ITU campus. 

The same calculations give a maximum dose of 3.28 x 10 
mRem, at a location 100 m. away from the chimney under the 
most unstable conditions (Pasquill-A). This result is smaller 
in magnitude than the former case, and the point of its max
imum lies in inhabitant land, between the reactor and the 
other campus buildings. 

CONCLUSION 

In this case analysis, even though the possibility is be
lieved to be exceedingly remote, the most unfavourable assump
tions are made. That is: 

- The rapid insertion of the total excess' reactivity in the 
reactor operating at a power less then 1 kW. 

- Coincidence of the reactivity insertion and loss of cool
ant accident, 

- Cladding rupture occuring at one of the highest power den
sity fuel elements as a consequence, 

- Emergency ventilation system failure, leading to a van
ishing filter efficiency. 

2-40 



It is shown that, even under this most unfavourable con
dition, the maximum radiation to which the nearby inhabitants 

— 2 
will be subjected, is 3.8 x 10 mRem per 1/2 hr. 

The annual background radiation dose to which people are 
exposed due to natural radiation varies according to the lo
cation and living conditions, between 50 and 300 mRem/yr. But 
areas are known in India and Brazil with monazite sands, rich 
in throium and uranium give the population an average dose of 
1500 mRem/yr. being three times the international permissible 
standards, which is 500 mRem/yr.. according to the ICRP recom
mendations. Or equivalently, 

= 3 x 10~ 2 mRem per 1/2 hr. 
2 x 365 x 24 

This calculation showed that, even in the hypothetical 
case of the coincidence of four abnormal incidents the result
ing radiation dose to the population does not exceed much the 
magnitude of the permissible dose of the ICRP recommendations. 
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TABLE - 1 
NOBLE GAS AND HALOGENS IN THE REACTOR (3) 

Isotope Quantity (Ci) 

Br-83 1,020 
Kr-83m 1,020 
Br-84 2 ,060 
Br -85 2 ,150 
Kr-85m 2 ,150 
Kr-85 113 
k r - 8 7 5 ,400 
Kr -88 7 ,700 
Kr-89 9 ,750 
Kr-90 10 ,850 
K r - 9 1 7 ,350 
1-131 5 ,950 
Xe-131m 48 
1-132 8,850 
1-133 14 ,350 
Xe-133m 350 
Xe-133 14 ,350 
1-134 16 ,100 
1-135 13 ,400 
Xe-135ra 4 ,050 
Xe-135 13 ,850 
1-136 12 ,950 
Xe-137 12 ,550 
Xe-138 11 ,700 
Xe-139 11 ,800 
Xe-140 8,100 
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TABLE - 2 
THE CALCULATED SPATIAL DISTRIBUTION OF THYROID DOSE 

AT GROUND LEVEL 

Distance from Activity Concentration Thyroid Dose 
Chimney (m) (Inversion) (Ci/m3) (mRem/^O min) 

25 0.00 0.00 
50 2.53 X io- 9 5 2.34 X — 8 6 

10 
100 1.01 X io" 3 0 9.32 X 

-2 2 10 
200 5.08 X io- 1 5 4.69 X lo"6 

300 3.64 X 1 0 " 1 Z 3.36 X io"3 

400 1.81 X io" 1 J 1.67 X io"2 

750 4.12 X 10" 1 1 3.80 X lo"2 

1000 3.60 X i o - 1 1 3.32 X 
-2 

10 
4000 7.00 X io" 1 2 6.46 X io-3 
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3.1. DEVELOPMENT OF LONG-LIFE LOW ENRICHMENT FUEL, A. J. Gietzen, 
G. B. West (San Diego, California) 

BACKGROUND 

Sixty TRIGA reactors have been sold and the earliest of these are now passing 
twenty years of operation. All of these reactors use the uranium-zirconium 
hydride fuel (UZrH) which provides certain unique advantages arising out of 
its large prompt negative temperature coefficient, very low fission product 
release, and high temperature capability. Eleven of these sixty reactors are 
conversions from plate fuel to TRIGA fuel which were made as a result of these 
advantages. 

With only a few exceptions, TRIGA reactors have always used low-enriched-uranium 
(LEU) fuel with an enrichment of 19.9%. The exceptions have either been con
verted from the standard low-enriched fuel to the 70% enriched FLIP fuel in 
order to achieve extended lifetime, or are higher powered reactors which were 
designed for long life using 93%-enriched uranium during the time when the use 
and export of highly enriched uranium (HEU) was not restricted. 

The advent of international policies focusing attention on nonproliferation 
and safeguards made the HEU fuels obsolete. General Atomic immediately under
took a development effort (nearly two years ago) in order to be in a position 
to comply with these policies for all future export sales and also to provide 
a low-enriched alternative to fully enriched plate-type fuels. This important 
work was subsequently partially supported by the U. S. Department of Energy. 

The laboratory and production tests have shown that higher uranium densities 
can be achieved to compensate for reducing the enrichment to 20%, and that the 
fuels maintain the characteristics of the very thoroughly proven standard TRIGA 
fuels. In May of this year, General Atomic announced that these fuels were 
available for TRIGA reactors and for plate-type reactors with power levels up 
to 15 MW with GA's standard commercial warranty. 
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TRIGA FUELS 

The standard types of TRIGA fuel are listed in Table 1. The 70% and 93% enriched 
fuels are no longer available for sale and have been replaced by the "LEU" ver
sions as designated in the table. TRIGA fuel with 12 wt-% uranium has been 
proven through successful reactor operation for over a decade. Previous work 
on UZrH fuels during the SNAP reactor program had developed the technology up 
to 20 wt-% uranium and found no indication of this being a limit. The program 
at General Atomic extends this technology to 45 wt-% and has also shown no in
dication of this being a limit at this time. It is of interest to note that 
45% uranium by weight is still less than 20% by volume. 

The 20 wt-% fuel which replaces the 70% enriched FLIP fuel has a total U-235 
loading which is less than that in the FLIP fuel; however, it retains very long 
lifetime capability and represents a small extension of the very well proven 
UZrH technology. This 20 wt-% fuel is applicable to the 1 to 3 MW range in 
either a standard TRIGA element configuration or in a 4-rod cluster configura
tion for direct replacement of plate-type elements. In the case of a plate 
fuel replacement, the TRIGA 4-rod cluster contains 2 to 3 times the amount of 
U-235 contained in plate-type elements. 

The 45 wt-% fuel is applicable to reactors of 5 MW and above. The amount of 
uranium in this fuel was selected to give essentially the same U-235 loading 
(and therefore core lifetime) as in the previously used fully enriched TRIGA 
fuels. In a 16-rod cluster configuration, which can be directly substituted 
for a plate-type element, the amount of U-235 per cluster is 3-1/2 to 5-1/2 
times as much as is contained in the plate-type element it is designed to replace. 

DEVELOPMENT PROGRAM FOR HIGH U-ALLOY FUELS 

The laboratory and production tests of fuels up to 45 wt-% are complete. In-core 
tests of production elements for thermal cycling and pulsing tests have been 
underway since April of 1978. The extensive test program included metallographic 
examinations, fission product release measurements, fuel thermal cycling stability 
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TABLE 1 
TRIGA FUEL TYPES 

Description U Content (wt-%) 

Standard Fuel (8.5-20) 8.5 

ACPR1 (12-20) 12 

FLIP2 (8.5-70) 8.5 

High-Power (10-93) 10 

FLIP-LEU (20-20, replaces 8.5-70) 20 

High Power-LEU (45-20, replaces 10-93) 45 

1) ACPR - Annular Core Pulsing Reactor 

2) FLIP - Fuel Lifetime Improvement Program 
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tests, material property measurements, and production demonstration. Analysis 
has been completed to determine core characteristics, particularly the prompt 
negative temperature coefficient and neutron flux levels. 

The extensive metallographic, electron microprobe and X-ray diffraction exami
nations have shown that the more highly loaded alloys contain no significant 
differences in structural characteristics when compared with the standard 8.5 
and 12 wt-% fuels. The phase distribution and homogeneity are excellent and 
these factors, coupled with the grain structure observed, support expectation 
of excellent long-term irradiation^ behavior. 

The measured fission product release and physical properties show very suitable 
characteristics up to 45 wt-%. The fission product release experiments were 
conducted to temperatures up to 1100 C and showed very low release fractions 

-4 (about 10 ) which is characteristic of the standard TRIGA fuels. In the course 
of these measurements it was learned that for certain grain structure character
istics, the release fraction could be as much as two orders of magnitude lower, 
even for uranium contents of 45 wt-%. 

Thermal cycling tests show that the ZrH matrix stabilizes the fuel material 
such that it is dimensionally stable when repeatedly cycled through the uranium 
phase change temperature of about 680 C. 

The preliminary nuclear design and analysis has shown that the prompt negative 
temperature coefficient for the 20 wt-% uranium is about the same as for stan
dard fuel. The value is slightly lower for 45 wt-% uranium, however it is still 
large when compared to other fuel types. The neutron flux levels in the reflector 
regions and in in-core flux traps are approximately equal to those for cores 
with standard TRIGA fuel or for cores using HEU plate-type fuel. 

Reactor testing of production elements includes both 20 and 45 wt-% fuels being 
tested in the TRIGA Mark F reactor at General Atomic. The principal objective 
of these tests is to demonstrate the fuel stability for thermal cycling from 
ambient to operating temperatures. A total of 600 cycles has been completed 
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to date and no adverse conditions noted. An irradiation test of a standard 
16-rod cluster configuration is being designed for insertion into the 30 MW 
ORR Reactor at Oak Ridge, Tennessee. 

APPLICATION OF TRIGA LEU FUELS 

As previously mentioned most TRIGA reactors already used low-enriched fuel and 
will continue to do so in the future. The higher uranium content TRIGA fuels 
will be applied to all future sales of TRIGA reactors (-v 2 MW or higher) and to 
future sales of fuel to those existing TRIGA reactors which use HEU fuel. The 
most significant potential use, in keeping with the objectives of the reduced 
enrichment fuels program, is as a replacement for existing plate-type HEU fuels. 
The TRIGA fuel is available in 4- and 16-rod clusters which can directly replace-
plate-type fuel in existing reactor structures. The principal characteristics 
of TRIGA cores are given in Table 2. 

The requirements on the user to change from plate-type fuel to TRIGA fuel are 
minimal. The hardware modifications generally do not go beyond the requirement 
for new fuel handling and measurement tools and new control rods. The existing 
control rod drive mechanisms need not be changed (except in those cases where 
the user wishes to take advantage of the pulsing ability of the TRIGA fuel). 
In a few cases, it may be necessary to increase the coolant flow rate. In all 
cases, the appropriate analysis must be completed for safety review and license 
amendment as would also be the case in changing from an alloy to dispersion 
or other plate-type fuel form. 

AVAILABILITY AND ECONOMY 

As announced at the IAEA meeting on Research Reactor Renewal and Upgrading in 
Vienna in May, General Atomic is accepting orders for supply of high wt-% fuels 
under standard terms and conditions including fuel warranty. The production 
capability for these fuels has been demonstrated at General Atomic and sufficient 
plant capacity is available for fuel production beyond existing orders. The 
time required to complete fuel fabrication would generally be less than the 
time required to obtain export licenses and/or operating license amendments 
as required. 
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TABLE 2 

APPROXIMATE CHARACTERISTICS OF FORCED FLOW TRIGA-LEU CORES 

Number of Fuel Clusters 

Fuel Pins/Clusters 

Pin Nominal OD (in.) 

Enrichment (%) 

Wt-% U 

U Loading (Kg U-235/Cluster) 

Initial Excess Reactivity (%) 

Control System Worth (%) Total 

With Max. Rod Out 

Coolant Flow Rate (gpm) 

Core Life 
(MW Days) 

(Calendar years @ 20% duty cycle) 

Peak Thermal Flux 
Core 

Core (Central Water Hole) 

Reflector 

15 MW 10 MW 5 MW 2 MW 

29 30 25 25 
25 16 16 4 
0.5 0.5 0.5 1.3 
20 20 20 20 
45 45 45 20 
1.38 0.88 0.88 0.44 

7 8 7 7 
13 14 14 9 
8 8 8 7 
8500 5000 2600 1000 

7000 4100 2700 1400 

6.8 5.6 7.4 9.5 

8x10 1 3 8x10 1 3 5x10 1 3 1.5x1 

3X1011* 3x10l,+ 1.7x10lu 7X101 

1x10ll+ 8x10 1 3 5x10 1 3 2x10! 
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In addition to the well-known and previously mentioned technical advantages 
of the TRIGA fuels, fuel cycle cost evaluations indicate the potential for sig
nificant savings. Burnup lifetime of TRIGA fuel ranges from about 2 to more 
than 5 times that of the plate-type fuel it replaces; however, the price differ
entials are significantly lower. In general the savings realized with the TRIGA 
fuel increase with reactor power level and duty factor. The core lifetimes 
given in Table 2 do not include the benefits which can be obtained by fuel shuff
ling or additions. The long core lifetimes give additional economic and opera
tional advantages by reducing the fuel handling and shipping requirements, and 
by providing a stable core configuration giving consistent flux levels over 
a long period of time. 

In short, the TRIGA fuel offers the advantages of: 
low enrichment available now 

. reduced safeguards concerns 
easy export 
assured long-term supply 

. inherent safety 
long-life stable core configuration 

. significant fuel cycle cost savings 

FUTURE DEVELOPMENT PLANS 

The program for demonstration of the fuels up to 45 wt-% is complete except 
for the high burnup test to be done in the ORR. It is anticipated that future 
work can be directed toward extending the technology for uranium contents to 
60 wt-% which would provide economically attractive fuel in a configuration 
suitable for power levels of 20 MW or more. More detailed analytical work will 
be carried out on a case-by-case basis for replacement of existing HEU TRIGA 
fuels as well as for potential plate-type reactor conversions. 
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3.2. IMPROVEMENT OF ROTARY SPECIMEN RACK DESIGN, J. M. Batch, A. J. Gietzen 
(San Diego, California) 

ABSTRACT 

A redesign and verification test program has been completed on a new 
Rotary Specimen Rack ("Lazy Susan") design for the TRIGA Mark III. The 
purpose of the redesign was to solve a rotation problem which occurred at 
power levels of about 1 MW and above. 

The previous redesign effort on the Mark II-type lazy susan was made in 
1967 when the bearing was changed to use stellite balls, spring-type 
separators and stainless-steel bearing races. An extensive test program 
at that time showed that the design gave excellent service under all 
anticipated operating conditions. Fifteen of these units have been 
installed in the past ten years and have been essentially trouble-free. 
Although the bearing design for the Mark III was very similar, the component 
layout was such that irradiation-induced heating with associated thermal 
expansion resulted in decreased bearing clearance and an increase in the 
required driving torque. 

The solution involved redesign and re-arrangement of the rack drive 
mechanism. A series of stringent operational proof tests were made under 
high temperature and temperature differential conditions which proved 
successful operation of the new design. The severe conditions under which 
these tests were performed uncovered further difficulties with the bearing 
and led to a re-evaluation of the bearing design. 

A new design was developed in which the spring separators were replaced 
by similiar sized, cylindrical graphite spacers. The entire series of 
operational and life tests were repeated and the performance was outstanding. 
Acceptable wear characteristics of the spacers were verified and the bearing 
was noticeably smoother and quieter than with previous designs. 
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A Mark III lazy susan of this new design was installed in a TRIGA 
about one year ago and operated at power levels up to 2 MW with excellent 
performance. The Mark II design has now been changed to incorporate the new 
drive and bearing design proven for the Mark III. 
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3.3. IMPROVEMENTS TO THE TRIGA MARK II INSTRUMENTATION AND THE DIRECT 
DIGITAL CONTROL BY MICROPROCESSORS, M. TomSic, R. Taves, I. Mr£un, 
D. Kavsek, B. 2nidaric (Ljubljana, Yugoslavia) 

The original instrumentation and control equipment of the 
TRIGA Mark II has offered a reliable service at the reactor cen
ter of the Institute "JoSef Stefan" in Ljubljana. Some parts of 
the equipment have though already reached the end of their physi
cal lifetime: they had to be replaced. The whole instrumentation 
and control system is also approaching, or has exceeded, it*s mo
ral lifetime: the concept and the design have become obsolete. 

Two tendencies have been present in the maintenance of the 
TRIGA instrumentation: one was to renew only those parts that we
re deteriorating with age, thus ensuring the continuation of the 
satisfactory service in the original scope; the other was aimed 
at adding new features and possibly at changing the whole concept 
of the reactor control and instrumentation. Though the activities 
along both lines were not best coordinated at all times, the pre
sently emerging result may be highly satisfactory. Besides the 
well maintained instrumentation in the original scope and concept, 
a digital data logging and control system is being installed, ba
sed on microprocessors, which should offer new level of flexibi
lity and convenience to the operators and experimenters, without 
compromissing either safety of reliability of the overal instru
mentation and control system. 
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Replacements and supplements to the original instrumentation /l/ 

The electromechanical components were first to deteriorate 
in performance. The dual channel recorder, the key component in 
the original control sheme has been replaced by a functional 
equivalent of a different manufacture. The two control rod posi
tion indicating servos have though been replaced by digital shaft 
encoders and LED indicators. This equipment can be directly coup
led to a computer. 

The original starting channel electronics has been substitu
ted by a set of instruments developed and produced on a small 
scale at the Institute "Joief Stefan". The original scope of in
strumentation has been enhanced by equipment for totalizing the 
energy produced by the reactor (power x time) and the operating 
hours. 

Finally, as a step towards the possibility of direct digital 
control, the linear channel current amplifier has been substitu
ted by a more modern device, in which the range is set by a three-
-bit code and not by switching external components. The main ran
ge switch is now switching logical codes, a function which can 
be readily taken over by the computer. 

Data logging and direct digital control. 

The Institute "Jozef Stefan" comprises appreciable capabili
ties in electronic circuit design, computer applications and con
trol engineering. Logically, as soon as a computer was available 
at the reactor site (a Control Data 1700 minicomputer in 1969) 
the possibilities of direct digital control of the TRIGA reactor 
were investigated. It was concluded that the computer - reactor 
control link would be an interesting research subject and that, 
if the results would be successful, the reactor operation maight 
be improved through automatic data logging and, possibly direct 
digital control. Work on the hardware and software components of 
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the proposed system with the CDC 1700 computer was concluded in 
1973 with test of performance, /2,3/. The tests proved the feasi
bility of the project solutions, except for the reliability and 
availability of the main component, the CDC computer. As this com
puter is principaly used for data acquisition from several nuclear 
and reactor physics experiments, the data logging and control was 
included on an interrupt-driven multitasking basis. Operating in 
such conditions, we have experienced frequent interruptions and 
errors in the computer system. 

Furthermore, for program development on the computer all the 
available memory space is required, so that all real-time work, 
including the reactor supervision and control, has to be suspen
ded. 

Under such conditions of reliability and availability of the 
computer the data logging and control of the reactor were not 
practical. It was considered that a dedicated computer is a pre
requisite for any further development in this direction. 

It was not possible or considered appropriate to dedicate a 
computer for the sole purpose of data logging and control until 
the low-cost microcomputers became available. Now, with micro
processors, even a multiprocessor system is not too costly, as 
the required computing power is not very large. 

The first version of the microprocessor based data logging 
and control system was constructed and tested in 1976 /U/. The 
microcomputer employed was based on the Intel 800 8 processor and 
manufactured by Control Logic (U.S.A.). Also, some interfacing 
equipment from the previous (CDC 1700) project was used. Some 
experience has been gained from this work, but it was concluded, 
that a complete redesign of the system would be appropriate. 

Presently, a microprocessor based data logging and control 
system is being installed, which we belive is suficiently mature 
in concept and manufacture that it should provide reliable and 
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flexible service in routine operations and under experimental 
conditions. The system is using two microcomputers (Fig. 1) in a 
hierarchical relationship. Both computers are from the "micro-m" 
series, designed and manufactured by the Institute "Jofcef Stefan" 
and based on the Intel 8080 microprocessor /5/. 

Maybe the most interesting feature of the present design is 
the use of two computers instead of one. The extra cost, which is 
not large, is offset by several advantages: the two subsystems 
have well defined, distinct tasks, the serial data link enables 
complete decoupling of the two sets of instruments (the reactor 
instrumentation and the input/output peripherals) and more com
puting power is available on line. 

The original impulse for contemplating two processors on a 
serial data link came from the difficulties that we experienced 
with different ground potentials in the reactor console and the 
other electrical equipment in the environment. This problem could 
be eliminated by more scrupulous application of the equipment 
grounding rules, and by reconstruction of pertaining installations. 
The other advantages of the dual configuration prevailed and the 
sanation of the general electric wiring practice was left for so
me later occasion. 

The inner computer (No. 1) is electrically and functionally 
integrated with the reactor instrumentation, thus becoming a part 
of it. It's role is data acquisition with basic data reduction 
(e.q. averaging or digital filtering), timing, formatting and 
transmission of the data to the outer computer, and the direct 
digital control of the reactor according to a basic control algo
rithm (e.q. constant power in the power range or automatic start
up). In the outer computer (No. 2) more sophisticated tasks are 
performed, mostly associated with the man-machine interface. The 
data received from the inner computer are further reduced and 
output according to the prescribed protocol. Also, provisions 
for the use of a high level, user oriented process control langu
age, an enhanced version of BASIC, have been made. 
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Using this language an experimenter shall be able to program adi-
tional input/output and more sophisticated control algorithms. 

In Fig. 2 and Table 1 the data on the connections between 
the reactor instrumentation and the inner computer (No. 1) are 
given. 

The two computers have quite distinct tasks with respect to the 
system performance. The inner computer should provide the reliable 
basic data acquisition and control for routine operations, which 
should require minimal or no operator retraining. It shall be 
possible to put these function in operation by turning the manual/ 
servo switch to a third position (digital control) and set the re
quested power on the same knobs as hitherto. The outer computer 
provides additional on-line computing and control capability for 
the sophisticated user. The fact that these two features are phy
sically separated should provide the reliability level that would 
otherwise be difficult to achieve. As was also evident to us from 
the experience with the multitasking minicomputer, a computer on 
which new software is being developed can usually not serve satis
factorily for the process control at the same time. 

Within each computer a part of the software shall be dedica
ted to checking the operation of the other computer, e.q. by re
questing appropriate responses and checking the logical validity 
of the commands. Malfunction of any of the two processors shall 
cause reactor scram. 

Assured by our lengthy and sometimes painful experience in 
the development of direct digital control we are now confident 
that the present system shall relieve the reactor operators from 
some of their tasks and provide the experimenters with additional 
flexibility in the reactor operation without sacrificing the sy
stem reliability and availability. 
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Fig. 1 Dual microcomputer configuration for data logging and control of the TRIGA reactor 
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Table 1. 

Digital measurement and control: connections to the 
TRI6A Mark II instrumentation 

Symbol 
(Fig.2) 

Name Type 

1. Measurement points (computer iriput) 

2. Control points (computer output) 

Range 

A control 
rod position 

digital 
3x4 bits(BCD) TTL 

B shim 
rod position 

digital 
3x4 bits(BCD) TTL 

C linear power analog 0 ... 10 V 
D percent power analog 0 ...lOOyA 
E period analog 0 ...lOOpA 
F radiation level analog 0 ... 50pA 
G water temperature analog 0 . . . 50uA 
H startup channel digital TTL 

I 

J 

K 

current 
amplifier control 
control rod motor, 
on/off and direction 
shim rod motor, 
on/off and direction 

digital, 3 bit 

relay, 2 pes, 

relay, 2 pes, 

TTL 
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Fig. 2 Schematics of the TRIGA Mark II instrumentation (US, Ljubljana, YU) 
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4.1. REASSESSMENT OF THE EXTERNAL DOSE RATE AND OF THE NOBLE GAS RELEASE 
AT THE AUSTRIAN TRIGA-REACTOR, E. Tschirf, M. Tschurlovits (Vienna, 
Austria) 

Abstract 

The release rate of radioactive noble gases and the external 
dose rate at the Austrian TRIGA reactor was reassessed. 
These figures were determined at the start of the operation 
of the reactor some years ago, but the measurements were 
repeated with modern equipments. The results of these measure
ments are presented briefly. 

1. Introduction 

At the beginning of the operation of a reactor, some 
measurements like preoperational measurements, determi
nation of the external exposure..., are performed. Due to 
the progress in the development of new, mostly more sensi
tive equipment,however,it seems reasonable to reassess 
again some data with more suitable detectors and equip
ments. For this reason, both the external exposure and the 
noblegas release was reassessed. 

2. External Exposure around the reactor site 
For the determination of the contribution of the reactor 
to the external exposure, a high pressure ionisation chamber 
system (Reuter - Stockes RSS-111) was used, the chamber being 
arranged 1 meter above the ground. The chamber, which has a 
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lower limit of detection of about 0,5 yR/h and a 
suitable energy response from 80 keV upwards, 
permits a very sensitive assessment of the external 
exposure. 
Fig. 1 shows the results of the measurements, the 
values being expressed in yR/h during full power 
reactor operation of 250 kW,and table 1 the annual 
dose for an annual full power operation of 1200 hours. 
The figure of 1200 h/year is taken from the operation 
statistics. Those show an average generated power of 
278 MWh per year, which corresponds to a full power 
operation time of less than 1200 h per year. 

