
3.1 A SURVEY OF RECENT APPLICATIONS OF TRIGA RESEARCH REACTORS, 
R. H. Chesworth (Gulf E&ES, San Diego, California, U.S.A.) 

1. INTRODUCTION 

Although this is a survey paper, it does not pretend to be a 
comprehensive listing of the recent applications of TRIGA reactors 
worldwide. Some relatively recent, somewhat novel, or unusual applica
tions in the United States were surveyed, since the relatively novel and 
sophisticated applications outside the United States will probably be pre
sented by others at conferences such as t ̂ s. 

Several specific applications will be discussed briefly. They are 
divided into the major areas of nondestructive testing, medical applica
tions, activation analysis, and special testing. References are given 
to permit an interested reader to pursue a specific application in more 
detail.• 
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2. NONDESTRUCTIVE TESTING 

2.1 DETERMINATION OF TRACE QUANTITIES OF PLUTONIUM IN 55-GALLON DRUMS 

Several passive systems have been established for the detection of 
small amounts of fissile material in waste containers. However, these sys
tems typically are sensitive only down to 5 to 10 g of uranium or plutonium. 
Due to the unique nature of generation and classification of waste at the 
U. S. Atomic Energy Commission's Dow. Rocky Flats.installation, it has become 
necessary to develop a technique with a sensitivity down to a few mg of 
plutonium per drum for the rapid, accurate, and positive detection of plu
tonium in waste-bearing 55-gal drums. This type of sensitivity is necessary 
to classify the drums as either low-specific-activity (LSA) waste or con
trolled material. A technique has been developed by scientists at Dow Rocky 
Flats and at Gulf E&ES in San Diego to detect milligram quantities of 
plutonium in waste-bearing drums through the use of a TRIGA reactor. A pro
posed process flow diagram is. shown in Fig. 1. 

The method uses the analytical method of Amiel; that is, subjecting the 
sample containing fissionable material to a thermal neutron flux and then 
quickly measuring the delayed neutrons caused by fission. The method had 
been previously tested with small samples at Gulf E&ES with excellent results. 
Through a series of analytical programs and experimental programs, the 
technique was established for much larger samples (up to 55-gallon drums). 

A trial calculation demonstrated the potential feasibility of the 
technique. For a sample containing 10 mg of plutonium-239 (10 mg P u 2 3 9 is 
about the upper threshold of LSA classification) using 10 7 n/cm2/ sec thermal 
neutron flux, a total count of 450 should be produced with a 7%-efficient 
counter, counting for one minute, after an irradiation of one minute. 
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The analytical program consisted of establishing a mean scattering 
model to estimate distribution of thermal neutrons within a right cylinder, 
based upon neutron entry at one side of the cylinder, and using one-
dimensional transport-theory code calculations to estimate delayed neutron 
production from drums containing plutonium-239. The mean scattering model 
established the probabilities of neutron flux in a circular plane cross 
section of a cylinder with uniform neutron input. The neutron transport 
calculations considered plutonium homogeneously disbursed in both wet and 
dry combustible waste and plutonium lumped in dry combustible waste. These 
calculations indicate that the incident beam flux should be equal to or 
greater than 10 8 n/cm2/sec, which is readily available with a TRIGA system 
operating at 250 kW. 

The experimental program consisted of three basic types of experiments: 

1. Small scale tests involving neutron irradiation and counting of 
milligram quantities of P u 2 3 9 in stainless-steel cans. 

2. Full scale tests involving evaluation of neutron flux distributions 
in 55-gallon drums containing simulated dry and wet combustible waste. 

3. Model tests involving a redwood log used to confirm the analytical 
models and to evaluate the effectiveness of a neutron reflector. 

