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ABSTRACT

A 100-mg 2%2Cf neutron activation analysis facility is used
routinely at the Savannah River Laboratory for multielement anal-
ysis of many solid and liquid samples. Applications include
analysis of metal alloys, coal, fly ash, sediments, rocks, vege-
tation, inks, and many aqueous process solutions.

An absolute analysis technique converts counting data
directly to elemental concentration without the use of classical
comparative standards and flux monitors. This absolute technique
predicts elemental neutron capture reaction rates from multi-
energy 2- and 84-group cross sections and calculated neutron
fluxes for different source-moderator-sample arrangements.

With the totally automated pneumatic sample transfer system,
cyclic irradiation-decay-count regimes can be pre-selected for
up to 40 samples, and samples can be analyzed with the facility
unattended. An automatic data control system starts and stops
a high-resolution gamma-ray spectrometer and/or a delayed-neutron
detector; the system also stores data and controls output modes.

Gamma ray data are reduced by three main programs in the
IBM 360/195 computer. In the first program, the 4096-channel
spectrum and pertinent experimental timing, counting, and
sample data are stored on magnetic tape. In the second program,
the spectrum is then reduced to a list of significant photopeak
energies, integrated areas, and their associated statistical
errors. The third program assigns gamma ray photopeaks to the
appropriate neutron activation product(s) by comparing photcpeak
energies to tabulated gamma ray energies. Photopeak areas are
then converted to elemental concentration by using experimental
timing and sample data, calculated elemental neutron capture
rates, absolute detector efficiencies, and absolute spectro-
scopic decay data. '

Calculational procedures have been developed so that fissile
material such as light water reactor plutonium and natural uranium
can be analyzed by cyclic neutron activation and delayed-neutron
counting procedures. These calculations are based on a 6 half-
life group model of delayed neutron emission; calculations include
corrections for delayed neutron interference from '70. Detection
sensitivities of <400 ppb for natural uranium and 8 ppb
[<0.5 (nCi/g}] for ?3°Pu were demonstrated with 15-g samples at
a throughput of up to 140 per day. '



Over 40 elements can be detected at the sub-ppm level in
the 100-mg 2°*Cf facility. Precisions and accuracies of *10%
for most elements were demonstrated in extensive multielement
- analyses of standards which include rock standards from the
U.S. Geologic Survey, and coal and fly ash standards from the
National Bureau of Standards.
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" INTRODUCTION

The usefulness of neutron activation analysis (NAA) as a
multielement analytical tool has been demonstrated over the past
thirty years. During 1950-1970, many publications described
successful use of NAA in the trace analysis of samples for
geology, biology, archeology, chemistry, and criminology appli-
cation. For multielement activation analysis, either complete
exhaustive chemical separation and counting of products or some
type of gamma ray spectroscopy is used. With the earliest
spectroscopic technique of gamma ra¥ absorption, resolution was
extremely poor. In 1948, Hofstader pioneered the development
of Nal (T1) scintillation crystals; this development opened a
new dimension in gamma ray spectrometry. Further improvements
in the early 1960's included Ge(Li) detectors which made high-
resolution gamma ray spectrometry possible.? With Nal detectors
and early Ge{Li) detectors, energy resclution was very poor
compared to today's standards, and elements were separated by
chemical group before counting. By the early 1970's, the
technique of NAA, once regarded as the ultimate method of trace
analysis, was in a recognized decline.® This decline was caused
by development of better instrumental techniques and by a limited
understanding of basic NAA principles. The users of activation
analysis assumed that NAA was basically a chemical technique,
and therefore its development was hindered because advances in
the basic physics of the technique were ignored. Neutron activa-
tion analysis is a nuclear technique, not a chemical technique.
In fact, the most serious limitation has been the low sample
throughput of NAA because chemical separations were required.

The basic physical principles of NAA, though understood for
30 years, have been used mainly for teaching purposes and have
not been incorporated into routine analytical procedures. Most
activation analysts use the standard comparative technique basic
to all analysis techniques. In these techniques, a standard of
almost identical matrix and similar trace constituents is analyzed
simultaneously with the sample. The comparative technique
requires estimates of sample composition, preparation, packaging,
irradiation, and counting of both samples and standards; sample
throughput is necessarily reduced., With the standard comparative
technique, the analysis procedure is reduced to a determination
of counting ratios because the following basic factors are
eliminated:
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¢ Uncertainties in radicactive decay parameters such as half-
life and absolute decay abundance.

e Variations in effective element response to the particular
irradiation conditions and sample matrix.

® Changes in neutron flux and energy distribution which
accompany changes in reactor power level and fuel burnup.

In recent years, major advances have been made by nuclear
chemists and physicists in the measurement of multigroup cross
sections and in the development of neutron shielding and neutron
transport codes used to calculate isotope production in reactors.
Significant advances have been made in the measurement of
spectroscopic decay data and in the determination of decay
schemes for most isotopes. Because of improvements in the
efficiency and resolution of Ge(lLi) detectors and associated
electronics, separations can be done electronically rather than
chemically.

The sensitivity and multielement capabilities of neutron
activation analysis made it a highly desirable technique for
use at Savannah River Laboratory. Because production reactors
were not a convenient source of meutrons for activation, large
“52cf sources available in the laboratory were used to develop
neutron activation analysis. However, the relatively low
thermal neutron flux (a factor of 1000 below that available
from a small reactor) limited elemental sensitivities and ham-
pered diversified applications because of low sample throughput,

A facility at the Savannah River Laboratory was first
designed for a 17-mg *°°Cf source. Analysis capabilities of
this facility were later expanded when this source was replaced
by four 25-mg 2°2Cf sources. An absolute technique (eliminating
comparative standards) was also developed which uses accu-
rately known neutron capture cross sections” and the constant
spectral and spatial distribg}ions of ?°2Cf neutrons calculated
from neutron transport codes. Sample throughput was further
increased by using automated sample handlingsand data reduction
procedures and tabulated spectrometric data. The rapid sample
transport system also improved detection sensitivities of
certain elements by using cyclic activation and counting regimes.
These regimes were designed for analysis of elements with neutron
capture products with half-lives <60 sec. Other design features
were included in the facility to increase sample throughput and
to compensate for the relatively low flux of isotopic neutron
sources., These features include 18 irradiation tubes in two
concentric rings around the source, a D20 moderator annulus to
increase the thermal flux in 9 of the irradiation tubes, provi-
sion for irradiating sample volumes up to 11 cm®, a shielded
counting room, and high-efficiency detectors.
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This report is written in four main parts: 1) a complete
description of the facility; 2) a discussion of the principles
and techniques developed for the facility; 3) a section
describing practical application of these principles and tech-
niques, and 4) appendices describing the computer programs
developed and currently used in the “°2Cf facility.
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DESCRIPTION OF FACILITY

IRRADTATION TANK ROOM

The current neutron activation analysis facility (Figure 1)
contains four nominal 25-mg 2°°Cf sources near the bottom of a
1/4-inch stainless steel tank which is 12-1/2 ft deep and 4-ft
in diameter. The tank (Figure 2Z) was constructed from two
cylindrical sections and a hemispherical bottom section seal-
welded together. A 1-ft-thick concrete shell surrounding the
tank supports the tank and prevents loss of tank water to the
ground in the unlikely event of tank rupture. The interior of
the tank is painted with white epoxy for improved visibility.
The doubly encapsulated 2%2¢0f sources are attached to a four-
position zircaloy source holder assembly extending approximately
two feet up from the tank bottom. Figures 3-5 show the primary
{inner) and secondary (outer) zircaloy source capsules. Figure 6
shows the irradiation tank assembly.

To
Detectors

4 Way Sample
Diversion Box

Irradiation

Control __
Console

Waier

urificotion

SN

Sample Unl

Moderator

Annular
Tank

100 mg
252(t Sources ;
i
Concrete

FIGURE 1. ?*°2Cf Neutron Activation Analysis Facility
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A cylindrical region of deionized light water of 4.68-cm
radius surrounds the source (Figure 7). A seal-welded stainless
steel annular tank containing Dz0 surrounds the H,0 region. The
outer diameter of the D0 annulus is 22.77 cm, and the wall thick-
ness of the tank is 0.1588 cm. Fittings on the tank permit
addition and removal of D20, Hz0, or air for adjustment of the
neutron energy spectrum. Figure 8§ shows the annular tank and the
four-position source holder. Nine stainless steel sample irra-
diation tubes are located within the H:0-moderated region. Three
of these sites are connected to a pneumatic, rapid sample transfer
system designed for short half-life studies and cyclic irradiation
and counting procedures, Nine additional drop tube irradiation
sites are within the anmular D20 tank. All irradiation sites are
stainless steel tubes of 2.54-cm outer diameter and 0.0089-cm
wall thickness.

«— Existing Tank

Capsule Expulsion
Air Line

Drop Tube (9}

Annular Moderator
Tank

Capsule
Expulsion
Air Line (3) Capsule Tube (3)
— Drop Tube (8)
— Drop Tube (9)
— Four 25mg
252¢f Sources

Ho0

FIGURE 7. Neutron Activation Analysis Facility
with 222Cf Sources in Position
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Samples to be irradisted are heat-sealed within high-density
polvethylene containers called rabbits of ~11 cm® internal volume.
Samples are introduced to the irvradiation site either manually or
automatically from the prneumatic sample transfer system through
Z.85-cm-outer diameter polyethylene transfer tubes. These tubes
spiral downward from the working level to the stainless steel
irvadiation tubes {Figure 9}. The polyethylene transfer tubes
are olamped to the stainless steel irradiation tubes at about
40 em from the sources to prevent radiation damage to the poly-
sthylens,

FIGURE 9. Polyethylene Sample Transfer Tubes



The source tank is filled with 1100 gallons of distilled
water for moderation and radiation shielding. This water is
circulated continuously through a mixed-bed cation-anion demin-
eralizer and filtration system (Figure 10) to prevent buildup
of radioactive activation products within the moderator. The
ion exchange bed is monitored continucusly for gamma and neutron
radioactivity which would result from a breached source or sample.
The neutron monitor alarm automatically shuts off the moderator
circulation pump. The neutron monitor and a beta-gamma air
activity monitor are connected to the building alarm panel.

A four-foot square table with a stainless steel framework
and acrylic sides and top covers the tank. The tank cover is
vented to the laboratory exhaust system. Shielded floodlamps
with a 12-V DC power supply provide underwater lighting in the
source tank.

The source tank room contains a sample transfer control
unit, an automatic sample loader, an unloader, a four-way sample
diversion unit, and sample preparation equipment (Figure 11).
Sample preparation equipment includes a Class 100 clean bench
and a Class 100 fume hood. Polyethylene irradiation containers
(Figure 12) are heat-sealed with a pneumatically operated sealer
(Figure 13) which moves a resistance-heated wire coil over the
threaded end of the rabbit. Then the containers are automatically
pressed into an aluminum cooling block.

COUNTING ROOM

Irradiated samples are counted in a concrete-shielded vault
of 4-ft wall thickness. Within this vault, secondary lead
shields of minimum 2-inch thickness surround the two Ge(Li)
gamma ray spectrometers, a Nal detector, and a BFs; delayed neutron
detector. The dual BF3;-Ge{Li) spectrometer system within the
vault is shown in Figure 15. The dual counting system is part of
the automated sample transfer system and is activated automatically
through the data storage control module.

Instruments for data acquisition are adjacent to the
shielded counting vault {Figure 14). A Canberra Model 8100
multichannel analyzer receives gamma ray spectra from irradiated
samples. Accumulated spectra are transferred to nine-track
magnetic tape with a Canberra Model 8531 magnetic tape controller
and a Wang Model 7 tape transport.

- 26 -



System

ey

Filter-Deion

£ 10.

FIGUR

27



FIGURE 11, Sample Transfer Equipment

O 1 2 3 4 5 6 7 8 9 10

1 : t :

f i

crm SAVANNAH RIVER LABORATORY

FIGURE 12. Sample Irradiation Container



SEOPBLOG S a0

29




T

s e SER

o AR T

e

AR

FIGURE 14. Data Storage Facility

- 3 -



i

FTGURE 15, Shielded pual Gamma Ray, Delayed Neutron Detector



RAPID SAMPLE TRANSPORT SYSTEM

Analysis times can be decreased for many elements by detecting
short-lived (60 sec) neutron activation products. Cyclic neutron
irradiation and counting of these short-lived products also improves
sensitivities, especially those for fissile materials.

To effectively use the short-lived products for activation
analyses, a pneumatic rapid sample transfer system (rabbit} was
constructed. This system includes several features which were
not available commercially. Main system specifications assumed
a sample volume of 10 ml and a transit time of <1.5 sec, The
key features of this system are:

e Completely automatic sequencing of each rabbit throughout
the system.

e Automatic self-loading and unloading of samples without
operator attention.

& Accurate preselection of irradiation, decay, and counting
intervals.

e Recycle capabilities {up to 100 times) for identical
irradiation, decay, and counting regimes.

¢ Simultanecus sequencing of two samples (dual mode) through
identical regimes by using two sample irradiation positions
and one counting position.

e Completely automatic control of the multichannel analyzer
for accumulating gamma ray spectra, storing data on magnetic
tape, and automatically routing spectra into the appropriate
analyzer memory location for dual mode operation.

® A data control interface which allows the counting mode
(delayed neutron and/or gamma counting) to be preselected
and allows delayed neutron data to be automatically routed
to a scaler and gamma data to a multichannel analyzer.

® An automatic system abort mode (with audio and visual alarms
and system depressurization if a rabbit should fail to com-
plete a selected path).

e Visual display of the next function to be undertaken by the

control unit and current location of all rabbits in the
system.
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e A display indicating the number of cycles completed for each
rabbit being irradiated and digital readout of the irradiation,
decay, and counting times,

e Air-cushioning of samples upon arrival at all locations within
the system.

e Exhaust of all air used within the system to lahboratory
exhaust system.

The transport system is shown schematically in Figure 16.

