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INTRODUCTION 

The TRIGA Mark I reactor at the University of California at Irvine (UCI) 
is licensed for, and normally operated at, a steady power level of 250 kW--
and, in pulsing mode, peak power levels of 1000 MW are obtained (FWHM of 
12msec). The reactor, located in the basement of the 5-story Physical 
Sciences Building, was first taken critical in late 1969. It has a "G-ring" 
core with stainless steel-clad fuel elements, a 40-tube rotary specimen rack 
inside the graphite reflector, and is immersed, below ground level, in a 
large pool of water. The Reactor Supervisor is G.E. Miller, who also peri
odically trains a number of graduate students in reactor theory and operation; 
these students, upon passing the U.S. Nuclear Regulatory Commission exam
inations, then become licensed Senior Reactor Operators. Operation of the 
reactor is on an intermittent, as-needed, basis--rather than on a fixed 
schedule. At present, usage averages about 3 hours per day, but ranges 
from 0 to 14 hours on any given day. In the normal sample-irradiation posi-
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tions, thermal-neutron fluxes in the range of 1 x 10 n cm sec (rotary 

12 -2 -1 
rack)/to 6 x 10 n cm sec (central thimble) are available. The reactor 
is equipped with the normal 3-second transit time, double-containment rabbit 
system, which terminates in the F-ring, and also a movable, faster, single-
containment, fully automatic rabbit system (discussed later below). 
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Usage of the reactor is mainly for work in four areas . In approxi
mately descending order of usage, these are: neutron activation analysis 
(NAA), hot-atom chemistry, radiochemistry teaching, and production of 
short-lived radionuclides. The NAA studies, principally carried out under 
the direction of V. P. Guinn and G.E. Miller, include basic studies (improve
ments in techniques and instrumentation) and application studies in the fields 
of environmental pollution, crime investigation, geochemistry, oceanography, 
archaeology, industry, biology, and medicine. Various aspects of the usage 
of the UCI TRIGA have been summarized by Guinn et al. ^ ' 

In the course of the NAA studies carried out during the last year or 
two, in particular, a number of techniques have been developed that have 
proved to be very useful, and which the authors hope will be of interest and 
use to other workers conducting NAA studies with research reactors—parti
cularly TRIGA reactors . Six of these recently-developed techniques are 
presented briefly below. 

SPECIAL NAA TECHNIQUES DEVELOPED 
Techniques for Use of Very Short-Lived Induced Activities. In studies 

carried out at General Atomic by Guinn and co-workers v , v n ' during the 
period of 1961-1967, the use of reactor neutron-induced activities with half 
lives down to as low as 5 seconds was developed and utilized in practical 

(2K3M4) analytical work. In this same work v A A ' , the sizable improvements in 
sensitivity attainable, with short-lived induced activities, by the use of 
1000 MW reactor pulses, were demonstrated and utilized. During the 
period, 1967-1969, a faster, single-containment rabbit system was con
structed at General Atomic by Guinn and Lukens, and used in NAA studies 
(both with and without reactor pulsing) utilizing induced activities with half 
lives as low as about 500 msec ^ A . 

Commencing in 1971, an improved single-containment, fully-auto-
(7) mated rabbit system was designed and constructed at UCI by Guinn et al v ' 

(8) and Miller and Guimr '. Except for the timing apparatus, this system was 
built, at quite low cost, in our own shops. Within the reactor pool, 
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the tubing is aluminum; outside the pool it is polyethylene. The reactor 
terminus can be placed either in an E-ring cadmium-lined position, for fast-
neutron work, or in an F-ring unlined position, for thermal-neutron work. 