A TRIGA Mark I reactor (Torrey Pines TRIGA Mark I) with a 16-ft-long 
air-filled neutron beam port was used as the neutron source. The flux at 
the sample position was 10 thermal/cm /sec with the reactor at a steady-
state power level of 250 kW. The cadmium ratio of the beam was 6:1. The 
counter geometry was annular and consisted of eight l-in.-dia by 15-3/4-in.-
long proportional counters filled with helium 3 (4 atmospheres pressure) and 
symmetrically arrayed in a polyethylene sample well 6-3/4-in. i.d. by 
16-1/2-in.-deep. The experimental setup using the reactor and the counter 
is shown in Fig. 2. 
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In the first series of experiments, P u 2 3 9 samples were irradiated in 
three Volrath stainless-steel cans. The cans were irradiated in the TRIGA 
beam tube for 60 sec and then rapidly transferred to the counting facility. 
Samples were counted for 60 sec. This series of experiments established 
that 9.8 mg of P u 2 3 can easily be detected with a 10 n/cm /sec flux at a 
counter having a 1-1/2% efficiency for americium-beryllium neutrons, and 
that a hydrogenous matrix depressed the signal from the measurement, but 
not seriously so. 

In the second series of experiments, two 55-gal drums were filled with 
Nalgene polyethylene jars containing various materials to simulate dry and 
wet combustible waste. Manganese flux monitors were prepared in polyethylene 
vials and positioned in the standard waste drums as shown in Fig. 3. The 
drums were irradiated for one hour with the reactor operating at 150 kW 
while the drums were suspended in a horizontal position over the beam port. 
The results of the tests are presented in Table 1. This experiment pointed 
up the importance of rotating drums during irradiation in order to minimize 
flux gradients within the drums. 

TABLE 1 
EXPERIMENTAL RESULTS OF 55-GALLON DRUM IRRADIATIONS 

Relative Fluxes( a^, Dry and Wet Combustible Wastes 
Level l0>) Level 2 Level 3 

Position Dry Wet Dry Wet Dry Wet 
A 1.000 1.000 0.086 
B 0.142 0.391 0.531 0.104 
C 0.294 0.159 0.345 0.084 
D 0.062 0.068 0.382 0.064 0.083 0.. 007 
E 0.094 0.085 0.221 0.054 
F 0.183 0.004 i 

G 0.107 0.005 
H 0.182 0.011 0.019 0.013 

(a), 
0.5: 

Standard deviations (counting statistics) of these values ranged 
from 0.5% to 1.5%. 

Level 1 = middle of drum, Level 2 = midway between top and middle of 
drum, Level 3 = top of drum. 
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In the final series of experiments, a redwood log was built up to 
serve as a scale model of a drum filled with dry combustibles. The log 
structure permitted placement of gold monitors at the position corresponding 
to the mean scattering model intersections developed for the model in the 
calculations. The assembled log was irradiated for 30 minutes over the 
reactor beam port at a reactor, power of 150 kW. The foils were then counted 
for a sufficient time to achieve standard deviations of equal to or less 
than 2% relative. The agreement of the experimental results showed that 
the mean scattering model was quite good for mocking up distribution of 
thermal neutrons in a right cylinder. 

The results from the various calculations and experiments can be used 
to estimate the expected delayed neutron counts from 10 mg of P u 2 3 9 in 
waste drums from a standard cycle where the counting efficiency is 7%. These 
counts are presented in Table 2 for incidental thermal fluxes of 10 7 and 10 8 

n/cm2/sec,,and it can be seen that while 10 7 n/cm2/sec is adequate, flux 
10 8 n/cm2/sec flux provides better sensitivity and assurance that; plutonium 
will not be hidden. 

For additional information see Refs. 1 and 2. 

TABLE 2 
APPROXIMATE EXPECTED COUNTS 

107 Flux 108 Flux 
j a End, Axis ' End, Axisa 

Waste Average of Rotation Average of Rotation 
Dry, homogeneous 400 4000 
Dry, lumped 230 60 2300 600 
Wet, homogeneous 300 3000 
Wet, lumped 160 40 1600 400 

The position at the end of the drum and on the axis represents the 
worst position, all else being equal, for a 2 3 9 P u lump. Its effective 
volume is less than 0.1% of the total drum volume, and the chance that a 
lump will reside in that position is, therefore, <0.1%. 
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2.2 HIGH-SPEED NEUTRON RADIOGRAPHY USING TRIGA PULSES 

High-speed motion neutron radiography has been demonstrated, showing 
details of objects moving at 100 ft/sec using radiograph repetition rates . 
of 10,000 frames/sec. At this frame rate, a sequence of 100 individual 
neutron radiographs is obtained. The quality of each frame is such that 
0.75 mm dia wires of plastic can be accurately resolved through 6 mm of 
steel. 