9,
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@ V= Air Volves
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) OLimitD P2 @
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nU - Uk
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FIGURE 16. Schematic of Rabbit System
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FIGURE 17. Sample Transport Control Unit

Figure 17 is a photograph of the sample transport control unit.
The transport system consists of the following hardware in
addition to the control unit:

&

Two drradiation tubes which are used to transport and position
the samples near the four scurces.

An automatic rabbit loader.
An automatic rabbit unleader.

A detection end observed by a Se(Li) detector and/or & delaved
nentron detector,

A four-way sample diverter which comnects the detector site
to the other portions of the system.

Two ailr valves, V5 and V&, which actuate the switching in
the four-way diverter.

Four limiv switches which verify the state of the four-way
diverter,



& Four alr valves, V4, V8, V9, and V10, which propel the
rabbits from location to location.

e Threc loading valves, V1, V2, and V3, which load samples into
the system one at a time: and a ball valve, V7, which unloads
samples after seguencing at the unloader.

# Six photocells P1-P6, which signal rabbit passage at key
locations.

Sequencing is accompiished with stepping relays. Table 1
iists timers in the functional control unit., All timers are
crvstal-controlled oscillators, which provide both high accuracy
anl stability in the timing of analysis regimes, A single-cycle
regime {load, irradiate, count, and unlcad), proceeds as follows:

TABLE 1
Timers in the Functional Control Unit

Timer  Fumetion

T1 Trradiation timer for Tube T1
T2 Delay timer for Tubes Il and I2
T3 Counter timer

T4 Irradiation time for Tube 12

# Valves 1 and 2 (V1 and VZ) seguence, one rabbit is dropped
hevond opening of V4 verified by a signal from photocell |
{(P1), and analyvzer memory is cleared.

# V3 seals the loader end of the transport line and permits
V4 to be activated. The rabbit is then propelled through
the previously positioned four-way diverter box {V5 and V6
off verified by L1-L4) to the detector site,

8 A signal from P2 confirms passage of the rabbit, actuates
¥5 {which selects irrvadiation tube Il for next path), and
§erm€t5 actuation of V& (which fires the rabbit toward the
B208 source through irradiation tube I13,

e A P3 signal closes VB and starts the irradiation timer (T1).
# At end of TL, V¥ is actuatred, P3 starts decay timer T2, and

P2 closes V9 and opens VS and V6 {which selects unloader
for next path).



8 At end of T2, the analyzer or the scaler-timer and count-
timer T3 are activated by the Data Control Module.

¢ At end of T3, the analyzer or scaler-timer records or prints
out counting data. V8 is actuated (P5 signals closure of V8
and opens V7; P6 signals closing of V7).

e At the end of the analyzer or printer readout, the control
unit is automatically reset to the beginning of the next cycle.

e After the next rabbit is loaded, V4 clears the analyzer
MEROTY .

If a rabbit should get stuck in the system, no signal will
be received by the photocell at the destination. If this signal
is mot received within 15 sec after valve firing, the control unit
alarms (audibly and visually) and shuts off the main air supply.
No additional action can be taken by the system without coperator
intervention.

As described above, a single rabbit irradiation uses only
one function at a time, i.e., one irradiation tube {(and timer),
decay timer, or detector (count timer}, In the dual mode of
operation, two rabbits may be aznalyzed concurrently, if the sum
of the times on T2 and T3 is less than the time on Tl. Tn con-
current analyses:

# Rabbit 1 is loaded into the system and moved to irradiation
in irradiation tube I1 {and starts T1), and Rabbit 2 is
immediately loaded into the detector site.

# Just before T1 counts down, Rabbhit 2 is moved to irradiation
tube 12, and the irradiation timer (T4) for tube T2 is started.

¢ When T1 counts down, Rabbit 1 is transferred to the detector,
and T2 and T3 are started.

o When T3 counts down, Rabbit 1 stays at the detector until just
before T4 counts down. Then Rabbit 1 is transferred back to
irradiation tube I1 for its second irradiation (or to unload
at the end of the regime).

# When T4 counts down, Rabbit 2 is transferred to the detector,
and T2 and T3 are started.

¢ The system is now in the same configuration as in Step 1, and
both rabbits can now be recycled.
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The data sre routed inte the appropriate location in the
analyier nemory depending on the status of Ti. If T1 is counting,
Rabbit 2 is at the detector, and the spectrum is stored in one
part of memory, If T1 is not counting, Rabbit 1 is at the detector
and the spectrum is stored in ancther part of memory. Both spectra
are vetained in memory until Rabbit 2 is unleaded., When Rabbit 2
is unleaded, the analvzer cutput mode beglns,

DETECTION APPARATUS
Gamma=-ray Detectors

Most activation products are gamma-ray emitters; therefore,
emphasis is placed on detecting these gamma-rvays with efficiency
and with highest resolution., Two practical detector types cur-
rently available commercially are Nal and Ge{Ll). Nal detectors
have higher efficiency and lower resolution than Ge(lLi) detectors.
Ge(li} detectors are nermally used except when the gamua-ray
energy 1% very high {»4 MeV) or when only one element with u
simple {1 or I steps) gamma-ray decay scheme is only weakly
activated,

o od
Detectors

Many laborstories use Ge(Li) detectors for activation
analysis; however, the comparative technigue uses only the ratio
of detgctor responses.  With the absolute technique used av SRL's
neutron activation analysis facility, the detector must be
accurately calibrated for detector efficiency vs energy for each
sample-detector arrangement used (such as sample-detector
distance and sample size).

Two Ge{li} detectors are currently used in the 25208 pentron
activation analysis facility. One detector is a Canberra Indus-
tyies® detector of 15% efficiency relative to a 3x3-inch Nal
detector and of 2,04 keV FWHM (full width at half-maximum)
resoplution at 1332.495 keV., This detector is used exclusively
for drop tube sample counting, and 1t has three detector-sample
arvangements for which absolute efficiency vs. energy calibrations
have been performed {identified as positions G, 04, and 03},

The otvher detector 1s a Princeton Samma Tech** detector of 16%
efficiency and a resolution of 1.88 keV FWHM at 1332.485 keV.

This derector is used exclusively in the rabbit system, and it

nas two detector-sample arrangements for which absolute efficiency
vs. energy calibrations have been made {positions 03 and 067,

* o Canberra Industries, Meriden, ON

**  Princeton Gamma Tech, Inc., Princeton, NI
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These absolute efficiency curves are stored as EFFCAL data files
on disk with the IBM 360/195 computer. The EFFCAL data files
are listed in Appendix, Table A-6.

The absolute efficiency vs. energy curve for each detector-
sample arrangement is determined in a two-step process. First,
the general shape of the curve (log efficiency vs. log energy) is
determined by counting nuclides such as '%%Ta, '%%b, '2%gp, 1%3%pa,
and '**Ho, These isotopes have complex decay schemes which yield
a distribution of abundant gamma rayvs with well-known enerpgies and
relative intensities. Second, National Bureau of Standards Refer-
ence Materials (absolute gamma ray standards) are counted to
determine several absolute log energy vs. log efficiency points.
The relative and absolute data are combined to produce an efficiency
curve for each counting arrangement.

When one of these nuclides is used as a calibration. source,
the efficiency calibration curve is determined as follows: 1)
spectra are accumulated with at least 10,000 net counts in the
photopeaks, 2} the photopeak areas are determined in the same
manner that any sample spectrum is analyzed, 3) the relative
detector efficiency is calculated by dividing the relative gamma-
ray intensity by the photopeak area, 4) for each source, the log-
arithm of the relative efficiency is plotted against the logarithm
of the gamma-ray energy, 5) these plots are superimposed and the
best single relative curve is constructed, 6) because no single
theoretical function adequately describes the data, the curve
is drawn by hand and not determined by computer least squares
analysis.

A certified calibration source converts the relative
efficiency curve to an absolute curve, One of the hest sources
is available from the National Bureau of Standards [(NBS 4243E).
It consists of a splution containing accurately known quantities
of 19%cd, 7co, 1¥%Ce, 203y, i'3gn, BSsy, '37rs, Y9Co, and °°Y.
This seolution is packaged in a container identical to those used
for samples, and spectra are collected. Absolute detector
efficiencies are determined for these gamms rays, The relative
curve is then scaled so that it best intersects with these
absolute points.

For computerized data reduction, these efficiencies are
listed for selected energies. The computer interpolates the
efficiency for a desired energy by using a second-erder least-
squares fit to the four nearest log efficiency-log energy peints.

Table A-6 lists the absolute efficiencies used in the 73%(f
facility, The first block contains the selected energies, and
the second block contains the corresponding reciprocal of the
ahsolute counting efficiency.
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Foal Detector

A Ral detector 1z alse used for gamma-ray detection for
specific analyses, For oxygen analysis, the ¢.2-MeV gamma-ray
from the léﬂ[n,p} ibN{Tlgg = 7.11 se¢) activation reaction
product is the mest sensitive imdicator. For such analyses, a
3x3~inch Nal detector® with 6.5% resolution at 662 hkeV is used
with the rabhit system. For analyses where only one element is
aetivated and a product emits only one gamma-ray, the Nal detector
in the secondary shielded vaule provides maximum gamma-vay
devection sensitivity and lowest possible detection limit. No
absolute activation analyses are performed rvoutinely with the
Nal detector,

Delaved Neutron Delector

Many samples from plant processes require analysis for
fissile isotopes such as “%%y, ?®°pu, and natural uranium. The
most speciflc and sensitive method for such analyses is to
detect beta-delayed neutron decay. A high-efficiency {12% abso-
lute} assembly was designed and constructed to detect neutrons
with energy distributions characteristic of beta-delayed neutron
emitters, Twelve tubes (92% '°BFi at 70 cm pressure) are sym-
metrically arranged around the sample. Hiph-density polvethylene
is used to thermalize the neutrons for most efficient defection.
The average delaved neutron has an energy of AA00 keV; thus, only
4.12 em of moderator is required between source and detectors.

In the shielded facility, the neutron detector background averages
only 4 counts/min, Cyclic irradiation and delaved neutron count-
ing are optimized for analysis of different fissile materials.

SAMPLE PREPARATION FACILITIES AND PROCEDURES

Because of the sensitivity of activation analysis, samples
are preparved for irradiation in a clean envivonment. A clean
bench gnd a clean fume hood {Agnew Higgins) provide a Class 100
environment for sample preparation.

Samples are welghed on an autro-taring, rapid-readout
Mettler Model H-64 halance with a sensitivity of 10 ug over a
160-g range. Solid samples are weighed into pre-cleaned poly-

ethylene rabbits,; liquid samples are pippetted.

Froguently, the physical forms of samples are changed be-
fore irvadistion. These changes include:

* Bieron, Incorporated, Uleveland, OH,




* Grinding of samples to reduce particle sizes.
e Blending of small samples.
# Freeze drying of biological samples.

o Compaction of samples into pellets (especially freeze-dried
samples).

& Moistening of all powdered samples with enough water to com-
plete the 10-cc velume followed by vortexing to ensure
complete mixing.

All of the above are done in a clean environment.

Ion exchange concentration procedures were developed
especially for analysis of very dilute solutions. These
procedures involve batch-contaeting of 1 liter of the dilute
aquecus solution with equal equivalent amounts of mixed cation-
anion exchange resins., Detection sensitivities are improved
100-fold for almost every element dissolved in the water b
direct activation analysis of the resin. With this technique,
5 ppb of natural uranium in water can be detected. The resin
was specially purified by BioRad Laboratories, Richmond, CA.
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' BASIC PRINCIPLES OF 252Cf NEUTRON ACTIVATION ANALYSES

ABSOLUTE ACTIVATION ANALYSIS

One of the unique features of the “°?Cf neutron activation

analysis facility is that it can perform rapid multielement
apalivses without the routine use of comparative standards. In

the absolute technique, the master equation of activation analysis
is used ve relate a measured detector response to the multielement
concentration of the sample. Many factors enter into the absolute
caleulation of detector response. These factors include absolute
decay data, sample weight, experimental irradiation, decay, and
counting times; absclute detection efficliency; and, most lmportant,
elamental neutron capture reaction rates, which are calculated
from measured flux and cross section data.

During irradiation of & sample, the instantanecus change in
the number of atoms of some activated product species (N} present
in the sample is:

g%-m {rate of production) - {rate of decay} = r - AN {1)

whare

A = decay constant of the product, sec™!

r = production yrate, astoms/sec

Integrating this equation over the irradiation time {from O to
Ty vields

: : . . 5
Moo= o (1= exp(-AT1)] = %2 (2)

vhers
Ty = irrvadiation time, sec
Ny = number of product atoms present at Ty
5 = |1 - exp{-AT1}}; the irradiation saturation factor
If the sample is removed from the neutron flux at Ty and then

allowed to decay during time, T:, the mmber of atoms remaining at
the end of Ty is
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TSD

Nz = Ny exp(-ATz) = 5= {3)

#

where

D = exp(-AT2}; the decay factor.

i

At the end of T2, the sample is counted for a time, Tj.
At the end of T3, the number of product atoms remaining is

N3 = N2 exp{-ATz) {4)
The number of atoms which decayed during the counting period is
given by

xSDC

AN Nz - N3 = Ny [1 - exp(-ATz}] = 5 {53

1#

where

G {1 - exp(-iT3)], the counting factor.

The number of counts G observed by the detector is

G = EIAN (6}
whers
E = the absolute detector efficiency for the gamma
ray counted
‘I = the absolute decay abundance of the radiation,

number of gamma rays emitted per decay.