From fig. 1,it can be seen than the highest additional 
exposure appears at the backside of the reactor hall, 
in the direction of beam hole C, as expected. As reported 
earlier /1/, at this beam hole a larger exposure rate 
appears due to the construction of the experiment. 

Discussion 
The adjacent region around the institute is used for 
allotment gardens only and therefore inhabited for less 
than six months per year. In addition, the experiment at 
this beam hole is only installed for a limited time, and 
the gardens are mainly used during the weekends, when the 
reactor is not in operation. 
Concluding all these facts, the exposure of the public 
is negligible, even in comparison with the limit of 166 mrem 
per year. 

/1/E. TSCHIRF, M. TSCHURLOVITS, Proc. 4th Triga Users 
Conference, Vienna, 1976. 
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Fig.1: External exposure rate 
I [yR/h] at different sites 
outside the reactor hall 
for 250 kW operation 
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3. Assessment of radioactive noble gas effluents 
As well known, the main activity in noble gases produced 
by a research reactor consisting of Ar-41 (1,83h),which is 
produced by activation of air in cavities. Usually, other 
gases like fission products can be neclected under normal 
operational conditions because their appearance in the 
gaseous effluents is some orders of magnitude below the 
level of Ar-41. The fission noble gases have to be 
considered only in the case of fuel element failure or in 
accidental conditions. The estimation of the production 
rate is included in each safety report, and usually the 
same sentences are appearing. Such estimates, however, 
are usually rough and conservative. For this reason,the 
release of Ar-41 in operational conditions was determined. 

The ventilation system of the reactor hall includes a 
system which purges the beam holes and this is the activity 
which is to be considered in effluent estimates. 
Usually, both the rotary specimen rack and the pneumatic 
transfer tube where Ar-41 is produced are not ventilated 
and are therefore not contributing to the effluent under 
normal operation conditions. For the determination of Ar-41, 
a detector consisting of four parallel arranged thin window 
GM-counters has been installed into the ventilation channel 
as operational system. The pulses feed, via a logarithmic 
unit, a ratemeter. This equipment was recalibrated as 
decribed below. In addition, another system, based on a 
scintillation detector, which is counting the air in a 
container in a bypass of the ventilation channel, was 
installed. Fig. 2 shows a schematic diagram of this equipment. 
The second system permits perhaps a more accurate deter
mination of the noble gas effluents. 
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Schematic diagram of the "Bypass" system for determination 
of the concentration of Ar-41 
A aerosol filter 
S Scintillation detector NE 102 A, 0=5Omm, 2 mm thick 

with photomultiplier Philips 53 AVP 
C detection chamber, stainless steel, 280 mm 0, 280 mm 

height 
P..... pump, flow rate 60 1/min. 
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Calibration procedure 
As mentioned earlier, Ar-41 is the activity to be 
determined and therefore this radionuclide was used 
for calibration. 
It was produced by activation of pure Argon (99,9%), 
which was filled into a special prepared irradiation 
rabbit. After the irradiation the gas was filled from 
the rabbit into another container by dilution with 
inactive argon gas. Losses of activity in this proce
dure are of no importance for the calibration, because 
the activity of the balloon was determined by measure
ment of the gamma exposure rate in different distances 
and fitting of the results. After this procedure, the 
gas was transferred into a calibration cell (which is 
described by /2/) for the calibration of the GM system 
or directly into the counting container of the bypass 
system, respectively. 

The results, derived from these procedures are rather similar 
' ' GM Scintillator 

-9 -9 3 
Conversion factor 3,2.10 4,2.10 uCi/cm 

cpm 

background 100 80 cpm 

Results 
Fig. 3 shows both the time dependence and the saturation 
concentration, which is reached at about one hour after 
start of the operation. The results were obtained v/ith the 
scintillation detector. 

(2/ J. HARMS, H. WEISS: Atke 11 (1966) 251 

4-6 



kr 
<D. 
oi 1 c 1 
o 1 o ] >* j •i-> 1 
> LI • ^ LI o LI CO 

*1 ime h 3 4 

-10 _ 

Fig.3: Activity concentration of Ar-41 corresponding to power 
level,and time dependence 
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A saturation concentration of the following values 
appears: 

— fi 3 Scintillation detector: 6.10 uCi/cm 
-5 3 

GM-detector 10 uCi/cm 

Since the determination was not performed exactly at 
the same time, the difference can be explained by 
different productions rates in the beam holes. In 
addition, the calibration procedures were different 
due to the construction of the measuring chamber. 

-5 3 Applying the value of 10 pCi/cm for 250 kW operation 
3 

and a ventilation flow rate of 13000 m /h, an emission 
of about 130 mCi/h Ar-41 for 250 kW operation, after 
reaching the activity saturation, appeares. Normalized 
to 1 MWh, the emission is about less than 0.5 Ci/MWh 
under the present operation conditions. These conditions 
depend strongly on the the operated experiments. For 
this reason, results even from different TRIGA reactors 
(see/3/) cannot be compared directly. 

/3/ B.BARS, A.T.M. KAUTTO:. this meeting 
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4.2. MEASUREMENT OF Ar 4 1 RELEASE FROM A TRIGA REACTOR, B. Bars and 
A.M.T. Kautto (Otaniemi, Finland) 

The properties of four types of gamma sensitive (Ar 1.29 MeV) 
detectors were investigated. The ratio of the integrated net counts per 

41 statistical uncertainty was used as a figure of merit. A uniform Ar 
3 -10 3 activity concentration of 14.8 Bq/m (4-10 Ci/m ) was simulated with a 

Co point source of 9.6 MBq (260 yCi) and a measuring time of 10 min. 
The figures of merit were 1.4 for 10 GM tubes (MC-14), 27 for 45 1 liquid 
scintillation detector (NE224), 11 for <f>=H=12.7 cm NaI(Tl)-det. and 3 for 
Ge(Li)-det. with 10 % relative efficiency. Only statistical errors are 
taken into account. The NaI(Tl)-det. was chosen for practical reasons and 
was used to semiempirically estimate the radiation exposure arising from 
airborne Ar release passing 5 meters (estimated) above the detector at 
a distance of 130 meters from a 250 kW Triga reactor. The height of the 
release point was 19 meters. 

Due to temperature instabilities the normal release (̂ 220 kBq Ar /s 
= 6 yCi/s) was not clearly detected. Therefore the detector response 
(7.5-10 c/Bq = 2.76 c/yCi) was obtained for pulse releases (duration 
4 min, act<180 MBq = 5 mCi ; wind speed 2.5 m/s towards the detector, temp. 
2 °C, appr. Pasquill"s class E) and was converted to exposures (0.8*10 

60 R/Bq = 30 yR/Ci) by calibrating the detector (11 pR/c) with a Co point 
source. 

By weighting the experimental exposure estimate with the yearly wind 
distributions (velocity and direction), the yearly exposure arising from 
1300 hours operation of the 250 kW Triga reactor was estimated to 40...100 
yR/y _ 50% at the test point (at the height of 13 meters) for an Ar 
release of 440...1000 GBq/y (12...28 Ci/y). 

By applying a line source approximation the exposure at the ground 
level and close distances was estimated to be of the order of 15...40 yR/y 
+200% 
- 50% • The maximum average exposure at a distance of about 200 meters 
(10 times the height of the chimney) was estimated to be about 100 yR/y. 
Thus the radiation dose to the public in the neighbourhood is much lower 
than generally applied limits. 
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4 .3 . RADIATION PROTECTION MEASUREMENTS AROUND THE TRIGA REACTOR OF THE 
INSTITUTE "J . STEFAN", LJUBLJANA, J . Kristan, H. Udovc, I . Kobal, 
S. JeranCic, D. Zavrtanik (Ljubljana, Yugoslavia) 

S i n c e t h e b e g i n n i n g of o p e r a t i o n of o u r TRIGA Mark I I 
n u c l e a r r e a c t o r , t h e s t a f f were aware of p o s s i b l e c o n t a 
m i n a t i o n of r e a c t o r c o m p o n e n t s , e x p e r i m e n t a l p r e m i s e s 
and t h e n e a r e n v i r o n m e n t of t h e r e a c t o r . The n u c l e a r r e a 
c t i o n s by wh ich c o r r o s i o n and a c t i v a t i o n p r o d u c t s were 
g e n e r a t e d were t h o r o u g h l y s t u d i e d and t h e i r e f f e c t s 
o b s e r v e d o r m e a s u r e d . 

41 
Ar is generated in all reactor apertures where air 

is irradiated by neutrons. The argon ventilation system 
removes argon from all closed experimental channels, but 41 there are some other places where Ar is generated. 41 To perform our measurements of Ar concentrations in 
air, we have to calibrate our G.M. counters with known 

41 activities. The equilibrium amount of Ar in the rotary 
rack of the Lazy Susan is 250 mCi, in the pneumatic irra
diation position 12 mCi and in the 4 experimental channels 
125 mCi?) 
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41 The ' Ar from the Lazy Susan comes directly into 
the atmosphere during sample manipulation. The maximum 
amount which could be expelled into the atmosphere is 
about 100 mCi/h, the total volume of the reactor building 
is 5,600 m 5, so the MPC (2.10 - 6 uCi/ml) in the building 
could be reached in 20 min, assuming thorough mixing 
of air. We observed the flow of argon-contaminated air 
from the reactor platform at the sides down to' the floor 
of the building. Since we have 3 air changes per hour 
in the reactor building, excessive air contamination 
in the whole building could hardl:/ arise, but we observed 

4-1 
a high Ar contamination with some experimental arrange
ments, where air, liquid air or liquid nitrogen was in 
the thermal neutron flux. The maximum concentration of 
argon in the argon ventilaton system tubes was 5«2 - 0.5 
uCi/1 and 0.015 uCi/l in the building air ventilation exhaust. 
Since we considered that during prolonged reactor opera
tion periods in unfavourable weather conditions such as a temp, 
inversion, " Ar in the environmental air might appear in 
higher concentrations, we measured natural background 
doses 50 m from the reactor building with a Reuther-Stokes 
Environmental Radiation Monitor, Model RSS-111. The average 
measured dose rate was 8.0 uR/h in normal weather condi
tions, but it increased to 8.8 uR/h during prolonged 
reactor operation in inversion conditions. This increase of 41 natural dose rate originated mainly from an Ar concentra-

?22 tion increase in the ambient air, because radon (" Rn) 
exhalation at the reactor site from the ground, alluvial 
sediments, is very low. 

During reactor operation the' radioactivity of pool 
24 water increases, mostly due to formation of Na by the 

on 
"̂'Al (n, alpha) reaction with fast neutrons, During reactor 
operation the pool water is purified in the ion-exchange 24 column, so the equilibrium concentration of Na in the 
pool is only 0.8 uCi/1 at 250 kW power and the equilibrium 
amount in the column is about 50 mCi. In the pool water 
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the presence of F was also detected. This nuclide is 
formed from 0 by the (p,n) reaction, and we determined 
it by measuring its positron anihilation peak at 0.51 MeV. 

In order to detect any possible fission products from 
fuel defects, the resin from the water purifier was measured 
with a gamma spectrometer. Besides these two above mentioned 

59 75 99 56 nuclides, only ^ yFe, r^Se, "no and ^ Mn were detected as 
corrosion .products or accidental water contaminants(4). 

As concerns tritium ( H) in the pool water, the calcu
lated accumulated value should be 0.3 uCi/ml after some 
years of reactor operation, but we measured only about 
500 pCi/ml, which is 3 orders of magnitude below the cal
culated value, so we concluded that tritium is removed 
from the pool water by evaporation and by chemical exchange 
reactions. 

Because some manipulations were performed near the 
open pool water surface, we measured the radioactivity 
of the gases or vapours leaving the water surface. We con
sidered that the radioactive gases in the reactor pool 
water are 1 6 N (T l / 2 = 7.3 s) and ^ N ( T 1 / 2 = 1 0 < 1 m i n ) > 

The first is formed by the reaction 0(n,p) with fast 
neutrons, the second by reaction 0 (p, alpha). The 
approximate equilibrium content of both gases, in the upper 
reactor water layer (column) is about 100 uCi. Some of 
radioactive nitrogen leaves the water surface and. contami
nates the air on the reactor platform. We measured these 
concentrations with a Victoreen through-flow chamber and 
Vacutronic electrometer and obtained values up to 0.5 uCi/nr 
at the open tank covers. 

The Health Physics Group is concerned with the radio
logical safety of reactor operators, experimental staff or 
workers. The supervised group varies and number about 40 
persons. All wear film dosimeter badges with 2 Kodak 
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monitoring films for gammas and for fast- neutrons. The 
lowest monthly evaluated dose for both films is 50 mrem 
and it is not exceeded by the majority of workers. In the 
last 4- years no monthly dose over 500 mrem.was noticed, 
and there were only 25 doses up to 300 mrem. The highest 
dose rate at which planned work is allowed to be performed 
is 100 mrem/h Smear tests on predetermined places were 
taken at regular intervals. Only a few contaminations 
of the reactor platform were reported, which originated 
from improper sample manipulations. Since the introduction 
of automatic sample extraction, no contaminations were 
observed. 

Adjacent to the reactor building are the laboratories 
of the Nuclear Chemistry Group. This department is involved 
mostly in an activation analysis program. 

Samples are transferred to the laboratories from the 
reactor pneumatically. The waste water of the reactor 
premises is combined with the effluents of Nuclear Chemistry. 
The waste water is collected in tanks and, after monitoring, 
released through the.;sewerage system into the river Sava. 
Throughout the year about 800 nr of waste water with acti-2 ' vities up to 10" uCi/ml are released. 

Because of great concern for a clean environment 
and to provide evidence for the competent authorities, 
measurements of the natural radioactivity of air, of preci
pitation, of well water and of the waste recipient stream, 
the Sava, were made. In all the years of reactor operation 
no influence of reactor effluents on the environment were 
observed, as expected. The average gross beta activity in 
1977 of air was 0.12 pCi/m^, of fallout 83 pCi/1, of well 
water 1.7 pCi/1 and for the water of the river Sava 2.8 
pCi/1 after and 3.2 pCi/1 before inflow of reactor effluents, 
respectively. 
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In precipitation the seasonal radioactivity variations 
and fallout from the latest bomb tests were observed. 
Gamma spectrometry of some representative samples was also 
performed. 

Backed by radiation protection records, one can say 
that in the past 12 years of aur Triga reactor operation 
there were no overdoses or radiation damage or injuries 
to workers, nor to the environment. 
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A.4. MIXED FIELD DOSIMETRY IN THE EXPERIMENTAL DEVICES OF THE FRN FOR IRRADIA
TION EXPERIMENTS WITH MICE, U. Jentzsch, G. Rau, E. Weitzenegger 
(Neuherberg, Germany) 

1. Introduction 

Some amino-thioles show a radiation protective efficacy. Using the le
thality of NMRI + - mice as an indicator the dose reduction factor (DRF) 
was determined for S-2- (3-amino-propyl-amine) -ethyl-thiophosphate 
(WR 2721) as DRF = 2.5 and for ami no-ethyl-thioposphate (WR 638) as DRF = 
1.7 by whole body irradiation with X-rays. 

Now it is started a program to test the efficacy of these radioprotec
tive agents in the mixed field of a reactor too. The neutron spectra in 
the irradiation plane of a dummy were determined by the activities of 
threshold detectors. The result is in good agreement with calculation of 
the spectrum by the multi-group method. The dose rate of the neutron and 
gamma field depending on the reactor power was measured by the twin cham
ber technique. The homogeneity of the field in the irradiation plane was 
tested by Fricke dosimetry. 

+ NMRI = National Marine Research Institute 
+ This program is supported by the Radiation Protection Commission of 

the Federal Ministery for Internal Affairs. 
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2. Experiments and results 

2.1 X-ray experiments 

For the performance of the experiments female NMRI-mice in the age of 
eight weeks were used. In this age the mice have a weight of 20 up to 22 g. 
Five mice together were kept in a Makrolon-cage at a room temperature of 
23 to 25 °C and a humidity of 53 %. They got standardised food (Altromin 
1324) and acidified drinking water ad libitum. After the irradiation the 
mice were observed over a period up to 30 days. A group of 30 animals were 
irradiated with constant dose. The value of the lethality dose L D r n / 3 n was 
calculated by the probit analysis of the death rate. The dose reduction 

c 
50/30 

al compound L D ™ , ™ 
dose reduction factor is defined by the ratio: 

factor is determined from the comparison of the control charge LDJL and 
the charge injected with the protective chemical compound L D ™ , ™ . The 

DRF = L D 5 0 / 3 0 / L D ^ 0 / 3 0 

Experiments performed at the Walter Reed Army Institute years ago have 
shown, that amino-thioles have a protective efficacy against radiation dam
age. The chemical structure of these chemical compounds is R ?-N-(CH ?) -SPO,, 
/!/• 

Up to now the efficacy of the compounds amino-ethyl-thiophosphate (WR 638) 
and S-2- (3 amino-propyl amin) ethyl-thiophosphate (WR 2721) against X-rays 
were tested. 

A radiation protective efficacy for these pharmaca was registrated for an 
injected dose in the range of 40 to 560 mg/Kg body weight. The optimum 
dose is about 500 mg/Kg. The mortality dose was observed in the range from 
665 to 750 mg/Kg /2/. The results shown in fig. la and fig. lb were ob
tained with an injected dose of 12.5 mg per mouse. 
Groups of five mice were irradiated simultaneously by 250 keV X-rays. The 
focus distance of the irradiation plane was 40 cm. The dose rate of the 
X-ray generator (type Mg 300, Fa. C.H.F. Miiller) in this position was 
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70 R/min. The technical data of irradiation conditions were 250 KV accel
erating voltage, 12 mA beam current and 1.9 mm copper half-value layer. 
For the protective substance WR 638 a dose reduction factor DRF =1.7 was 
determined. For the compound WR 2721 the dose reduction factor was DRF = 
2.5. 

2.2 Geometric arrangement for the reactor experiments 

A program was started to study the efficacy of the substances WR 638 and 
WR 2721 in the mixed field of a reactor. To take into account the prompt 
gamma yield by inelastic scattering of the neutrons in tissue a dummy was 
constructed. The dummy consists of three parts. The front and the rear 
part are two containers made of 4 mm thick tissue-equivalent (TE) plastic, 
which were filled with TE-liquid. This solution has the following composi
tion: 

Table 1: Composition of TE-liquid 

material % per weight 

aqua dest. 91.7 
urea 7.13 
potassium sulphate 0.51 
sodium sulphate 0.28 
antimycotic substance 0.38 

Tenite butyrate was used as TE-plastic. The middle part and the walls were 
made of this material. The middle part has four borings for the receptacle 
of 28 mice, which can be irradiated simultaneously. The irradiation plane 
is located in a depth of 12 cm from the surface. The arrangement of the 
dummy in the exposure room of the FRN is shown in fig. 2. A lead wall of 
10 cm thickness between the core and the dummy was erected to attenuate 
the gamma dose from the core. 
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2.3 Determination of the spectral neutron flux density 

The knowledge of the neutron spectrum in the irradiation plane is neces
sary to calculate the efficiency of the ionization chambers (chapt. 2.4). 
The thermal, and epithermal components of the neutron spectrum were deter
mined by activation of gold foils with and without cadmium covers. The 
spectral flux density distribution in the energy range of 0.1 to 15 MeV, 
which contributes the main part ot the neutron dose rate, can be repre
sented analytically by the formula: 

•(E) = A/E exp(-aE) + B • A exp(-SE) 

The value of A is given by the resonanceflux $ r e s - The parameters B, a, 0 
were calculated from the reaction rates of the threshold reactions: 

1 1 5In(n,n') 1 1 5InP. 5 8Ni (n,p) 5 8 C o , 2 7A1 (n.a) 2 4Na 

by a computer program described in chapt. 3.1 These reactions were used 
because they have quite different differential neutron cross section a(E) 
/3/ in the energy range of interest. 

Sets of foils were irradiated simultaneously in different positions of the 
dummy for one hour at 180 kW reactor power. The induced activities were 
measured by gamma spectrometry by means of a calibrated GeLi-diode after 
waiting a sufficient time for the decay of disturbing activities. 

Fig. 3 shows the result (curve 1) of the calculation at the centre-point 
of the irradiation plane. H.A. Robitaille /4/ performed calcultations of 
the spectrum (curve 2) with the multi-group method (37 neutron groups). 
The spectra at the corners of the irradiation plane are plotted in fig. 4. 
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2.4 Measurement of the dose components and of the homogeneity of the 
radiation field 

The gamma and the neutron dose were determined by the twin-chamber tech
nique. One ionisation chamber (type IC-17A, EG & G. Inc.) has a TE-wall 
material and is operated with a flow of TE-gas (ace. to Rossi). The other 
chamber (type IC-17G) is made of graphite and is operated with carbon di
oxide. Both chambers were calibrated in the standard field of the Co-60 
source of the Institute for Radiation Protection of the GSF. The satura
tion performance, the influence of the gas flow rate and the dependence of 
geometry were determined experimentally. The mean value of current meas
urements with positive and negative polarity of the high voltage was used 
for the dose rate determination. 

The value for the reciprocals of the sensitivity of the two chambers were: 

1/<*TE = (3.11 + 0.09) • 10 9 rd/C 
l/aQ = (8.17 + 0.24) • 10 8 rd/C 

Making use of the mass energy absorption coefficients given by Evans /5/ 
and the energy distribution of the gamma ray calculated by Robitaille /4/ 
we obtained the following values for the efficiencies according equation (13) 
(appendix 3.2). 

l/aG = 8.80 • 10 8 rd/C, l/a T E = l/a J E = 3.11 • 10 9 rd/C. 

It must be mentioned that equations (13) and (14) (appendix 3.2) are valid 
on the basis of the following assumptions: 

- The ratio of the stopping powers averaged over the energy is equal 
to 1/8/. 

- The so-called W-values are independent of the energy /10/. 
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Kuchnir et al. /7/ have shown, that the efficiency for neutrons of the 
graphite chamber is only affected by the gas in the case of a moderated 
fission spectrum. On the basis of the neutron spectrum (fig. 2) the ratio 
of the Kerma values K C Q /K~TE was calculated using the data given by Bach 
and Caswell /6/. The energy independent ratios of the W-values. 
( W y / W n ) T E = 0.95, ( W Y / W n ) C Q = 0.80 were adopted from Burger et al. /8/. 
For the sensitivities 5 and r\ ace. equation (12) we got the values: 

5 = 1.01, n = 8.5 • 10" 2 

The chamber currents were proportional to the reactor power after deduc
tion of the residual gamma dose rate up to 300 kW. The results for the 
dose rates in the irradiation plane given in table 2 were normalized to 
10 kW reactor power. The 4 x 7 matrix indicates the irradion positions of 
the mice. 

Table 2: Gamma and neutron dose rates at 10 kW reactor power 

f 
columr 1 1 3 5 7 

line 
15.7 16.0 16.1 16.8 D n 

i 10.5 11.1 11,9 8.93 D Y 

1,50 1.44 1,36 1.88 D n / D Y 

2 
16,2 16.4 16.5 17.5 D n 2 
12.1 14.2 13.7 10,3 D Y 

1.34 1.15 1,21 1,70 b n / D Y 

3 16.9 17.1 17.3 18,2 D n 

12.4 13.4 14.0 10.6 D Y 

1.36 1.27 1.23 1,72 D n / D Y 

L 15.2 15.3 15.5 16.5 D n 
H 11,8 12,8 133 10,1 D Y 

1.29 1.20 1.16 1,64 D n / D Y 

v > 
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If the ratio of the dose rates V = D /D Y is known the Fricke dosimetry may 
be used to test the homogeneity of the irradiation field. The relation be
tween the measured extinction and the dose is given in chapt. 3.3. The ex
perimental details for the Fricke dosimetry in mixed fields already were 
described /9/. For the evaluating of equation(l7) and(18)(chapt. 3.3) we 
used the following constants: 

X := 1 cm, p = 1.024, e 3 0 5 = 2205 1 modern - 1, e 2 2 4 = 4570 1 modern" 1, 
m m 

G y = 15.4 (100 eV)" 1, G n = 7.22 (100 eV)' 1, K F/K J E = 1.05, 

— — Lai = 1.00. 
In table 3 a comparison of the gamma dose rates is given between the meas
urements with the Fricke dosimeters and the ionisation chamber. The abso
lute accuracy of the measurements of the dose rates was estimated to be: 

AD /D = + 12 %, AD /D n = + 13 %, AV/V * + 20 % 
Y y n n - -

Table 3: Comparison of the measured gamma dose rates by Fricke 
dosimetry and ionisation chambers at 10 kW reactor power. 

r >* 

column 1 3 5 7 

line 
A 

10,4 12,0 12,0 9.05 byF 

\ (10,5) 111.1) (11.9) (8.93) bv 
12,4 14,8 14.3 10.9 o? 