3 
Small samples (up to 0.7 cm volume) are placed in shop-built, heavy-walled 
polyethylene containers; these rabbits can be reused as many as about 50 
times. At 90 psig N„ pressure, the transit time from reactor core to counting 
position is 360 ± 10 msec. The counting terminus is movable, and hence can 
be used with either a Ge(li) or a Nal(Ti) multichannel gamma-ray spectro
meter, as desired. The rabbit is brought to rest within about 50 msec, after 
reaching the counting position, via a vented gas cushion. Passage of the 
sample as it nears the reactor pool surface, and again as it nears the counter 
terminus, is detected by photocells. Irradiation, delay, and counting times 
can each be accurately and independently set, and no opening or handling of 
the rabbit is required, so the system is fully automatic. If desired, a given 
sample can be recycled any selected number of times, with a preselected 
interval between each cycle, to accumulate more counts in the accumulated 
spectrum. This is particularly useful with sub-second activities. This system 
is also used frequently with 1000 MW reactor pulses. 

Compared with the standard 3-second transit time, double-containment 
rabbit system, this fast-transfer system has several advantages: (a) it 
enables one to work effectively with induced activities of much shorter 
half life (in practice, down to a few hundred milliseconds), (b) even for 
work with activities with half lives in the range of 5-60 seconds, it is help
ful because it eliminates the time loss (20-30 seconds) usually needed to 
open the regular rabbit and transfer the sample to the counter, (c) it is 
more convenient because it is fully automatic, (d) one can readily switch 
to either the Cd-lined or the unlined position, (e) it increases the usefulness 
of the 1000 MW pulses, and (f) it enables one to automatically recycle 
samples, if desired. Of course, a major advantage of NAA with very short
lived activities is that, with single cycles, the total analysis time (input, 
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irradiation, delay, plus counting) is very short, i . e . , typically only 
about 3 -5 times the half life of the activity of major interest. 

Automatic Deadtime Correction System. One of the difficulties 
encountered with NAA utilizing short-lived induced activities, with typi
cal samples, is that the initial analyzer deadtime may be quite large— 
and it declines rapidly during even a short counting period in a complex 
manner. In order to handle this difficulty, an oscillator/multichannel-
scaling system has been designed and constructedv ; to accurately 
measure and record the analyzer deadtime at frequent intervals during 
the counting period. This system is automatically started when the 
counting is initiated. 

A computer program then makes a least-squares fit of the recorded 
(on tape) fractional deadtime, D, versus time digital multichannel-sealer 

2 3 data to the polynomial expression, D = a + j3t + yt + 61 + A second 
computer program then performs the integration of the basic equation, 

tc -X-t 
C. = f A. e i (1-D) dt, using the determined expression for D (which 
is a function of t). C. represents the observed number of net photopeak 
counts of any selected species i, when counted for t seconds. A. is 
then the true net photopeak counting rate ( i .e . , corrected for analyzer 
deadtime losses) of the species at the start of the counting period. 

Use of the above equation requires only a knowledge of the half life 
of the species of interest, i . e . , it does not require any knowledge of the 
nature of, or half lives of, the other significant species also present. 
Experiments have shown ^ ' that this technique accurately corrects for 
deadtime losses up to 30-35%. At higher percentage deadtimes, pulse-
pileup problems—which are not corrected for by the present system— 
introduce error. At present, various methods for the correction of such 
pulse-pileup difficulties are being considered. 

Low-Temperature Irradiations. In earlier NAA studies of the 
levels of mercury in aqueous Hg standard solutions and in various 
kinds of biological samples*1 " ^ ^ ' ' ', Guinn and co-workers found 

4-14 



that significant losses of mercury occurred, even in irradiations of only 
+2 

one to a few hours in the UCI reactor, from aqueous Hg standard solu
tions heat-sealed in polyethylene vials—whereas, under the same condi
tions, no loss of mercury could be detected in typical wet biological 
samples such as fish samples. Although others have also reported ob
serving losses of mercury from aqueous solutions sealed in polyethylene 
vials during reactor irradiations at higher fluxes and higher temperatures, 
it was not expected that our irradiation conditions—being much milder in 
both flux and temperature—would result in significant losses. This dif-

+2 ficulty was readily circumvented by sealing the Hg standard solutions 
in quartz, while still using heat-sealed polyethylene vials for the wet 
biological samples. When a dry powdered biological sample (the National 
Bureau of Standards Orchard Leaves Standard Reference Material) was 
similarly irradiated in polyethylene vials, however, mercury losses were 
still encountered. 