Thus, the number of counts observed for an activated species
found in a single irradiation-decay-count cycle is given by

G = EI§SDC (7)

CYCLIC ACTIVATION AND COUNTING

Cyclic activation and counting is used to enhance the
sensitivity of analyses of short-lived species. Because the
production and decay rates are the same at saturation, and
because saturation is achieved quickly for short-lived product
species, detection sensitivity dees not increase when the
irradiation and counting intervals are increased beyond a few
half-lives. In fact, for analysis times which are much larger
than the product half-1ife, 2 significant gain in detection
sensitivity is achieved by cyelically activating and counting
a sample several times during the analysis.
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As in Equations 2-4, Ty, T», and Ty are the irradiation,
decay, and counting intervals, respectively., If Ty is defined
at the time required to transport the sample from the counter
back into the neutron flux, then the total time required for
each cycle is

TCme‘rTz%"Tg*‘Tu (8
For the first cyele, 6 counts are recorded., For the second
eyele, G counts are accumulated from the second irradiation,
and Gexp(~ATy} counts are accumulated from the activity remain-
ing from the first irradiation. For the third c¢ycle, G counts
are accumuilated from Irradiation 3, Gexp(-ATy) counts are accu-
mulated from Irradiation 2, and Gexp{-AT.} exp(~AT¢} counts are
accumilated from the activity remaining from the first irradiation.
The number of counts asccupulated during the counting time for
sach cycle is

Cyele Counts

1 G

2 G+ 060

3 G+ GG + GQ°

4 G+ GO o+ GQF o+ 607

<
s .

- [l

M G 1

@+ ... ot

+

where
G = exp{~AT.)
The total time required for the cyclic analysis is

T, = MI, (9}

Thus, after M cycles, the total number of counts K collected
s the sum of the counts for each cycle, or

K o= MG + (M-1)CGQ +» (M-2100% + .... GQMME

M—l}

o

= G M+ (M-100 + (M-2)0% + ... O

The finite series in brackets may be expressed as the difference
between two Infinite series {which are each expansions of ana-
ivtical expressions) as follows:
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M DQ s (2R e @7 s Q%i %?3 Fo(10)

Replacing this series by F yields
K= GF

By substitution, the number of counts recorded during & cyclic
irradiation and counting regime is

k-ELZSDCF an

For a fixed total analysis time Tp, K would be maximized
when the irradiation and counting times are equal (T:y = T3) and
when the transit times Tz and Tw are zero., For a given total
analysis time Tp and finite values for T, and Ty, there is a
particular number of cycles for which K is a maximum. The
analysis procedure is optimized with this equation for a given
isotope.

A maximum total analysis time is usually determined by the
number of samples to be analyzed within a certain time period.
“BHSC, with an 18.7-second neutron capture product, is a good
example to demonstrate the effect of optimized cyclic activation
and counting regimes. The maximum analysis time is assumed to
he 200 seconds, the irradiation and counting intervals are assumed
te be equal, and the sample transfer times are assumed to be
1 ﬂ second. The curve in Figure 18 shows the relative number of

Sc counts as a function of the number of cycles calculated
from Equation 11. The experimental response was determined with
a scandium standard; the response is normalized to the calculated
curve, The optimum numbexr of cycles is about 4; thus, the
irradiation and counting intervals for maximum sensitivity is 24
seconds for the assumed analysis conditions.

Cyclic Sensitivities

Table 2 compares interference-free detection limits calcu-
lated for elements which yield short half-life nsutron activation
products suitable for analysis when irradiated. For single-cycle
manual irradiation, the calculation was based on the most sensitive

isotope that can be produced by activating that element regardless
of half-life. The maximum analysis time allowed was 190 hours.

For 100-cycle automatic irradiation, the calculation was based on
the c¢yelic activation product indicated. The maximum analysis

time allowed was 16 hours. For the elements fluerine through
cobalt, the advantages of cyclic activation are that both analysis
time and detection limits are greatly improved. For other elements,

. ¥



I i I i H i ! H H H
g Relative Responseg
2.5 "Se B.7-sec  Texp =200 sec
Ty=1sec
Te= T
. S
2.0 \ ot
(]
w—— e,
Y o -
iExa.
1O
0.5 i i | | i i i | i
g 1 2 3 4 5 & 7 8 8 W
Cycles

FIGURE 18.

TABLE %

Relative Detector Response for Cyclic

Activation of Scandium

sensitivity of Cyclic Activation with 17 mg ®F%CF Source

Syolia detivaiion

Single Cyole Maonual

He

Automatio

- 45 -

Element  Frodust Limit, yg Time, hr  ILimzg, U Fime, By
¥ 11,15 °%F BOO 8.7
in 14.2.3 *H81p 20 0.8
e 17.5-5 "Mgp 0.5 150 0.6 1.1
iy 1.24-m **%py 3 26 0.2 4.2
o Gd 367w R 16 28 3 12
Cu 5.1-m ®%cu B¢ 26 5 6
o 1. 5.m P Wq 8.6 180 0.t 6
$o 18, 7es g 9.02 190 0.3 1.1
B 17.4-m ®fur 0.2 53 0.4 1.6
By flelaved Neutron 1.3 0.1 0,03 1.7
Ag 24, 6es 1E0ag 50 9,6 1.0 1.4
Rh 42-3 %pn BO0 0.2 20 7.4
Al 2.24-m 7B B0 8.5 2 7.5
y 3, 76-m 2RV 3 9.9 0.08 1%
Ti 577w YT 750 1.3 10 16
Ny &, 27-m P 3400 1.5 150 16
Ca g.7-m *P0g 5060 2.0 264 16
My a.4-m g 1700 2.2 100 16



the particular experimental requirement on analysis.time or
detection limit will determine whether cyclic activation is
used. For both scandium and bromine, the analysis time is
greatly reduced, but the detection limit is somewhat higher,
For silver through magnesium, the analysis times are increased,
but the detection limits are improved. All calculations in
Table 2 assume a 17-mg 2520F source and a flux of 3.5 x 10°

n/ (em® sec).

MASTER EQUATION

A master activation analysis equation can be derived from the
rate of production shown in Equation 11, v, which may alsc be
expressed as

r = nR {12}
where
n = number of parent (target) atoms present in the sample,
and
R = specific neutron capture reaction rate leading to the

product [captures/(sec-atom}}¥

The number of target atoms in the sample of weight, W in grams,
containing P parts per million of that element is

n=FWBNg (13)
10% A
where
B = isotopic abundance of parent nuoclide
A = atomic weight of parent nuclide
No = Avagadro's number

Substituting Equations 12 and 13 into Equation 11 gives

_ Ng PWBEISCDER
10% Ax

7

{14)

* The ability to predict the specific neutron capture reaction
rate by calculation is the basis of the absolute technique and
is discussed in later sections,
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solving for P

v e anb -
Lo KAAi0® 1y ]
PTWEETN ST EE R (L5

Eguation 15 is the master activation analvsis equation. As
with most eguations which are derived for nuclear procgsses,
simplifving assuwptions have been made to reduce the complexity
of the expression. The assumptions implied in the preceding
devivation and the range of applicability of this master equation
are as follows:

e The fracrion of target nuclel activated during the totsl
irradiation is very small, i.e., target burnup is neglected.
This assumption is realistic If nRT; <<l {which is true ex-
cept for very high neutron fluxes, verv large cross sections,
and/or very long irradiations).

¢ Maltiple neutron captures are neglected, f.e., product burnup
is neglected.

& R is constant over the fotal irradiation time. This assumption
may not be valid for reactor activation because both the neutron
flux magnitude and energy distribution change as a function of
power level and fuel burnup. For isotopic neutron sources, this
copdition is met if the total irvradiation time is a small frac-
tion of the source half-1ife. In the 100-mg *°%CFf facility, s
maximum irradiation time of 14 davs is normal; therefore, the
decresse in flux 1s <1% during irradiation.

€ The detector and associated electronics have neglipgible dead
time, This condition can be met by using swall samples or by
counting the sample avt low detection efficiency. 1F these steps
are undesirable, there are electronic procedures which allow
for dead time compensation.

¢ The time of transit of samples inte and out of the flux is very
short compared to the irrvadiation time. This condition is
genarally met with manual irradiation because only long-lived
species arve being considered.  Using the rabbit system, transit
times are reduced by increasing the transport velocity.

{n practice, Hquation 15 is selved by computer. As dis-
cussed earlier, specific neutron capture reaction rates, R, are
caleulated from the moderated “72Cf fission neutron spectrum,
an important featurs in the absolute technigue.

SPECIFIC NEUTRON CAPTURE REACTION RATES

Fach mucleus has a neutron capture oross section, o, which
is an effective aree of interaction with 2 point neutron moving
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at some speed s. The number of neutrons passing through {into
and out of) an area per unit time is the flux ¢. The specific
neutron capture reaction rate can be expressed as the product
R=0¢
Both o and ¢ are functions of the neutron speed, such that
R =/ [o(s) ¢(s)] ds (17)
The flux may be expressed as a speed distribution

¢(s1 = n(s) s (18)

Where n{s) is the number of neutrons per unit volume having
speed s. ‘

Thus
R = f{o{s) n{s) s} ds {(19)
To date no analytical functions accurately describe either
¢{s} or n(s) for any real experiment. Two approaches to approxi-
mating R have developed: 1} multigroup swmeations, and 2) ana-
iytical function approximations.

Multigroup (84-group) Summation

Equation 1% may be expressed by a sum of many integrals over
small regions of s by

irl [o(s) n(s) s} ds (s, = 03 s = «) (20}

i

R=ZLR, =
i

ot E
W W

i

If M is large and the neutron distribution 1s smooth between s,
and 412 each rate may be expressed by

s 4. O, 21
Ry =4y 95 (21
where
¢i = the flux in group i (number of neutrons/ (cm*~sec) with
speeds between S5 and $i410 and
6i = the average c¢ross section over the neutron spesed range,

Each oj is obtained by weighting u{s) by some function of s for
each speed group. In practice, o{s} is calculated from a measured
smooth cross section component and the measured resonance parameters
superimpesed on this smooth component; O(s) is then weighted by the
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microscopically smooth flux distribution {in 84 speed groups)
supplied for the rate calculation. The 84.group approximation
assumes that the flux distribution within a speed group is micro-
scopically smooth and that the cross section retains its resonance
fluctuations. The description of the microscopic cross section
requiTes a large number of parameters for each muclide. Unfor-
tunately, only a limited number of nuclides has been studied in
detail sufficient to provide all these data; even more unfortunate
s the fact that, of the well-studied nuclides, only a few of
interest to activation analysis have their parameters coded into
the computer data libraries. The multigroup description of the
neutron flux distribution will be discussed later.

Anatytical Function Approximations (2-Group)

The second approach to cslculating the specific neutron
capture rates is to divide R into two components, i.,e.,

w

&
R o= RT * RE = éQ [oisy nTis} s] ds » {1 [o{s) HE(S} sdst (22)

o

Wheve Ry and Ry are the thermal and epithermal components to the
rate, and s, is the speed of the neutrons at the thermal/
gpithermal boundary {called the cadmium cutoff energy).

By approximating the thermal and epithermal fluxes and the
cross sectlon by analytical expression, R can be expressed as,
(23}

R = ao, + heg

v .
r -t %7 E Y%
which containg only two parameters for the cross section, op and
Sg, twoe parameters for the flux distribution, ¢y and $g, and two
constants a and b, The analyvtical functions which are normally
assumed are listed below:

& The thermal flux ny{s) is Maxwellian, i.e.

np (s) = fg% “EEE exp {msz/st} (243
where

5% = 2kT/m

T = moderator temperature, °K

B neuntron mass, g

k = Boltrzmann constant

4., = the mest probable thermal speed

{where dny(s)/ds = 0}
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The cross section is proportional to é; (usually expressed as
1/v)

o{s) = Obsﬂfs (25)

wherse

S, is some standard speed, usually 2200 m/s (sy at 293°K)

Un is the é-cross section at 54 (usually O22qn)

The epithermal flux is proportional to %5 (usually expressed
as 1 such that )

E
31 5
£ oIos) no(s) s] as =k g 28LdE gy (26)
54 S, &
whers

I is the so-called resonance integral, which is the average
epithermal cross section weighted by the 1 flux spectrum,
2

and 5
K = B¢E
¢p = the epithermal flux (S>50)s and

ke
it

Er . 1 1
In E“"- (if ¢ = N apd o(s) « = {27}
Q s $

With these assumed functions, the two-group specific neutron
capture reaction rate R is

where

R = & 03200 ¢q * BT by (28)
T /2

o = (%-19) = 0.886 if T =T = 293°K

B = 0.0603 if B, = 0,625 eV; E; = 10 MeV, or

B = 0.0597 if B, = 0.4 eV; By = 10 MeV

{choice of E, depends on the values used to determine
$p and I}
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The applicability of the two-group technique to calculations
of R for nucleil in real fluxes iz reasonable within rather strict
limitations:

o .o 1
¢ FEpithermal resonances should be small and evenly spaced (in Eﬁ
Ffor maximus Rp accuracy.

# HNuclides with resonances below Ep ;subcadmium resonances) will
not be properiy calculated, i.e., F3%py .

¢ The epithermal flux must be proportional te % to properly
aecowmt for the epithermal contribution to R, (An additional
approximation which treats £ as a variable may be used for non-
1 fluxes.)

& Reactions which have thresholds [most neutron-induced reactions
gxcept {n,v) reactions} cannot be treated by the two-group
approximation,

NEUTRON FLUX CALCULATIONS

Te sccurately predict absolute neutron capture reaction rates,
the moderated neutron energy spectrum and flux at the sample
irradiation site must be calculated. As described earlier, these
flux and spectrum calculations and the multigroup (2 or 84) cross
section data form the basis of the absolute technique used in the
¥ecd amctivation analysis facility. The results of the neutron
energy spectral calculations will first be discussed for the
original 17-mg ¥ 4 facility with all Hz0 moderator and then for
the more-complex 100-myg 282cp facility with HpQ/020 moderator,

The T7-mg **7(f Facility
AHIEH Calewlations

The neutron transport code ANISN' was used to calculate the
neutron spectrum in 84 emergy groups for the 17-mg *°2Cf facility.
Modification of this caleulation provided the thermal and epi-
thermal flux in the Z-group reaction rate method. ANISN assumes
one-dimensional spherical geometry in caleculating neutron trans-
port into and out of moderator and tank material zones (distances)
survounding the source, ANISN also accounts for scattering and
absorption in each energy group in these zones. The details of
ANISN are ocutside the scope of this report; however, the results
consist of tables of unit neutron fluxes at each zone for each of
the %4 energy subgroups. In the design of the source tank hard-
ware, care was taken to approximate the spatial geometry assump-
tion in ANISN: a point source surrounded as nearly as possible
with a sphere of moderator. Samples contained in the hexagonal
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array of polyethylene irradiation tubes were fixed between solid
polyethylene rods to displace air. The source-to-sample distances
{center-to-center) for the two concentric rings were 3.81 cm and
16.16 ¢m. The results of the 84-group neutron spectrum calculation
for a single source surrounded by a sphere of water at 298°K is
shown in Figure 19, Key features are:

¢ The large thermal Maxwellian centered at 0.0525 oV (0,0263 ev
if plotted ¢ vs E),

¢ The unmoderated fission spectrum centered at about 2.3 MeV.

e The slightly non-1/E epithermal distribution {especially for
the 3.81 om distance.