High-speed motion neutron radiography is possible through use of a 
reactor in the pulse mode. The limits of this technique are established by 
the level of neutron exposure permissible within very short time frames. 
The Oregon State University TRIGA Mark II reactor provides a compact core 
a peak power level of 3800 MW, and a peak central flux of over 10 1 7 n/cm2/ 
sec. A tangential beam arrangement is used with a graphite source block 
situated in a flux trap region immediately adjacent to the reactor core 
edge. To maximize the available neutron intensity for the high-speed motion 
application, a collimator has been constructed, with the full beam tube width 
as input diameter (15 cm). The collimator ratio is 1:27. 

Neutron imaging makes use of a thin 6LiF-ZnS scintillator screen, a 
two-stage image intensifier placed in contact with the scintillator, and a 
"Hycam" high-speed motion picture camera used in close focus at 10 cm from 
the intensifier output. Film used is Kodak 16 mm Tri-X reversal. The 
field of view is set by the image intensifier diameter (2.5 cm) but larger 
diameter systems are available. 

The exposure procedure is as follows: 

1. The reactor is brought to critical and made ready for pulsing. 
2. The motion picture camera is started and brought to full speed. 
3. The reactor pulse is triggered by a signal from the unwinding film. 
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Table 3 compares the neutron flux and fluence available on the 
imaging screen for both steady-state and pulsed radiography. Extremely 
high fluxes are required to produce reasonable fluences in exposure times 
of 30 microsec. 

High-speed motion picture neutron radiography should provide a new 
dimension in testing capabilities complementary to flash x-radiography and 
still neutron radiography. 

For more information see Ref. 3. 

2.3 A RAPID ACCURATE METHOD FOR ASSAY OF FUEL MATERIALS WITH NEUTRON BEAMS 

The construction of Gulf General Atomic's HTGR reactor cores has 
established the requirement for rapid, accurate assay of a large quantity 
of fuel sticks. Each stick is approximately 1.4 cm in diameter by 5 cm long 
and contains between 105 mg and 255 mg of U 2 3 5 . A purely instrumental 
analytical method for determination of the U 2 3 5 content of the fuel sticks 
was highly desirable. Of the analytical methods available, neutron activa
tion analysis achieves great analytical sensitivity and high precision. 

Several options exist for neutron activation analysis; the method 
selected was that of Amiel, which uses the delayed neutron counting approach. 
For this approach, a sample is irradiated in a reactor and quickly trans
ferred to a neutron detector where delayed neutrons are counted over an 
interval of about 1 min following irradiation. 

The delayed neutron yield per microgram of U 2 3 5 following a 30-sec 
irradiation in the outer fuel ring, the F-ring, of a TRIGA Mark I operating 
at 250 kW is 354 x 10 3 for the period 1 to 40 seconds. 

An early modification of Amiel's technique used reactor pulsing to 
achieve improved analytical sensitivity. Curve A of Fig. 4 shows the 
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TABLE 3 
FLUENCE COMPARISON FOR STEADY-STATE AND PULSED OPERATION 

Flux at 
Collimator 
Input 
(n/cm2 sec) 

Collimator 
Ratio 
(D:L) 

Flux 
Incident 
on Imaging 

Screen 
(n/cm sec) 

Duration 
of 

Exposure 
(sec) 

Fluence 
Incident 
on Screen 
(n/cm2) 