More recently, a large number of specimens of rabbit eyes, or parts 
thereof, had to be analyzed for mercury by NAA. Preliminary experi
ments indicated that the very small samples (retinas, irises, lenses), 
even though irradiated in a wet condition, did lose some mercury from 
heat-sealed polyethylene vials. In order to eliminate such losses, the 
technique of irradiating them at dry-ice temperature was explored and 
found to be quite effective. Each sample vial was placed at the bottom 
of a double TRIGA rotary rack polyethylene tube, with a venting hole 
drilled between the two sections, and each section was packed with crushed 
dry ice. This amount of dry ice lasts for over one hour in 250 kW opera
tion, and, since only one-hour irradiations were needed, was quite ade
quate. ' 

Compaction of Powdered Samples. In NAA work with finely-powdered 
samples, difficulties with the powdered material adhering to the walls of 
the sample polyethylene vials, because of static electrical charges, is 
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sometimes experienced. In a recent study of powdered samples of tungsten 
ores in which a high degree of both precision and accuracy (± 0. 5% CT .) 
was needed, this difficulty prevented the attainment of reproducible count
ing geometries, and hence prevented the attainment of the needed precision 
and accuracy. A simple expedient, which should be applicable to all or at 
least most powdered samples, was devised. The technique consists of 
carefully placing the desired amount of powdered sample at the bottom of 
its polyethylene vial, and then carefully adding to it a few drops of a 10% 
solution of pure paraffin wax in pure carbon disulfide. As soon as the CS„ 
has evaporated, the powder is cemented, as a cylindrical pellet, to the 
bottom and inner wall of the vial by the paraffin. With this technique, the 
desired ± 0. 5% a . precision was achieved. * ' 

Pre-Irradiation Use of Hydrated Antimony Pentoxide. Since its 
development by F.Girardi , hydrated antimony pentoxide (HAP) has been 
widely and successfully used by many workers in the field of NAA for the 

24 post-irradiation removal of Na activity from activated samples in which 
24 the 15-hour Na activity would otherwise dominate the gamma-ray pulse-

height spectra for many days and thus make detection of small amounts of 
other induced activities, of comparable half life and of greater interest, 
impossible. Under the proper conditions of pH (H concentrations of 8-10 

24 molar), the HAP removes the Na activity from the solution of an activated 
sample almost quantitatively, while quantitatively allowmg even trace levels 
of most other cations to pass through the HAP column. This use of HAP has 
proven very effective in a number of recent NAA studies at UCI of marine 
biological samples. ( l 3 K 1 6 ) ( 1 7 ) 

One difficulty with the use of HAP is that it typically requires as much 

as 30 minutes or more to process a sample, thus precluding its use for 
rather short-lived activities--via post-irradiation treatment. In a current 
study, it has been necessary to analyze large numbers of oceanographic 
biological samples for vanadium, via NAA. The rather short half life 

52 of the only (n, y) radionuclide product of vanadium, V (3.75 minutes), 
makes the usual HAP procedure of little use. Therefore, experiments 
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were conducted to use the HAP, instead, as a pre-irradiation method for 
the removal of sodium from nitric acid wet-ashed biological samples. 
The solutions, adjusted to 8 molar in nitric acid, and without added car
r i e r s , are each passed through a small HAP column (then flushed with 
a little additional 8 M HNOo), and the resulting solution is then activated 
for a few minutes and counted on the Ge(Li) gamma-ray spectrometer for 
a few minutes, after a one-minute decay period. This procedure also 
removes the sodium from the sample solution quite effectively, and 
passes the trace levels of vanadium essentially quantitatively. Many 
samples can be prepared readily in advance of an irradiation run (pro
cessing a number of them simultaneously, using a number of HAP col
umns), and then rapidly activated and counted sequentially. The only 

difficulty encountered is that some antimony is leached from the column 
122 and the resulting 2.80-day Sb activity somewhat ra ises the lower 

52 limit of detection for the V activity, above what it would be in the 
(18) absence of this interfering activity. 