For the two-group approximation, which assumes a cadmium
cutoff energy of 0.632 eV and a maximum fission neutron energy
of 10 MeV, the thermal flux is obtained by summing fluxes ¢ in
the energy groups below the cadmium cutoff energy. The epithermal
flux is obtained by summing fluxes ¢ji in the energy groups above
the cadmium cutoff energy. Plots of ¢ and ¢p and the ratios of
$u/¢7 for an all-Hz0-moderated system are illustrated in Figures
20-22 for the 17-mg *°*Cf facility. For these calculations, a
total source emission rate of 3.51 x 10%° neutrons/sec {15 mg of
2520F) was used. Note the steep decline in the epithermal-to-
thermal flux ratico with a minimum of 0,24 at azbout 15 em. The
steep decline in flux with distance results in a thermal flux
dropoff of ~25% and an epithermal flux dropoff of 33% across an
aqueous sample {2.5 om diameter).

ANISN calculations were also performed for hypothetical cases
in which the H:0 moderator was replaced with spherical reglons
{30 cm radius) of D0 and Hp0. The calculated changes in ¢7 and
q’E/d;‘i” with distance for D0 and air are shown in Figures 23 and
24. Hz0 is the most efficient moderatoyr; however, it has a
larger absorption c¢ross section than does Dy0; therefore, a
higher thermal flux is observed at distances close to the 2820
source {0 to 10 cm) for an all-H;O0-moderated svstem. Becsuse
the absorption cross section is lower for D,0, the decrease in
thermal flux with distance is less, and useful sample irradiation
region around the source is greater. Figure 24 shows the softer
{lower @E/¢T ratio] spectrum achievable with the D:0-moderated
system at greater distances from the sources, For example, for
Hy0, the minimum ratio is 0.24 at %15 cm where ¢y 2.5 x 107
n/{em?*-sect}.  For D20, at 30 cm from the source, the flux ratio
is 0.08; however, the thermal flux is still ~3 x 107 n/{cm?-sec).

In the 17-mg *%*Cf facility, absolute thermal neutron flux

was determined by irradiating gold wires. Measurements were made
across the first irrvadiation position at distances of 2,72, 3,18,
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3,81, 4.45, and 4.90 om and at the center of the second and third
irvadiation tubes at 10.16 and 20.32 cm, Results of these measure-
ments and of integral measurements for standard gold solutions
agreed within 3% of those calculated by ANISN at the 3.81-cm
irradiation position. Agreement was +10% at the seldom-used
irradiation distances of 10.16 and 20.32 cm. Appendix B sum-
marizes the caleulation of flux depression factors for the gold
wires used in these experiments. Figure 25 summarizes results of
the thermal flux measurements,
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Fluxes with Distance from Source



Comparigon of Calceulated and Fxperimental Regetion Rates

Two-group reaction rates were calculated from Equation 28
for 17 elements (Table 3).

0.886 (using T = 293°K} and

#

with o

|

B

0.023 (as experimentally determined using Au and Co
standard solutions to account for the non-1 epithermal
spectrum and the unmoderated neutron peak Ear w21 MeV}

As described earlier, the &4-group reaction rates were calcu-
lated for nine elements from

8
R = & o, (E) ¢, (E) (84-group) (29
i 1

TABLE 3

Calculated and Measured Neutron Capture Rates For the 17 mg *%%CF Facility

Daloulated
Copture  Captures/{secwmg) Erperimenial® »
Element  Prodect  84-lroup S-froup Capiurea/(see-ng)
Au PR 1.27 = 10% 1,20 =< 3e% 1.2z 4 10% {31%)
a1 EATN1 1.45 = 10’ 148 x 10% 1.4 = 16° (25%)
oy Fediny 2.46 » 310% 2,82 x 10%  2.21 = 10% (25%)
Co tota 130 = 308 113 v 108 1.13 = 16t (229
Mn gy 487 % p0% 4.3 % 10% 3,84 < 18 (1%}
As TEay .88 = 10" 1,35 % 10" 1037 x 10% {21%)
v 52y 1.56 % 16" 5,66 % 10% 1,66 * 10% {22%)
I LERS - B.26 % 10 9,78 % 107 {45%)
HNa Py - 3,90 % 107 3,63 ~ 107 {21%)
K hEES §.07 = (0% 5.27 10t 5,45 w 10Y {46%)
n 5 Mry - 1.50 % 3107 1.50 = 187 {19%)
Mo g - 4,13 % 10% 4045 % 107 (479
Cd g - P.05 5 18% 0 0.95 x 10% (224}
Eu R 0 - 2.80 = 10% 279 = 10% (13%)
Hg 13y . 210 = 10% 2,17 % 108 {21%}
Se TR - §.15 % 10% 394 x 10% (3%
Se *4e 1,30 = 10%  p.de ¥ 108 142 x 10% (25%)

a. Uncertsinties represent only sounting statistics.
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The 93000 values and resonance integrals I were taken from
the recommended values of the Chart of the Nuelides, 1972 edition.’
The multigroup cross section data, Oi{E), were taken from the
ENDF-B cross section library.

For experimental measurements, 17 elemental standard solutions
were prepared. During sequential irradiations, all other irradiation
tubes were removed to approximate more closely the assumption of
spherical moderator arrangement. Sample irradiation, decay, and
counting intervals were carefully timed, and a calibrated detector
was used for absclute counting. Results are shown in Table 3.
Eighty~-four group reaction rates were calculated for those nine
isoropes for which multigroup cross sections are available, In
general, the results of the Z-group method are as reliable as
those of the more-sophisticated 84-group technique, However, the
limitations of the two-group approach listed earlier must be con-
sidered, EHxcept in the cases of gold and arsenic, >30% of the
total reaction rate is the result of thermal neutron capture.

The simple two-group appreoach to the calculation of neutron capture
reaction rates appeared adequate for the particular experimental
conditions within the 17-mg Z82¢¢ facility in which ¢E/¢7 is about
1.0, Thus, only two-group reaction rates are used in the 100-mg
L920f facility.

In the 17-mg 2°2Cf facility, six irradiation tubes in a
hexagonal array were located arcund the 2°%Cf source. The
presence of these tubes and of samples located within them reduce
the thermal flux somewhat by displacing moderator. GQuantitative
measurements were performed to determine and to correct for this
effect, The net effect of the presence of the other five irra-
diarion tubes containing aqueous samples was to reduce the
calculated thermal flux by 11% and the epithermal flux by 3%.
These flux reduction factors were used in the data reduction
programs used for routine analysis in the 17-mg *®?Cf facility,

The 100-mg 2°2Cf facility

To take advantage of the rapid moderation of Hz0 and the
low absorption cross section of D0, an H0-D20 moderated system
was installed in the 100-mg 2320y facility. As shown in Figures
& through &, the first concentric ring of 9 irradiation tubes is
located in the H;O-moderated region, and the second ring of tubes
is in the D20 region. This arrangement was based on ANISN
calculations in an attempt to increase the thermal Flux at the
second ring of irrvadiation sites over an all-HpO0-moderated system.
However, because stainless steel is used in the moderator tank,
the expected increase was only partly realized.
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ANTSH Caloulations

The one-dimensional ANISN code again was used to calculate
the thermal and epithermal neutron fluxes and the neutron energy
distribution in 13 energy groups at the sample irradiation sites.
Figure 26 is a scaled drawing of the H,0-D;0-moderated system
showing the locations of the rotating four-source holder
{Zircaloy-2}, the HzO-moderated region containing the first ring
of irradiation sites, and the annular D0 tank containing the
second ring of irradiation tubes. For one-dimensional ANISN
caleulations, the distance zones of the different construction,
moderator, and sample materials are assumed to be concentric
spheres. Thus these calculations only approximate the complex
three-dimensional array.

FIGURE 26. Arrangement of Irradiation Tubes and Sources
in 100-mg *32Cf Facility
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Two basic sets of calculations were performed. The first
set of calculations assumed ideal systems; a spherical source
and spherical regions of moderator were assumed, The stainless
steel in both the moderator tank and the sample irradiation
tubes were not included in the calculations., The second more
realistic set of calculations included the effects of stainless
steel. In all calculations, the actual source neutron emission
rate {2.53 x 10!} neutrons/sec) was used.

Figure 27 shows the calculated change in thermal flux with
distance for an ideal all-H.O-moderated system surrounding the
zircaloy “°?Ct source holder (Case 1). This curve is superimposed
on several other curves for reference purposes.

Figure 28 shows the results of ANISN for an ideal Hz0-0D:0
moderator system (Case 2). Actual D0 tank dimensions and the
0.692 cm radius of the zircaloy source holder are shown. The
effects of stainiess steel and of an aqueous sample in the outer
ring are not inciuded. As expected, the flux is increased by
70% in the D20-moderated region (outer ring sample irradiation
site) over that expected from an all-H,0-moderated system.

Figure 29 shows ANISN results for an ideal Hp0-D:0 moderator
system using actual tank and source dimensions. The effect of an
aqueous sample located in the second ring irradiation site is
included (Case 3)}. The thermal neutron absorption within the
agueous sample itself (outer ring sample region of 10.01 to
12.32 ¢m) reduces the net increase in thermal flux at the center
of the sample {11.19 cm} to "“60% over the all-H,0-moderated system,

Figures 30 and 31 show the calculated ratios of thermal fluxes
for Case 2/Case 1 and for Case 3/Case 1; shaded areas indicate the
locations of the two irradiation rings. Flux ratio values greater
than one indicate a thermal flux enhancement relative to the all-
HeO-moderated system. Averaged over the entire inner sample
irradiation region {(4.69 to 7.05 c¢m}, the effect of adding :0
to the inpner ring is negligible because neutrons from the D20
region do not reflect back into the H,0 region. However, the net
flux gain in the outer ring is significant even when the absorbing
effect of the agueous sample is included {Case 3/Case 1). Table 4
summarizes these calculated results at the center of two rings of
irradiation sites for the ideal systems.

The second, more realistic, set of calculations include the
effect of the stainless steel irradiation tubes and annular tank
walls, Again, because of the one-dimensional limitation of the
ANISN flux calculations, simplifying assumptions were made.
Because of the staggered arrangement (Figure 26) of inner and
outer rings of irradiation tubes, flux ratios for inner and outer
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irradiation tubes were calculated separately. In all calculations,
however, the steel walls of the D30 tank were included. Tabhle 5
lists the regions, distance intervals, materials, and explanations
of these regions shown schematically in Figure 32. Regions 4 and
9 are the inner and outer ring sample irradiation positions.
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FIGURE 27. Calculated Thermal Flux for Ideal System with
H20 Moderator (Case 1)
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TABLE 4
Flux Calculations for Ideal Systems™

Case ! Case 2 Case 3
Inner King  Outer Fing  Iamer Ring  Outer Ring  Inwer Ring  Outer Bing

e .09 x 107 5,33 x 10% 2,05 x 10°  8.19 x 10* 2,08 = 10%  §.51 x 10®
¥ 5.51 x 18%  1.44 x 10%  1.07 = 10%  3.27 x 10* 1,03 % 16%®  2.25 = 10°
P/ 045 0.27 0.52 8.35 0.50 0.26

a. QCase 1, all Hz0 moderator;
Case 2, H30-D20 moderators; and
Gase 3, Ha0-D20 moderator and outer ring agueous sample,

The effects of stainless steel were not included in these caleunlations.

TABLE 5

Regions, Distances and Materials
in the 100-mg **2Cf Facility (see Figure 32)

Region  Interual, om Materigl Faplanation
i 0 - 0.6922 Zircaloy 2320¢ source holder
2 0.6922 - 4.602  H:0 Hz0 Moderator Around **?CF Source
3 4.602 - 4.691 Stainless Steel  Near-Wall Inner Irradiztion Ring
4 4.691 -~ 7.054 Ea0 Aguepus Sample Inney Ring
5 7.054 -~ 7.143 Stainless Steel Far-Wall Inner Irradiation Ring
& T.E43 - 70301 Stainless Steel  Near-Wall of Amnular Moderator Tank
7 T.300 - 9,921 D0 ngO Moderator
& 5.821 -~ 18,010  Stainleszs Steel Near-Wall Ourer Irradiation Ring
g 10,810 - 12,372 Hu0 Agueous Sample Outer Ring
10 12.372 - 12.46] Stainless Steel Far-Wall Outer Irradiaton Ring
I 12,461 - 22.460 9.0 ;0 Moderator
12 22,460 ~ 22,619 Stainless Steel Far-wWall Annular Mpderator Tank
13 22.61% - HzO H,Q Shielding and Moderator



252p¢
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FIGURE 32. Schematic of Regions Surrounding 2°2Cf Sources
Used in ANISN Calculations (see Table 5}

Figure 33 (Case 4} shows the change in calculated thermal
flux with distance for the inner irradiation ring for an all-
HyO-wmoderated system. (Regions 1 through & are as indicated in
Table 5; however, the outer ring is not considered and regions
7 through 11 are assumed to be Hx0)}. Flux depressions are seen
in Figure 33 for the near and far walls of the inner ring and
for the moderator tank wall. A net loss of "30% in thermal flux
at the inner ring compared to the ideal Case 1 {superimposed)
occurs because of neutron absorption in the steel walls.