Normal 
radiograph 10 1 3 1:300 10 7 100 10 9 

Obj ect 
attenuation 10 1 3 1:300 10 6 1000 10 9 

Fast 
scintillator 
imaging 10 1 3 1:300 10 6 10 10 7 

Pulsed 
reactor 3 x 10 1 6 1:300 3 x 10 9 3 m 10 7 

Relaxed 
beam 
collimation 3 x 10 1 6 1:30 3 x 10 1 1 30 u 10 7 
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delayed neutron counts versus time for pulsed radiation. It has been 
demonstrated that about a twentyfold increase in delayed neutron counts 
could be obtained subsequent to a 16 millisec pulse of 1000 MW over that 
subsequent to a 30-sec irradiation at 250 kW with the same TRIGA Mark I 
reactor. The sensitivity achieved for U 2 3 5 was 2.7 x 10~ 1 0 g. 

A TRIGA Mark I nuclear reactor, licensed for 250 kW steady-state 
operation and 1000 MW pulsing is used for all sample irradiations. The 
F-ring has several positions available for sample irradiation. The thermal 
and fission spectrum fluxes in the F-ring are 2.8 x 10 1 2 n/cm2/sec and 
3.5 x 10 1 2 n/cm2/sec, respectively, with the reactor operating at a power 
of 250 kW. 

A system was prepared for handling samples of up to 7 cm3 in volume. 
A standard, vacuum operated, TRIGA pneumatic transfer system was used. The 
neutron counter has six high-pressure, 2-in.-dia by 12-in.-long BF-3 tubes 
whose centerlines are 2.5 inches from the centerline of the sample. The 
counter has an efficiency of 7% and was constructed to receive samples 
directly from the transfer system. A photo sensor and electronic timer 
were arranged to provide accurate timing and gating for the scaling system 
used to integrate the delayed neutron counts. 

The system as established is used to obtain accurate and precise 
measurement of uranium and/or thorium in fuel particles, fertile particles, 
and fuel sticks. Reactor power levels are adjusted to be commensurate with 
the sample to be analyzed and in all cases less than 10 1 0 fissions take 
place during the irradiation. This limit prevents excessive sample heating. 
It also provides about 9 x 101* counts/microgram of U 2 3 5 in a cycle consisting 
of 40 sec irradiation at 250 kW, 6 sec delay, and 60 sec of counting, which 
translates to a sensitivity of 2 x 10" 1 0 g of the isotope (about 1 x 10" 1 1 g 
in pulsing mode). 

In the measurement of fuel sticks containing 0.11 g of U 2 3 5 and 3.5 grams 
of Th 2 3 2, a single cycle with the foregoing timing produces 3.5 x 10 5 counts 
subsequent to a 25 W irradiation (3 x 10 9 fissions). Since thorium contributes 
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about 0.01% of the signal and the background is only about 40 counts, the 
standard deviation of the single measurement is about 0.2%. At threefold 
greater reactor power, the precision is nearer 0.1%. 

The neutron activation analysis (NAA) method for U 2 3 5 provides accura
cies and precisions comparable to wet chemical analyses with much greater 
speed and economy Measurement of delayed neutrons is an important option 
among neutron activation analysis methods. Radiation attenuation problems 
are less severe than with x-ray methods, and since the various isotopes are 
accurately measurable with a high degree of specificity and sensitivity in 
most materials, it is useful in the areas of nuclear materials management 
and fuel production as well as in the measurement of ores and environmental 
pollution studies. NAA can be used to determine the fissile and fertile 
content of nearly all samples that are taken for chemical analysis by 
inspectors during safeguards inspections. The accuracy of analysis is 
sufficiently good that reactor fuel manufacturers could substitute this 
more economical procedure for wet chemistry in many cases. A comparison 
of a standard sample prepared by the U. S. Atomic Energy Commission, analy
zed by wet chemistry methods and by neutron activation analysis is presented 
below: 

TABLE 4 
COMPARISON BETWEEN WET CHEMISTRY AND NAA RESULTS ON AEC SAMPLES 

No. 
u 3o 8, % w 

AEC Sample No. Wet Chemistry Neutron Activation Analysis 
119 0.175 ±0.003 0.174 ±0.004 
133 0.290 ±0.003 0.291 ±0.006 
131 0.384 ±0.004 0.382 ±0.007 