2 (12,1 ) (14,2) (13,7) (10.3) b-Y 

11.8 13,7 13.5 10,4 % 
3 (12.4) (13.4) (14.0) (10,6) b' v 

4 11,9 
(11.8) 

13,8 
(12,8) 

13,7 
(13,3) 

10,5 
(10,1 ) 

6 , v 

v J 
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3. Appendix 

3.1 Calculation of neutron spectra from threshold reactions 

The spectral flux density distribution in the energy range 0.1 to 15 MeV 
may be represented by the guess spectrum: 

(1) |> (E) = A/E exp(-aE) + B/E exp(-gE) 

The parameters A, B, a, p are to be determined by the measured reaction 
rates: 

(2) R.. = / o.(E) *(E) dE i = 1 ... 3 
ESi 

The index i indicates the different reaction, a-(E) in the differential 
neutron cross-section. The neutrons with energies greater than 15 MeV are 
negligible in our case. 

(3) R. = AL. + BM. with the abbreviations 
v ' I i l 

15 
(4a) L.(a) = / a,(E) exp(-aE)/E dE 

E s i 

15 
(4b) M.(3) = / a,(E) /E exp(-6E)dE 

LSi 
Introducing the measured reaction rates we calculate the ratios: 

(5a) r 1 = R x/R 2 = 

(5b) r 2 = Rx/R3 = 

(5c) with F = A/B 

FL 1 + Mj 
FL 2 + M 2 

F L 1 + Ml 
FL 3 + M 3 
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From the equations 5 we obta in: 

M, - M 9 r 1 

(6a) F(r ) = - i ±± = F 
1 I r - L 

M, - NLr„ 
(6b) F(r ) = - i 2-£ = F, 

L 3 r 2 - L l 

p(1-0.1f)—p 
* — 

( start) 

input: OJ(E) 

I 
input 

Rl;R2;R3;<t>res 

input: a 

input. P 
-» * 

calculation: M-| Mz M3 
Li;L Z : L 3 ; F 1 ; F Z : f 

output 
F1;F2; f;P 

no 

a (1*0.1 a)—a 

calculation: B;A;a 

r output: B;A;a;Ci 

yes 

no 

print: A ;B;a ; p C stopj 

Fig. 5 Floating diagram of the computer program for calculating 
the neutron spectra 
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With the input of estimated values for the parameters a and g the computer 
programms calculated new values for a and 3 in iterative loops until the 
condition is satisfied: 

(7) F x = F 2 = F 

The parameters B and A are given by the equations (5c) and (3). On the 
other hand the value A shoud be equal to the resonance flux $ , deter-

^ res 
mined by gold activation. Introducing the auxiliary parameters 

(8) t = (Fl - F 2)/F 1 

(9) a = (*reS " A)/*res 

the iteration process start again. The iteration procedure of the computer 
program is shown in the floating diagram of figure (5). 

3.2 Determination of the gamma and neutron dose by the twin chamber 
technique 

The gamma and neutron dose component in a mixed field (D /D ) are related 
to the measured charges of the TE- and graphite chamber by: 

(10) Q T E = a T E D Y + b T E D n > QG = a G D G + \ D n 

where a-j-r. afi and b T E , bp are the gamma and neutron sensitivities of the 
two chambers. From equation (10) we obtain the dose components: 

(11) D n = (X - Y)/U - n), D y = U Y - nX)/U - n) 

introducing the abbreviations: 

(12) X = Q T E / a T £ Y = Q G/a G 

5 = b T E / a T E n = b G/a G 
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Taking into account the normalization to constant pressure and temperature 
(760 Torr, 22 °C) the sensitivities are given by: 

(y e n/p) w Y (Men/p)TE K (13) a = a„ e n W , Y • — — ^ 
K K n ^ T E . Y ^en / p) Y,K 

(14) b/a = -* • — — liil . -JL 
Wn K T ^ W . Y ^E 

where 

vi /p is the mass energy absorption coefficient averaged over the gamma 
spectrum 

K is the Kerma averaged over the differential neutron flux density 
cy is the calibration factor of the chamber 

with the indices 

W for the wall material 
K for calibration conditions 
Y for the gamma field to be measured 

3.3 Determination of the dose by Fricke dosimetry 

The total dose D in a Fricke solution irradiated in a mixed field is 
given by: 

c c c N« At Ae 
(15) D r = D^ + D1" — ( — + — 1 ) with P'X-e_ G_ G m n Y 

Ae = Ae + Ae Y n 
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where 

NA 
Ae 

P 

£l 
G 
X 

m 

is Avogadro's number 
is the difference in extinction before and after irradiation 
is the density of the solution 
is the molar absorbance coefficient 

3+ 
is the number of Fe ions formed per 100 eV of absorbed energy 
is the length of the path of light in the photometer (length of 
the cuvette) 

According to the Bragg-Gray-theorem the dose in tissue and the dose in the 
Fricke solutions are related by: 

(16) D = e n l b , T D \ 

If the ratio of neutron to gamma dose V = D /D is known from measurements 
with the ionisation chambers, the gamma dose is given by the extinction: 

( 1 7) D 
p *Y'e m G 

with 

( y e n / p V v KF (18) G = e n r , Y G + V •• (—) • G 
^en / p)TE, Y TE 
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4.5. SEPARATION OF GAMMA AND NEUTRON DOSE COMPONENTS IN A MIXED RADIATION 
FIELD BY NOISE ANALYSIS OF IONIZATION CHAMBER CURRENTS, D. Strube 
(Neuherberg, Germany) 

As an alternative to the dual chamber method in this work it is tried to 
separate the gamma and neutron dose components of a mixed field by measur
ing the d. c. and the a. c. components of only one chamber and to corre
late these signals theoretically to the unknown radiation components. Be
fore this is done the current to dose ratios of the chamber must be com
puted or determined by calibration. The advantages of this method are 
- beside the gain of dosimetric fundamental knowledge - locally exact 
measurements in fields with low neutron fraction or strong field gradients. 

The primary radiation - gammas and fast neutrons - produces electrons and 
ions as secondary radiation by recoil and nuclear processes in the wall 
and the gas of ionization chambers. These secondaries generate in the gas 
charge traces which move in opposite directions in a high voltage field. 
This current is time dependent and is represented by a double pulse with 
a fast and a slow component corresponding to the different mobilities of 
electrons and ions. The magnitude of the pulses depends among others on 
the nature of the primary radiation. This effect is used for separating 
the gamma and neutron components. Transforming into the frequency domain 
one obtains for the power spectral density R(v) of a series of pulses 
I K/1/: 

T-»oo 

ivt 
(1) 

K 

The time integral over the current pulse K gives its charge: 
oo 

%-\lk(i)& < 2 > 
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For the Tow frequency part of the power spectral density it follows from 
equations (1) and (2): 

I'm R(y)= 2-J2-c/7v) + 0.-3 (3) 

.2 -T 
where b l - = ~3T andd(v) is Dirac's 0 -function (4) 

Ilk 9 

The fist term in equation (3) results from the d. c. component J, the sec
ond from the a. c. or noise component of the chamber current. Q/2 represents 
a measure for the mean charge of the current pulses and depends on the kind 
of primary radiation. In the case of a mixed gamma neutron field onegets a 
system of two equations from which one can compute the unknown dose rate 
components D n and D y once the constants Q and Q and the conversion factors 
n and y are known: 

J = n-Dn + Y - D Y 

R = Q -n-D + Q -Y-D x n n xy Y 

J = d. c. component of chamber current 
R = power spectral density at low frequencies > 0 
D = neutron dose rate 
D = gamma dose rate 
n = current to dose rate conversion factor for neutrons 
Y = current to dose rate conversion factor for gammas 

To compare both the single chamber and the dual chamber method measurements 
were made with two chambers of different neutron and gamma sensitivity 3 (EG & G ionization chambers: IC-17A, tissue equivalent, 1 cm chamber vol-3 ume; IC-17G, graphite, 2 cm chamber volume). As preamplifier served a 

4 11 Keithley current amplifier 427, with 10 to 10 V/A amplification and a 
variable low pass filter with 0.01 ms to 300 ms rise time. The power spec-
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tral density was measured with the HP correlator 3721A with spectrum dis
play 3720A respectively at ten frequencies between 1.5 Hz and 15 Hz using 
high and low passfiIters to suppress the d. c. component and the 50 Hz 
hum from the mains. The following table shows data of measurements in a 
standard position in the exposure room for different reactor powers. These 
measured values are used to show the applicability of noise analysis to a 
mixed radiation field. 

Table 1. d. c. and noise components of two ionization chambers at 
different reactor powers 

reactor 
power [kw] 

graphite 
J C E I O ' 1 0 A ] 

chamber 
R C[10" 2 6A 2/Hz] 

t issue eq 
J T [10" 1 0 A] 

Divalent chamber 
R T[10" 2 6A 2/Hz] 

0 13,7 22,9 3,55 3,20 
2 18,5 40,0 5,46 25,2 
0 7,43 12,4 1,93 1,74 
2 12,6 30,7 3,96 25,6 
5 20,2 54,0 7,12 54,6 

10 34,7 96,8 12,4 115 
0 15,0 21,0 3,95 3,45 

10 41,5 98,0 14,1 117 
0 16,3 23,1 4,23 3,66 

10 42,7 98,9 14,1 115 
0 8,91 12,1 2,32 1,93 

10 37,1 89,5 12,8 120 

For two chambers one gets the following set of equations: 

J c = V V V 5

Y 

R

C = y n Vyv° Y 
J T = n T - D n + Y T - D T 

RT = Q -n T-D +Q T - Y T - D T nT T n yl 'J y 
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The most important solutions are: 

J r- — ' J T C YJ T n - D 
Y 

nc 
JC" Kj ' JT 

Y C 
n r • n T 

C Y T T 

D 
Y nc . 

V n^ YT 

• _ Rc" Q
Y c J C D _ RC" V JC 

" n C < W Y *c<VW 
. _ R T - Q Y T J T D _ V^nT JT 

(9) 

(10) 

" M W } " Y T < V Q n T > 
(11) 

Making use of the least-squares method to determine the constants in equa
tions (9) to (11) by applying the data of table 1 one obtains the following 
relations: 

ac ' - + bc " - • V (12) 

Y T Y T 

n f n 
a _C + b _C . ( 1 3 ) 

n T n T 

a T • - + bT = Q Y T ( 1 4 ) 

Y T 

a T • ̂  + b T - Q n T (15) 
nT 
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with 16 *c = (- 1.54 + 0.04) • 10 i U As 

-16 b c = ( 11.72 + 0.12) • 10 x u As 
a T = (- 8.05 + 0.05) • 10" 1 6 As 
b T = ( 32.12 + 0.17) • 10" 1 6 As 

The numerical evaluation of equations (12) to (15) is represented in 
table 2. 

Table 2. Numerical representation of equations (12) to (15) 

n c 
nT 

Q n C[lO As] Q n T [ lO _ 1 6 As] 
Y C 
Y T 

Q Y C [ 1 0 - 1 6 A S ] Q y T [ lO- 1 6 As] 

0.26 43.5 30.0 3.55 1.76 3.54 
0.30 37.5 29.7 3.60 1.72 3.14 
0.34 32.9 29.4 3.65 1.67 2.74 
0.38 29.3 29.0 3.70 1.63 2.34 
0.42 26.4 28.7 3.75 1.59 1.94 
0.46 23.9 28.4 3.80 1.54 1.53 
0.52 21.0 27.9 3.85 1.50 1.13 
0.56 19.4 27.6 3.90 1.47 0.73 

Solving equations (5) to (8) with the experimental values for a pure gamma 
field - zero power values of table 1 - one obtains the ratio of gamma con
version factors and the constants Q Q and Q y j , which are compared (in 
brackets) with the corresponding Q -values following from table 2: 

YT 
— = 3.84 + 0.01 

V 
V 

,-16 16, (1.50 + 0.07) • 10" i DAs [= (1.51 + 0.05) • 10 _ i DAs] 

(0.87 + 0.01) • 10"1 6As [= (1.21 + 0.26) • 10"1 6As] 
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The ratio of neutron sensitivities n~/nT could be taken from table 2 after 
determining Q _ and Q _ experimentally. Therefore Q - (E) and Q _ (E) were 
measured at an accelerator (KS 3000 at Neuherberg) in dependence of neutron 
energy. The mean value was computed over the reactor spectrum: 

a, - fa<o-m,-r(l>" 
(16) 

KIT) f(E)JL 

The kerma K and the W-values were taken from publications of Dennis /2/ and 
the differential neutron flux density in the exposure room was measured by 
Rau /3/. Figure 1 shows the energy dependence of the measured Q (E)-values. 

Figure 1. Energy dependence of the Q (E)-values 

Q n(E) [10"16As] 

U 5 6 
E n [MeV] 
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The evaluation of equation (16) gives: 

Q n C = (36.9 + 7.1) • 10' 1 6As 

nC with -^ = 0.30 + 0.06 from equation (13) 
T 

and Q n T = (25.1 + 0.8) • 10" 1 6As 

nC with ^ = 0 . 8 7 +0.10 from equation (15). 

The non-overlapping error limits of the r W n , ratios indicate the possibil' 
ity of a systematic error. 

For the ratio of neutron sensibilities it follows in the more direct way: 

*T e r-V r [ Xr(B) [ML\.f(t)U 
1 MTU) T 

with £ = density of gas filling 
V = effektive chamber volume 

The same ionization chambers are used for dosimetric measurements in the 
FRN exposure room delivering similar results by other experimental tech
niques /4/: 

n c/n T = 0.34 + 0.05 
Y C / Y T = 3.75 + 0.16 
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These chamber sensitivity ratios used by Jentzsch /4/ give the following 
set of Q-values from equations (12) to (15): 

Q n C = (32.9 + 5.1) • 10" 1 6As 

'nT (29.4 + 0.4) • lo" 1 6As 

Q = (1.59 + 0.16)- 10" 1 6As 
Yc " 
Q T = (1.93 + 1.31)- 10" 1 6As 

With these values relative dose rates were computed by former equations (9) 
to (11) for the various power levels of table 1. The results are shown in 
table 3. 

Table 3. Comparison of relative dose rates measured with the dual chamber 
method and the one chamber method 

reactor 
power [kW] 

dual chamber method 

n y 

graphite 

°n 
chamber 

D 
Y 

tissue equivalent 
. chamber . 
D n D 

n y 
0 -1.1+1.7 36.6+1.7 1.0+2.1 36.4+0.5 -1.3+1.8 37.1+1.8 
2 5.8+2.3 48.4+2.3 9.9+3.5 48.4+0.8 5.3+2.4 49.6+2.4 
0 -0.6+0.9 19.9+0.9 0.6+1.1 19.8+0.3 -0.7+1.0 20.2+1.0 
2 6.6+1.6 33.0+1.6 10.0+2.9 32.7+0.6 6.5+1.6 33.3+1.6 
5 19.1+2.5 52.1+2.5 20.6+5.4 52.0+1.2 14.9+2.7 56.8+2.7 
10 34.6+4.2 89.4+4.2 39.1+9.9 89.0+2.1 33.1+4.4 91.5+4.4 
0 -0.5+1.9 40.0+1.9 -2.7+2.3 40.2+0.6 -1.5+2.0 41.3+2.0 
10 33.4+5.1 108 +5.1 30.1+9.0 108 +2.1 32.6+5.2 10 9+5.2 
0 -1.3+2.0 43.6+2.0 -2.6+2.5 43.7+0.7 -1.7+2.1 44.3+2.1 
10 29.8+5.2 111 +5.2 29.1+8.9 111 +2.1 31.9+5.3 110 +5.3 
0 -0.6+1.1 23.8+1.1 -1.9+1.4 23.9+0.4 -0.9+1.2 24.3+1.2 
10 32.0+4.5 96.0+4.5 28.7+8.3 96.3+1.9 34.7+4.5 94.0+4.5 
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Within the experimental error there is quite a good correspondence between 
the results of the one chamber noise analysis method and the well known 
twin chamber technique in a mixed radiation field. 
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4.6. POWER SPECTRA OF STOCHASTIC SIGNALS IN REACTOR TRIGA, B. Mavok 
(Ljubljana, Yugoslavia) 

Introduction 

Signals measured in industrial processes in general contain 
two components. Normally a component of stochastic fluctuations 
is superimposed on a basic DC component. Such signals containing 
noise can therefore be found also in systems with nuclear reactors. 
Fluctuations cart result from different disturbances caused by me
chanical vibrations of structural parts, flow variations, boiling 
or by instabilities in control loops. Many malfunctions which can 
develope in nuclear reactor systems can produce mechanical vibra
tions, flow variations or neutron flux fluctuations prior to the 
condition requiring reactor shutdown. 

Stochastic signals can be detected and analysed using noise 
analysis techniques. The noise components of process variables 
contain information regarding status of the involved system. If 
such information is adequately extracted and analysed, it can 
serve as means for reactor system surveillance and for detection 
of abnormal states and disturbances which unnoticed could initiate 
emergency shutdown of the plant or cause some other accident. 
In reactor systems mechanical vibrations show influence on neu
tron flux and could therefore be detected by monitoring and ana
lysing the signals given by ionization chambers. 

Noise analysis methods have been extensively used and devel
oped particularly in last decade since they ofter better operati
onal availability, decrease the cost of instrumentation and enable 
research of different phenomena without external disturbances and 
excitations of the reactor systems. Noise analysis can directly 
contribute also to the safety of nuclear power plants in two ways: 
by regularly monitoring the vibrations of sensative components 
or by periodical tests and analyses which enable tracing the de-
velopement of fluctuations. 
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Noise signals on nuclear reactor systems strongly depend on 
the type of the system. Therefore reference noise characteristics 
of the particular reactor system should be measured and determi
ned during normal power operation of the reactor. These reference 
noise characteristics can later be compared with results of ana
lyses performed on regular basis during the lifetime of the reac
tor. The differences and discrepancies from reference spectra then 
serve as a basis for diagnostics of abnormal reactor operation. 
One of the main goals of the performed research was to determine 
reference power spectra and to investigate the most significant 
parameters, which can later be monitored during regular periodical 
tests. 

MEASUREMENTS AND ANALYSES 

Block diagram of instrumentation for measurement and on-line 
analysis of neutron flux fluctuations is shown on Fig. 1. Ioniza
tion chamber used with the experiment is a part of standard reac
tor TRIGA instrumentation. During normal operation this chamber 
is coupled to the percent power channel. Ionization chamber out
put is directly connected to the current amplifier Keithley Model 
*+27 which provides optimum performance in virtually any low current 
application. The built in current suppression allows elimination of 
signal^s DC component in the range from 10~ 1 0 to 10~ 3 A thus only 
the variations can be amplified. The gain of the amplifier is se
lectable from 101* - 1 0 n V/A in decade steps. The fluctuations 
are then led to the analog filter Krohn-Hite model 3 32 2 which ope
rates as high pass filter. Both filters are switched to the same 
mode of operation and cascaded, with both channels set to the 
same cutoff frequency allowing attenuation rate of 4 8 dB per oc
tave. The low-pass filter is an integral part of the spectrum ana
lyzer, functioning as antialiasing filter preventing folding of 
spectra. The cut-off frequency of this filter depends on sampling 
frequency and is automatically set to 80 % of the frequency band. 
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Block diagram of instrumemtation for measurement and analysis 
of vibrations is shown on Fig. 2. Typically two Bruel&Kjaer piezo
electric accelerometers are used as transducers. In each channel 
the transducer is coupled to the preamplifier with high input im
pedance of 2600 M ohm, which in spite of high output impedance of 
the accelerometer allows low frequency band measurements. The pre
amplifiers are located as close to the accelerometers as possible. 
The amplified signal is then led to main amplifiers and filters 
for amplitude adjustments and frequency band selection. 

Two and two instrumentation channels are alternatively connec
ted to the spectral analyzer SD 360. Based on fast Fourier trans
form the analyzer calculates the power spectra of input signals 
on-line for frequency bands up to 20 kHz. Autopower spectra are 
computed in 1024 frequency points while crosspower spectra are 
computed for 512 points, the sampling frequency being twice the 
upper frequency of the selected frequency band. 

The lowest built-in sampling fequency of the processor is 
2 0 Hz. With external trigger the sampling frequency can be set as 
low as desired. Correction of the finite records of the signal is 
acheived by applying a Hanning window with the following charac
teristic: 

H(f) = °'5 Ho(f) + °.25<H0Cf 7^> + H0(f - ,!-» 

where sin u T 
T, _ m 
no(f) " iff 

The record lenght is defined by resolution: 

1 
Tm " Af 

4-54 



Analyses Results 

Series of neutron flux noise measurements was performed at 
different operational power levels. Power spectra were calculated 
for various reactor powers from full power of 2 50 KW down to 1 KW. 
DC component was suppressed with current amplifier and noise com
ponent was further amplified. At 250 KW the value of DC component 
was 0.7!+ A. The measured amplitude distribution at full power 
showed that the neutron noise closely follows Gaussuan distribution 
with the variance being of the order of 250 mV at 10 V/A gain. 
The reactor power was alternatively set to 250 kW, 50 KW and 5 KW. 
The reactor was under manual control and the cooling was switched-
-on. The first set of measurements was carried out for the frequen
cy band from 0.1 Hz to 100 Hz to determine regions which should be 
further analysed. Results of these measurements are shown on Fig.3 
which shows autopower spectra of neutron power noise at 25 0 KW, 
50 KW and 5 KW. It can be seen that a significant resonance appe
ars at the frequency 2,3 Hz. At 5 0 KW power the second harmonic 
of this frequency can also be noticed. Resonances at higher frequen
cies were contributed to the 50 Hz power supply. The most intere
sting frequency band was found to be below 10 Hz and the measure
ment were repeated with sampling frequency 20 Hz and antialiasing 
filter set to 8 Hz. Power spectra calculated for frequencies from 
0.01 Hz to 10 Hz are shown on Fig. 4. Each spectrum was calculated 
from 32 records of 2 04 8 samples. Previous tests have shown that 
statistics can not be improved significantly by increasing the 
number of records beyond 32. To determine the source of the reso
nance at full power an additional experiment was performed with 
cooling pump switched-off. The obtained spectrum on Fig. »+ shows 
no resonance at the frequency of 2,3 Hz. Though it should be men
tioned that only 8 records were used for calculation of spectrum 
to prevent excessive rise of the coolant temperature. From the 
obtained spectra it can be seen that the noise content increases 
with the reactor power while proportionally the largest resonance 
appears at 50 KW, at higher powers being shaded by the background. 
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calculations were also attempted during this measurement together 
with transfer function evaluation. Power spectra were calculated 
for 512 frequency points from 32 words of 102U samples. 

CONCLUSIONS 

On TRIGA Mark II reactor measurements and analyses of some 
stochastic signals were performed to determine their reference 
spectra in the frequency band from 0.01 Hz to 100 Hz. Autopower 
spectra of neutron flux fluctuations were computed for full po
wer and for 50 KW and 5 KW at different cooling conditions. The 
spectra show a significant resonance at the frequency of 2.3 Hz 
which dependence on the state of the cooling system. To determine 
the cause of the resonance vibrations of coolant water inlet 
pipe, ionization chamber and control rod were also investigated. 
Reference power spectra of these vibrations were found and only 
a slight correlation between the ionization chamber and control 
rod vibrations and the resonance were established. Since control 
rod vibration are most probable cause of the resonance prelimina
ry measurements of control rod vibrations should be improved to 
prove this hypothezis. 
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To further investigate the cause of the resonance in neutron 
noise spectra some preliminary measurements and analyses were ca
rried out by monitoring vibrations of the percent power ionization 
chamber, control rod and of cooling water inlet pipe. 

The accelerometers were mounted on the coolant inlet pipe 
with a specially designed brace just above the water level in the 
reactor pool. First on the horizontal and then on the vertical 
section of the pipe. Measurements show that the order of magnitu
de of acceleration at both point were in the region of 0.1 g. 
Fig. 5 show the autopower spectrum of pipe vibration. Measurements 
were conducted at 2 5 KW power for frequency band from 0.1 Hz to 
100 Hz. From the computed spectrum it can be seen that the vibra
tions have mostly higher frequencies, which can not be noticed 
in neutron flux spectra because of the transfer function of the 
reactor system. The frequency 2,3 Hz where the resonance appears 
at neutron noise is not present in coolant inlet pipe vibrations. 

Attention was switched to the ionization chamber. Accelerome
ter was mounted on the hausing again just above the water level. 
Spectra were measured at 2 5 KW and calculated for the frequency 
band from 0.1 to 100 Hz. The resulting autopower spectrum of IC 
vibration is shown on Fig. 5. No significant resonance was found 
in the neighbourhood of 2,3 Hz. The resonances appear arround 
50 Hz which can be contributed to the power supply. 

Complete set of calculations was performed on records of 
neutron flux noise and control rod vibrations at 250 KW. The re
sults of analyses for the frequency band 0.02-100 Hz are shown 
on Fig. 6. Control rod vibrations were measured with accelerometer 
mounted with a special brace on the guide tube of the rod drive. 
The coupling between the guide tube and the control rod extention 
tube was very weak for the preliminary experiment since higher 
amplitudes of vibrations were expected. The experiment did not 
confirm these expectations. Resonance peaks appeard at frequen
cies above 20 Hz and none at expected 2,3 Hz. For future tests the 
mounting metod should therefore be improved. Crosspower spectra 
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Fig 5 Power spectra of vibrations at 25 kW 
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Fig. 6 Power spectra at 250 kW 
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4.7. THE IRON BENCHMARK EXPERIMENTS AT EURACOS II, G. Perlini, G. Gonano 
(Ispra, Italy) 

1. Introduction 
The main objective of the "European Shielding Information 
Service" is to distribute "competences" in the field of radiation 
shielding. For this reason, in addition to the collection, 
analysis, evaluation and distribution of information and the 
promotion of contacts and collaboration between the various 
European shielding groups, it also carries out direct research 
work in the field of shielding for nuclear reactors (fission 
and fusion) hot cells, and accelerators. 