Figure 34 {Case 5) is the calculated change in thermal flux
with distance for the inner irradiation rving of an H;0-D20-
moderated system (i.e., Regions 7 through 11 are Dy0)}. As shown
in Table 6, replacing the H20 with D0 does not raise the thermal
filux significantly at the inner ring. The stainless steel reduces
the thermal flux 27.3% at the inner ring compared to Case Z.
Figure 35 shows the calculated ratios of thermal fluxes {Case 5/
Case 4). Averaged over an entire inner ring volume, this ratio
does not deviate significantly from one; thus the flux-enhancement
i$ no greater with P20 moderator than that with H:0 moderator.

Figure 36 (Case 6) shows the calculated change in thermal
flux with distance for the outer stainless steel irradiation
ring for an all Ho0-moderated system. Compared to the ideal
case, the thermal flux is reduced by ~30% [from 5.33 x 10° to
3.75 x 10% neutron/{em®-sec)] by inclusion of the stainless steel,
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FIGURE 33. Calculated Thermal Flux for Inner Ring in Non-Ideal
System with H,0 Moderator (Case 4)

- 68 -



)
0 E ; ,
_-Neor Woll Inner Ring
[
G AFar Woll laney Ring 70
o -~ and Modergter Tank Wail
£
=
s
= -
" o
= Moderator Tank
L wati
o
E
b
L) o
[
%— ) 20 + iy (e
107 : !

& 5 TR TR TG T
Distance, cm

FIGURE 34. Calculated Thermal Flux for Inner Ring
in Non-Ideal System with H,0-D.0
Moderator {Case 5)

Fiisx Hatio

; : i
o 0 20 30 40 50 &0 70

Distonce, cm

FIGURE 3%. <{alculated Thermal Flux Ratio for Inner Ring in
Non-Ideal System with H,0-D.0 Meoderator
{Case 5/Case 4)

- 60 -



TABLE 6

Flux Calculations that Include
Effects of Stainless Steel®

Cgae 4 fase & Caga & Case 7
{Inney Ring)  {(Iwner Bing}  [{OQuter Ring) (Cuter Ring)

b 1.46 x 10° 1.49 % 10° 3.75 % 10% 5,15 » 10°

by 9.80 x 10% 1.10 % 10° 1.48 x 10* 2.25 x 10"

byl 0.67

. Case

Case
Case

G.74 .40 0.44

4, all H:0 moderator and aquecus sample inner ring;
Case 5, Hy0-D:;0 moderator and agueous sample inner ring;

6, all H;0 woderator and aqueous sample outer ring; and

7, H20-1;0 moderator snd aguecus sample outey ring.

Cadmivm cutoff energy is 0.414 eV,
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FIGURE 36. Calculated Thermal Flux for Quter Ring

in Non-Ideal System with H.0 Moderator
(Case 6) '
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Figure 37 (Case 7) shows the calculated change in thermal
flux with distance for the suter stainless steel irradiation ring
for the H20-D20 moderated system. Compared to Case 6, the D20
increases the thermal flux at the center of the outer ring over
an all-H:0-moderated system by n37%. Compared to Case 2, the
combined effects of the stainless steel and thermal neutron
absorption within the aqueous sample itself reduce the thermal
flux by 44% [from 9.19 x 10% to 5.15 x 10® neutrons/(cm -sec)].
Compared to Case 3, which is identical to Case 7, except that
no stainless steel was assumed to be present, neutron absorption
by the steel reduces the thermal flux by 39%.

Figure 38 shows the thermal flux ratio of Case 7/Case 6.
A gain in thermal flux of "30% over the ocuter ring sample region
is seen for the H;0-D,0 moderator system.
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FIGURE 37. Calculated Thermal Flux for Outer Ring
in Non-Ideal System with H;0-D,0
Moderator {Case 7)
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Comparison of Caleuwlated and Measured Fluxes

Pure gold wires and gold wires within cadmium tubes of
G.0M2-inch-diameter were ilrradiated at the center of both the
inner and outer rings of ilrradiation sites. During these
measurements, the other tubes were filled with polyethylene,
The irradiasted wires were dissolved and counted with a calibrated
detector. The net thermal-induced '®®Au specific activities were
obtained by subtracting the measured epithermal specific activities
of wires irradiated inside the cadmium tubes. The saturated gold
activity {thermal} A th_, at the end of irradiation is then related

. sar’
to the thermal flux b¥ t

{307



where

Niss = Number of gold atoms in each wire

R /2 .
(<L T“) = 0,886 at 208°K
4 Ty

UEZOO = 98.8 barns

B, * thermal flux depression factor = 0.976

The measured thermal neutron fluxes with the H;0-D,0 moderator
syvstem for the center of the inner and outer irradiastion rings
{5.87 cm and 11.19 om) were (1.21 +0.10} 107 and {4.25 20.20) 108
neutron/ (cm®-sec) using the gold wire technique.

Because of the limitations of the one-dimensional ANISN flux
calculation, the calculated thermal fluxes for Case 5 and Case 7
only approximate experimental conditions. The experimental-to-
calculated thermal flux ratio is 0.812 for the inner irradiation
Tings and 0.825 for the outer irradiation ring. This discrepancy
is caused by limitations of the calculational technique. When
calculating the thermal flux in the inner ring, the effect of
stainless steel outer irradiation was not considered. When
calculating the thermal flux in the outer ring, the effect of
stainless steel inner tubes was not considered. The effect of
one ring on the other as well as the effect of adjacent steel
irradiation tubes could account for most of the observed flux
depression.

EVALUATION OF THE H,0-D,0 SYSTEM

Three separate methods are used to evaluate the H0-D30
moderator system, First, the ANISN calculations {Table 4} for
ideal svstems (Case 1 and Case 3} indicate no net thermal flux
increase in the inner sample irradiation zone compared to an
all-Ho0-moderated system [2.09 x 107 compared to 2.08 » 10°
neutron/(cmzmsec)]. In theory, however, the H.0-D;0 moderator
system 1s advantageous because the thermal flux in the ocuter
sample irradiation zone is increased significantly. In practice,
the stainless steel construction material offsets this advantage.
Stainless steel was selected ag the construction material for
the irradiztion tubes and annular tank because it i3 readily
available and structurally strong and because more ideal
materials, such as zircaloy and aluminum, are more difficult to
fabricate. Calculationally, inclusion of the steel is shown to
reduce the thermal fluxes compared to the ideal systems by ~29%
for inner rings and 39% for outer rings {compare Case 5/Case 1
and Case 7/Case 1)}. Calculationally, however, inclusion of
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stainless steel does not affect the gain in thermal flux in the
outer Samgle ring for the H0-D:0 moderator system [gain is
3.75 % 10% to 5.15 x 10® neutron/(cm*-sec)] for a net gain of
37% (Case &/Case 7).

The benefit of the H0-D.0 moderator also has been demon-
strated experimentally. The experimental ratic of thermal fluxes
{(outer-to-inner} was 0.351 compared to that calculated from the
ideal all-H.0 svstem of 0.255. The calculated ratio including
the effect of steel of 0.346 agrees well with the experimental
value, Results of the definitive experimental flux measurement
using gold sclutions with Hz0 and D20 in the outer ring indicate
a4 gain of 28.3% in thermal flux, the absolute thermal fluxes are
3.40 % 10% neutron/(em®-sec) for Ho0 and 4.33 x 10%, neutrons/
(cm®-sec) for D,0. The experimental flux measurements indicate
that D20 reduces the thermal flux in the inner ring by about 3%.
The measured thermal flux in the inmer ring for the all-H:0
system was 9,6 x 10® neutrons/ {em-sec) compared to 9.3 x 108
neutrons/ (em®-sec) for the dual systems.

An alternate construction material such as aluminum would
have bheen better than stainless steel in the Hz0-D20 moderator
systen.

OPTIMIZED FISSILE MATERIAL ANALYSIS WITH CYCLIC NEUTRON
ACTIVATION AND DELAYED NEUTRON COUNTING

Several laboratory programs, including the National Uranium
Hesource Fvaluation program, require rapid, specific, and
sensitive assays of natural uranium and other fissile isotopes,
e.g., 23%y, 229, 2%1py and *“°Cm. Automated neutron activation
analysis based on cyclic neutron activation and delayed neutron
counting was developed using the 17-mg “°2Cf facility. Procedures
have been optimized for as many as 200 samples/day. Sensitivities
are <0.5 ppm for natural uranium and <10 ppb for **®Pu in the
100-mg 4520F facility. Cyelic irradiation and counting procedures
are used to improve analytical sensitivity for measuring short
half-1life (<minute) activated specles.

Delayed Neutron Analysis

A rigorous mathematical optimization for assaying fissile
material by cyclic neutron activation analysis is not yet possible
because the factors that determine neutron detector response for
a particular fissile isotoga are complex. The fission process
itself is complex. For ?°°U, fission is known to yield over 50
beta-delayed, neutron-emitting precursors, each with a charac-
teristic half-life and delaved neutron emission probability.®®
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The fission yield of each of these precursors is dependent on the
mass of the fissioning nucleus {especially those products with
tighter mass), charge distribution characteristics, and on the
energy of the incident neutron on the fissioning nucleus. An
additional mathematical complexity is the growth and decay of
isoharic short-lived fJSSlon products that decay b{ delayed
neutron emission; examples!®are °%»%%r, ®2»¥3Rb, %1+ 1% e, and
PHis1%20e A final complexity in estimating the delayed-neutron
detector response is the effect of the different neutron energy
groups emitted from the different activation products.®’!?

lelayed neutyon emission has long been a matter of great
importance in reactor control and design. Although a large
number of delayed-neutron precursors have been ldentified,
reactor Kineticists are in almost universal agreement that a
simplified six-group treatment is adequate for treatment of the
phencmena. Efforts to identify other dela¥ed groups and to
refine the group vields reported by Keepin have not resulted
in significant revision of the six-group theory.'

Optimization of Cyclic Analysis Procedures for Fissile Material

The six-group model of delayed neutron emission is used to
optimize procedures for cyclic analysis of different fissile
materials, The multigroup flux calculations were comblned with
multigroup fission cross sections from the ENDF-B library® to
caleulate specific saturated fission rates for each fissile
material, Ry, The thermal neutron flux and the specific fission
rates {Table 7} were shown experimentally to be accurate to
within 5%,

The number of counts recorded in a cyclic irradiation and
counting procedure for a single, short-lived activation species
15

. EIrSDCE

o EETSDC (11}

A
where r is the saturated production rate for the particular

product being measured and F is the cyclic gain factor.

In the six-group model of delayed neutron emission, the
specific saturated rate of production of each of the six half-
iife, delayved-neutron groups ry is given by the product of the
specific fission rate Rg¢ and the delayved neutron group yields
¥; listed in Tables 8 and 9.
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TABLE 7
LCalculated Specific Fission Rates in the 25%CF Facility

Filaaion R&te,a

Factope {figetoms/(sec—mg)
Tady 3.99 x 16°%
2rey 4,84 % 355
w2y 1.14 % 8%

Natural ¥ 3.31 x 30

“¥3py 6,21 » 185
Zhipy 4.97 x 10°
Relp, 7,90 x 10°

@, Caleulated from 84-group neutren flux and cross
saction data, The thermal and epithermal flux
values (0.632-eV cutoff) are 3.53 = 10% n/(cm-sec)
and 3.22 % 10% n/(cw’-sec), respectively,

TABLE 8

Delayed-Neutron Half-Lives and Yields for Thermal Fisston of 2333, 238y, 239y and *ipy

233, 238, 23y, Baip,

Relf-Iife, Yield, Helf-life, Yield, Balf-Life, teld,  Half-Iife, Yieid,
Group  sec % 2ec 3 sge % see 4
1 55.0 .057 55.72 0.052 54,28 0,021 54.90 5.015
2 20.57 0.187 22.72 0.346 304 {, 182 23.2 3. 365
3 5.00 G.166 6,32 0.310 5.60 0.12% 5.6 3. 275
4 .13 G.184 2.30 3624 2.13 3.189 1.87 3620
§ .615 $.034 0.51 0.182 &,618 G.052 0.43 0,790
6 0.277 0.022 0.2 0,066  0.257 0.027 - P
Total 2,66 1.58 0.61 1.57

TABLE ¢

Delayed-Neutron Half-Lives and Yields
for Fast Neutren Fission of ***U and **'pu

238y Tuop,

Falf-idfe, v Haif-lifa, ¥iald,
frowp  sec 1 agg j3
1 52.38 $5.054 53.5¢6 0.022
2 21.58 0.563 22.14 8.238
3 5.00 G3.667 5.14 0.162
4 1.93 1.582 2.08 0,318
5 (.49 0.927 0.51 0. 118
G 4.17 0,302 0.17 0.924
Total 4.12 .88




Table 10 lists these specific saturated emission rates for
delayed neutrons calculated for natural uranium, plutonium, and
specific isotopes irradiated in the *°%Cf activation facility.

From Bquation 11, the meutron response for the iy delayed
neutron group is

Ki = GiF; : (32)
where
riSiCiDiE
. M
R T Ve (34)
1-Q4 (1-Qi)

Neutron detection efficiencies for all groups are assumed
equal. The detector response Rd actually recorded is the
sum of the six groups:

5

TABLE 10

Specific Saturated Delayed-Neutron Emission
Rates Calculated for Fissile Isotopes

Delayed Neutron Ewiseion fate by Croup, Neutron/{gec-mg)

Teotope H 2 é 4 é 8
233y, 227 786 662 734 136 88
238y 235 1536 1376 2769 808 193
it 9.061  0.64  0.76  1.82  1.8%5  0.35

Natural § 1.72 11,82 16G.66 Z1.75 6. 85 2,45

23%py, L3o 1131 801 1236 323 168
SHBpy 9.1 1.4 1.0 1.9 0.7 0.1
Eelpy 119 2883 2173 4898 2201 -

Lwr p 122 1077 763 1188 ®}7 %7

a.  Assumed Pu lsotopic concentrations:

Mases No. Atom %
238 1.2
139 59.2
240 23.7
2431 11,9
242 4.9



The delayed neutron emission rates for specific groups listed in
Table 10 are combined with Equations 33 and 34 to calculate the
group responses K; and detector response Rg as functions of
different experimental parameters.