For more information see Ref. 4. 
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3. MEDICAL APPLICATIONS 

3.1 ROUTINE PRODUCTION OF FLUORINE-18 IN THE TORREY PINES TRIGA MARK F 
REACTOR 

The Torrey Pines Mark F reactor is being used routinely for production 
of F 1 8. This isotope is developing widespread use in the clinical scanning 
of skeletal tissue. The isotope can be produced by a variety of nuclear 
reactions (Ref. 5). Since there are a large number of research reactors 
in the United States as well as other countries, attached to institutes and 
universities, a convenient method for production is that associated with the 
two-step reaction involving lithium carbonate. 

6 3 
Li 2 C0 3 (n, a) H 

1 6 0 (t, n) 1 8F 

18 B + (0.635 MeV) 18 
9 110 min 8 

Fifty to 100 patient doses per day of F 1 8 are produced in the Torrey 
Pines Mark F reactor by irradiation of lithium carbonate in the E-ring. 
With this reactor operating at 1.5 MW, a thermal neutron flux of approxi
mately 10 1 3 n/cm2/sec is available in the E-ring before perturbation. 
Samples are irradiated in l-in.-dia by 15-in.-long quartz tubes. Because 
of the high cross-section of lithium-6, these samples provide significant 
depression of thermal neutron flux locally. In Ref. 5, Dunson and others 
use a smaller target exposed in a TRIGA reactor in order to sustain signifi
cantly less perturbation in the local thermal neutron flux. 
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The production of F l b at the Torrey Pines Mark F reactor is being 
carried out as a commercial endeavor for Isomed, Inc. Isomed has a labora
tory on site at Gulf E&ES in San Diego and carries out its own separation 
processes, which provides F 1 8 suitable for patient administration within 
extremely short times after reactor irradiation. In Ref. 5, Dunson 
describes a distillation separation method that permits administration to 
the patient within 15 min after obtaining the irradiated target. 

More recently, the nuclear medicine laboratory of the United States 
Food and Drug Administration has advertised a "do-it-yourself kit" for 
production of F 1 8. This kit of raw materials will enable the use of F 1 8 

by any hospital or clinic near a reactor. It contains lithium-6 carbonate 
targets which can be irradiated in any nearby reactor, and a zirconium-
oxide ion exchange column and equipment needed to separate the F i 8 from the 
target material in about half an hour. The availability of such kits should 
enable many TRIGA reactor owners to offer F 1 8 to nearby hospitals on a 
routine basis. 

3.2 NEUTRON ACTIVATION ANALYSIS OF CALCIUM IN BIOLOGICAL SAMPLES 

Weber and Andrews of the University of Rochester School of Medicine 
and Dentistry, in a dissertation for the degree of Doctor of Philosophy, re
ported on activation analysis work using the TRIGA Mark II reactor at Cornell 
University as the neutron source. In their study, they used relatively low 
thermal neutron fluences to assay the calcium content in mice and in human 
cadaver fingers. These samples were counted with sodium iodide and GeLi 
detectors. 

All irradiations for this study were carried out in the hohlraum of 
the thermal column of the Cornell TRIGA Mark II reactor. The reactor was 
operating at 100 kW steady state for all irradiation runs. Thermal neutron 
flux determinations were made with gold foils. 
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Standard solutions, phantoms, sacrificed mice, and disarticulated 
fingers were irradiated in polyethylene containers with snap-on covers. 
Biological specimens included 17 female mice and the second and third 
digits disarticulated from an adult human cadaver. A thermal neutron flux 
of 1.8 x 10 8 n/cm2/sec incident on the surface of the irradiation vials was 
used throughout the study, as measured with the gold foil. GeLi detector 
measurements were made immediately after two 6-min irradiations of sacri
ficed mice. Similar measurements were made with a sodium-iodide detector 
on both sacrificed mice and finger specimens. The standard solution and 
phantom activity measurements demonstrated no significant flux depression 
in the irradiated reference solutions for the range of element concentra
tion and volume presented by the mice and finger specimens. This held true 
for all of the elements of calcium, sodium, fluorine, magnesium, and mangan
ese. Results were compared with atomic absorption analysis measurements as 
shown in Table 5. 