2. The EURACOS II Installation 
2.1 Aims 
The difficulties encountered in the design calculations of 
a radiation shield can be reduced to two types: 
- the coice and use of the cross-section file 
- the geometrical description of a particular situation. 
If more than one type of material is used, optimisation problems 
are likely to be encountered. 
The design calculation of a shield commences with the differential 
cross-section files,but the point values have to be reduced 
into a group structure. 
The choice of the number of groups, the energy limits between 
the groups, and the reduction calculation for determining 
the values in the various groups is the first, and not easy, 
problem to be solved. 
The type of condensation depends not only upon the cross-sections 
of the materials, but also upon variations in the neutronic 
spectrum at various depths. 
The second problem is to determine the properties of a shield 
in a zone (i.e. in the neighbourhood of the containment tank) 
involving a complicated geometry (with several gaps and conse
quently streaming problems). 
If the geometry is complicated, if there are strong flux 
attenuations and large geometrical dimensions, even the Monte 
Carlo method (M.C.) may experience some difficulty at least 
as far as calculation time is concerned. 
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These are two typical problems of shielding calculations in 
which experimental research is desirable for verification 
or comparison purposes,"Clean" integral experiments do exist 
for checking the group crosssections and the calculation methods: 
these are the socalled benchmark experiments. 
There are other experiments in which the model of a particular 
zone is investigated: these are known as mockup experiments. 

The EURACOS installation was conceived and built in order 
to perform experiments of both these types. 
For this reason it has to include: 
-a high intensity source with as well-defined as possible a 
spectrum, end a well-defined and simple geometry, 

-an irradiation chamber in front of the source, sufficiently 
large to allow the inctroduction of even quite large models. 

2.2 The_Plant 

The neutron source of EURACOS II is composed of 6 plates of U-
Al alloy, containing in total 4.77 Kg of Uranium enriched 
at 90% in U-235. The plates are of trapezoidal shape, and 
vary in size, so that when they are put together an almost 
circular source can be formed, with a diameter of 80 cm. 

The whole set of plates, to which are attached 20 thermocouples 
to check on the temperature, is mounted in an Al casing which 
serves as a cooling chamber (Fig.l). 

The conversion factor of this plate, taken to be 0f •; ss/04-h' 
is very close to 1. 
The converter is placed at the end of the thermal column of 
the TRIGA MARK II reactor of the LENA of the University of 
Pavia, a reactor with a maximum power of 250 Kw, and having 
a 160 cm long graphite thermal column. 
In order to increase the available neutron flux, we decided 
to modify the thermal column of the reactor by removing some 
of the graphite contained in it. 
Following several Monte Carlo calculations and some experimental 
measurements, the central core of the second section of the 
thermal column was removed. The thickness of graphite standing 
between the core and the converter is now ^ U 0 c m (Fig.2). 
By this means, we have obtained a neutron flux higher by a factor 
of 6.3 than the earlier one, with an acceptable modification of 
the Cd ratio. 
The Fig. 3 shows the thermal neutron profile at the end of gra -
phite column. 
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Under these new circumstances the EURACOS II converter at the LENA 
reactor consists of a source of wlOl^ n/sec in total, developing 
a power of roughly 200 W. This heat is drawn off by an air-flow 
of 500 m3/h directed onto the fuel plates in the Al casing. 
The neutron flux in front of the centre of the source and 
8 cm distant is of 1.10^ n/cm2. sec. A flux of this strength 
makes it possible to study neutron attenuation in a shield 
of up to a factor 10^ for fast neutron and 108 for thermal 
neutrons. 
The converter is placed in an irradiation chamber which extends 
into a tunnel with walls of heavy borate concrete 100 cm thick
ness, in front of the thermal column of the reactor. This 
chamber has a usable depth of 370 cm, and a section of 150 
x 170 cm 2 for the first 100 cm, and 200 x 200 cm 2 for the 
rest. 

Figs. 4 and 5 show the longitudinal and transversal neutron 
profiles in the empty chamber. 
The material to be irradiated can be loaded from the outside 
of the tunnel, on a trolley which runs from the reactor hall 
into the irradiation chamber. The minimum distance between 
the front face of the experimental and the central plane of 
the converter is 8 cm. The sequence of the operations has 
been made independent of the operational state of the reactor 
by means of a system of double doors. 

One control panel for the installations combines: 
- signalation of the positions of the experimental trolleys 
and of the doors, 

- commands for the drive motors of the experimental trolleys 
and the doors 

- early warnings and allarms indicating dangerous conditions 
(thermo-couple temperatures cooling air flow, etc.) 

- interlocks in order to avoid dangerous situations due to 
faulty operations or to avoid dangerous exposure of personnel 
to radiation (Fig.6). 

3. Safety Conditions 
3.1 Converter-reactor_coup_ling 

In order to analyse the interation between converter and 
reactor, Monte Carlo calculations were made with the GRANT-3 
programme with the aim of comparing the multiplication constants 
of the reactor with or without the converter. In the calculation, 

4-65 



it was assumed that the converter was placed at the entry 
of the cavity container in the thermal column, that ..is, at 
87.15 cm from the axis of the reactor; for the rest, the geometry 
was the actual one. The cross-sections used were those the Mills 
library having 18 energetic groups. 
The difference in reactivity K _f of the reactor with and without 
converter resulted to be only e 0.002. 
The calculation conditions were very conservative as: 

a) The converter will be more than 2 metres from the core instead 
of 87.15 cm. 

b) Additional 20 cm of graphite are placed between the thermal 
column and the converter. 

3.2 Converter-Experiraents_coup_ling 

The shield model introduced for irradiation could cause neutron 
reflection phenomena: fast neutrons coming from the source enter 
the model where they thermalise and can then return towards the 
source causing the intensity to vary. This effect could consider
ably vary, depending on the material used for the model (for ex
ample, concrete or iron). 
Some ANISN calculations where made for the very pessimistic condi
tions with the converter reflected on both sides by a layer of 
D„0 in plane geometry. 
The resulting K c c was 0.8559. J ef f 
Actually the converter is an 80 cm diameter disk; a 20 cm thick
ness of graphite is an one side of the converter and a 3 mm thick 
boral plate will be mounted on the front face of the model and 
this can eliminate the reflector towards the source of the ther
mal neutrons originating in the model itself. This, in addition, 
has the advantage of ensuring an intensity of the source which 
is nearly independent from the model being irradiated. 

4. Iron Benchmark Experiment 

4.1 Aims 

The reduction of the set of point values of the iron cross section 
in a multi-group structure suitable for design calculations is a 
rather complex problem, due to the succession of even very deep 
resonances and anti-resonances present, particularly in the epi-
thermal zone. 
On the other hand, iron together with stainless steel are mate -
rials of great importance both for shielding and for radiation 

4-66 



damage, in the design of fast reactor. 
Several years ago already the community of European Shielding 
Experts decided to undertake a campaign of measurements on 
iron. This campaign would be carried on in various installations, 
and the measurements would subsequently be compared with each 
other, and with the various available calculation methods. 

4.2 §xperimental_results 

The experiment being performed in the Triga Reactor of the 
University of Pavia consists of a large block of iron consisting, 
of an assembly of 35 sheets of iron totalling 150 x 150 x 140 cm . 
This block is mounted on a trolley with a sheet of boral on its 
front face to reduce to a minimum the entering flux of low energy 
neutrons. 
When this block is placed close to the fission source the neutron 
penetration can be studied, revealing the attenuations of the 
fluxes at the various energies, and hence the spectral deforma -
tion in function of the depth of penetration in the iron. 
So far the attenuation profiles along the central axis of the 
block have been measured with activation detectors sensitive to 
neutrons of different energies: 
- thermal flux with Dy detectors 
- epithermal flux (0,4 eV) with Cd covered Au detectors 
- fast fluxes with threshold detectors of S and Al. 
The measurements are given in Fig.7.This figure shows two pro
files for the Au resonance which illustrate the influence, ex
tending 2 0 cm into the iron, of the presence of the sheet of 
boral on the front of the iron block. 
Also clearly illustrated is the drastic attenuation of the fast 
flux above 2 MeV and above 6 MeV obtained with threshold 
detectors (s32(nfp)p32 and Al27(n,alpha)Na24)respectively. 

The clear difference in slope of the profiles of the fast and epi
thermal fluxes illustrates the remarkable effect produced by the 
antiresonances (windows) of the iron cross section in the KeV 
zone.In order to study more intensively the spectral deformation 
of the neutrons at varying penetrations into the iron, a measure
ment campaign was undertaken a few month ago with a set of 5 gas 
proportional counters containing hydrogen. 
This is a technique developed at Harwell, and which we use in 
collaboration with the Radiation Physics and Shielding Group 
of Winfrith. 
The great advantage of this technique is that the counters are 
spherical (therefore offering good anisotropy) and are used in 
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narrow energy ranges, which means that distortions due to wall 
effects are very slight. An unfolding calculation code developed 
for this type of counter gives the neutron spectrum on the basis 
of the measured pulse spectrum. 

We appreciate the good collaboration which we have had with the 
Direction and the technical operation staff of the Triga reactor 
of LENA during the installation of the EURACOS II facility and 
the execution of our experiments. 
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(3 ) Control panel of the facility 

(4 ) Iron benchmark experiment 
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5.1. RESEARCH REACTOR PROGRAMMES AT THE IAEA, H. Reijonen (Vienna, Austria) 

1, Introduction 

The Agency' s programmes on research reactors are set up according to 
the established structure of similar technical activities consisting of 
basically the following components, 

- Collection of various data on research reactors and their utilization 
and the dissemination of this information 

- Organization of meetings and the publishing of the proceedings and 
recommendations 

- Publishing of various review papers and technical documents on the 
operation and use of resarch reactors 

- Execution of Technical Assistance and United Nations Development 
Programme projects. 

These activities will be discussed in the following chapters emphasizing 
the services that are provided for developing countires. It is intended 
that the programme on research reactors should be flexible and respond to 
the actual needs of the countries receiving assistance. In this sense, the 
Agency would be grateful for any useful suggestions that this presentation 
would generate among the users of TRIGA reactors, 

2, Data Bank on Research Reactors 

For several years the Agency has compiled data on research reactors in 
its Member States, The data was published in the "Directory of Nuclear 
Reactors", Vols, II_, III, V, VI, VIII and X and also in the periodic issues 
of "Power and Research Reactors in Member States", the latest edition of 
which was published in 1974, 

Following the requests from the Member States, a data collection 
effort on research reactors and critical facilities was initiated in June 
1977 with a letter from the Director General and attached questionnaire 
addressed to all the Member States, The questionnaire was set up to consist 
of the following parts: 

- General information (address, telephone, telex, contact persons) 
- Facility data, including technology transfer aspects 
- Fuel data (origin of U, Pu, enrichment, type of fuel, spent fuel, 

plans for new acquisitions) 
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- Safeguards 
- Facility history and status 
- Facility utilization 
- Costs 
- Future plans 

Although the data requested is of a relatively basic nature, the time 
and effort involved in developing a sufficiently complete and correct data 
base are considerable. As a matter of fact, in June 1978, a reminder was 
sent to Member States who had not yet responded. It is foreseen that during 
the autumn of 1978 the remaining data will be submitted to the Agency. All 
the data will be stored in the computer, thus making various information, 
processing operations including continuous updating practicable. The 
publishing of the data early in 1979 is planned to have a computer print
out type of format that is already used in the Agency1 s publication "Power 
Reactors in Member States", 

When the data base is being updated, it is intended to include more 
detailed technical data on the reactor design replacing the somewhat out
dated information that has been previously published. It is understood 
that this kind of new data on the core physics, operating arrangements, grid 
plate size etc. could well be needed for example to help introducing the 
various new research reactor fuel designs with a high uranium density to 
the market. Concrete suggestions from the users of research reactors on 
what kind of additional technical data should be requested, would be wel
comed and taken into account. 

3. Recent Meetings on Research Reactors 

In this connection it may be mentioned that the recent discussions 
on research reactors have centred on the question of the use of highly en
riched uranium in the fuel. Therefore research reactors are also included 
in the International Huclear Fuel Cycle Evaluation (EffFCE) in the Working 
Group 8 "Advanced Fuel Cycle and Reactor Concepts", sub-group C . The 
Agency's input to the WG8, sub-group C, essentially consists of the findings 
of an Advisory Group Meeting on Research Reactor Renewal and Upgrading 
Programmes, held in Vienna on 23 - 26 May 1978. The basic understanding 
of the fuel enrichment questions seems to be that it is clear that uranium 
enriched to 93$ ^U gives the best balance between reactivity requirements, 
fuel cycle cost and the thermohydraulic performance of fuel assemblies for 
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research reactors. However, the enrichment reductions from 93$ are technically 
235 and economically feasible for most reactor designs to the extent that the U 

in the fuel element may be kept the same ( increased) by utilizing increased 
uranium density fuel technologies and/or increased fuel "meat" volume. 

Following the Advisory Group1s recommendations, it is pointed out that 
if reductions in enrichment are to be implemented, it is desirable that: 

- Fuel element fabricators should be encouraged to undertake further 
development of low and medium-enriched research and test reactor 
fuels and to offer those fuels commercially. 

- It should be agreed as quickly as possible on a single intermediate 
enrichment in the 35$ to 45$ U-235 range for universal application 
to such medium-enriched fuel. 

- Developers of these new fuels should make available the results of 
their efforts, recognizing their right to proprietary technology. 

- Licensing of these new fuels should be accomplished as expeditiously 
as possible. 

- Early demonstrations of the feasibility and in pile testing of full 
assembly should be encouraged for those low or medium-enriched fuels 
for which they do not already exist. 

The Agency's role here is to closely follow the developments on new 
fuel, so as to be in a position to respond to requests by Member States for 
information on technical assistance. For further information on this subject, 
it is referred to the proceedings of the Advisory Group Meeting wich will be 
published /l/. 

Another item brought to the Agency's attention by the Advisory Group 
Meeting and which will be reflected in our programme are the safety and 
licensing questions. It can be said that in general, the licensing climate 
has become more demanding. Cases have been mentioned that backfitting has 
been demanded by the licensing authorities as a result of small changes in 
the reactor system. This could result in the loss of the operating license 
even when the change was small, until the necessary work has been carried out. 
In the absence of generally accepted licensing criteria, the licensing 
authorities may request to bring the reactor safety systems up to the "state 
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of the art" of the technology, which obviously leaves a lot of room for 
interpretation. Another approach could be to impose power reactor standards 
which are not suitable for research equipment demanding the maximum flexibility 
in their operation. The Agency has published in 1971 a Safety Series Handbook 
12.f on this topic. This is a very general publication which outlines all 
aspects of research reactor designs, licensing, operation, maintenance and 
inspection. The updating of this Handbook in a suitable form is therefore 
being considered. The preparation of more detailed basic criteria prepared 
by an international body and applicable to standard type research reactors, 
hopefully should be: 

- acceptable to many countries, and 
- to serve as an encouragement for many organizations who had not 

upgraded outdated systems to do so because a set of guidelines 
would be available. 

Regarding research reactor renewal programmes, it is noted that a rather 
large number of facilities are already some 15 to 20 years old, and in need 
of a thorough replacement of components and systems if the reactor is going 
to be operated still another 20 years or so. Replacement or renewal of 
almost all components of existing research reactors is technically feasible, 
including such major and radioactive components as core structures or 
reactor tanks. In the interests of enhanced reactor safety, the Agency will 
investigate the possibilities of formulating quality assurance standards to 
which components and systems should conform. It may also be mentioned that 
in the various technical assistance projects related to this topic, quality 
assurance principles have been included whenever possible. 

4. Publishing activities 

The publishing policy has been to provide support for the utilization 
of medium flux facilities, and to encourage various practical applications. 
The topics that have recently been covered include neutron radiography /}>/ 

and neutron scattering in applied research /4, 5/» 

5. Technical Assistance 

A country wishing to obtain its first research reactor often wishes 
to have the Agency involved in the various stages of such an enterprise. The 
first question to be clarified is the actual justification for obtaining a 
research reactor in view of the overall scientific and technical development 
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of the country, and the plans to embark on a nuclear power programme. 
Without attempting any rigorous cost-benefit analysis, the Agency generally 
does not encourage the acquisition of new research reactors in developing 
countries because of the following reasons: 

- The possibilities of performing original research with a medium 
flux facility are usually very limited. 

- The realistic demand for short lived radioisotopes that should be 
locally produced in a poorly industrialized environment is only 
sporadic, or not existing at all. Furthermore, for the medical 
uses, ^Tc which can be produced locally from imported generators 
has such a dominating position that there is not much room, if any 
for the other locally produced short lived isotopes. 

- The development of other analytical techniques such as energy-
dispersive X-ray fluorescence spectrometry and atomic absorption 
spectrophotometry put the uniqueness of neutron activation analysis 
(MA) open for arguments, considering the popular claim of its 
high sensitivity and relative freedom from interference for the 
determination of elements at concentrations below those detectable 
by most other techniques. For this reason, it is not recommended 
that any developing country should invest heavily on a central 
laboratory on NAA. Rather, attempts should be directed towards 
setting up a central laboratory for analytical chemistry, where 
balanced efforts should be spent developing the capability, not 
only for activation analysis, but also for other nuclear—based 
techniques (particularly X-ray fluorescence analysis) and at least 
a few non-nuclear techniques, such as atomic absorption spectro
photometry and conventional chemical analysis. This statement 
should not be understood to downgrade the value of NAA; obviously 
the choice of an analytical technique should depend on the nature 
of existing and anticipated problems. However, when NAA is to be 
included in the analytical techniques, the possibilities offered 

252 by J Cf isotope sources and neutron generators are very favourable 
when their costs are compared to those associated with research 
reactors. 
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On the other hand, if the country plans to embark on a nuclear power 
programme in the foreseeable future, new considerations must be taken into 
account. The development of the local competent manpower and administrative 
structures are difficult to carry out without the practical experience that 
a successful construction and operation of a research reactor facility gives. 

Once the decision to obtain a research reactor has been made, the 
Agency has over the years provided assistance in the various phases of 
implementing the project including: 

- bid specifications and bid evaluations 
- contract negotiations 
- supervision of construction works 
- training of staff 
- start-up tests 
- advice on setting up the research programmes. 

As already indicated in Chapter 3f one major field of activity in the 
coming years where project applications are encouraged by the Agency, will 
be the renewal and upgrading of old research reactors. It is understood that 
the problems which may arise in component replacement, back-fitting or 
uprating of existing research reactors, cannot be realized by means of 
generalised guidelines. Rather such problems are specific to the particular 
reactor and the particular degree of modification being undertaken. 

One way to enhance these activities is to compile actual case histories 
that can be made available by the Agency to those planning such projects. It 
would be appreciated if suitable case histories could be obtained from the 
large TRIGA users' community. 

An aspect that is recommended to be included in the project applications, 
whenever applicable, is the review of safety status of ageing research reactors. 
In particular reactivity and coolant related accidents should be analyzed 
to establish that the safety systems, when renewed, would conform to the 
modern standards. 

References 
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5.2. RESEARCH PROGRAMS CARRIED OUT AT THE TRIGA MARK II REACTOR VIENNA, 
H. Bock (Vienna, Austria) 

1. Introduction 
During the period July 1976 to July 1978 approximately 17o papers 
have been published by staff members of the Atominstitute in. 
scientific journals covering the main research fields which are 

- radiation physics 
- nuclear physics 
- reactor technology 
- neutron solid state physics 
- radiochemistry 
- health physics 

In the department of reactor technology research work was contin
ued on in-core instrumentation, on failed fuel element detection 
systems and on neutron radiography. 
2. In-core instrumentation 
A program was started several years ago to construct a self-
powered neutron detector using highly enriched uranium as emitter 
material. In standard SPND electrons are responsible for the 
charge transport between emitter and collector while in the 
above mentioned case fission fragments transport up to 2o elec
tric charges for each fission process across a thin insulating 
layer. Detailed calculations showed [1] an improvement in the 
detection sensitivity for about two decades. Parameter studies 
were performed to calculate the optimal detector geometry and the 
influence of the emitter and insulator thickness can be seen from 
fig. 1 to 3. Table 1 compares the performance of a fissile SPND 
with other standard SPND's. 
Several prototype detectors have been constructed (fig. 4,5) at 
the Atominstitute and their in-core behaviour was tested under 
various reactor conditions [2]. The excellent flux density res
ponse can be seen from fig. 6. 
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Parallel to these detector development program work continued on 
mineral-insulated cables [3]. Two sets of cables with MgO and 
A1„0-. insulators and four different diameters were supplied from 
two different companies and exposed to temperatures up to 800 C 
and dose rates up to 10 Rh . The experiments were carried out 
in the central channel of the thermal column where a Cd-shielded 
furnace was installed. The gamma dose rate was varied by changing 
the reactor power and temperature was controlled by a regulating 
system. 

The main results are shown in figs. 7 and 8 for one set of cables. 
Similar experiments have been carried out with P.t- and Rh SPND 
[h], (figs. 9 and 1o). 
3. Failed fuel element detection. 
The track-etch technique is well established for the detection of 
various types of radiation. In the present experiments this tech
nique was used to detect delayed neutrons using a highly enriched 
uranium converter foil between neutron source and film. 

In order to simulate a failed fuel element an in-core loop was 
constructed were a 2mg uranium sample was irradiated and fission 
products were transported by a controlled flow of water to the 
detector situated at the reactor platform (fig. 11). Flow speeds 
between 5s to 25 s were achieved which allowed to monitor three 
different groups of delayed neutrons. Parameter studies were carried 
out to establish relations between reactor powery flow rate and the 
film track density (fig. 12). 
Parallel to this application several films were tested for their 
performance under various environmental conditions such as tempe
rature and humidity. This experiment is sponsored by the IAEA 
research contract No. 2050/RB. 
4. Neutron radiography. 
Neutron radiography was applied to irradiated TRIGA fuel elements 
investigating their physical condition and the fuel burn-up. A 
total of six fuel elements were selected being representative for 
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the history of all fuel elements. Two elements were found with 
cracks in the fuel meat (fig. 13,14) and a correlation between 
burn-up and film density was established. 
5. Atmospheric transport of radio nuclides 
A detailed theoretical work has been performed on the transport 
of radionuclides released under accident conditions of reactors. 
The computer program being in a modular form can be easily adap
ted to any problem concerning the release, the transport and the 
radiological consequences of radionuclides. 
Starting from the activity inventory in a reactor core and taking 
release fractions for groups of nuclides into account the 
atmospheric dispersion is calculated as a function of the meteo
rological data, the atmospheric plume rise, the deposition or wash
out factors and resuspension factors for a total of 54 radiologi
cal important nuclides. 

The total dose is then calculated for five different exposure 
ways which are the total external dose, the thyroid dose, the 
bone-marrow dose, the lung dose and the GI dose . in addi -
tion a program module was included to allow an early estimate of 
the total integrated dose after a certain activity release has 
happened. 

The program was successfully tested with specific data from one 
boiling water reactor and was also used for the safety evaluation 
for the TRIGA reactor Vienna.(fig. 17,18). 
6. Liquid nitrogen irradiation cryostat 
Presently an in-core capsule is under construction, which allows 
the irradiation of samples in the central thimble at liquid nitro
gen temperature. The in-core part of the cryostat consists of two 
concentric cylinders made of pure aluminium (fig. 15,16). The 
samples are inserted into the central part of the cryostat using 
a flexible lead and permanently cooled by liquid nitrogen which 
is supplied by a pressurized nitrogen storage tank. With this 
facility a number of different superconducting wire samples will 
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be irradiated and the critical current densities, the transition 
temperature and the resistance of the copper matrix will be de
termined as a function of the fast neutron fluence. This work 
is especially important in view of applications of superconducting 
magnets in future fusion reactors. 
7. Conclusions 
Besides the expamples mentioned above a number of important re
search programs are carried out in other departments of the 
Atominstitute, some of them will be treated in more detail later 
during this conference. 