Figures 39-44 show delayed neutron detector responses
caleulated for samples containing 1 mg of fissile material
analyzed in the 17-mg *°%Cf facility by the cyclic technigue,
Calculations are based on the six-group model.

Effect of Transit Time on Detector Response

Figure 39 shows the group response K; for each of the six
groups and the expected measurable response Rg (the sum of the
six groups) for a cyeclic irradiation and counting regime for
natural uranium. The total analysis time is 600 sec, and the
sample transit time is 0.25 sec. Figure 40 shows the effect of
increasing the transit time to 1.0 sec. The major difference
‘is that the response from the 2.30 sec delayed-neutron group is
less because of an increased decay during transit in the latter
case. The calculated detector response Ry (Figure 41) for a
range of transit times for natural vranium is based on an
assumed total analysis time of 600 sec.

Optimization Parameters

Table 11 shows the percentage of the detector response, by
group, at the optimum number of cycles for different transit
times. Table 12 summarizes the optimum experimental parameters
for natural uranium analysis. As the transit time is increased
from 0.25 sec to 2.50 sec, the optimum number of cycles decreases
from 83 to 20 and the detector response decreases from 6048 to
2868. The overall detector response (Table 11} is controlled
largely by the 22.72, 6.22, and 2.30-sec half-life groups. The
55.72 sec group does not make a major contribution even for the
2.50-z¢ec transit time. The relative contribution of the Z.30 sec
group decreases rapidly with increasing transit time. Table 13
lists the optimum experimental parameters for cyclic analysis
of different fissile isotopes.

Figure 42 compares the calculated detector response Ry for 1 mg
of the common fissile isotopes. For these calculations, a transit
time of 1.0 sec and an experiment time of 600 sec were assumed.
Although the thermal fission cross section for *¥9py is 742 barns
compared to 580 barns for #4350, the detector response is much
higher for °°°U because of the high delayed neutron group yields
far this isetope.
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FIGURE 39. Calculated Group Response and Detector Response
for Natural Uranium for Transit Time of 0.2% sec
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FIGURE 40. Calculated Group Response and Detector Response
for Natural Uranium for Transit Time of 1.0 ser
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FIGURE 41. Effect of Sample Transit Time on Detector Response
for Natural Uranium
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TABLE 11

Changes in {alculated Detector Response with Changes in Sample Transit Time
for the Optimum Mumber of Cycles for Natural Uranium®
Calaewlated Detector Regponse, % Total for Eagh Orouwp
Holf-life, 0.C0-gee & .28-pec  0.80-gec  §.7f-sec  1.0C~gec [ 3é-sec  1.80-gee 1.76w-sec  E.0fwgec  2.35-sgc  I.50-pec

g -

-

Group e tregatd transtt trangit trptai traneit tramete tranait tranatt tpaneit tranait transtit
1 55.72 3.1% 3.88 4.00 424 4.55 4.75 5.0% 5.30 5,61 5.87 6,15

2 22,72 21,35 25.33 27,42 28,33 31.08 32,40 34.23% 35.98 57,84 33.60 21.47

3 G6.22 19.2% 22,48 25,58 25,17 26,17 26,80 27,658 28.34 28,91 29,27 25.53

4 250 39,56 47,80 34,72 38.67 36 .44 34.52 32.05 23.7% Z7.08 2.9 22.64

5 .61 12.40 .63 5.9% 3.67 2.45 1.71 1.50 ¢.80 .65 346 G.24

o 0,23 3.43 .52 O.24 .08 0.4 0.03 .41 0.0 (.60 3,00 G.00

o

Tota}l experiment time is 600 sec.



TABLE 12

Optimum Experimental Conditions for Cyciic Analysis

Toemutlt Time,
= h

Cyeles

Irvadiation -

: /]
cowmt interval,
s8¢

NeutTon
detector
T#sponse Rd’
cowmts

2. Fqual transit times to and from the detector are assumed,

@, 88

B3

3.3

G048

G.80 9,78
57 45
4,76

5262 4719

4.92

1.6 1,88 1.6¢
38 33 30
6.86 7.8 8,25

4298 3955

3667

B, Egqual irradiation and counting times are assiumed.

TABLE 1

3

8,36

3424

o
b
>

10,50

3213

Qptimum Experimental Conditions for {yclic Analysis
of Common Fissile Materials

Jeotope

233y
235y
23%py,
Zhip,

LWR Pu

yeles
33
38
38
41

37

Fp=t
Bed

I

tartor
s ga”
Fg, counts

i
et

234,100
553, 300
313,700
887,800

286,600

. Egual irradiation and compting intervals.

L. One-milligram ssmples sad an experiment time
of 600 sec are assumed;

B3 -

sransit fime Qs 1,00 seq,

of Natural Uranium (1 mg)

=)

I

11.38

AG30

28638
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FIGURE 42. Relative Detector Response for Fissile Isotopes

Comparison of Calculated and Measured Detector Responses

Samples of approximately 1 mg of enriched (97.66%) %%y
were cyclically irradiated and counted in the 17-mg *°%Cf
facility for comparison with the calculated detector response
curves. The pressure of the pneumatic sample transfer system
was adjusted to give transfer times of 1.0 0.1 sec. A total
analysis time of 600 %10 sec was maintained by adjusting
irradiation and counting intervals, according to the number of
cycles used, Results are shown in Figure 43. The experimental
points were adjusted for sample weight and counter efficiency.
Agreement is excellent except where large numbers of cycles
were used. Comparison of curve shapes {Figure 41} calculated
for various transit times indicates an actual experimental
transit time of about 1.1 sec.
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FIGURE 43. Comparison of Calculated and Measured Detector
Responses for Cyclic Analysis of 235y

Oxygen-17 Interference in Analysis of Low-Level Aqueous Samples

For cyclic determinations of low-level quantities of
fissile materials in aqueous or oxygen-containing matrices%
desirable background from delayed neutrons produced from '’0
by the fast-neutron reaction must be considered.

un-

000, p) PN gbs Vav 2282, 150 4 n(delayed)

The threshold neutron energy for this reaction is 8.2 MeV. The
average cross section for the fast-neutron reaction of 70 has
been measured in the *%Cf facility with ''O-enriched (37.1%)
water. If a detection efficiency for delaved neutrons produced
in this reaction is assumed to be the same as for those produced
in fission, and if the fast neutron flux ¢p (En > 7.8 MeV) is
1.0 % 10®% (as calculated by ANISN), the measured average cross
section On,p is 1.7 mb.
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Equation 11 may be used to calculate the 170 interference
a4t any irradiation location in a cyclic analysis if the fast-
neutron flux is known. The saturated rate of preduction of
delayed neutrons from the ‘70 rveaction is

R = 0.95 op p Op (36)

As an example, Figure 44 and Table 14 summarize the calculated
70 effect for a hypothetical 10-ml sample containing 10 ppm
natural uranium analyzed in the *°2Cf activation facility. The
experimental counter background of 8 counts/min was used to
calculate background counts. FEguations 11 and 34 were used to
calculate counts from 70, and the counts from natural uranium
were calculated as described previeusly, Transit times of 1.0
sec were assumed.

Detector Response {Ryj, counts

40
Soe
)
304~ r— -
g"@uﬂd
-0 | a ! ; | |
0 20 40 &0 80 o0 120 FAO
Cycles

FIGURE 44. <Calculated Detector Response for Aguecus Samples
Containing 10 ppm Natural Uranium
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TABLE 14

Delayed-Neutron Signal~to-Noise Ratios for Cyclic
Analysis of Natural Uranium in Aqueous Solution®

Counts Counts Stgnal-
From Background — from to-Notee

Cycles 7O Counte Uranium - Batio

1 0.14 39.9 7.8 D.56

5 0.68 39,3 27.2 1.7

10 1.34 38.7 37.2 2.1

20 2.18 37.3 46.8 2.5

30 2.45 36.0 50.7 2.7

40 2.47 4.7 51.6 2.7

50 2.39 33.3 50.6 2.7

100 1.63 26.7 36.8 2.3

150 .93 20.0 21.8 1.7

a. Equal counting and irradiation intervals;
transit times = 1.0 sec.

L. The signal-to-noise ratio is defined as:

/N = counts from uranium/2 vsum of counts from all sources

The calculated signal-to-noise ratio (Table 14) = (ratio
of calculated uranium counts}/2 (sum of neutron counts from all
sources}¥. Signal-to-noise ratios greater than one indicate
that 10 ppm of natural uranium 1s detectable at the 2¢ confidence
level.

Identical calculations were made for the 100-mg 282¢¢
facility to determine detection sensitivities for natural
uranium {0.5 ppm). For analyses near the detection limit, the
179 interference is calculated and removed from the detector
response as a background contribution.
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COMPUTER DATA PROCESSING

The master equations of activation analysis has been derived
previously. This equation includes cyclic considerations and is
included in this section for reference; the elemental concen-
tration in ppm is given by:

P:».K._-Al{)sa ;\' o.z.
EW B No ISCDF R

{37)

The K/EW term depends on experimental parameters:

K = photopeak area, counts

E = detector efficiency for the particular gamma ray
energy

W = sample weight in grams

The A+10%/B+No term depends on the target nuclei:
A = atomic weight of target
B = isotopic abundance of target
No = avogadro's number

The A/ISCDF term involves timing information and decay parameters
of the product nucleus:

-1

A = decay constant, sec
I = gamma ray abundance
5,0,0,F = irradiation, counting, decay, and cyclic factors

previously defined.
The 1/R term depends on the cross section of the induced reaction
and on the neutron flux and energy distribution at the irradiation
site,

The specific rate R is the specific neutron capture reaction
rate in captures/{sec-g).
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Data are reduced sequentially by programs in the computer,
the last of which solves this master activation analysis equation.
The data reduction flow sheet is illustrated in Figure 45; boxes
denote program names and all-capital names refer to tape or disc
data files,

TRANSCRIBE

The first step in the data reduction flowsheet is the
accumulation of the gamma ray spectrum in the 4096-channel
multichannel analyzer memory. Baseline and gain adjustments are
normally set at 2,00 channels/keV. The accumulated spectrum is
then transferred to the nine-track magnetic tape along with an
identifier tagword, The tape containing the spectra of all
samples counted during a one-day period and a header record are
transferred by TRANSCRIBE to a temporary numbered storage tape.
The header record contains other experimental information
eventually used by program SIFTER to solve the master equation.
The header information is supplied manually by the facility
operator on a standard FORTRAN coding form. This operator-
supplied experimental data is in a coded format listed in Table 15.
The output of TRANSCRIBE is manually checked to ensure that the
correct header record was attached to the spectrum., A sample
TRANSCRIBE output is shown in Table A-1,

As indicated in the flowsheet, ADDER and COPY may be used
te assemble a master storage tape and a duplicate tape for perma-
nent retention of all gamma ray spectra and of header records for
every sample analyzed,

RAGS

Program RAGS'® sequentially analyzes the gamma ray spectra
stored on the temporary storage tape and writes the peak energles,
peak areas, and the 20 statistical uncertainty in the peak areas,
and the header record onto disk data file RAGOUT. The hard copy
output from RAGS may be examined manually before execution of
SIFTER. Table A-2 is a sample RAGS output.

SIFTER

The origin and content of each disk data file used by SIFTER,
as shown in the data reduction flowsheet, are considersd below,
These data libraries are stored in EDIT library disk space and
are called as needed by SIFTER. After RAGS has operated on the
gamma ray spectrum, the RAGIUT file has all of the experimental
information reguired for gualitative and quantitative analvysis
by SIFTER.
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Gomma Spectrum  Header

| TRANSCRIBE |

S5TORE TAPE —-ae ADDER

MASTER TAPE 2

MASTER TAPE 1

OR -

Energy Colibration

Possible Product ISOGEN] -

Gomma Catoicgue

T1)
Cf Neutron Spectrum ANISN
Sample Geomaetry, Moderator

n-Copture Cross Section Parameters

Literature

B4-Group Cross Section

RAGOUT
Header, Ey, CY, Ere. ;
GAMDAT
Sym, T, Ev, 1y, ® SIFTER |eamppm

FLUXFL

2~, 84-Gp. Specirn

SIGMAF

Sym , Rxn, Z-, B4-Group Cross Section

EFFCAL

Detector Efficiency Colibration

FIGURE 45. Data Reduction Flowsheet

TABLE 15

Coding Format for Header Records

Column Information Type

1,2 Yedar

3,4 Month

5,6 Day

7.8 Hour

9,10 Minute

11,12 Second

15,14 Counting Arrangement

15-.18 Counting Time

19-22 Decay Time

23.27 Sample Weight

28-31 Irradiation Time

32,33 Number of Irradigtion-
Counting Cycles

34,35 Irradiation Tube

36-37 Compents

78,79 Tagword

Emample

760321144600  Count Start Occurred
at 14:46:00 (2:46:00 p.m.} o
March 31, 1976

{0F - 0B8)

(3003 = 3.00 » 10" sec)
(1305 3 1,30 x 10% sec)
{12343 = 1,234 x 107 mg)
(1003 = 1.00 x 107 sec)

i

(12 % Ring 1, Tube 2)
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EBIT Data Files

GAMDAT file (Table A-3) contains the spectroscopic decay
data for all gamma rays emitted by each possible neutron acti-
vation product as well as by other commonly observed fission
product nuclides. These data were obtained from Reference 6; they
include product nuclide symbol, half-1life, and the tabulated gamma
ray energies and abscolute decay abundances listed in decreasing
order of abundance.

FLUX file {Table A-4} is a library of normalized Z-group and
84-group neutren fluxes for each source/moderator/sample configu-
ration, The 2-group (thermal and epithermal) Ffluxes used in the
100-mg “°*Cf facility were measured experimentally at each of
the two rings of irradiation sites. The 84-group fluxes {used
only in the 17-mg 2°2CF facility) were taken from the ANISN
computer code.