The results of the investigation demonstrate the feasibility of 
determining the calcium content in mice and in human cadaver specimens by 
activation analysis techniques. In addition to calcium, the presence of 
several other elements can be determined. The proposed irradiation con
figuration in activation neutron flux should allow calcium determinations 
of the fingers in vivo. The data suggest that the calcium content of the 
finger could be estimated within 4-1/2% accuracy using a neutron fluence 
yielding a radiation dose of about 2.5 Rem. Compared with other techniques 
of calcium determination, this procedure should have the capability to 
directly assay calcium. 

For more information see Ref. 6. 
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TABLE 5 
ELEMENT WEIGHTS IN MICE AND FINGER SPECIMENS 
DETERMINED BY NEUTRON ACTIVATION ANALYSIS 

Specimen Ca Na CI Mn Mg 
M-l* 230 ±10 36.0 ±0.4 39.6 ±0.4 0.048 ±0.002 -
M-2 247 ± 8 32.5 ±0.4 36.8 ±0.4 0.051 ±0.002 -
M-3 259 ± 7 29.9 ±0.4 33.4 ±0.3 0.029 ±0.002 -
M-4 240 ± 6 27.0 ±0.4 30.2 ±0.3 0.052 ±0.002 -
M-5 247 ± 7 32.0 ±0.4 33.8 ±0.3 0.042 ±0.002 -
M-6 273 ± 5 34.2 ±0.3 41.7 ±0.5 0.068 ±0.002 -
M-7 269 ± 8 32.7 ±0.5 36.2 ±0.4 0.050 ±0.003 -
M-8 288 ± 9 34.7 ±0.5 40.6 ±0.4 0.056 ±0.003 
M-9 271 ±10 34.3 ±0.4 38.2 ±0.4 0.050 ±0.002 -
M-10 291 ± 8 34.4 ±0.5 36.9 ±0.4 0.051 ±0.002 -
M-ll 289 ± 8 33.6 ±0.4 38.8 ±0.4 0.055 ±0.002 -
M-12 305 ±10 37.2 ±0.6 43.0 ±0.5 0.065 ±0.003 -
M-13 259 ± 9 31.5 ±0.6 34.1 ±0.5 0.039 ±0.003 -

F-l* 592 ± 8 52.7 ±0.5 38.4 ±0.4 - 5 ±1.0 
F-2 578 ±10 62.1 ±0.6 47.1 ±0.5 - 8 ±1.2 

*M and F refer to mouse and finger specimens, respectively. 
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4. OIL-SLICK IDENTIFICATION WITH NEUTRON ACTIVATION ANALYSIS 

Neutron activation analysis has been demonstrated to be a straight
forward means of identifying oil slick sources by comparison of the trace 
element patterns (TEPs) of slick and source samples. 

A series of oil samples was tested to determine trace element patterns 
and to conclude whether or not the samples came from the same source. A 
total of 255 samples was chosen for examination. Many samples that were 
uniquely different from all others could be identified through the use of 
labels including date and place of acquisition. Similarly, a number of 
samples were clearly taken from the same source (such as samples taken from 
different locations of the Platform A, Santa Barbara channel spill). A 
blind set of samples which included both matched and unmatched pairs was 
submitted by an independent laboratory. 