[1] Balcar E., Bock H., Hahn F., Nucl. Instr. Meth. (in press) 
[2] Bock H., Suleiman M.,: Intern. Symp. on Nucl. Power Plant 

Control and Instrumentation, Cannes 24. - 28.4, 1978 
IAEA - SM - 226/13 

[3] Bock H., Suleiman., Nucl. Instr. Meth. 148 (1978) 43 
[4] Bock H., Rantanen J., Nucl. Instr. Meth. (in press) 
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emitter Co Cd Erbium Hf fissile emitter 

Stot 0,57 2,0 0,72 0,46 52,5 

Sth 1 ,79 7,31 1 ,96 0,536 172,5 

Sf 0,208 0,429 0,351 0,438 7,1 

Ul 
I 
M Tab.1: S. t (total), S t h (thermal) and S f (fast) sensitivity in 10 A/cm per unit flux 

for various SPN detectors compared with the SPN detector with fissile emitter 
(enrichment 93%, d = 4 ym.,d̂  = 1,5 um) , 



~-^-~AI,SST,Pb 200-800pm 

Alz03,SiOz 2-8pm 

U ~ 0,15 pm 
77 ~ 300pm 

Void - 2000pm 

pig. 1: Schematic cross section of a cylindrical 
self powered neutron detector with a fissile 
emitter (dimensions not in scale) 
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Uranium enrichment: : 93% 
Insulator : Al 0 
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Fig. 3: Total detector sensitivity as a function 
of the insulator thickness 
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Fig. 4: right to left: Titanium hollow cylinder 
93% enriched uranium coating 
SiO„ layer on top of uranium 

Fig. 5: right to left: Titanium hollow cylinder 
93% enriched uranium coating 
Al-0 layer on top of uranium 
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Fig. 11: Schematic diagram for the investigation of 
delayed neutrons by the track-etch technique 
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Fig. 12: Typical delayed neutron induced fission 
product tracks in a Makrofol KG film. 
The right part of the photo shows the 
result of the film exposure together with 
a uranium converter foil, while the left 
part of the film was uncovered. 
(Magnification 2oo x) 
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Fig. 13: Crack in a SST clad 2o% enriched 
fuel element with a burn-up of 
approximately 5,5% U f. . 

Fig. 14: Crack in a SST clad 2o% enriched 
fuel element with a burn-up of 
approximately 6% U f. 
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Fig. 15: Room-temperature irradiation facility 
showing the arrangement of appr. loo 
superconducting wires in high purity 
Al blocks (dimensions in mm). 
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Fig. 16: General lay-out (a) and incore part (b) 
of a liquid nitrogen irradiation facility 
(dimensions in mm) 
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5.3. CURRENT RESEARCH WORK AT THE TRIGA REACTOR IN LJUBLJANA, M. Najzer and 
V. Dimic (Ljubljana, Yugoslavia) 

1. Introduction 

The research programmes at our TRIGA reactor cover quite 
broad and different research fields. They can be grouped in the 
following topics: reactor dynamics and operation, neutron 
activation analysis, solid state physics research, reactor do
simetry, radiography and fuel burn-up determination. In this 
presentation a short overview is given of those investigations 
which are not described in detail in separate papers. 

2. Reactor dynamics and operation 

The research work is presented in three separate contri
butions: "Digital Reactivity Meter", "Power Spectra of Stochas
tic Signals in Reactor TRIGA" and "Improvements of the TRIGA 
Mark II Instrumentation and the Direct Digital Control by 
Microprocessors". 
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3. Neutron activation analysis 

A review of this work is given in the contribution: 
"Research Work at the Nuclear Chemistri Section of the J.Ste
fan Institute". 

4. Solid state physics research 

For the investigations in the field of solid state physics 
at the reactor TRIGA the following instruments are used: the 
slow neutron time of flight spectrometer with rotating monocrys-
tal of lead, the cold neutron source with a solid methane as a 
moderator in order to increase the slow neutron flux and the 
neutron diffractometer. 

Since the last TRIGA Conference the studies by neutron 
scattering technique of dynamics and the positions of the 
water molecules in biological samples of LiDNA and NaDNA with 
different content of E^O and L^O have been finished (1). The 
water molecules in the samples were found to be arranged in a 
more or less regular way. Thus the water molecules could be 
considered as "bound" to hydrogen bonding sites at the surface 
of the DNA molecule. It was also concluded that the mobility 
of the water molecules in the NaDNA film was considerably 
smaller than in bulk water. 

The slow neutron scattering investigation of anisotropic 
liquids is a tittle of the project with IAEA which is carried 
out at the reactor. A detaile investigation of liquid crystal 
Cholesteryl Propionate, Cholesteryl Myris1;ate and others is 
performed. To this effect the temperature dependence of neutron 
scattering spectra in cholesteric solid and isotropic liquid 
phase were obtained. 

With the neutron diffractometer the hydration of different 
types of cement was investigated. It was found that it is pos
sible to estimate physical behaviour (strenght etc.) of the 
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concrete within few hours. 

A new research programme has started very recently. This 
involves studies of the molecular dynamics of a macromolecule 
polyethylene oxide in aqueous and non-aqueous solutions and of 
the influences of the macromolecule on the molecular dynamics 
of water molecules. 

5. Reactor dosimetry 

Investigations are concentrated to three topics: Measu
rements of fission spectrum averaged activation cross-sections, 
study of spectrum unfolding methods and aplication of fast 
neutron spectrometry. Using "^U fission neutron source located 
in the exposure room integral activation cross-sections for 
reactions 2 7Al(n,p), 2 7Al(n, alpha), 1 1 5In(n, n'), 6 4Zn(n, p), 
u (1 OIL 1 Q 
J Pe(n, p), Mg(n, p) and F(n, 2n) were determined. A recent 
measurement of the Np-In integral cross-section ratio is 
presented in a separate paper. Results of developement of 
spectrum unfolding programs is given in the paper "Present 
Developement and Use of the ITER-II Based Unfolding Programmes". 
Using a set of fifteen activation and fission detectors the 
fast neutron spectrum in TIF (TRIGA Irradiation Facility), 
described at Pavia TRIGA Conference, was determined. The tissue 
fast neutron dose calculated from the neutron spectrum and 
neutron energy kerma conversion factors was found to be in good 
agreement with the dose measured directly by a pair of ioni
zation chambers. Both TIF and fission neutron source are used 
as reference neutron fields for investigation and calibration 
of personal neutron dosimeters. 
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6. Radiography 

Most e f f o r t s  were devoted t o  t h e  development of neutron 

induced autoradiography and i t s  a p p l i c a t i o n  f o r  boron determi- 

na t ion .  It was shown t h a t  t h e  s e n s i t i v i t y  of t h e  method i s  

g r e a t l y  dependent on t h e  i r r a d i a t i o n  cond i t ions  and i s  a s  low 

a s  1 ppm of boron us ing  our exposure room. The s p a t i a l  reso lu-  

t i o n  of t h e  method was measured u s i n g  a knife-edge t e s t  o b j e c t  

and was found t o  be s t r o n g l y  dependent on t h e  s i z e  of t h e  t r a c k s  

i n  t h e  s o l i d  s t a t e  t r a c k  d e t e c t o r  used a s  t h e  r ecord ing  mate- 

r i a l .  Resolu t ion  of approximately 4 um can be achieved employing 

t h i n  LR-115 d e t e c t o r .  R e s u l t s  of a s tudy  of d e t e c t a b i l i t y  of 

t h e  method a r e  given i n  t h e  s e p a r a t e  paper "Estimation of t h e  

Smal les t  D e t a i l  D i sce rn ib le  i n  Track-Etch Autoradiography". 

The method was app l i ed  t o  t h e  de terminat ion  of m i c r o d i s t r i b u t i o n  

of boron i n  s t e e l  and aluminium samples. 

Recent ly a new technique f o r  radiography of su r face  l a y e r  

has  been developed, It i s  desc r ibed  i n  c o n t r i b u t i o n  "Beta-Ray 

Backsca t te r  Radiography i n  t h e  Surface  Topography I n v e s t i g a t i o n  

of Minera logica l  and Ore Samples". 

7. f i e l  burn-up de terminat ion  

Concentrat ion and a x i a l  d i s t r i b u t i o n  of t h e  f i s s i o n  pro- 

duc t 137~s was measured i n  a TRIGA fuel elemeot by a Ge-Li 

spectrometer.  The element was i n  t h e  C-ring of t b e  core  f o r  

about f i v e  y e a r s  and then  cooled before  scanning f o r  s i x  years .  

The 2 3 5 ~  con ten t  of t h e  f r e c h  element was 37 grams. The a x i a l  

d i s t r i b u t i o n  of t h e  burn-up i s  u n ~ ~ m m e t r i c a l  be ing  h igher  a t  

t h e  lower end of t h e  element. The h i g h e s t  burn-up of about  10 % 
i s  i n  t h e  n i d d l e  of t h e  element f a l l i n g  da.wn t o  .about 4 % a t  

t h e  upper end. Some 137~s a c t i v i t y  was found a l s o  i n  t h a t  p a r t  

of t h e  element f i l l e d  wi th  g r a p h i t e  r e f l e c t o r .  
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5.4. RECENT EXPERIMENTS AT THE TRIGA MARK III REACTOR FRN, M. Demmeler 
(Neuherberg, Germany) 

Apart from the continuation of experiments in various fields of biology 
and health physics some new ones have been initiated since the last Euro
pean TRIGA Conference. About the most actual experiments a short survey 
will be given in the following: 
In connection with safety studies of nuclear power stations an experiment 
had been performed to detect leakage between active primary and non ac
tive steam circuits. A sensitive indication of such leakages is the prove 
of the N-16 contamination of generally not contaminated circuits. 
Because of the short half life time and since gamma sources of correspond
ing energies are not available, a pool reactor is a ^ery suitable tool to 
investigate the problem by help of a special loop: None active pool water 
is activated inside of the core by the reaction 0-16 (n,p) N-16. From 
there the water flows into a measuring chamber installed outside of the 

Return F l o w ^ _ S j / 

Transport Tube-

Experiment Chamber 

Biol. Shield 

TT-.— Irradiation Chamber 
Core 

Fig. FRN: N-16 Loop 
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reactor and is subsequently fed back into the pool. Fig. 1 shows the ar
rangement schematically. 
The main components of the loop are 

- a cylindrical irradiation chamber, fitted into the core 
- the transport tube 
- a toroidal measuring tube. 

Fig. 2 N-16 Loop: Details 
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The irradiation chamber is mainly composed of two concentric tubes and a 
turn around device on the bottom side. The pool water is pumped through 
the tubular shell into the irradiation chamber and passes the turn around 
device. Subsequently it enters the capillary transport tube, flows into 
the measuring tube and is fed back into the pool finally (s. fig. 2). 

The measuring tube has a toroidal shape. Tube's inner radius is 2.3 cm 
with an annular radius of 24 cm. 

For such an array (s. fig. 3) the dose rate in longitudinal direction of 
the middle axis can be realized simply by 

v K 

R V 

with A = act iv i ty in the measuring tube 
K = dose constant 

Experiment Chamber 

V R W 

Fig. 3 Measuring Device for Activity Evaluation 
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As the volume of the irradiation chamber, the transport tube and the meas
uring tube respectively and therefore the relation between the appropriate 
flowing speeds are constant the activity in the measuring tube depends 
mainly on the flow rate. With respect to the actual dimensions of V,, V 2 

and V 3 a relative N-16 activity in the measuring chamber as a function of 
flow rate is achieved as shown in fig. 4. This function gains a flat maxi
mum and reduces continuously at higher flow rates. If flow rate is ad
justed on DM/, change of activity will not amount more than 0.5 % with flow 
rate oscillations of + 10 %. 

0 5 10 15 
D tl/min] 

Fig. 4 Relative N-16 Yield as a Function of Flow Rate 

3 Taking a flow rate of 180 cm /s and a mean cross section of 19 + 1 yb as a 
basis, a calculated activity of 

A n = 36.2 mCi/MW 

will result considering the fast neutron flux conditions at the FRN. 
A second independent method to obtain the activity in the measuring tube 
was done by gamma spectroscopic means. 
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For these measurements a 3 x 3 inch scintillation counter was applied. The 
detector was installed at a distance of 180 cm in radial symmetry to the 
measuring tube. Several measurements were performed with a reactor power 
of 15 kW, 30 kW and 60 kW respectively. The evaluation was realized by in
tegration the 6.13 MeV peak of total absorption. 
Determining the value of A , the essential sources of error are the uncer
tainties of cross sections and of neutron flux with ca. 5'% each. Addi
tional errors as flow rate oscillations, air bubble volumina inside of the 
measuring tube are at least smaller than one magnitude. Hence, with a to
tal error of 11 % it follows 

A n = 3 8 + 4 mCi/MW. 

With this activity value, the experimental tests of several gamma sensi
tive detectors such as ionisation chambers, counting tubes, scintillation 
counters and germanium detectors were performed under several geometrical 
conditions with and without an iron absorber shield. The obtained results 
show that the influence of the betas and scattered gammas can be neglected 
for scintillation and germanium detectors for energies above 5 MeV. For 
ionisation chambers and counting tubes the sensitivity is increased due 
to scattering radiation by about a factor of 2 when setting the cut-off 
threshold to 3 MeV. 

At the "Institut fur Nuklearmedizin" of DKFZ Heidelberg there is a perma
nent need of the short lived nuclide Kr-85m for medical lung application. 
Because the new HD II reactor was not ready for action immediately after 
the shut down of the former HD I,the institute transfered the irradia
tion to the FRN temporarily. The demand of the orderer was a dispos-
ability of a 20 mCi Kr-85m activity at the time of application, contained 
in a total gas volume of some liters. Contamination with other Kr-iso-
topes of longer half live time as Kr-79 and Kr-85 would be insignificant. 
An occasional content of A-41 should not exceed 1 o/oo. Out of these con
ditions an activity demand of 1 Ci after the end of irradiation resulted, 
required by the decay time of the short living isotopes and a delay of 
24 h for transport and sample conditioning. Unlike the DKFZ, where Kr-85m 
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is gained in a cooling trap after irradiation, in the FRN Kr had to be ir
radiated with an excess pressure of 10 bar in order to achieve the required 
amount of activity. The arrangement of the experimental assembly is shown 
in fig. 5. The irradiation chamber consists of Al. Its diameter is equal 
to a fuel element and its length with 40 cm is approximated to the height 
of the fuel zone. At its upper end it carries a capillary tube of Al, com
bined with a capillary tube of stainless steel by a flange. The latter 
ends via a locking valve into a distributor volume. Since the irradiation 
chamber was provided for the insertion into the reactor core in a depth of 
7 m, the delicate capillary tube must have been incorporated by a stable 
tubular casing. 

<o 
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8 ^ P o o l 
^ j _ _ A v J Ventilation 
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1 Irradiation Chamber 
2 Al-Tube 
3 Flange 
4 Valve 
5 Coupling 
6 High Pressure Hose 
7 Manometer 
8 Blowoff Valve 
9 Distributor 
10 Coupling 
11 Pressure Bottle with Valve 
12 Valve 
13 Vacuum Pump 

Fig. 5 Layout of Kr-85m Irradiation Device 
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After an accurate leakproof such as He- and vacuum tests and a stability 
test with 20 bar the chamber was installed into the position F-18 of the 
reactor grid plate. After that, a pretrial irradiation for 3.5 h at a pres
sure of 2 bar was carried out in order to gain measuring dates for the 
estimation of dose load on the transport. 
The actual irradiation period had to be placed in such a manner as to 
achieve a minimal decay time of 9 h between the end of activation and ex
pedition because of the relative high activity of Kr-83m. On the other 
hand the activity of Kr-85m should be sufficient for the applicator. 

The irradiation was accomplished from 3 p.m. to 11.30 p.m. After the de
manded decay period and a transport time of ca. 6 h the sample was dis-
posible for the user at the next day at 2.30 p.m. with an activity of ap
proximately 90 mCi. 

The ultra fast pneumatic transport system, developped and installed at the 
FRN, about which has been referred at the last TRIGA conference, has proved 
itself as an exceptional tool for the research of short living radioisoto
pes. So the trial was undertaken, to use it equally for demands of applied 
physics, namely to measure the uranium contents ofgeological and biological 
specimen. It could be expected that concentrations of about 1 ppm could 
still be picked up without previous chemical treatment. For that reason two 
methods were tried, both of which base on the prove of short living fis
sion products. 

1. Evaluation of the gamma spectra from short living primary 
fission products with a half life time < 2 s. 

2. Prove of delayed neutrons, especially those from fission 
products with a half life time < 3 s. 

Applicating the gamma spectroscopic method, the main energy of 121 keV 
from Y-99 was used as an uranium significant line. It is flanked very 
closely by several lines of Sr-96, Ba-146 and Zr-101 (+ 1 keV) and by com
parable half live time (2 s). These fission products are produced with a 
high abundance of 7 %. Disturbances by transmission energies of activated 
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and short living matrix elements were not observed. 

The samples had been irradiated either by a reactor pulse or for a period 
of 7 s on the 1 WM steady power reactor. The spectroscopic evaluation is 
subsequently performed. By this method satisfactory results were obtained 
to an uranium concentration of 30 ppm at geological samples, whereas the 
detection efficiency for water samples was lower than 1 ppm after an one-
step enrichment by ion exchangers. This method of gamma spectroscopic ana
lysis involves the difficultyof a relatively work intensive peak evaluation 
inside of a considerable background. 

The prove of uranium by measuring the delayed neutrons avoids such trou
bles. For this method the pneumatic transport system was modified: At the 
end of the tube which works as a rabbit brake at usual operation, a detec
tor system was established as shown in fig. 6. A section through the de
vice demonstrates the positions of two He-3 counters. 
As a result of several measuring series an optimal layout of moderator and 
reflector was found. The total detector efficiency at this array amounts 
ca. 7•%. An additional Cd-layer and a paraffine shield reduce the back
ground caused by reactor neutrons. 

Fig. 6 Section of Measuring Array 
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Due to the choice of the rabbit material an activation of any emitters of 
neutrons was not to be expected. Thus a separation of samples and sample 
containers proved to be not necessery. So special polyamide rabbits with a 
charge capacity of 1.6 cm 3 were provided. Time of irradiation as well as 
the periods for delay and measuring were optimated. Apart from the duration 
for the preparation of the samples and the evaluation the analysis for one 
sample can be established in 40 s. 

Up to now, a total of about 1 200 samples was analysed by this method. It 
was mainly a matter of drilling product analysis for the benefit of an ura
nium exploring company. 
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Fig. 7 Typical Dr i l l ing Product Analysis 
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Fig. 7 gives a survey about a typical profile of uranium ore concentra
tion, related to the depth of the borehole. 
Comparative analyses with other institutes confirmed the exactitude and 
consistency of the measured values. The uranium concentrations varied from 
0,2 ppm to 1 %. 

In order to manage the great number of samples to be investigated, the 
pneumatic transport system recently was refurnished with a semi automatic 
system for loading and unloading. 
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5.5. DIGITAL REACTIVITY METER, M. Copie, B. Valantic (Ljubljana, Yugoslavia) 

Digital reactivity meters (DRM) are comming into more 
general use lately, either as separate instruments with built-in 
micro-computers or implemented on the special purpose process 
computers. Their superiority over the older analog reactivity 
meters lies not so much in the improved accuracy as in their 
versatility. Their full potential is certainly not realized yet 
in practice of reactor instrumentation and control DRM's are, 
up to now, mostly used as measuring instruments, e.g. for cali
bration of control rods, and there are only a few cases of their 
incorporation into the control systems of the reactors. To move 
in this direction there is more development work needed. First 
of all, fast algorithms are needed for inverse kinetics equations 
to relieve the computer for more important tasks of reactor mo
del solving in real time. The next problem is the incorporation 
of the reactor thermal-hydraulic model into the DRM so that it 
can be used in the power range. Such an extension of DHM allows 
presentation not only of the instantaneous reactivity of the 
system, but also the inserted reactivity can be estimated from 
the temperature reactivity feed-backs. One of the applications 
of this concept is the anomalous digital reactivity monitor 
(ADRN) as part of the reactor protection system. 
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As a solution of the first problem, a fast algorithm for 
solving the inverse kinetics equations has been implemented in 
the off-line program RODCAL on CDC 1700 computer and tested for 
its accuracy by performing different control rod calibrations 

1 2 
on the reactor TRIGA at our Reactor Center ' . The fast algo
rithm is based on two main concepts: the low sampling rate of 
the neutron flux and the use of the integral form of the inverse 
kinetics equation. By a low sampling rate we mean one or only 
a few samples per second at most. Certainly the sampling rate 
has to be adjusted to the rate of the reactivity change but, 
as we will show later, even for rod drop measurements the 
sampling rate of 5 samples per second is acceptable to determine 
the reactivity worth of the control rods in the range up to 
5 dolars of antireactivity. Such a low sampling rate combined 
with the integration of the inverse kinetics equation over the 
same time intervals requires very small computational effort. 
But to achieve the required accuracy by the integration over 
such rather long time intervals, one has to use the integral 
form of the inverse kinetics equation. Hence, our fast algo
rithm is based on the discretization of the starting equation 
for the reactivity <? , measured in dolars, 

t 
pn = n (k-l)/(/3k) =An/(/3k) + f dt H(t-t' ) n(t' ) (1) 

where the kernel of the Voltera type integral equation is given 
by 

6 
H(t) = ^Ta^ expC-^t) (2) 

0=1 

with a. the relative yeilds and /\. the time constants of the 
delayed neutron precursors. 

To obtain the finite time series approximation of Eq.(l), 
the recursion formulas are used for the contributions of the 
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delayed neutrons. To evaluate the integrals, a linear interpola-
tion between two sucsessive value of n(t.) has been used. For 
fixed time intervals t.-t. -,= A the coefficients of the recur-

1 1 — 1 y, 
sion formulae are precomputed according to 

U(x) = exp(-x) 
V(x) = (1 - (1+x) U(x))/x2 ( 5 ) 

W(x) = (U(x) - 1 + x)/x2 

so that at each time step the contributions of the delayed 
neutrons are updated according to 

Qji = u(A-jA) Q d i_! +• v(A : JA)An i_ 1 + w d ^ A ^ W 

The reactivity is then calculated from the ratio 

fi - cAii//3 + Jj^ Qdi)/ n± (5) 

The initial conditions are set at the steady state when 
the reactivity is zero, so that all Q. are zero also. 

The relative error due to the time discretization is 
estimated to be 

/pi/ipi- o, | dp | / i p i = 0,083 ( w A r + . . . (e) 

where to is either the time constant for exponential time varia
tions or the circular frequency for a periodic process. For the 
periodic process the relative error is estimated as the ratio 
of the amplitudes. For the cases investigated, the phase shift 
is negligible. 

5-46 



To reduce the noise contributions some smoothing of the 
raw data is performed in two steps. The basic sampling rate at 
the data collection stage is 10 samples per second with the 
subsequent addition of m samples, 2 4 m ̂ 30, performed by an 
on-line data acquisition program on the CDC 1700 computer. The 
program RODCAL subtracts the estimated background, caused by 
the incomplete compensation of the linear power channel, from 
the input data and then further smooths the data by a five 
point digital filter, evaluationg at the same time n. and n. 
using symmetric, center point formulae. 

The program RODCAL has been tested by three types of 
control rod reactivity measurements: 

(i) "drive in" measurements of the integral and the diffe
rential reactivity worths, 

(ii) "rod drop" measurements of the integral worths, 
(iii) "periodic" measurements of differential reactivity 

worths and the evaluation of the relative errors of 
RODCAL. 

The negative reactivities of the control rods as deter
mined by the RODCAL using 1 sec sampling intervals on the 
"drive in" neutron flux traces are presented on Fig. 1 and 
Fig. 2. The coincidence of the reactivities as determined by 
the RODCAL and by the assimptotic time period measurements for 
the regulating rod, Fig. 1, is almost perfect over most of the 
curve. The TRIGA reactivity tables, supplied by General Atomic, 
are calculated by the same set of basic data, a. and \ ., as 
used in the RODCAL , so that any difference between the results 
is caused either by the error generated in the RODCAL, estimated 
to be in this particular case arround 0,5 % at 1 #, or by the 
accumulation of the measuring errors in the assimptotic period 
method, totaling 1,5 % at 1 #. Hence, we cannot speak about 
the calibration of the DRM, because its accuracy is better than 
the standard method, e.g. the assimptotic period measurements. 
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The range of the negative reactivities, measurable by 
RODCAL, is demonstrated on Fig. 2, where the calibration curves 
obtained by the "drive in" method, are presented for the shim 
and the safety rods. The combined curve for the simultaneous 
"drive in" of the safety and the regulating rods is shown also. 
In this way the negative reactivity of 5 #> with the accuracy 
of better than 4 % is determined. 

It is interesting that the integral worths of the control 
rods are obtained by the "rod drop" with a better precission 
than by the "drive in" method, particularly for large negative 
reactivities, of the order of 4 #. Inspite of the large local 
error during the time of the drop, caused by the relatively 
large sampling interval of 0,2 sec and by the effective RC 
constant of the measuring channel (estimated to be arround 
0,35 sec), the integral reactivity worths have errors arround 
2 % only. The main reason for better accuracy lies in the smaller 
decrease of the neutron flux immediately after the end of the 
drop relative to its initial steady value before the drop as 
compared to the decrease during the "drive in" process which 
takes more than 90 sec by our control rod drives. Namely, due 
to the appreciable time constants in our measuring channel, we 
cannot switch the power ranges during the data accumulation 
time. Thus, at large decreases of the neutron flux level, the 
loss of accuracy is caused by the A/D conversion due to the 
final word length. 