STOMAF file {Table A-5) contains data specific to the
particular nuclear reaction forming the product nuclide. The
file includes the product nuclide sywmbel, the reaction symbol,
the target isotopic abundance and atomic weight, and the
tabulated 2200-m/sec cross section and resonance integral for
the reaction. Cross sections listed in B4-group format are
included when available,

EFFCAL file {Table A-0) contains the absolute detector
efficiency vs. energy calibration data measured experimentally
for each numbered detector-sample geometry. The reciprocsl
of the absolute efficiency is listed for each energy for count-
ing arrvangements used in the 100-mg 2°%Cf facility.

SIFTER Flow Diagram

Figure 46 is a simplified flow diagram of SIFTER. After
initialization, the RAGOUT data file containing header infor-
mation, peak energies, areas, and uncertainties from the first
spectrum are read into STFTER. The peak energies found by RAGS
are matched to a tabulated set of self-consistent and accurately
measured photopeak energies of isotopes commonly produced in
samples by neutron irradiation. The photopeak energies in
RAGOUT are refitted by the least squares method to this con-
sistent set. If the counting geometyy contained in the header
record IGEQ matches that in an EFFCAL file, the photepeak areas
are multipiied by the inverse of the efficiency as interpolated
by a least sguares energy fit from the data stored in EFFCAL.

If a calibrated counting arrangement was not used, the efficiency
is set to one. Next, FLUX file is searched for the appropriate
filux for the irradiation position. No match means that the
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absolute neutron capture rate cannot be calculated, and a
dis/(min-g} value is calculated, If a tube match is found, the
flux is corrected for decay of *°°Cf from the calibration data

to the date of activation. Next, the first isotope IS0 listed in
the GAMDAT file and its spectroscopic decay data listed in order
of decreasing decay abundance are read. The photopeak energy
ENy of the most-abundant gamma ray in IS0 is searched against

the list of RAGOUT refitted energies Ey. When a match is

found, ENy = Eyz0.3 MeV, the S§,C,D, and F terms are calculated
from the listed half-life in GAMDAT, from the experimental
irradiation, decay, and counting times, and from the number of
irradiation cycles listed in RAGOUT. If no gamma ray match is
found, the next-most-sbundant gamma ray listed in IS0 is

searched against RAGOUT. This indexing continues through the
gamma ray list of IS0. At the end of data for the IS0, the

next isotope listed in GAMDAT is read, and the energy match is
continued, If a gamma match has been found and the §,C,D,F

terms have been calculated, the dis/(min-g} is calculated and
printed out if flux data are absent. 1If flux parameters are
available, the STGMAF file is searched for a match between IS0
and the first reaction product symbol JSO. A match signals a
RATE calculation using the normalized 84-group fluxes and cross
sections. If 84-group data are not available, Z2-group fluxes and
cross sections are used. If neither multigroup nor 2-group Cross
section date exist, the BATE iz setr to one, and a relative con-
centration is printed. Calculations for RATE = 1 indicate that

a comparative standard must be run for that element.

At this point, all of the experimental and tabulated infor-
mation required for the calculation of the concentration and
the uncertainty of the neutron capture parent of IS0 is avail-
able. This concentration {ppm), its uncertainty, the nuclide
symbol, the reaction symbol, and the RATE calculation comment
(Rate = 1, Bd-group or 2-group) are printed out (Table A-7),

Often a particular nuclide can be produced by neutron
reactions such as (n,p), {(n,q), and {n,vy) reactions on different
parent nuclides. SICMAF file includes all possible production
mechanisms for each product J80, To account for these reactions,
the entire SIGMAF file is searched for all possible symbol
matches, Very little fast neutron (n,p} or {n,0) cross section
data are available for inclusion in 84-group format; therefore,

a RATE = 1 calculation normally signals possible interference.

The end of the SICMAF file signals the search against RAGOUT
of the next-most-abundant gamma vay in the product I50. 'The
process is continued until the end of the list of possible gamma
rays for the product 180 is reached, and then a new IS0 is searched
in the same manner. This searching loop continues until the end
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of the GAMDAT file is reached, Next a listing is made of each
refitted RAGOUT photopeak energy Ey, photopeak areas corrected

for efficiency, percent uncertainty in the area, and all nuclide
symbols which had a gamma vay matching that energy (Table A-7}.
This latter listing provides a quick check and demonstrates whether
all significant gamma rays were accounted for in the search pro-
cedure and also whether legitimate interferences between isotopes
have occurred which would render the calculated concentration
questionable,

Following this listing, the next spectral analysis RAGOUT
block is read and the entire process repeated until all spectra
have been scanned.

Interpretation of SIFTER Output

Interpreting SIFTER outputs is not always straightforward
because: 1) the same product nuclide can be formed by different
reaction mechanisms, e.g., “"Na(n,y} “*Na and 27A1 (n,a) **Na;

2) most nuclides have more than one intense gamma ray and multiple
values for the calculated concentration. {(for example, ®00o emits
ganma rays of 1333.495 and 1172.210 MeV); 37 some judgment is
regquired to determine whether the experimental timing conditions
alliow for a particular product to be present; 4] poor counting
statistics may skew a peak so that the peak-centered energy
calculated by RAGS does not match (30.3 MeV) the gamma energy

listed in GAMDAT; 5) double-escape and single-escape peaks are

not recognized as such; 6} no $artitionin§ of activity among

isomers is made {for example, 1520y and P Mipy both contribute

to the intensity of the 121.78- and 344.31-KeV gamma ray photo-
peaks}; 7} statistical fluctuations in the spectrum may occasionally
be analvzed as a photopeak and indicates matched nuclide that may
not actually be present in the sample; 8) if tabulated cross sections
are not yet avalilable for reaction, the rate is set to one and no
concentration can be calculated for that element; 9) concentration
values of the same element taken from multiple counts of a parti-
cular sample must be edited to arrive at a single best value.

These limitations to a straightferward interpretation cur-
rently require that SIFTER outputs be examined by trained perscnnet
and that judgments made in the final interpretation.

Table A-7 and Table A-8 are SIFTER cutputs of a freeze-dried
vegetation sample., The header record information at the top of
the output indicates that the spectrum tagword is 26 and that the
analysis was performed at 11:17 pom. on 3/17/76. The count time
{CT} decay time DT and irradiation times TIR are indicated in
seconds, The sample weight Wt, count geometry IGEQ, irradiation
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tube ITUB and the number of cycles ICYC are also shown. The
sample description is listed next as well as the number of
statistically significant photopeaks NPK. The photopeak
energies (not refitted) found by RAGS are listed in the seven
columns in order of increasing energy. The RAGOUT energies
which matched an abbreviated list of self-consistent energies
for common activation products are listed. A third-order,
least squares energy refit was performed on the 18 matched
photopeak energies. The columns in Figure A-7a are: product
nuclide symbol, the refitted experimental gamma ray energies,
the reaction symbol [for example, GO = {n,y), AQ = (n,0),

PO = {n,p), and Gl = (n,Yy} reaction leading to the first
mestastable state of the product isotope], the concentration
{ppm} and statistical error, and a comment denoting the method
of calculating the specific neutron capture rate.

Table A-10 lists each photopeak energy, peak area [corrected
for efficiency), percent uncertainty in peak area, and the
symbols of products having energy matches to that photopeak.

Many of the difficulties in interpreting SIFTER outputs are
evident in these two tables. For example, the 312.90-keV photo-
peak has never proven reliable for the anmalysis of potassium,
probably because the absolute gamma ray abundance is incorrect,
The 102.70-keV photopeak attributed to ®™Se is actually the
103%.20 keV photopeak of '°°Sm. The five ®*“Br ppm values must be
weighted to arrive at a best value; however, such multiple energy
matches provide unequivocal evidence of the presence of bromine.
The 487.40*% photopesk listed for tellurium is actually the
487.10-keV peak from *“"La. (The asterisk indicates a relative
gamma ray abundance and a relative ppm value.} The 121,78-keV
photopeak is the result of decay of both *%'By and '*MIgy which
results in an abnormally hi%h concentration of both. The 328,50~
keV '?*Ir peak actually is "*®La. All other values are judged
correct.

Data reduction program development in progress includes a
routine to calculate "less than or equal to' values for elements
not detected based on experimental parameters and on an inter-
pelation of backgrounds between the twe nearest real photopeaks.
The GAMDAT library will be updated to contain a completely self-
consistent set of photopeak energies which will eliminate many
false energy matches. Finally, SIFTER will be replaced with
RICHES, '7 a program designed to output a single best value for
each element detected based on all counting data (multiple
spectra, isotopes, and gamma rays) from each sample.
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Analysis of Test Mixture

An earlier version of SIFTER was used as the basic data
reduction routine in the original 17-mg *°2Cf facility. To
verify the applicability of the absolute technique to complex
mixtures, a test mixture supplied in 1973 by the USAEC as part
of an evaluation of activation analvsis using *°%Cf sources
was analyzed. This test mixture had been analyzed previously
at Savannah River by classical comparative standard methods.
The first analysis was performed before the pneumatic rabbirt
system was operational, and the results were based on counting
of normally used longer-lives (»2 minutes} activation products.
After installation of the rabbit system and development of
SIFTER, the test mixture was analyzed again using automated
absolute activation analysis (AAAA).

Results and comparison of the two techniques are summarized
in Table 16. The precision and accuracy of -AAAA is eguivalent
to the comparative technique. The analysis time for the absclute
technique, however, is reduced because: 1) comparative standards
were not prepared, irradiated, and counted; 2) the pneumatic
transfer system permits analysis based on short half-i1ife product
isotopes; and 3} data reduction time using SIFTER is much less
than normal reduction time for comparison to standard data.
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TABLE 16
Analysis of Test Mixture

Coneentration, pom
Absolute USAED

Element Comparative  (A44) Reported
Se - 870 %10 840
v 20 21 17 1 20
Al 420 40 330 *20 370
Cu 130 %30 60 *30 95
Co 140 8 150 %5 140
Mo 3200 £300 3300 #1060 2910
Mn 5.8 0.8 4.5 #0.5 5

As 81 #5 72 %2 70
Eu 0.94 20.06 0.88 0.06 0.9
Na 731 49 630 10 690
He "985 25 900 100 930
in 935 245 680 *110 930
Cd 2092 *44 2100 280 2330
Average

Deviation +10% +11%

Preparation,

Irradiation

Time 30 days 2 days

Counting,

Data Analysis 4 days 1 day
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RESULTS AND APPLICATIONS

This section discusses results of the application of AAAA
to many known multielement standards. Some unique applications
of AAAA to Savennah River programs are presented. For comparison
purposes, only those samples analyzed in the 100-mg *°2Cf facility
{since July 1975} are considered here; however, many samples were
analyzed with guite similar results with the 17-mg “°*Cf source
{(July 1973 - July 19753, The results shown in this section were
edited from actual SIFTER outputs as described in the previous
saction,

SOLID STANDARDS
Standard Coal (NBS Standard SRM-1632)

Two 10-ml samples of standard coal from the National Bureau
of Standards (NBS) wevre weighed into sample irradiation containers.
This material was used as received in finely ground and blended
forms. Enough distilled water was added to displace all air from
the containers. The first sample was irradiated (10-sec} and
counted {10-sec) cyclically (40 cycles) for delayed neutrons
{natural uranium analvsis) and for short-lived gamma activities
(¥ SMge ?7MSe, 2841, *%V). The other sample was irradiated for
2 weeks, and then gamma counts were taken after decay periods of
60 seconds, 1 day, 7 days, and 14 days for medium-lived and long-
iived species. Results of the absolute analysis are shown in
Column 4 of Table 17. The concentration values certified by
NBS are indicated as well as the values found by comparative
analyses conducted by four separate laboratories using classical
instrumental reactor neutron activation analysis (INAA). AAAA
results are as precise and accuraste as those reported by INAA
using high flux [10*? to 10® neutrons/(cm®-sec)] irradiations
and comparative standards.

Standard Fly Ash (NBS Sample SRM-1633)

Table 18 summarizes the results obtained by AAAA for the
standard fly ash. As with the standard coal, agreement between
INAA and AAAA values 1z quite good. Another very important
factor invelved in the absolute technigue which must be con-
sidered is the effect of the matrix. Based on a comparison of
11 key elements measured by AAAA and INAA in NBS samples SRM-1632
and SRM-1633, the increase in self-absorption between the coal
and fly ash is <4%. The 11 key elements are major constituents
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TABLE 17
Analysis of NBS Coal Standard SRM-1832

Concentration
Element®  WBS THNAE Yy

- wt % ]
Al 1.85 20,13 1.62 %0.13
Fe 0.87 *0.03 0.84 £0,04  0.89 %0.03
X 0.28 10.03 0,30 20.02
Mg 0.20 0,05 0.82 20.20

- ppr >
Na 414 %20 380 3
1 890 *123 8OO 50
e 3.7 %0.3 3,98 *0.04
T3 800 1040 #1310 995 £100
v 35 13 36 =3 53 3
Cr 0.2 0.5 19.7 0.9 18.5 +1.7
¥n 40 33 43 4 43 £}
Co 6 5.7 #0.4 6.0 =0.03
In 37 #4 30 10 52 4
As 5.9 0,6 6.5 1.4 4,7 0.5
Br 19.3 #3.9 15 +1
3 161 t16 170 20
Ba 350 230 310 430
Sh 3.8 £1.3 3.8 0.2
Cs 1.4 10,1 5.5 11,3
La 10.7 1.2 8.3 0.2
Ce 19.5 $1.0 % 5
m 1.7 0.2 1.4 %0.10
b 0.7 0.1 1.0 0.2
1t 1.41 0,07 1.34 #0.50
Eu 0.33 ®.03  0.30 .10
Ga 5 )
Dy 1.6 20.1
e 3.4 0.2 3.1 %0.6

2. Value reported by Instrumental Neutyon Activation
Analysis Round Robin, J, M. Ondov, et al., 4nal,
Chem, 47, 1102 (1978},

L. VYalue found by absolute activation analysis at
S5RL. Uncertainties based on counting statistics
only.
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TABLE 18
Analysis of NBS Fly Ash Standard SRM-1633

Congeniretion

Element  NBS THAL AdAA
- wt % "~
Fe 6.2 3.3 6.3 .1
Mg 1.8 204 6.3 2038
Al 12.7 #0.5 16.4 23,6
81 b
Ca 4.7 =6
K i 1.61 *0.15 1.51 *0.05
~ ppm -
Na 3200 2400 2820 3150
Sc 27 % 26,8 0.2
Mrn: 493 &7 496 19 524 29
Lo is 42 *] 38 2
As 61 ¥ 58 4 54 33
Sr 1380 1TH0 2300 1349 2106
Sb 5.9 0.6 7.4 0.3
Ba 2708 200 3200 2400
La 82 %2 68 2
S 12.4 3.8 it 2t
By 9 2
HE 7.9 #0.4 7.5 0.4
W 4.6 1.% 6l
Cr 131 22 137 16 120 25
By 12 4 6 1
Ce 146 215 176 %4
Yb 7 i3 4,7 3.4
Lu 1oE0.% & #
in 210 220 216 225 270 130
Se 9.4 20,5 10.2 #1.4 .7 1.8
Us 5.6 *t.1 8.5 0.5
™ 1.9 30.3 1.2 #8.2
Ta 1.8 20,3 2.0 .1
¢l 42 130 40 =8
Ti 7400 £300 &G00 2400
v 235 15 186 10
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and those elements which, by experience, have characteristically
provided results which are both precise and accurate: Al, Fe,
K, Na, 5¢, V, Cr, Mn, Co, La, and Sm. The average difference
for these elements between AAAA and INAA is 4.5% for the coal
and 8.2% for the fly ash. These results and those reported
below for wetted USGS rock standards provide evidence for the
Tack of major matrix effects.