Samples were weighed into clean tared vials for two irradiation and 
counting cycles. The first cycle consisted of a 1-min irradiation at a 
flux of 2.8 x 10 1 2 n/cm2/sec followed by a 1-min decay and then a 1-min 
count with a 3-in.-sq sodium-iodide detector coupled to a 400-channel pulse 
height analyzer. The second cycle consisted of a 30-min irradiation at a 
thermal neutron flux of 1.8 x 10 1 2 n/cm2/sec followed at 1-hr and 24-hr 
decay periods by measurement with a GeLi detector coupled to a 4096-channel 
pulse height analyzer. A TRIGA Mark I reactor was used for all of the 
irradiations. Short irradiations were performed sequentially via a pneu
matic transfer system (rabbit). The longer irradiations were carried out 
in a rotary specimen rack (lazy susan), which permitted simultaneous irradia
tion of several samples and a comparison standard at an identical integrated 
flux. A vanadium comparator standard was processed with each series of 
short irradiations and an arsenic comparison standard was included in each 
of the 30-min irradiations. The comparator standards helped to normalize 
results obtained over the several months of analytical work involved. 
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Following initial investigations, the 16 elements with the highest 
frequency of observation were selected to establish trace element patterns. 
These elements are: vanadium, bromine, sulfur, manganese, nickel, iodine, 
aluminum, gallium, arsenic, zinc, barium, cobalt, sodium, chlorine, dysprosium, 
and indium. The numbers of the 16 principal elements observed were found to 
be normally distributed and the concentration distributions of manganese, 
arsenic, barium, sodium, and dysprosium were found to be log normal. 

A procedure for establishing ratings for the various sample comparisons 
developed is called the difference score (DS) method. The DS method consists 
simply of summing the differences between bin code values* for each element 
in each of two samples to be compared. For each case where an element is 
observed in one of a pair of samples, but not in the other, a value of five 
is added to the difference score. This value is an average of such cases 
weighed against extreme differences between observed values and upper limits. 

The smallest 10 DS values of the blind set were as indicated below with 
the number of elements compared given also. 

TABLE 6 

Group Pair DS No. of Elements 

1 2,3 12 12 
2 5,8 8 10 
3 9,11 4 9 
4 15,16 8 9 
5 17,18 5 10 
6 22,24 7 14 
7 . 26,27 1 15 
8 29,32 1 13 
9 34,36 1 13 
10 37,38 5 12 

*For discussion of bin code assignment see the Appendix. 
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These pairs were confirmed as the matching pairs of samples when 
reported to the laboratory that submitted the sets. 

DS values greater than 15 were found to compose 99.5% of unmatched 
pair scores, while the DS of matched pairs analyzed in unison have less than 
0.0001% chance, on the average, of exceeding DS = 15. Hence, where DS is 
greater than 15, the odds strongly indicate the pair to be unmatched. On 
the other hand, 99.999% of matched pairs have DSs equal to or less than 15, 
while a chance of designating an unmatched pair as matched where DS is less 
than or equal to 15 is 2.9 x 10 %. Thus, where DS is equal to or less than 
15, the odds strongly indicate the pair to be matched. 

Another part of this test and also included in earlier tests was veri
fication that the TEPs were stable (after a small and rapid adjustment) to 
exposure to wave action (either river or sea water), vigorous bacteriological 
attack, and photochemical effects at elevated temperature. Thus, neutron 
activation analysis has been found to provide highly definitive data in 
comparison of an oil slick sample with samples from suspected sources of 
the slick. Except in extremely rare cases, the interpretation of the data 
by the DS method will be quite conclusive in relating an oil slick if com
pared with the suspected source. 

For more information see Ref. 7. 
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5. JAPAN ATOMIC ENERGY RESEARCH INSTITUTE TRIGA REACTOR 

The Japan Atomic Energy Research Institute (JAERI) has purchased a 
TRIGA Annular Core Pulse Reactor (ACPR) (see Fig. 5) for use in a major new 
safety research program at its Tokai Research Establishment. This TRIGA 
(the 50th for Gulf E&ES) will be used to study the behavior of water reactor 
and breeder reactor fuel elements under a variety of postulated normal and 
abnormal operating conditions to predict and demonstrate the safety of 
nuclear power plants of the future. 