Therefore, it is not surprising that the best precission 
is obtained by the "periodic" measurements (really semiperiodic) 
of the finite segments of the control rods. Fig. 3 shows traces 
of the calculated reactivity and the variations of the neutron 
flux as generated by the trapezoidal movement of the regulating 
rod with an approximate period of 90 sec. The reactivity has 
been evaluated from the same neutron flux trace by RODCAL, using 
different time intervals from 0,5 sec up to 3,0 sec. Inspite of 
an appreciable higher harmonics content the average relative 
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error as a function of the time interval A agrees prety well 
with the estimate, Eq. (6). On the other hand, the maximum lo
cal error, appearing always at the corners of the reactivity 
trace, is for an order of magnitude larger, but remains less 
than 1 £ even for the time interval of 3 sec. It should be 
noted that on the segments of constant reactivity, the standard 
deviation is almost independant of the time interval A and it 
is arround 0,02 £. 

The sensitivity of the DRM is demonstrated by Fig. 4 
where the differential reactivity curves, obtained by 0,5 sec 
sampling interval, are presented for the regulating rod. The 
fine undulating structure of the differential curve has been 
explained by dismantling the regulating rod, finding a broken 
and a displaced pin in its head. The maladjustment and the 
displaced pin caused the regulating rod to vibrate with the 
period of the holes in its guide tube from the moment the con
necting rod entered the top of the guide tube. The repair of 
the connecting head and the adjustment of the regulating rod 
drive support removed the fine structure from its differential 
reactivity curve. To appreciate the sensitivity of our fast 
algorithm at low sampling rates, note the amplitude of the undula
ting fine structure and its reproducibility on Fig. 4-. By this 
example, the usefulnes of the DRM as a diagnostic tool is well 
demonstrated. 

To conclude, it can be stated on the bases of the accumu
lated experience, that we achieved the first goal by the program 
RODCAL. We have a sufficiently accurate fast algorithm, that 
can use slow sampling rates. The execution time of RODCAL on 
CDC 1700 computer requires 15 msec per time step and this is 
indeed short enough. 

We intend to extend the applicability of DRM. We are now 
investigating the thermal-hydrodynamic model of the TRIGA reactor 
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with the aim of incorporating it into the multipurpose reactivi
ty meter as mentioned at the beginning. Here the problem is 
attaining sufficient accuracy over as wide a range of reactor 
power as possible and at the same time keeping the model 
reasonably simple so that it can be implemented on the process 
computer to be run in real time. 
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5.6. DYNAMIC NEUTRON DEPOLARIZATION SYSTEM FOR THE INVESTIGATION OF TIME 
DEPENDENT MAGNETIC EFFECTS, J. Hammer, G. Badurek, H. Rauch (Vienna, Austria) 

ABSTRACT 

To study magnetic after-effects in ferro- and superpara
magnetic materials within a range of about 100 ys - 10s 
a so- called dynamic neutron depolarization system has 
been developed that is currently installed at the polarized 
beam facility of the TRIGA Mark II reactor, Vienna. It 
allows to measure the time dependence of the polarization 
change of an initially fully polarized neutron beam on its 
transmission through a sample exposed to a pulsed magnetic 
field. A split-pair coil mounted directly on the nitrogen 
shield of a specially designed helium/nitrogen bath cryostat 
can be energized up to a maximal induction of 0.25T at a 

3 -1 slope of about 10 Ts . Sample temperatures in the ranges 
of 4.2-15K and 77-120K can be established. In order to 
minimize eddy currents the coil suspension as well as the 
sample holder are sliced radially. The maximal repetition 
frequency of the field pulses is 100 Hz which is the upper 
limit of the multiscaler system we use for a synchronized 
registration of the beam polarization. 
First measurements are dealing with the superparamagnetic 
system Cu-1%Co where single domain cobalt precipitations 
are expected to give rise to relaxation phenomena well 
observable with this method. 
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1. INTRODUCTION 

The neutron depolarization technique, making use of the 
occurence of Larmor precession induced changes of the 
effective beam polarization at the passage of polarized 
neutrons through nonuniformly magnetized materials, has 
been applied extensively during the last years to in
vestigate the properties of ferromagnetic domain structures 
/1-7/, the mixed state of type II superconductors /8/fand 
of the critical phenomena at magnetic phase transitions 
/9-14/. Introducing threedimensional polarized analysis 
Rekveldt /4,6/ thereby could extend the scope of this 
static depolarization method to allow for a detection of 
correlations between domain shape and magnetization direction 
as well as orientational correlations between neighbouring 
domains. Recently Van Schaik & Rekveldt /15/ have reported 
on a new time resolving depolarization technique they used to 
verify domain wall bowing within a FeSi picture frame single 
crystal exposed to a small (̂  2.5 G ) pulsed magnetic field. 

In this paper we propose in turn to apply time dependent 
neutron depolarization to obtain valuable information about 
the dynamics of so-called magnetic after-effects which 
manifest themselves macroscopically in a delayed response 
of sample magnetization to a change of the externally applied 
field. 

Such a "magnetic viscosity" can be observed principially in 
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any ferromagnetic material. Its size, however, may differ 
as many orders of magnitude don't only strongly depend 
on the temperature but also on various micromagnetic 
mechanisms, contribuing mainly to the reduction of Bloch 
wall mobility and to the magnetocrystalline properties 
(anisotropy, lattice imperfections, etc.) of the sample 
/16-21/. Recently, magnetic relaxation processes of single 
domain particles have attracted considerable interest. 
Their quasistatic behaviour is described by the super
paramagnetic theory /22/. Such particles are found for 
example in micropowdered samples and magnetic liquids /23/ 
but can also exist in bulk material in form of cluster
like magnetic precipitations within a nonmagnetic host 
crystal /24/. 
The development of this new dynamic depolarization facility, 
designed for the investigation of after-effects within a 
range of about 100 us - 10 s with pulsed fields of up to 
2.5 kG and sample temperatures around 4.2 K and 77 K, 
respectively, has been started about a year ago. Up to now 
its installation at the TRIGA MARK II reactor of our 
institute has been completed, thus allowing the performance 
of first test measurements . In the following we present the 
essential constructive details of our instrument and point 
out the main problems that have to be overcome for its 
proper operations. 
2. DESIGN OF THE INSTRUMENT 
We have made the dynamic depolarization equipment 
at the existing double axis spectrometer setup, partly 
described in /25/. A schematic sketch of the experimental 
arrangement is shown in Fig. 1. For the given non -
dispersive setting of the two saturation magnetized 
Fe o C o no single crystals acting as neutron polarizer 
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and analyzer, respectively the mean wavelength of the 
neutrons is 1.4 A at a spectral width of roughly 1.8% 
(divergency of the in-pile soller collimator 30*).At a 
stationary reactor power of 250 kW the neutron flux at 

-2 -1 detector position is 45 + 3 ncm s for an empty beam 
2 

path. The effective polarization product DP P =;DP 
(P- polarization efficiency of polarizer and analyzer, p, a 
D depolarization coefficient of the apparatus) is as high 
as 0.96 + 0.01, provided that an adiabatic magnetic 
guide field along the beam trajectory between both crystals 
keeps nonadiabatic depolarizing effects small, i.e. D>0.98. 
The essential part of the new instrument is a nitrogen/helium 
bath-cryostat to which a split pair solenoid system is 
detatched. to apply a pulsed magnetic field to the sample. 
A cross-section view of this cryostat is given in Fig.2. 
Two cylindrical coils each of which made of 184 windings 
of enamelled copper (2 mm $) are arranged symmetrically 
above and below the beam propagation plane at a total 
spacing of 10mm. The aluminium solenoid frame essentially 
has the shape of two concentric hollow cylinders sealed 
at top and bottom by means of disk covers. Since in this 
way a nearly perfect circular conductor is established 
within which any time variation of the magnetic field 
generated by the coils would cause enormous eddy currents 
to flow, a 1 mm vertical slit (filled with insulating 
material for safety reasons) from the outer to the inner 
diameter of the solenoid frame interrupts this current 
'.oops, at least to first order. A further horizontal boring 
of 10 mm diameter with cadmium diaphragms at both ends pro
vides for the passage of the neutron beam. 

Cooling of the coils is achieved by fitting the aluminium 
solenoid tubus in place of the original nitrogen temperature 
shield directly to the liquid nitrogen reservoir of the 
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cryostat. To improve the heat transfer conditions 
each layer of the copper coil windings was coated with 
silicon grease before bringing up the next one. To 
avoid excessive heating of the solenoid system its 
temperature is monitored by means of a copper-constantan 
thermocouple mounted at the bottom of the tubus near 
the inner cylinder where the thermal resistance with 
respect to the nitrogen reservoir reaches approximate
ly its maximum. For both coils connected in series the 
measured total inductance is 3.3mH. The ohmic resistance 
without external leads (MOm^) is found as 643 mft at 
room temperature and 156 mQ, at 115 K v/hich is in excel--1 lent agreement with the expected 0.41 % K decay for 
copper in this temperature range. At a solenoid tempera
ture of 82 K that was achieved after a cooling period 
of 1 hour with liquid nitrogen /filled within the outer 
shielding reservoir as well as the main sample bath volume, 
the resistance is 108mfi. 
The sample is introduced into the central field region 
by means of a vertical copper rod of 10 mm reaching on 
top into the main liquid helium/nitrogen bath at a length 
of 20mm. Radial slits of 0.3 mm width,cut in by means 
of a spark erosion technique,subdivide its lower part at 
a length of 55 mm into six sectors in order to suppress 
eddy currents as far as possible, maintaining, however, 
high thermal conductivity. At the bottom end one of the 
slits is enlarged to about 1 mm to support an aluminium 
sheet whose size and aperture can be matched to the dimensions 
of the sample (max. 20 x 20 x 5 mm). Sample, temperature 
sensors (thermocouple, gallium-arsenide diode) and a resis
tive heating element for temperature variation are glued 
to this sheet with low temperature adhesive. Power is 
supplied to the solenoid via a vacuum feed-through at the 
bottom of the outer cryostat shell. 
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As mentioned at the beginning the magnetic field between 
polarizer and analyzer should be adiabatic, i.e. any 
spatial variation of the field should occur at a distance 
largelycompared to that corresponding to one Larmor-period 
of the neutrons, in order to avoid depolarization effects 
other than those induced by the sample. Without special 
precautions this condition is certainly not fulfilled 
at the field nodes appearing somewhere at the crossover-
region from the outside return field to the center of the 
solenoid. The most elegant way of cancelling the field 
nodes along the beam line certainly is to introduce 
a crucial asymmetric shaping of the split coil pair /26/. 
For the purpose of demonstrating dynamical depolarization 
the first time we have chosen, however, the coil pair 
to be symmetric because of its very simple construction, 
though in the future an asymmetric design might prove • to 
be indispensable. By placing the whole in-beam part of 
the cryostat within an electromagnetic guide field of 
about 2.5mT, consisting essentially of a large (50 x20 x20 cm) 
rectangular coil whose windings are bent off the beam direc
tion at the neutron entrance and exit faces, we were only 
partly successful in avoiding depolarization as the 
cryostat solenoid field was switched on. It is ,: however, 
likely , that the presently utilized improved version of 
this guide field will overcome such troubles. On the other 
hand, with the dynamic depolarization method in practice 
one still obtains sufficient information when starting the 
polarization registration immediately after the sample 
magnetizing field has been switched off rapidly. 

3. ELECTRONIC EQUIPMENT 
To produce a pulsed field of variable, but well-defined 
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magnitude, duration and repetition rate the solenoid 
is connected to a power pulse-generator whose electrical 
circuit diagram is shown schematically in Fig. 3. The 
solenoid current supplied by a 28 V/30 A DC-source via 
a series regulating circuit is chopped by means of a 
high voltage transistor switch S which in turn is con
trolled by a digital timing unit. The regulator is fed 
from the current proportional voltage difference sensed 
across a 10mft manganin resistor R . It stabilizes the 
peak current independently of the duty cycle to a value 
between 0.5 and 26 A that can be preset by an external 
potentiometer and corresponds to a magnetic field at the 
center of the solenoid of 5 to 250 mT. 

Instead of speeding up the switching times of the field 
pulses by means of a large, excessively power dissipating 
series resistor we have implemented a more economic tyristor 
tor controlled capacitor charge and discharge system. 
During the pause between two successive pulses a capacitor 
C is charged via the resistor R and the thyristor switch 
S up to a voltage U that can be varied between 0-450V. a c 
As a pulse is to be shot the capacitor is discharged into 
the magnet coil by means of thyristor S,. At the end of the 
field pulse the (rapid) exponential decay of the current is 
somewhat linearized .und thus the effective fall-time further 
decreased by shunting the discharged capacitor via thyristor 
S, to the switching-off transistor S . In this way we obtain 
for a 150mT peak field a rise-time of 100 ys and a fall-time 
of 80 ys. V symbolizes a clamping network that prevents 
transistor damage from excessive voltage ratings. 
The timing unit housedwithin a standard NIM-module is designed 
in positive TTL logic. It provides for all control sequences 
and trigger signals necessary for a correct operation of the 
power switching unit. Derived from a 1 MHz quartz oscillator 
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time increments between 1 ys and 1 s are available. Two 
digital 4-decade preset-: switches allow to vary both the 
repetition time and the duration of the field pulses in 
units this time base. The shortest meaningful pulse is 
about 100 ys , the maximum repetition rate is limited 
to 100 Hz as the upper frequency accepted by the ORTEC 6240 
multiscaler system we use for data registration. 

A block diagram of the complete electronic equipment of the 
dynamic neutron depolarization facility is shown in Fig. 4. 

4. PRELIMINARY TESTS 

Since at the very.beginning the first priority is to bring 
the new instrument generally into operation we tried to 
avoid complications as far as possible at this preliminary 
stage and have therefore not done any measurement at helium 
temperatures. With the cryostat, filled with liquid nitrogen 
first of all the influence of thermal power dissipation in 
the solenoid on the temperature of the sample was investigated. 
The cryostat was cooled down during one hour without supply 
of electric power. After this the temperature at the 
aluminium sheet of the sample holder was measured as 77 +'2 K, 
the solenoid tubus thermocouple indicated a temperature 
of 82 + 3K. Then a current of 5 A,switched on and off every 
200 ms,was fed into the magnet coil. After another hour 
the temperatures were checked again and no change of sample 
temperature was found whereas the reading of the solenoid 
thermocouple did raise to 84 + 3 K. After increasing the 
current amplitude to 10 A and waiting again one hour the 
indicated temperatures were 97 + 4 K and 78 + 3 K, respective
ly. Proceeding in the same way with a current of 15 A^which 
corresponds to an induction of 145 mT,the temperatures were 
increased to respective values of 130 + 5 K and 80 + 3 K. 
At this high solenoid temperature, however, the nitrogen 

5-62 



consumption - though not determined explicitely -
was apparently too large to be tolerable for a long-
term measurement. As a further current step there
fore seemed not to be feasible, we cooled to base 
temperature again and repeated the 5 A measurement 
with the same duty cycle of 0.5 but the pulse repetition 
time with 20 ms by an order of magnitude larger than 
before. In this way the relative contribution of the 
eddy currents to dissipated power is 10 times larger, 
too , manifesting itself in an increase of solenoid 
temperature to 96 + 4 K which is to be compared with the 
82 K measured previously. The temperature of the sample 
holder remained unchanged again, however. Since for a 
real experiment it is not absolutely necessary to have 
the magnetic field switched on during half of the 
measuring time, the conclusion can be drawn from the 
above cooling tests that at least for nitrogen but very 
probably also for helium temperatures proper performance 
of the cryostat is achievable in the whole range of field 
strength. 
As a first example of dynamic depolarization we measured 
the time dependence of the polarization on transmission 
of the beam through a Cu - 1%Co single crystal. In this 
sample coherent ferromagnetic precipitations are embedded 
into the non-magnetic Cu-matrix which at a mean radius of 
approximately 150 A are not completely rotational symmetric 
but are elongated by about 3% into the [100] crystal 
directions. Annealing of the crystal above 1270 K within 
a strong magnetic field directed into one of these 
directions transforms the precipitaions to rotational 
ellipsoids with corresponding uniaxial anisotropy /24/. 
As no magnetic long range interaction exists between 
these single domain particles their quasistaic behaviour 
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is usually referred to as "superparamagnetic". When placing 
it into the cryostat from our slab-shaped sample we only knew 
the [Oil] orientation of the crystal surface that was 
placed normal to the beam. A static depolarization measure
ment without the so'lenoid field switched, on yielded depolari
zation coefficients of the sample of 0.83 + 0.02 at room 
temperature (296 K) and 0.80 + 0.02 at nitrogen (77 K) tempera
ture. Fig. 5 shows the result of the dynamical measurements 
performed with field pulses of 100 mT amplitude whose duration 
and repetition rate were x = 10 ms and = 25 Hz, respectively. 
The registration of polarization was started when the 
solenoid current was switched off. The effect of neutron 
time-of-flight between sample and detector is indicated,too. 
Since all depolarizing eddy effects with a pure copper 
measurement, performed under identical conditions, vanished 
within about 1 ms, the observed oscillations of the effective 
polarization are most probably due to reorientation effects of the 
Co-cluster magnetizations. From such a preliminary test measure
ment, which suffers furthermore from the fact that due to the 
earlier mentioned field-node depolarization effects.arise, hardly 
any information can be obtained about the sample behavior as 
long as the field is switched on. It is not possible to find 
out the exact physical mechanisms behind them. For this purpose 
a lot of thorough and intensive investigations will still be 
necessary. 

It shall finally be mentioned that beside our immediate aim 
to improve the performance of the instrument either by 
redesigning the magnetic guide fields or by introducing an 
asymmetric split-pair coil system we also plan to include 
three-dimensional polarization analysis in the dynamic neutron 
polarization method. In this case, however, it is analogous 
to the static technique a priori not possible to have the 
sample exposed to a magnetic field during the registration 
of polarization . 
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5.7. TRIGA - BEAM PURITY INDICATOR, E. Heiberg (Oslo, Norway) 

Paper presented orally. Written paper not available. 
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6.1. RESEARCH ACTIVITIES IN THE FIELDS OF RADIOCHEMISTRY AND NEUTRON ACTIVATION 
ANALYSIS USING THE LENA NUCLEAR PLANT IN PAVIA, L. Maggi, N. Genova, 
M. DiCasa, V. Carmella-Crespi (Pavia, Italy) 

In the past two years the activity of the Radiochemistry Laboratory and 
CNR Centre of Radiochemistry and Activation Analysis was mainly devoted to 
studiesvfiuclear activation analysis applied to different fields using the LENA 
reactor. 

Three NBS vegetable reference standards, Orchard Leaves, Tomato Leaves and 
Pine Needles, were analyzed for their halogen content (l). 

Halogen determination in foodstuff, vegetables and organic tissues gives 
valuable information on metabolic, nutritional, pollution and epidemiological 
fields* 

Fluorine was determined by means of a method based upon spiking isotope 
dilution. After a wet attack of the samples in a high-pressure teflon-lined 
decomposition vessel, the resulting solutions were spiked with F~; a constant 
amount of HF was absorbed on glass beads from the solutions and the F~ content 
was determined by a gamma counting technique. Chlorine and bromine were determi
ned by INAA. Iodine was isolated by distillation after digestion of the irradia
ted samples with chromic acid and reduction of iodate to volatile iodine. The 
441 KeV photopeak of l I was used for analysis. 

A detailed study on macro- and micro-elements content in Sardinian coal 
and its ashes was performed (2), in order to assess the possibility of using 
it as a fuel in electric power generating plants. 

Instrumental neutron activation analysis was used for the determination of 
Al, Si, Mn, Mg, Na, V, CI, Ce, Yb, Th, Cr, Hf, Cs, Se, Rb, Fe, Co, Ta, Eu, K, La 
and Sb. Aluminum and silicon were simultaneously determined with short irradiations 
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in a neutron flux with a fission energy spectrum after having determined alu
minum with short irradiations in a thermal neutron flux. Short irradiation and 
,quick counting were also used for the determination of Mn, Mg, V, Na and CI. 

A destructive neutron activation analysis method was used to determine As, 
Se and Br. After irradiation', the samples were attacked with a combustion me
thod, the volatile elements were distilled, collected in a condenser and then 
analyzed by means of gamma'spectrometry. 
NBS-SRM 1§32 "Coal" and NBS-SRM 1633 "Fly Ash" were used as standards. 
A multielement trace analysis of rock samples was developed in cooperation with 
scientists from other Universities (3)5 the determination of R.E., U, Th, Zr, 
Cs, Ba, Ni, Sc, Ta, Hf, Sr, Cr by instrumental neutron activation analysis was 
carried out in connection with orogenetic studies of African Rocks. 

Ce, Co, Cr, Cs, Eu, La, Ni, Sc, Ta in ophiolite standard gabbro GOG-1 (4) 
were also determined by instrumental neutron activation analysis. 

In the archeological field ancient artifacts recently discovered during 
a digging campaign at Monza1s Cathedral (Italy) were analyzed with the aim to 
trace their origin and compare their composition with similar samples whose 
dating is certain (5). 

As a contribute to the international program of certifying NBS reference 
standard materials, chromium in the Brewer's Yeast, recently proposed as a new 
SRM, was determined by both instrumental and destructive neutron activation ana 
lysis' (6). The samples were! processed'according to different methods. 

In the study of the role and behaviour of trace elements in human physio
logy, vanadium was investigated in human blood, as a trace element of increa
sing interest in connection with its origin'from pollutants (7). Preliminary 
radiotracer experiments injecting ^ V into rats indicated that vanadium is 
present in the blood s^rum as a V-transferrih1 bioc'omplex. In order to confirm 
these results proteins were isolated from human serum1 and then separated* from 
each other by gel filtration on Sephadex resin. The vanadium content was measu^ 
red in the elution fractions by neutron activation followed by V gamma 
counting.' 

It was found that vanadium is mainly present in the plasma and in this 
fraction is mainly associated with transferrin'the blood iron transport com
pound.1 

As an element of great interest in the life sciences, vanadium was also 
investigated in surface waters (8). Its different chemical forms were determi 
ned by passing the water'samples through an ion exchange double-step system 
using both Chelex 100 and Dowex 1 x 8 . 'Neutron activation' analysis'of each sin 
gle fraction was carried out.1 

A stretch of the Po river, close to the site where the fourth italian 
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nuclear power station is now operating, was -submitted to environmental analy
sis in order to attain a thorough characterization of the river ecosystem be
fore the beginning of the plantjoperation. This study mainly deals with the 
sampling and the analysis of the most signifi6ant components (water, suspen
ded material and bottom sediments) of the river ecosystem affected bv diffe
rent pollution sources (industrial, agricoltural arid urban) (9). 

Element analysis included the determination of iron, manganese, zinc, 
copper, nickel, lead, catdmium, cobalt, chromium^ mercury, caesium, selenium 
and arsenic. Cs, Co, Cr, As, Se and Hg were determined by neutron activation 
analysis J Co, Cr and Cs were measured by INAA while As, Se and Hg were deter
mined by destructive NAA. 

A considerable part of the activity in progress at the CNR Centre of Ra-
diochemistry arid Activation Analysis deals with research programs carried out 
under international contracts with foreign authorities such as the National 
Bureau of Standard, USA, the International Atomic Energy Agency, Vienna and 
the Commission of the European Community, Bruxelles. Under these contracts a 
large amount of determinations using neutron activation analysis were perfor
med on fish, carbon, fly ashes, sediments and vegetable^, as a contribute to ' 
the certification of homogeneity and elemental composition of some standard 
materials. 

Nuclear activation analysis was also applied to marine organism samples 
under a contract for oceanographic research program involving pollution con
trol promoted by the National Research Council. 

For a similar purpose, and also in order to correlate Arsenic, selenium 
and mer'cury contents 't activation'analysis Of these elements in some marine 
organisms was performed (10). 
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6.2. RESEARCH WORK WITH TRIGA MARK II AT THE NUCLEAR CHEMISTRY SECTION 
OF THE "J. STEFAN" INSTITUTE IN LJUBLJANA, A. R. Byrne, M. Dermelj, 
L. Kosta, V. Ravkin, P. Stegnar (Ljubljana, Yugoslavia) 

INTRODUCTION 

The general features of our research programme using 
TRIGA MK II, as outlined^ at the last TRIGA Reactor 
Users Conference in Vienna, Sept.28-30,1976, remain the 
same; namely, neutron activation analysis for trace and 
some minor elements. The four main areas presently 
investigated are a) environmental studies, b) life sciences 
research, c) standardization and d) methodology for spe
cific problems arising in the first three topics a), b) 
and c). 

A) Environmental Studies 

(i) fresh water systems 

A major topic here is the investigation of the 
status of the aquatic environment i.e., the rivers and 
lakes, of Slovenia with regard to trace elements, parti
cularly toxic elements accumulating as a result of human 
activities. The main elements determined are As, Cd, Co, 
Cr, Cu, Fe, Hg, Mn, Pb, Ni, Sb, Se, V and Zn. A survey of 
mercury and some other elements (As, Cu, Se, Zn) has been 
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made in fish from the major rivers, and we are studying 
other aquatic species and particularly interested .in 
accumulator or indicator species. The direct analysis of 
water is difficult and subject to great variation so that 
we have concentrated on sediment analyses, and a large 

(2) body of information on the present position accumulated^ . 
(The advantages and disadvantages of water, aquatic organi
sms and sediments as pollution monitors have been excellently 
reviewed recently by Phillips^-^ ). From this work ' we 
might mention some of the conclusions: as well as the 
known pollution with Hg in the Idrijca and Soca rivers 
arising from the mercury mine at Idrija, locally increased 
levels occur near some paper works and pharmaceutical plant. 
High Pb and Zn and increasing Sb levels were found in sediments 
of the river Meza, while the Drava carries a high load of Zn. 
Zn and Gu are high in the Celje industrial basin, and Cr in 
the lower Kamniska bistrica and Ljubljanica due to galvanizing 
plant and the leather industry. Local Cd pollution also occurs 
near galvanizing plant. In lake Bled, upper sediments are 
2 to 3 times higher than lower ones in Cu, Cd, Sb and Zn. 