Advance Prediction of Gamma-Ray Spectra and INAA Lower Limits 
of Detection. In instrumental neutron activation analysis (INAA) work, it 
is often very useful to be able to predict, at least approximately, the 
magnitude and shape of the gamma-ray pulse-height spectrum that will 
result when a particular sample is activated and then decayed for any 
particular selected periods of time. From such information, one can 
then select or optimize such factors as sample size and neutron-flux 
level, and one can estimate in advance the approximate INAA lower 
limit of detection for any element or elements of interest. 

Some time ago, Guinn outlined a simple method for making such 
(19) calculations v ' for matrices of approximately known major-and-minor-

element compositions (where such approximate compositions are not 
known, a few exploratory irradiations and gamma-ray spectrometry 
measurements can be used instead). More recently ^ , this technique 
has been successfully tested experimentally on a number of different 

4-17 



matrices, and the calculations have been computerized. 
The method consists of the following. Tables have been prepared 

from literature isotopic abundances, ( n ,y) cross sections, and decay 
schemes—and from the experimental curves for the detection efficiency 
and photofraction, each as a function of gamma-ray energy, for our 

3 
38 cm Ge(Li) detector, for each (n,y) product formed from each ele-

12 -2 -1 
ment. The tables then give the saturation value (at 1 x 10 n cm sec 
thermal-neutron flux) for the total counting rate and photopeak counting 
rate of each gamma ray emitted by the radionuclide, per gram of the 
element at the normal counting geometry (2 cm distance) with this 
Ge(Li) detector. The tables also list the Compton edge for each gamma 
ray and the average Compton level in the pulse-height spectrum--in 
cps/keV/g of element. 

The computer program then calculates, for the irradiation and 
decay times selected (and hence the saturation and decay factors), and 
from the input information of the approximate percentages of the major 
and minor elements in the sample matrix, the counting rate per keV to 
be expected, per gram of sample, when the sample is counted on the 
Ge(Li) detector at this counting geometry. In the calculations, the 
Compton level produced by each gamma ray is assumed to be horizontal 
(flat), ending abruptly at the Compton edge. Each gamma-ray peak is 
treated as a triangle, using the FWHM for that gamma-ray energy (also 
listed in the tables, and obtained from an experimentally measured 
curve of FWHM versus gamma-ray energy). The program sums the 
Compton levels in each region of the spectrum in which more than one 
gamma ray contributes, and prints out the results , and a plotter plots 
out the final expected pulse-height spectrum (cps/keV versus keV). 
For complex samples in which one induced activity is of prime interest, 
a good rule of thumb is that the optimum choice for irradiation time and 
decay time is one half life for each (or, for longer-lived activities, the 
maximum reasonably attainable values). 
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From the resulting expected total counting rate per gram of sample, 
the program then calculates the maximum sample weight that should be 
used for these conditions. This is determined by the weight of sample 
that will give a total counting rate of 5000 cps, since analyzer deadtimes 
above 10% and pulse pileup problems, with resulting loss of energy reso
lution (peak broadening) result at higher counting ra tes . If the resulting 
sample weight is too small for obtaining representative samples (as with 
rather heterogeneous powdered or crushed solid samples, or with some 
biological samples), one may then elect to use a lower flux, and/or a 
shorter irradiation time, and/or a poorer counting geometry—so that a 
larger, more representative, sample can be employed. The flux factor, 
of course, is linear, and the computer program readily recalculates the 
expected spectrum for the shorter irradiation time selected. The effect 
of the counting geometry upon photopeak counting rate , R, for this 
Ge(Li) detector, has been found to follow a very simple relationship, 
over the range of gamma rays usually encountered: 

„ / , . , \ a constant R(photopeak) = d + 3 > 0 c m ) 2 

in which d is the distance, in centimeters, between the center of the 
sample and the top of the Ge(Li) detector's aluminum case. 

The program also calculates, for the conditions selected, the 
appropriate INAA lower limit(s) of detection, in ppm, for any selected 
element(s) of interest--in the presence of all the matrix interfering 
activities. These advance-predicted lower limits of detection have been 
found to agree quite closely with subsequent measured lower limits of 
detection, in the several kinds of sample matrices studied to date. 
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