The main feature of the reactor is the 8-l/2-in.-dia dry experiment 
tube which occupies the central region of the reactor core. In this large 
dry cavity, experiments can be exposed to a fast neutron fluence on the 
order of 10 1 5 n/cm2 in a single pulse. The core uses a close-packed array 
of TRIGA stainless-steel-clad U-ZrH^g fuel moderator elements, which con
tain 12 wt % uranium enriched to 20% in U 3 . The operational loading 
will be about 157 fuel elements, 8 fueled follower control rods, and 3 trans
ient rods. With this core size, the predicted energy release for a reactivity 
insertion of $4.70 is 106 MW-sec, with a reactor period of 1.18 msec. Under 
these conditions the fuel is expected to reach a maximum adiabatic tempera
ture of 1,000°C, with a core average temperature of about 560° to 600°C. 

The reactor can be operated continuously in the steady-state, mode at 
300 kW. The facility has been designed for future upgrading to higher 
steady-state powers by providing downflow cooling piping (to be unused 
initially). The tank and shield structure have been designed for a maximum . 
of 15 MW. 

The power reactor fuel to be tested in the ACPR will be located in a 
specially designed containment vessel, or capsule, which can be inserted 
into the center of the core through either the vertical or offset loading 
tubes. The capsule, made of Inconel, is about 4 ft long with an internal 
diameter of 4.7 in. 
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Artist's conception of Japan Atomic Energy Research Institute 
TRIGA annular core pulse reactor 
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In the initial testing program, U0 2 fuel pins (single pins and clusters 
of pins) will be located at the center of the capsule and the capsule essen
tially filled with water. Energy depositions sufficient to melt UO2 fuel 
samples are expected from a 106-MW-sec pulse. The capsule will be fully 
instrumented and designed to contain the experiment during fuel rod bursting. 
Of primary concern in the mechanical design of the capsule were considera
tions of the energy conversion of thermal to mechanical energy resulting 
from the dispersion of molten fuel particles into the water surrounding the 
fuel pins. The shock waves generated in the radial and axial directions, 
the water hammer effect of the moving mass of water on the capsule top, and 
the thermal stresses generated from the fuel particles accumulating on the 
bottom of the capsule dictated much of the mechanical design. 

During the first four years of reactor operation, the JAERI experi
mental program calls for performing transient experiments with both light-
water-reactor and fast-breeder-reactor fuels. Water-filled and sodium-filled 
capsules will be used in this program, ilong with a series of water and 
sodium loop experiments. The next phase of the experimental program calls 
for increasing the steady-state power of the reactor to 5 to 15 MW, and 
continuing the above experiments with the possibility of adding a slow 
reactor transient on top of the steady-state power. The final phase of 
the experimental program, which is still in the early stages of planning, 
is expected to look at the burnup of power reactor fuels and the character
istics of partially and completely burned-up fuel. JAERI considers their 
program with the TRIGA/ACPR to be an essential part of their nation's 
nuclear power program. 
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APPENDIX 

Because of the significant variation in concentration of the various 
elements, a method designated Bin Code Assignment was devised to normalize 
the various concentrations. Thus, elements like sulphur were expressed in 
units of 100 ppm, nickel in 1 ppm, vanadium, manganese, bromine, iodine, 
aluminum, gallium, arsenic, zinc, barium, cobalt, sodium, and chlorine in 
ppb units, and dysprosium and indium in ppt units: then logarithms (base 10) 
were taken and given Bin Code values as follows: 

TABLE A-l 
BIN CODE VALUES 

Log Bin<a> 
Element Concentration Code 

S, In 0.0 - 0.2 1 
0.2 - 0.4 2 
0.4 - 0.6 
etc. 

3 

Br, Mn, Ba 0.0 - 0.25 1 
0.25 - 0.50 2 
0.50 - 0.75 
etc. 

3 

Ni, I, Ga, As, 
Co, CI 0.0 - 0.33 1 

0.33 - 0.67 2 
0.67 - 1.00 
etc. 

3 

Al, Zn, Na, Dy 0.0 - 0.5 1 
0.5 - 1.0 2 
1.0 - 1.5 
etc. 

3 

(a) Zero is used to indicate that an element was not determined. 
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