(h.) Studies have also been made on interactionsv J occuring 
in river water, between the aquatic phase and sediments, in 
the presence of complexing agents such as polyphosphates 
and EDTA. Solubilization of metals can occur when mixing 
industrial and urban effluents. Sulphur dioxide stack emi
ssions can also interact with particulates, e.g. forming 
soluble sulphates capable of wash-out, causing increased 
levels to occur even upstream of plant. 

(ii) The Adriatic: Our laboratory is co-operating in the 
UREP Mediterranean Pollution Monitoring Programme, speci
fically in the pilot project on Hg and Cd in mussels and fish. 
Additionally it is co-operating with the Marine Biological 
Station, Portoroz, in wider studies of water, organisms, 
plankton and sediments in the Adriatic. Some independent 
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studies are also made on fish and other organisms. 
The main part of the work done up to the middle of 
1977 is summarized elsewhere^^. More recently, analyses 
of mussels from the whole Yugoslav coast, and on trace 
elements in pelagic fish and deep-sea fish from the 
Adriatic have been carried out. 

(iii) Fungi: Our interest in fungi as indicators of 
pollution has oaatinued, though we have "been more concerned 
recently with the nature of the uptake and binding of Cd, 
Zn and Is, and especially for Cd, its binding to proteins, 
dome of this work has been reported elsewhere^^. Our 
earlier results reporting elevated Hg contents in fungi 
with a low proportion of methylmercury, and of rather high 
values for Cd in fungi, have been confirmed by several 
other groups and this subject has greatly expanded recently. 
In connection with methylmercury, a modified simple method 
for it determination in biological materials has been pu-

(?) blished w . A radiochemical NAA method for the simultaneous 
determination of Cd, Cu and Zn in a range of environmental 
samples, using solvent extraction, has also been reported1^' 

(iv) Studies on uranium; With the opening of the uranium 
mine and processing plant (still at the pilot stage) at 
Zirovski vrh, Slovenia, we have been engaged in studies 
of the occurrence of traces of uranium and radium in waters, 
aquatic life (algae, fish) and their uptake in plants. A 
radiochemical activation analysis method based on U *" 

(Q) 
suitable for the nanogram level has been published^ y j . 

b) Life Sciences 

(i) Trace elements in milk: Our laboratory is co-operating 
in a Joint WHO/IAEA co-ordinated project on milk in human 
nutrition. Our task is to define the levels of certain 
trace elements, particularly the possibly essential micro-
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elements tin and vanadium, in milks. Since these elements 
_Q or at such levels (10 ^g/g_[below) pose formidable analytical 

problems, considerable effort was spent on methodology 
and improved techniques of radiochemical NAA developed 
for V^ ' and for Sh . Some preliminary results for V 
and Sn in various human and cow's milk have recently been 

(12) reported^ , together with data for other elements, namely 
As, Cd, Co, Cu, Fe, Hg, Mn, Pb, Se and Zn in various milk 
samples, with a comparison of NAA and atomic absorption 
spectroscopy (AAS). This study of milks links up with our 
work on standardization of reference materials (see c) below), 
as establishment of reliable values for trace elements in 
IAEA reference milk samples A-8 and A-ll is urgently needed 
for ensuring quality control of the whole programme on milk 
analyses. 

(ii) Vanadium in food and man: Using our NAA method for V^ ', 
which uses a totally post-irradiation separation of ^ V and 
hence is a blank-free technique suitable for the lowest levels, 
we have measured levels of vanadium in a range of foods, 
human body fluids and organs. The results^ •" revealed some 
interesting features of the occurrence and uptake of this 
element, and are relevant to its possible essential role. 

(iii) Other projects: Although iodine metabolism in thyroid 
function is well established, the concentrations of iodine 
in other tissues, e.g. muscle, and in many other biological 
materials, are so low (nanogram level) that analysis is 
difficult. The non-nuclear method with sufficient sensitivity, 
the catalytic technique, often gives different results, 
while NAA can similarly give variable results due to special 
difficulties with iodine (e.g. volatility, organically bound 
forms, several valency states). Hence we are studying NAA 
methods for iodine and also rapid oxygen combustion system 
for samples, (which is a technique particularly suitable 
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for iodine analysis).. Applications will include study 
of a possible iodine-bromine negative correlation in the 
organism. 

Other topics investigated recently include a study 
(14) of trace elements in various tobaccosv , and of the 

occurrence of selenium in human blood and teeth^ ^ 

c) Standardization 

Intercomparison samples fpr trace element analysis of varying quality produce results), depending mainly on the technique used, 
the experience of the laboratory, the material, the element 
analysed and its concentration. The quality of results 
becomes a real problem for certain elements at the nanogram 
or sub-ppm level. Thus there is a need for a variety of reference 
materials of certified content for checking the reliability 
of results. Our laboratory has long coi-operated in such 
Intercomparisons organized by the IAEA and the IAEA Monaco 
Laboratory, and has done work under contract to the KBS 
Washington on the certification of potential SRMs (standard 
reference materials). Recent results include the NBS materials 
river sediment, spinach, pine needles, tomato leaves, and ' 
oyster homogenate. For the IAEA we have analysed pork muscle 
(H-4-), milk powder (A-ll) and soil-5, while for the Monaco 
laboratory we produced results for oyster, copepod, sea-plant 
and fish muscle homogenate. Our results , with rare exceptions, 
are in excellent agreement with subsequently certified, or 
recommended average, results. 

Not only biological but also geological and metal standards 
are analysed, including a zirconium standard and an NBS pure 
zinc reference material. For such zinc samples, we reported^ ' 
an NAA method for analysing:. As, In, Mn and Sb. The trace 
element content of some ancient bronze and copper alloys was 

(17) studied^ ' \ as possible indicators of their origin, using 
not only activation analysis, but also electrochemical 
techniques. 
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As mentioned above ((b)(ii)), there is overlap 
between standardization projects and some of the more 
demanding analyses in the .Life Sciences,e.g. milk. 
It is our practice in standardization work to obtain results 
also by other techniques such as atomic absorption spectro
scopy, photometric methods (if sensitive enough) and electro
chemical techniques, particularly polarography. 
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6.3. APPLICATION OF THE FAST ACTIVIATION ANALYSIS FACILITY OF THE TRIGA 
MARK II REACTOR, F. Grass and G. P. Westphal (Vienna, Austria) 

Activation analyses for decision making performed with short 
lived nuclides would be the ideal method and could be applied 
more generally, if three requirements could be met: 

1) Broad applicability: This point can be met with the avail
ability of high flux irradiation facilities both with thermal 
and fast neutrons, as nearly all elements produce radionuclides 
at short irradiations with thermal or fast neutrons or are them
selves radioactive. 

2) High speed transportation systems: Different systems were 
constructed at several reactors which have proved to work satis
factorily. The fact that the majority of high speed systems are 
installed in TRIGA reactors is due to the possibility of pulsing 
them, whereby the activation of short lived nuclides is drasti
cally enhanced. Thus, TRIGA reactors with high-speed transporta
tions systems fulfill both of these requirements (at least in 
part as far as thermal neutrons are involved) 

3) The third requirement is the processing of very high infor
mation densities. This last point has turned out to be the bottle 
neck, preventing a broader application of this method. 

As the enhancement of activity by reactor pulsing /l - 5/ and the 
high speed transportation systems / l , 6-9/ have already been 
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described in several papers (including those from our Institute), 
I may concentrate on this third requirement. In the past two 
years my co-author WESTPHAL (10-14) has developed a high rate 
gamma spectroscopy system with real time compensation of both 
dead time and pile up losses which works properly up to input 
rates of 320 kc. Figure 1 shows a block diagram of the loss free 
counting system (LFC). Pulses are detected in a 70 ccm coaxial 
Ge(Li) detector, which is DC-coupled to an overload resistant 
recycling preamplifier. The needle pulses produced by a DC-
coupled prefilter are used as event detector. Via a delay line 
and a gated restorer an integrator produces S-shaped pulses. 
The pile up detector opens the ADC-coincidence only for those 
pulses which are clean of pile up. The total clean count rate 
a (t) is fed to the loss free counter corrector and to the 
multiscaler for comparison with the true integral count rate 
a

0 ( t ) - The correct count rate a^Q(t) of an amplitude distri
bution fed into channel i is obtained from separate determina
tions of both the true integral count rate a (t) distributed 
over the whole spectrum and of the undistorted probability 
P(i,t) of an amplitude falling into channel i, by the relation 

a i 0(t) = aQ(t).P(i,t) (1) 

This relation is derived from the triggering rate of the event 
detector a(t) and the live time of the system discriminator 
LT(t), with 

a o ( t ) " LT(t) (2) 

and from P(i,t), the probability of an amplitude falling into 
channel i, which is given by 

P(i,t) = 
aj(t) 

(3) 

where a.(t) is the rate of conversions into channel i and a (t) 
is the total rate of clean conversions. Thus, in contrast to 
conventional pulse height analysis, the analyzer's actual con
version rate a (t) determines only the sample frequency of the 
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pulse heigth distribution and points to the channel i but is no 
longer significant for absolute spectral intensities. 

The realization of the LFC-system uses a series expansion for 
the evaluation of a (t). The argument t denotes that this rela
tion is evaluated in real time. 

V^ = Hj1 = ]T7Fry = a ( t ) ( i + DT + D T 2

 + . . . ) , (4) 

where DT denotes the dead time. 

Figure 2 shows the block diagram of the loss free counter correc
tor in the version used now. An image of the original pulse train 
is delayed by the shift register to. guarantee statistical inde
pendence and is fed back to the input during the dead time inter
vals, whereby e\/ery pass through the delay line corresponds to 
a further element in the expansion mentioned above. The shorter 
intervals missing from the original pulse interval distribution 
are, thus, restored. 
Figure 3 shows the pulse interval distribution of a(t) input and 
a (t) output of the shift register generator. The channel width 
is 400 ns, a Q(t) 234 kc/s and a (t)/a(t) = 4. 
As the ordinate scale is logarithmic, it is clearly seen that 
the corrected count rate a Q(t) really is Poissonian distributed. 

The decisive question for a method like LFC is the statistical 
error of the integral count rate in channel i M = /a .(t)dt. 
The total error will be determined by two factors: 
Firstly, by the sampling frequency of the spectrum, i.e. by the 
number N of analog to digital conversion in the respective ampli
tude channel. 
Secondly, by the error of the gambling process in the determi
nation of the weighting factor W = a (t)dt, as the probabilities 
for a certain amplitude and a certain weight may be assumed as 
statistically independent. 

The first factor may safely be assumed as square root error of. 
the number of conversions. The second factor is more difficult 
to evaluate as no argument of similar simplicity is found for 
the error of the weighting factor. Therefore, on line measure-
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ments of the distribution of weighting factors in the range 
from 1 to 11 were performed, wherefrom the errors were calcu
lated directly. Data for a mean weighting factor of 11 lead to 
an error of 15% in excess of the square root error, which.is 
indeed a small price for the advantage gained by the method. 

To test this system in practice some spectra are shown in which 
the uncorrected and the corrected gamma spectra were registered 
simultaneously. This enables direct comparison of LFC effects. 
Figure 4 shows corrected and uncorrected Eu-152 spectra, which 
clearly demonstrate that there is no energy dependence of the 
LFC correction. Figure 5 shows a more crucial test of the system 
under dynamic conditions, namely the irradiation and measurement 
of NaCl , where the corrected and uncorrected decay curves were 
registered sequentially using a flip-flop for routing the un-, 
corrected decay curve to the even and the corrected decay curve 
to the odd channels. The uncorrected decay curve is bent upwards 
as a consequence of a second order dead time. The corrected decay 
curve really gives an exponential decay. Time scale is 4 ms/ 
channel. The registration of the uncorrected (Fig.6) and of the 
corrected gamma spectrum of NaCl are shown in Figure 7. The 
20 ms Na-24m peak is strong, whereas the 740 ms Cl-38m peak is 
much less enhanced in the corrected spectrum. 
An even more crucial test is a pulse activation, where the signal 
for expelling the pulse rod triggers the time sequence spectra. 
It is therefore possible to register the whole irradiation and 
decay history so that all corrections necessary for the evalu
ation of the nuclides can be read from the record. 

Figure 8 shows the pulse activation and decay of a IAEA standard 
sample animal bone ash. In the corresponding gamma spectra the 
intensity ratio between corrected and uncorrected spectra is 
even reverted. This is consistent with theoretical calculations 
of the pulse activation of the 20 ms Na-24m whose activity will 
be magnified by a factor 640, whereas the Cl-38m activity will 
only be magnified by a factor 35, using a 300 MW. pulse (figures 
9 and 10). Another example is the decay curve and the gamma 
spectra of the well known standard sample ORCHARD LEAF shown in 
Figs. 11 to 15. To gain the full information different measure
ment times are chosen. The evaluation is then more complicated. 
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For some nuclidi ss the informa tion is d i s t r i b u ted in i more than 
one spectrum. A least square balancing calcul ation of the satu-
ration activity , which is com puter assisted, gives the results 
and their standi ard deviation. The next figures 16 t o 19 show 
deca y curve and gamma spectra of d ust samples of an industrial 
area in Vienna, in wh' ich interesting elements were determi ned, 
e.g. in In and 1 -. 

Using a routing system hard beta emitters like Li-8 and B-12 
are registered simultaneously with the gamma decay curve, by 
means of a Cerenkov counter. Thus, it is possible to evaluate 
Li, Na, Rb in a single short irradiation. 
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6.4. BETA-RAY BACKSCATTER RADIOGRAPHY USING THERMAL NEUTRON BEAM 
IRRADIATED INDIUM FOILS IN SURFACE TOPOGRAPHICAL INVESTIGATION OF 
ROCK AND ORE SAMPLES, S. Grafenauer, G. Pregl, J. Rant, F. Zitnik 
(Ljubljana, Yugoslavia) 

1. Introduction 

The use of metal foils, say of indium, dysprosium or gold, as neutron image 
converters is very common in neutron radiography / l / . However, it is inte
resting to note, that thermal neutron beam irradiated indium or dysprosium 
foils can also be used as extended area beta-ray sources in rather uncommon 
radiographic inspection of surface layers using backscattered beta- rays . Re
cently, it has been demonstrated / 2 / , that backr.cattered beta-radiation can 
effectively be used for quick and inexpensive radiographic mapping of heavier 
elements in different matrices composed of low Z materials . Radiographic 
inspection for cracks , voids and low Z inclusions in samples of heavier ma
terials is also possible. Since this type of radiographic inspection can easily 
be performed around the reactor it seems worthwhile to inform reactor users 
about this method and to illustrate possible practical applications of this non
destructive method. Since the mapping of heavier elements can be of conside
rable help to geologist in structure and texture determination, as well as in 
identification of phases in rock and ore samples, an investigation was con
ducted in order to assess the capabilities and limitations of the method. 
Therefore, the surface topography of 60 rock and ore samples with elements 
U, Pb, Hg, W, Cu, Fe, Cr and Al present in various chemical compositions 
and of various concentrations has been determined. The beta-ray backscatter 
radiographs were compared with optical micrographs and, in the case of 
uranium containing samples, also with a-track etch autoradiography. 

In this paper the principles of beta-ray backscatter radiography will be briefly 
explained. Experimental techniques used in the comparative study will be con
sidered, some typical results of our study will be given and the capabilities 
of beta-ray backscatter radiography will be discussed. 

2. Radiography with backscattered beta-rays 

In radiographic examinations of surface layers using backscattered beta-rays, 
a suitable photographic emulsion is pressed against the flat surface of the 
sample and a suitable extended area beta-ray source is put on top of i t . The 
simple exposure arrangement is schematically presented in Fig. 1. Suitable 
extended area beta-sources can hie either those containina long lived pure 
beta-ray emitting nuclides like S, Pr, Tl, P, Sr - Y or can 
be simply neutron beam irradiated metal foils, say of indium or dysprosium, 
and which are normally used in neutron radiography as converter screens . 
The photographic material should be an electron sensitive photographic emul
sion / 2 / . 

A substantial part of the primary beta radiation which penetrates through the 
emulsion backing and emulsion into the sample is deflected backward from 
the sample and recorded by the emulsion. This radiation is either primary 
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beta- rays which are deflected in the backward direction by single, plural or 
multiple scattering (back-scattering or back-diffusion), or are secondary 
e lec t rons . The backwards emerging radiation is also substantially degraded 
in energy. 

Assuming a linear relationship between the photographic density D and the 
integrated exposure E / l / , the recorded photographic density can thus be split 
into the par t due to pr imary radiation and the par t to the backscattered r ad i a 
tion: 

D - k E + k Q E (1) 
P t*"-1 

where: k and k a re gradients of the photographic emulsion for the pr imary 
p BS 

and backscattered radiat ion, respect ively, and Q is the backscattering 

coefficient, defined as the fraction of p r imary radiation deflected 

backward. 

The backscattering coefficient depends only on the reduced thickness of the 
scattering material (the thickness measured in units of the maxiumum range 
R of the beta part icles in the ma te r i a l ) , the nature of the scatterinq m a -

max 
ter ia l and the geometry of the exposure arrangement but is independent of the 
maximum energy of the beta-ray spec t rum. For a thickness of scattering ma
ter ia l (d ^ 0.2 R ) where the intensity of the backscattered reaches a 

max 
saturation value, and for the isotropic p r imary radiat ion, the saturated back-
scattering coefficient Q assumes a simple dependence on the effective atomic 
number Z and atomic mass M of the scattering material / 3 / : 

^rT 
Since beta-ray backscatter radiography is intended pr imari ly for inspection 
of surfaces of thick objects, such as rock samples , where the backscattered 
radiation is in saturation, the net photographic response assumes the following 
dependence: 

The response of the photographic emulsion to the backscattered be ta- rays is 
l inear wi th | /Z(Z+lT" and should be greater for heavier elements than for rZ(Z+1 

M 

6-38 



is no 

light ones . This has been verified experimentally / 4 / . For In radiation 
and Kodak M single layer radiographic film, the measured relation 

D = D ( [/ — ) is presented in Fig. 2 . Since the In is not a pure 

beta- ray emitting nuclide, the accompanying gamma-rays may excite Compton 
and photo-electrons in the film and the sample which either as p r imary or as 
backdiffused electrons may also contribute to the net photographic densi ty. 
By completely filtering the be ta- rays from the In radiation this contribu
tion has been measured and is also presented in Fig. 2 . In the case of back-
diffused gamma-ray excited electrons the relation n / z ( z + i ) \ 

i/z(z+i) = \Y M ) 
longer linear with 1/—— and D significantly increases above Z « 4 0 . 
However, the contribution of backdiffused Compton and photoelectrons to the 
net density is only minor , and amounts to up to 10 % for the heaviest elements 
and up to 5 % for the lightest ones . 

An estimation of the sensitivity of the method in recording changes in the 
effective atomic number Z and atomic mass M of the scattering mater ia l was 
also possible from the measured relation ( 3 ) . A rough and conservative 
es t imate is that two mater ia ls can be distinguished at a density change of 
about 0.05 if their atomic numbers differ by 6 - 8. 

The resolution of the method depends on the penetrability of be ta- rays in the 
ma te r i a l . The resolution of the method could be approximated by the effective 
thickness of the material t ransversed by the be t a - r ays , near where the back-
scattering coefficient Q approaches the saturated value Qs. 

According to Danguy / 3 / , this occurs at approximately 1/5 of the maximum 
range of beta-par t ic les in the mater ia l . An approximate validation of this 
assumption has been confirmed experimentally. In KiflU 3 the edge-spread 
function of a Pb-Al contact edge object obtained for In radiation and Ko
dak M single layer film is p resented . The resolution, as determined by the 
maximum slope technique, is about 150 /xm in this c a s e . 

3 . Experimental techniques 

Flat cut rock and ore samples were polished under standard procedure and 
optical micrographs , be ta- ray backscatter radiographs and a-track etch 
autoradiographs were taken. Optical micrographs were made under polarized 
light using a light microscope . 

Backscatter radiographs were taken using a lucite p r e s s u r e type casse t te 
which enabled intense tight and uniform contact between the flat surface of 
the sample and the photographic emulsion. This type of casse t te also allows 
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safe changing of samples and f i lms . The lucite p r e s su re type casse t te is shown 
schematically in Fig. 4 . The beta- ray source was an indium foil (100 am 
th ick) , irradiated in a thermal neutron beam of about 2.10 n / c m z sec for 
about 15 minutes. These irradiation paramete rs were sufficient to perform 
up to 4 consecutive film exposures , using Kodak M single layer film. 

The autoradiographs of uranium bearing rocks were obtained by exposing LR-
115 type II cellulose nitrate detector to a-radiat ion for about 24-48 hours , 
depending on the uranium concentration. The detectors were etched for 40-60 
minuies in 2.5 N KOH solution at tempera ture of 60°C. Prints were made on 
Kodalith KG paper , using a green Wratten filter No. 40. 

4 . Discussion of resu l t s 

Out of 60 samples investigated, photographic documentation for 10 selected 
samples is presented, which best i l lustrates the pract ical value of beta-ray 
backscatter radiography. In figures 5 - 1 4 beta-ray backscatter radiographs 
(a) , optical micrographs ( b ) , and a- t rack etch autoradiographs (c) of the 
10 selected samples a re given. The beta-ray backscatter radiographs a re 
given at a magnification of 3 x . Higher magnification would not be justified 
due to the low resolution of the present technique. Track etch autoradiographs 
a re given at the same low magnification; however, the resolution of the auto
radiographs is high enough to allow useful magnification up to several 100 x . 
Micrographs of selected a reas on the sample were taken at a magnification 
55 x in order to determine the s t ructure of the selected areas and to identify 
single phase s . Positive pr ints of photographs are given. This means that light 
a reas in the beta-ray backscatter radiographs correspond to a reas of g rea te r 
density in radiographic negative where the backscattering was s t rong. On the 
cont ra ry , dark areas in a - t rack etch autoradiographs correspond to regions 
of high a-radioact ivi ty. 

In Fig. 5a and 6a beta-ray backscatter radiographs of two sandstone samples 
containing uranini te , pyri te and chalkopyrite a re represented . Light a reas 
a re due to uranini te , dark a reas due to quarzite and light gray areas due to 
the pyri te phase . Cracks appear almost black. A comparison with a- t rack 
etch autoradiograph reveals at a glance the same macroscopic texture cha
rac te r i s t i c s of the uranium distr ibution. However, the sensitivity and r e s o 
lution of the a- t rack etch technique is highly super ior , since it is possible 
to detect t races of uranium even in the finest de ta i l s . Due to the short range 
of a-par t ic les in the sample (~few/Am) the a - t rack etch autoradiograph 
reveals almost the t rue surface distribution of uranium. The be ta- rays have 
a much g rea te r range (order of a few 100/Am) and some depth s t ructure is 
revealed, as can at best be seen in the lower right corner of the sample in 
Fig. 6a. Beta-ray backscatter radiograph here infers a much higher concen
trat ion of uranium, than one would expect from the surface distribution of 
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uranium in autoradiographic picture in Fig. 6. In optical micrographs - Fig. 
5b and 6b it is very difficult to distinguish between the uraninite and pyri te 
phase . The identification of uranium bearing phases is usually difficult with 
optical methods, especially when uranium is present in the form of uranium 
phosphates, vanadates or s i l i ca tes . Here , be ta- ray backscatter radiography 
may usefully help in quick identification of p h a s e s . Therefore, it would be 
desirable to develop a technique with much better spatial resolut ion. 

In Fig. 7a and 8a the distribution of galena in limestone rock is clearly r e 
vealed. Light a reas a re due to galena, light gray a reas a re due to sphaleri te 
and dark a reas a re due to l imestone. Optical micrography - Fig. 7b and 8b 
and beta-ray backscatter radiography may here equally well aid in d e t e r m i 
nation of texture and s t ruc ture and for phase identification. Beta-ray back-
scat ter radiography may well be used for integral determination of Zn and 
Pb content in the rock . 

In Fig. 9a the distribution of lead (galena) and zinc (sphaleri te) in a ground 
ore sample is shown. Light par t ic les a re due to galena, and light gray p a r t i 
cles are due to spha le r i t e . Beta-ray backscatter radiography may be suitable 
for integral determination of the lead content. A comparison with the optical 
micrograph Fig. 9b shows that the resolution of the radiograph is, Too poor to 
allow the determination of the grain s t ruc tu re . It is not possible to determine 
whether the ore has been adequately ground and the method is not suitable 
for the assessment of ore d re s s ing . 

The distr ibution of antimonite (Sb2 S ^ ) in si l icate and biotite is presented 
in Fig. 10a. For the identification of antimonite radiography with backscattered 
be ta- rays is comparable to optical micrography - Fig. 10b. However, graphite 
inclusion in Fig. 10b can not be identified with radiography. 

In Fig. 11a the distribution of malachite (CuCOg(OH)2) crysta ls is revealed 
by backscattered be tas , and the s t ruc ture as well as the texture revealed a re 
nearly the same as in the optical micrograph in Fig. l i b . 

A few inclusions of magnetite present in chromite r ich ore can be quickly 
identified by beta- ray backscatter radiography, as shown in Fig. 12a. This 
was also confirmed by optical micrography, shown in Fig. 12b. Light a reas 
a re due to magneti te, light gray a reas to chromite and gray areas to se rpen
t ine . Radiography with backscattered betas might be of advantage, especially 
in searching for platinoidic inclusions, usually present in chromite a r e a s . 

Ground iron ore samples investigated by beta- ray backscatter radiography 
a re shown in Fig. 13a and 14a. Optical micrographs a re given in Fig. 13b and 
14b. Observe the lower contrast between iron r ich phases and poorer chamosi te , 
apparently due to the smal ler difference in the effective atomic numbers . 
Here , iron is present in different phases of different composition (goethite, 
heamati te , magneti te, chamos i t e ) , revealed only by optical micrography. 
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5. Conclusions 

Radiography with backscattered be ta- rays is a suitable method for the d e t e r m i 
nation of the s t ructural and textural charac ter i s t ics ore of polished sections 
and rock s l ides . It offers a quick survey of the surface topography of large 
areas with the possibility of identifying different phases . This is difficult with 
optical methods. Its use in identification of phases is indicated especially 
where there are large differences in effective atomic number. However, for 
routine work, the method has forst to be calibrated with some other method 
or can be used for inspection of mineral samples with a pr ior i known p a r a g e -
n e s i s . At present the method is limited by its lower resolution and further 
development of the technique using soft beta-radiation is recommended. 
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FIGURE CAPTIONS 

Figure 1 Principle of beta-ray backscatter radiography 

Figure 2 Dependence of photographic density on effective atomic number 
of the backscattering material for typical exposure 

*l "I Ci 

Figure 3 Edge-spread function for Pb-Al resolution test piece ( In 
radiation and Kodak M single layer film.) 

Figure 4 Schematic representat ion of p r e s s u r e type casset te during film 
exposure 

Figure 5 Uranium r ich sandstone sample; 
beta backscatter radiograph ( a ) ; optical micrograph (b) 
and a- t rack etch autoradiograph (c) 

Figure 6 Distribution of uraninite in silicious rock as shown by beta-ray 
backscatter radiography ( a ) , optical micrography (b) and a- t rack 
etch autoradiography (c) 

Figure 7 and 8 

Distribution of galena and sphaleri te in limestone rock sample , 
beta backscat ter radiograph ( a ) ; optical micrograph (b) 

Figure 9 Distribution of galena and sphaleri te in ground lead ore sample ; 
beta-ray backscatter radiograph ( a ) ; optical micrograph (b) 

Figure 10 Distribution of antimonite in si l icate and biotite mat r ix ; beta 
backscat ter radiograph ( a ) , optical micrograph (b) 

Figure 11 Distribution of malachite crys ta ls in granite rock; beta backscatter 
radiograph ( a ) ; optical micrograph (b) 

Figure 12 Chromite r ich o r e , containing few inclusions of magnetite; 
beta backscat ter radiograph ( a ) ; optical micrograph (b) 

Figure 13 and 14 

Distribution of iron in ground iron samples ; beta-backscat ter 
radiograph ( a ) , optical micrograph (b) 
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Figure 5. Uranium rich sandstone sample; beta backscatter radiograph (a); 
optical micrograph (b) and a-track etch autoradiograph (c) 

6-46 



'.J«^^, 

•tt 

-i 

* 

*. * V 
.T-

- ., :• •"«! 

•CC' • 

• +-tj •< j 

. - I 
V *. ' * " ! 

.".< 

Figure 6. Distribution of uraninite in silicious rock as shown by beta-ray 
backscatter radiography (a), optical micrography (b) and a-track 
etch autoradiography (c) 
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8a 8b 

Figure 7 and 8, Distribution of galena and sphalerite in limestone rock 
sample, beta backscatter radiograph (a); optical 
micrograph (b) 
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Figure 9. Distribution of galena and sphalerite in ground lead ore sample; 
beta-ray backscatter radiograph (a); optical micrograph (b) 

Figure 10. Distribution of antimonite in silicate and biotite matrix; 
beta backscatter radiograph (a), optical micrograph (b) 
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Figure 11. Distribution of malachite crystals in granite rock; beta backscatter 
radiograph (a); optical micrograph (b) 

Figure 12. Chromite rich ore, containing few inclusions of magnetite; beta 
backscatter radiograph (a); optical micrograph (b) 
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14a 14b 

Figure 13 and 14. Distribution of iron in ground iron samples; beta-backscatter 
radiograph (a), optical micrograph (b) 
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6.5. ESTIMATION OF THE SMALLEST DETAIL DISCERNIBLE IN TRACK-ETCH AUTO-
RADIOGRAPH, R. Ilic, M. Naj&er, A. Podgornik (Ljubljana, Yugoslavia) 

An analytical model of the recording process in neutron in
duced autoradiography (NIA) utilizing solid state nuclear track 
detectors (SSNTD-s) is presented. The model is based on analysis 
of the inhomogenity of the image caused by statistical fluctua
tion in the number of tracks forming the image. With this model 
one can estimate the smallest detail discernible in an autoradio-
graph as a function of the confidence factor, the neutron exposu
re, the response of the SSNTD to neutrons for the element of in
terest and the bulk material the concentration of the element, 
the natural background, the track size and the unsharpness of 
the image. 

Illustrations of the effect of track density and neutron 
exposure on detection of boron in metals and uranium in uranium 
ore for the NIA facility at the TRIGA Mark II reactor in Ljublja
na and for LR 115 SSNTDs are given. 
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1. INTRODUCTION 

It is known that the smallest detail discernible in a radio
graph is determined by .inhomogeneities of the image caused by sta
tistical fluctuation in the number of detected particles forming 
the image. The influence of statistics on image formation was ex
plained for a long time and adapted to different conditions in X, 
Y and most recently neutron radiography /!/, but not yet in auto
radiography utilizing solid state nuclear track detectors (SSNTDs). 
For example, it is known that to produce a recognizable macro ima
ge as few as 101* registrations cm"2 are sufficient. However, to 
discern details with dimensions down to a micron, say of a metal
lurgical sample, a high quality radiograph composed of some 10 9 

registration cm - 2 are required. 

The increasing use of SSNTDs in autoradiography of elements 
emitting heavy nuclear charged particles requires, particularly 
in high-resolution techniques, an improved understanding of the 
influence of statistic on the formation of the image. An analyti
cal investigation of this question should yield indications of 
how the discernment of the detail in track-etch autoradiographs 
can be improved. 

The aim of the present work is to develop an analytical 
model of the recording process in neutron induced autoradiography 
(NIA) utilizing SSNTDs, based on analysis of the inhomogeneity 
of the image caused by statistical fluctuation in the number 
of track forming the image. The model presented is intended 
to facilitate either the design of NIA equipment or the evalu-
tion of the autoradiographic results. Illustrations of the 
effect of track density of 10B(n,a) reaction products 
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on the detection of boron in aluminium and iron, as well as of 
235U(n,f) reaction products on the detection of uranium minerals 
in uranium ore for the NIA facility at the TRIGA Mark II reactor 
in Ljubljana using LR 115 SSNTD are presented. 

2. ESTIMATION OF THE SMALLEST DETAIL DISCERNIBLE 

Consider Fig. 1, which diagramatically represents the image 
formation of a detail, say an inclusion embedded in a bulk mate
rial. The inclusion contains an element which upon neutron irradi
ation emits charged particles. To illustrate this example a boron 
autoradiograph of chrome-manganese steel which contains about 
20 ppm of boron is given in Fig. 2. The light areas correspond to 
a boron rich inclusion. Assume that the inclusion, Fig. 1, is cylin
drical with an area S and thickness v, which is greather than the 
range of the reaction products, i.e. charged particles. Further 
we assume here that the range of reaction products is the same in 
the inclusion and the bulk material. The signal, or the average 
track density p0(cm~2) in the area of SSNTD which does not belong 
to the image of the inclusion is given by 

p 0 = K *t + p„ (1) 
o n 

where KQ is the response of the detector to neutrons for the bulk 
material (tracks n - 1 ) , *t is the neutron exposure (cm-2) and p n 

is natural background (tracks cm" 2). It should be mentioned that 
KQ is determined by the neutron induced background due to the re
actions (n,n ), (n,p), (n,a) and (n,f) in elements, having high 
cross sections, which may be present in the specimen or the SSNTD 
itself. Natural background is mainly determined by imperfections 
in the SSNTDs which appear as tracks after etching. 

If the concentration of the element i in the inclusion is 
C^ (ppm), the average track density p (cm"2) in the image of the 
inclusion is given by 

p = #t(K0 + K ± C i) + p n (2) 
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from which the diameter of the smallest discernible inclusion R 
in an autoradiograph can be quickly estimated. Eq. (4) is valid 
when the track density is linear with neutron exposure. However, 
at high track densities there is a high probability of overlapping 
of tracks. From the track density forming the image one can calcu
late the dependence of Ko and K. on neutron exposure. It was shown 
that the theory of geometrical probability allows one to estimate 
track densities when dealing with an extensive overlapping of 
tracks. The track densities can be estimated either from the ex
pected values of the area covered by all tracks or from the number 
of isolated clusters 111. The characterics of the two counting me
thods and their applicability when dealing with automatic determi
nation of high track densities are discussed in detail 111. By 
observation of well-exposed autoradiographs we found that it is 
easy to recognize a single track in a sluster of tracks. An exam
ple is given in Fig. 3 where neutron induced background tracks in 
LR 115 SSNTD are presented. Therefore, the first method was used 
for the estimation of the response of detectors to neutrons at 
high track densities. It is shown in the Appendix that Eq. (4) may 
be modified as: 

K A-exp(-#tKodo2?0 d.2 

R2 1 — = -i_ (R+U) (5) 
l-exp(-4tKiCidr £) dQ; 

where do is the average diameter of background tracks and d. is 
the average diameter of tracks induced by reaction products of the 
element of interest. It should be pointed out that when dealing 
with high track densities the overlapping of tracks will cause 
limitation of the above formula. 

3. APPLICATIONS AND DISCUSSION 

In order to illustrate the effect of image unsharpness, con
centration of the element, track size and the background on the 
smallest discernible detail, an example as applied to the deter
mination of boron in iron is shown in Fig. 4. The parameter values 
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used were chosen in accordance with experimental results obtained 
at the NIA facility at the TRIGA Mark II reactor in Ljubljana using 
LR 115 SSNTD as described elsewhere III. The size of detail discer
nible in an autoradiograph decreases with increase in track densi
ty up to a critical value p where it begins to increase. This 
phenomenon can be explained as following. Within the limits of non
linear response the track density of the . background increase 
quicker than the effective track density in the image of the inclu
sion due to overlapping of tracks. This effect worsens the signal-
-to-noise ratio and hence the ability to discern image detail. 
By graphical derivation of the transcendent function (Eq. 5) it 
was found that the smallest detail discernible is achieved when 
~ 70 % of the image is covered by tracks. 

It is clearly demonstrated in Fig. 4a that detail smaller 
than the unsharpness can be observed if the neutron exposure is 
high enough to reach an adequate track density. The higher the 
image unsharpness, the smaller is the detail discernible in an 
autoradiograph. Figure 4b shows the variation of discernment when 
the concentration of the element is changed. Thus, the higher the 
concentration of the element the smaller the detail that may be 
recognized because the signal-to-noise ratio is improved. Figure 
4c shows how the detail that can be discerned changes as the 
track size is varied. The improvement is obtained by reducing 
the track size if an appropriate track density is chosen. Observe 
that, in the range of linear response, the discernment is indepen
dent of the track size. Figure 4d shows the variation of the 
smallest detail discernible when the response of the detector to 
neutrons is changed. The decrease of neutron induced background 
increases the recognizition of the detail, because it leads to an 
increase in signal-to-noise ratio. 

A further illustration of the model is presented in Fig. 5, 
where the relationship between neutron exposure and the minimum 
discernible boron rich particles of different intermetallic pha
ses in an aluminium matrix are shown. The values of the parameters 
employed in the calculation were taken form our previous work M/. 
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From these results one can conclude that the technique has a limit 
of detection of about 10~ 1 5 g of boron rich particles. 

Figure 6 shows the relation between neutron exposure and the 
minimum discernible particle size of primary uranium minerals; 
pitchblende and uranite xU0 2 yU0 3(x/y=l), embedded in a matrix of 
silicate minerals. The parameter values used in the calculation 
where chosen in accordance with our previous work /5/. Thus, it 
may be concluded that particles of uranium rich minerals as small 
as 1 urn can be discernible if appropriate neutron exposure is cho
sen. 

4. CONCLUSIONS 

A simplified model of the formation of the image on SSNTDs in 
NIA has been presented. An expression from which the minimum di
scernible detail can be quickly estimated, as a function of the 
main parameters in NIA, is derived. It is hoped that the model 
presented here will help as a basis to the design of NIA facili
ties and in the development of new SSNTDs suitable for auto
radiographic work, as well as in the evaluation of autoradiogra
phic results. The approximate model may be applied by the user 
to evaluate the balance of the smallest detail discernible and 
exposure time. However, experimental data, taken under well-cha
racterized circumstances are necessary to determine how well the 
simple model represents reality and to indicate how the model 
should be modified. 
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APPENDIX 

As mentioned in the text, the dependence of track density on 
neutron exposure is not linear. This deviation from expected li
near behaviour is due to the high probability of overlapping of 
tracks at high neutron exposure. Effective track density of the 
reaction products p^ f is here defined as the quotient of the 
expectioned area covered by tracks A and the average area of one 
track, i.e. one has 

A 
pief = P 2 ; pi Ao > J > 1 ( A 1 ) 

where A 0 is the observed area. Assuming that the track shapes 
are circular with a constant radius, the expection value for the 
area covered by tracks may be defined as the sum of the probabi
lity of any point within AQ being covered by at least one track 
and of area AQ, /2/, i.e. 

A p = Ao 
f 1 

P i pi Ao 1 - (1 - A (A2) 

Inserting Eq. (A2) into Eq. (Al) and taking the observed area as 
unity, the effective track density is given by 

pi 1-CL-P.) 
pief = VT ( A 3 ) 

i 

The effective track density can be given as a funciton of neutron 
exposure *t and concentration C. if we introduce the effective 
response of the detector for the element of interest, K^ f. One 
has 

Pi „ = Ki _ C. *t (A4) 
1ef -"-ef l 

Substituting Eq. (A4) into Eq. (A3) we get 
*tC iK i 

1-(1-P.) 1 X 

K i e f = i ( A 5 > 
e r * t C. P . 

l l 
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The effective response of the detector to neutrons K 0 e f can be de
rived by a similar process 

*tK0 

K o ^ = ^ - v x ~ r 0 ' (A6) _ 1-U-Pn) 
•ef " •t P 0 

where P 0 is the average area of one background track. Since the 
typical area of a track amounts to 10"9 - 10~6 cm"2, and track 
density on the autoradiographic image to 10**-108 cm - 2, Eqs. (A5) 
and (A6) may be simplified by introducing a Poisson distribution 

(1-P)P 2L exp(-Pp) { P << 1 ( A 7 ) 

\ p >> 1 

It has been shown in the text, Eq. 5, that for recognition of a 
cylindrical inclusion of diameter R we must give: 

2 K /K^ 
R2 ^ £ (R+U) (A8) 

C. K. iH /it 
i i 

Simplification of Eqs. (A5) and (A6) by a Poisson distribution and 
substitution of them into Eq. (A8), yields 

K /l-exp(-*tK0d0
2J-) d. 2 

R2 >_ — — -±- (R+U) (A9) 
l-exp(-*tKiCidi

2J) d° 

where do i s t h e d i a m e t e r of t h e background t r a c k s and d. t h e d i a 
m e t e r of t h e r e a c t i o n p r o d u c t t r a c k s of t h e e l e m e n t of i n t e r e s t . 
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where K. is the response of the detector to neutrons for the ele
ments of interest (tracksn"1 ppm" 1). The parameter K. can be cal
culated if the composition of the material, the absolute neutron 
fluencejthe range of the reaction products and the critical angles 
for recording tracks are known. Also, it can be determined expe-
rimentaly by measurement of track density under known neutron ex
posure and concentration. 

Thus, the change in the track density Ap due to the presence 
of the element i in the inclusion is given by 

Ap = K i C «t (3) 

This change will be discerned with the desired reliability if the 
change in the number of tracks in the area S is greater than the 
standard deviation in the average number of tracks in all areas 
(S + AS). Hence for recognition 

| Ap S| >_ K c /p0(S+AS) • (3) 

where K is the confidence factor and S+AS is the effective image 
of the inclusion extended due to the unsharpness U. In this connec
tion we should mention that the unsharpness of the image is main
ly determined by the range of the reaction products, the size of 
the etched tracks and the separation between the specimen and the 
detector. However, to the best of our knowledge, neither theoreti
cal nor experimental data of the image unsharpness in NIA utili
zing SSNTDs are available. The value for the confidence factor 
varies with the application. In X-ray radiography it amounts to 
between 4 and 10. Since the formation of the track-etch image is 
different from that on radiographic film, further analysis is re
quired in order to establish an appropriate value. 

Substitution of Eqs. (1) and (2) into Eq. (3)and rearrange
ment leads to the following expression 

2K /ST 
R2 >_ — 2 Q ( R + u) ( 4 ) 

C. K. /ir /Tt l l 
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Fig. 1. Schematic representation of the formation of the image of a 
cylindrical inclusion on an SSNTD in NIA with unsharpness U. 
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Fig. 2. Boron autoradiograph of 
chrome-manganeze steel. 
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Fig. 3. Effect of high neutron exposure on 
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6.6. MEASUREMENT OF NP-IN INTEGRAL CROSS SECTION RATIO IN URANIUM 
FISSION SPECTRUM, I. N. Acquah (Ljubljana, Yugoslavia) 

INTRODUCTION 

Solid State Nuclear Track Detectors, SSNTDs, are becoming 
useful tools for measurements in many fields of science and tech
nology 111. In neutron dosimetry, few of their advantages are: 

(i) they are insensitive to high background of gamma irradi
ation in reactors, 

(ii) they offer permanence of recorded data which can be 
processed after any lenght of time at the convenience 
of the experimentalist, 

(iii) they require simple and inexpensive equipment. 

SSNTDs used in neutron dosimetry, are placed in close contact 
with converters such as U-235, Np-237, and Pu-239 fission foils 
which convert the incident neutron flux to fission fragments. 
These heavy charged particles cause damages or tracks in the de
tector. When the detector is chemically etched, the tracks become 
so large that they are clearly seen under an optical microscope. 
As stated by Price and Walker 111 there is one-to-one correspon
dence between the fission fragments and the tracks they cause in 
the detector. 

However, despite, this high efficiency of registration the 
overall accuracy of experiments in which SSNTDs are used is not 
very satisfactory. This shortcoming is attributed mainly to the 
converters whose mass and the profile of the distribution of fi
ssile material are often not precisely konwn. Consequently, to 
improve the accuracy in such experiments, well calibrated fission 
foils must be used. 

The aim of this work, therefore, is to develop the use of 
SSNTD in neutron dosimetry. For this purpose a well calibrated 
Np-2 3 7 fission foil in close contact with a piece of SSNTD and 
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In-115 treshold detectors were irradiated under identical condi
tions. Three runs of irradiations were performed. By measuring the 
activation rates, the Np-In integral cross section in uranium fi
ssion spectrum was determined. 

EXPERIMENTAL PROCEDURE 

Np-237 Fission Foil 

To study the profile of fissile material on the Np-237 fissi
on foil, an X-ray film was exposed to the alpha particles from 
the foil. The exposed film was later analyzed with the help of 
Jarell-Ash 21000 Non-Recording Microphotometer (see Figs. 1 and 2). 
A small area of the foil where the distribution was most uniform 
was chosen for relative counting. The ratio of fissile material 
on the whole active surface of the foil to that of the selected 
area was determined /3/. Therefore in counting an etched detector, 
only the surface which faced the selected area was counted. Then 
the number of tracks was multiplied by the ratio to obtain the 
absolute number of tracks on the whole detector. Thus the Np-2 3 7 
fission foil has been calibrated for relative counting to improve 
the speed and the accuracy of using SSNTD in neutron dosimetry. 

In-115 Threshold Detectors 

The indium foils used in this work were of highest purity 
(99.99 %) with 95.6 % isotopic abundance of In-115. They were 
discs of 5 cm in diameter and 0.1 mm thick. These In-115 foils 
which have a well established cross-section are used here as re
ference detectors. 

Makrofol KG Detector 

A suitable SSNTD used in this work should be insensitive to 
recoil nuclei like C-12 and N-1U and to alpha particles emitted 
from the fission foil. Makrofol KG, which satisfies the above con
dition, is therefore an excellent detector for our purpose. Makro-
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Fig 1 A profile of distribution of fissionable material 
on Np-237 fission foil drawn with average reading 
of each row (o) and column (m) respectively. 
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Fig 2 A more detailed profile of the distribution in 
the central part (along the horizontal (o) and 
the vertical (*) axes) of the foil. 
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fol is a light green tinted polycarbonate plastic, a product of 
Farbenfabriken Bayer AG, Leverkussen, West Germany. 

A piece of Makrofol exposed to fission fragments and etched 
in 5.5 N KOH at 6 0 °C for about 4 5 min; reveals clearly fission 
tracks which are about 10 to 15 microns in length. But when a pie
ce of this detector was exposed to alpha particles and etched as 
above for up to 150 mins, no alpha particle tracks were revealed 
/4/ Fig. 3 shows a microphotograph of 40 micron thick Makrofol KG 
which was used to register fission fragments in fast neutron expe
riment. The etching conditions were as stated above. 

Irradiation 

The Np-237 fission foil was placed in close contact with a 
piece of 4 0 micron thick Makrofol KG detector. These were sandwi
ched between two In-115 threshold detectors and irradiated in 
about 1 mm thick cadmium case to minimize the activation of the 
materials by thermal neutrons. Three runs of irradiations were 
performed in positions 5, 11 and 3 cm respectively from a thermal-
-to-fast-neutron converter. The converter is a 20 % enriched U-235 
fission plate of 260 mm in diameter and 1.5 mm thick. It is clad 
in 0.8 mm thick aluminium to prevent the release of fission pro
ducts. The fast neutron on the surface of the converter is 
1.5xl07 n/cm2 sec. The converter is suspended in the middle of 
the exposure room of TRIGA Mark II Reactor, at Josef Stefan Insti
tute of Ljubljana. Because of the size of the exposure room, the 
number of fast neutrons reflected from the walls of the room is 
negligibly low /5/. The irradiation time was one hour with reactor 
working at its full power of 250 KW. 

Counting 

After irradiation and an adequate period of waiting time for all 
the parasitic activities of the threshold detectors to decay away, 
the In-foils were cleaned with chlorofornium, CP^Cl^, to remove 
any surface radioactive contamination produced during irradiation. 
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Fig 3 Microphotograph of Mdkrofol KG Detector used to register 
fission fragments in fast neutron experiments and etched 
in 5.5 N KOH at 60 °C for 45 min. 
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Fig 4 THE SCHEME OF THE COUNTING SYSTEM 



The activities of the radioactive products were counted with the 
help of 7.6 x 7.6 cm Nal(Tl) spectrometer which was coupled to 
512 channel pulse height analyzer and a CDC 1700 Computer (see 
Fig. 4). Counting time of 1000 sec was sufficient to accumulate 
well over 10000 counts in the peak area. 

On the other hand, the Makrofol KG detector was etched in 
5.5 N KOH at a constant temperature of 60 °C for a period of 45 
mins. Only the preselected area of the detector, as stated above, 
was counted under an optical microscope. The number of the indu
ced fission tracks was multiplied by the ratio factor (15.76 7) 
to obtain the absolute number of tracks on the whole detector. 

EXPERIMENTAL RESULTS AND CONCLUSION 

The results of the repeated measurements, in which irradia
tions were performed at positions 5, 11 and 3 cm respectively 
from the converter plate, are summarized in the Table: 

Runs P o s i t i o n s Np A T I n R a t i o 

1 s t 5 cm 4 . 8 9 8 x l Q ~ 1 6 1 . 3 9 3 x l 0 " 1 7 7 . 2 7 9 

2 r d 11 cm 0 . i + 9 0 x l 0 ~ 1 6 0 . 6 7 0 x l 0 ~ 1 7 7 . 3 1 3 

3 r d 3 cm 1 4 . 6 1 6 x l 0 ~ 1 6 1 . 9 3 8 x l 0 ~ 1 7 7 . 5 4 2 

The activation rates for the Np-237 fission foil and the 
In-115 threshold detectors are given in the third and fourth co
lumns respectively. In the last column is the Np-In integral cross 
section ratio. The average of these ratios 7.378+0.143, compares 
favourably with the value 6.94 obtained from evaluated integral 
cross section data /6/. 
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