Rock Standards (USGS Samples GSP-1 and BCR-1)

Tables 19 and 20 summarize results of AAAA on wetted samples
of standard {powdered) wock from the U. S. Geclogic Survey (USGS].
Results for most elements agree with those values selected as
"eorrect .’ Again, no matrix effects are evident for these solids.
The serious discrepancy in the magnesium concentration by AAAA
for coal, fly ash, and both rock standards is caused by *’Mg
produced by the fast neutron interference reaction 27A1(n,p}27Mg
and by the desired thermal neutron capture of magnesium. This
interference as well as other potential interferences are flagged
by the SIFTER output and require validity';udgment. Another
interference which has been noted is the 27Si(n,p)*°Al reaction,
which interferes with the analysis of aluminum in msterials where
the silicon/aluminum weight ratio exceeds V100,

LIQUID STANDARDS

A series of dilute liquid elemental standards were analyzed
by AAAA. The results and the percent deviation between the
standard value and that found by AAAA are listed in Table 21.

No uncertainties are listed for the standards which were prepared
from commercially-available atomic absorption standards.

These results and the results of the rock, ceoal, and fly
ash apalyses indicate that AAAA can be applied to many different
solid and liguid samples such as other coals, fly ash, soils,
vegetation, and process samples commonly submitted for analysis.

ELEMENTAL DETECTION LIMITS

TFIJCL, 2 version of the program SIFTER which solves the
master activation program in reverse was written to provide an
estimate of elemental detection sensitivities for samples
irradiated and counted in the 100-mg *°2Cf facility. The
detectable limit was assumed to be the 100 net counts in the
photopeak of the most-abundant gamma ray derived from the neutron
capture produce of each element. In the calculation, data files
are the same as those in SIFTER, namely, EFFCAL, SIGMA, FILE, and
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TABLE 19
Analysis of USGS Rock Standard 6SP-1

DEGES a Abgolute
Element  Value Value?s?

&, Major constituents, wt %

Na 2.08 2,04 £0.04
K 459 4.9 0.6
Fe 3,05 3.0 40.2
Al 8.07 7.64 0.16
F 0.32  0.32 £0.10
i 0,399 0.41 #0.03
Mg D.58 5.0 0.5

b. Minor constituents, ppm

in a8 {150 #3p
Ce 394 440 1040
La 191 180 %10
Co 6.4 7.6 2.8
Se 7.1 7.2 20,2
&h 3.1 3.3 0.9
HE 15.9 16.3 0.5
vV 52.9 51 %6

En 2.4 2.0 3.5
€1 300 400 140
Mn 331 66 30
Dy 5.4 3.3 415
Sm 27.1 30 4

Hy 15,5 I

Au 0.0016 0.024 20,0609
Cr 12.5 18 47

Th 1.3 1.8 =0.7
Ta 1.8 1.4 :0.5

a. F. J. Flanagan, Ceaphimiog ¢t
Cosmpehimion Aota 37, 1188 (18733,

b, V¥alue in ppm unless otherwise
indicated.

2. Uncertainty based on counting
statistics only.
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TABLE 20
Analysis of USGS Rock Standard BCR-

YRGS dbaolyte
Klement Value®  Valusg¥s©®

a. Major constituents, wt %

Na 2.43 2.53 2005
Mg 2.09 6.0 20.3

Al 7.20 6.7 0.2

K 1.4% i.44 0.5

Ti 1.28 1.29 #0,25
Mn 0.141 0,155 20,001

b. Minor constituents, ppm

Ba 675 600 100
¥ 399 405 10
o 38 33 10
Dy 6.3 5.7 20,7
St 330 900 408
Sc 3 40 21

La 12.8 22 %A
Sm 6.6 6 t1

b 3,36 4 8

Lu 0.55 2.5 0.4
Cr 17.6 25 15

Ce 53.9 3% 5
o 1.8 1.9 £0.3
He 4.7 6 1

Sh 0.69 1.3 0.5
Nd 29 68 20
Ta 8.9 1.5 0.6

a. E. J, Flanagan, Geochimicg %
Cosmochimioa Acta 37, 118% (18733,

k. Value in ppm mless otherwise
wndicated,

a.  Uncertainty based on coumting
statistics only.
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TABLE 21

Absolute Analysis of Atomic Absorption Liquid Standards

Fercent:

Stapulard  Absoluts pBeviation

Yalug, Valua, From
Element  ppm ferec Stevdad
(8] §7.8 140.3 2.7 +21.5
Se 58.7 LI5.1 #1.6 +16.5
Co 58,8 108.6 34,0 +10.9
Se 86.7 97,9 9.8 +1.2
Cr 160.0 100 5 6.0
Ta 100.5 110 13 +9.5
Ge 160 g5 139 -5.0
by .93 0.8 21,0 1.7
Mn 89.4 94 i} ~5.4
Na 100.1 103 24 +2.8
K 190.2 122 5 +21.8
La 98.3 a3 E3 8.7
Asg 85,1 104 4 +4.0
W i05.6 83 42 -11.,%
Sm 9.77 9.3 2,3 -4, 8
Ho 10.¢ .5 2100 3.0
Yh 190.2 91 *i9 -8.2
Hg 93,8 130 +30 +30.3

GAMDAT. The most-sensitive product isotope from each element
was selected from one of the four irrvadiation, decay, and count-
ing vegimes listed in Table 22. The detection limits are inter-
ference-free, and no effect of neighboring photopeaks or Compton
background under the peak of interest is considered. As such,
these limits have proven to be too low, As a rule of thumb,
guantitative analyses in real samples usually require about 10
times higher concentration than those listed.

SUMMARY OF ROUTINE ANALYSES

The automated and absolute activation analysis technigue
has been applied successfully to many different types of samples
generated in different Savannah River programs. In some programs,
gctivation analysis has been the only source of multielement data;
in others, the technigue is used in conjunction with other element
analvsis techniques to provide more-complete elemental analysis.
These other techniques include inductively coupled plasma (ICP},
DC arc emission spectroscopy, X-ray fluorescence, spark source
mass spactrometry, and atomic absorption spectroscopy.
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TABLE 22

Interference-Free Elemental Detection Limits?
of the 100-mg **2CFf Facilidy

Dateotion

Element Limit, ppm
Bu, Dy <0,001

Mn, In, 1291, Try Au,

Lu, Ho, Sm, Re, ¢'%puP 0.001 - 0.01
Na&, Sc, Lo, Ga, Br, Ag,

sk, ¥, Cs, La, Pr, Tm,

Yh, Ta, W, Pr, As, Se 4.01 - 8.1
Ar, K, Cr, V, Cu, C4,

Ce, Nd, Gd, Tb, Er, HF,

Hg, Ge, Sr, Nat. U5 0,1 - 1.0
Cl, Zn, Mo, Ru, Rh,

P4, Te, Ba, Os 1.8 - 10
F, Mg, AL, Ti, Ni,

Sn, Rb, Y 10 - 160
Ca, Fo, Zr 100 ~ 1000
Pb, O, S >1000

a. Based on 100 counts in photopeak from 15%
efficient Ge{Li) detector. I0-gram sample
is assumed. The lowest detection limit for
each element was selected from one of the
listed regimes:

Irradiation  Decay Cownt

Regime  Time Time Pime Cycles
1 G sec 1 sec 6 sec 50

z 1 hy Smin 3O wmin 1

3 1 day 1 hr 36 min 1

4 7 days 1 hr 30 min 1

B. Based on the %% efficiency of the delayed
neutron detector.
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Table 23 shows the types of samples analyzed and the range
of elemental concentrations determined as a function of samgle
type. Many of the results were determined in the 100-mg 2°°Cf
facility. The results in Table 23 were part of a study of the
effects of stack relsases from a coal-fired powerhouse on minor
and trace element contents of neighboring seil and vegetation.

Many other routine analytical applications have been found
for neutron activation amalysis. Applications include:

# Chloride content of various plastic tapes and oils used at
Savannah River.

e ?°7 and "°Tc content of irradiated light water reactor
fuels.

# Uranium and plutonium content of plant process streams and
waste.

& Mercury content of fresh water fishes.
# Elemental composition of plant radioactive waste sludges,
¢ U/Al ratio measuresments in reactor fuel fabrication studies,.

¢ Analysis of trace elemental content of streams following ion-
exchange pre-concentration.

# Stream pollutant source identification,

s River sediment characterization.
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TABLE 23

Elemental Concentration Ranges Measured in Typical Samples

Mo

W

#h
Dy
Fe(4)
Ma
AY{%)
Tif%)
KE%)
Mg(%)
1%}

Comden tration, ppn

fLoats

3 -5

18 ~ 30
3G - 300
5 - 60

5 ~ 30
100 ~ 135G
5 - 10
I~ 3

15 - 25

5 - 10

5 - 30
i-5

1 -5

15 - 30
4.1 -1
0.5 ~ 2
4.5 - 1
0.5 - 1

1 -5

I -3

40 - 58
1~ 5

20 ~ 46
0.2 - 5
G.2 ~ 0.4
100 ~ 250
1 - 10

A - 56
3.5 « 1

Fly Ash
35 -~ 38
150 - 309
200 - 300
0~ Bo0
5 - 104
300 - 1000
50 -~ R
10 - 20
100 - 250
58 - 100
50 - 0
5 ~ 33

16 - 20
100 - 300
I -5

S~ 20
3.5

5 - 10

it - 30

5 - 15
360 -~ 400
19 - 24
150 -~ 230
T - 30
1~ 2

300 - 2000
20 - 100G
5 ~ X
150 ~ 3nD
5 - 10

Soile

1 -5

0 - 30
100 - 500
.5 ~ 5
0.5 -~ 5
0~ 50
i-5

5 - 1k
P~ 2
-1
0.2 -1
0.5 ~ 3
30 - 80
0.3 - 2
0.5 ~ 2
8.5 - 1.5
5 - 10
5~ 20
i-5

16 - 50
1~ 10

5 - 5840
5.1 - 4.5
4.5 ~ 1.5
188 ~ 300
0.5 - 2
0« 3

1 -3
0.2~ 1.5
1006 - 500
8.5 - 2
0.1 - 0.5
.85 - 0.3
0.5 - 2

Vegetation
0.3~ 0.2

5 - 10

06 - 300
10 - 50

4.5 ~ 5

8.1 - 0.5

1 - 13

1.5 ~ 2

9.1 -2
4.1 - 10
¢.05 ~ 0.10
10 - 200
0.63 - .18
1~ 15

150 - 250

5 - 50

9 - 180
4.007 - 0.0%
0.6 - 1.1
K.D. - 0.4
0.14 - 0.27

Ugtection
Senattivisy®
0.91 - 9.1
.31 ~ 1
.001 - 8.01
$.01 - G.1
t.01 -~ 0.3
¢.1 - 1

6.01 - 0.1
6,001 ~ 0oy
g1 - 1.0
0.61 -~ 0.1
0.01 - 9.1
0.81 - 0.1
0.0 - 0.1
0.1 -1

4.1 - 1

0.0; -~ 0.1
4.001 ~ 0.01
0.1 - 1

0.5 - 5%

9.5 - 5

o~ il

6.01 ~ 8.1
0.1 - 1

<, 004

6,81 - 0.1
¢80 ~ 0.1
1~ 36

1 - 19

4.01 ~ 0.1
Wow 10
<001

4.0 ~ 0.5
g.01 -~ 8.1
8,001 - 0.01
4.001 ~ €.01
4.601 - 8,01
0.000 - 0,01
4.801 - 0.91

a.  ‘The calculated detection sensitivities refer to the 100-mp Cf facility;

values are interference free,
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APPENDIX A: Data Reduction Tables
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b 8d=3 T96H.20 6,403
2.85-3  372.00 2.5%-3
8.90-4 175,80 8.90-4
ﬁ-ﬁﬂ*% 559$10 by bbby
Zobih~4  G06,60 2.27-4
LoT7~% 547,40 L.b¥-%
G BO=5 286. 50 B.00D=-5
S.00-5% 637.90 5.00-%
2,805 1400.50 2505
3.636008 05 &
£ 3H~2 Z282.%2 A.25-2
91 &Q"é‘

96615
197.0%
111%.20
1102.90
1069, 10
349, 34
176,49

102.40
258480
1. 60

T16.00
1080.00
514,00
47.60

361.70

L582.40
T86.10

Til.a0
830.40
779.40
465, 00
875.90
121.60

177.24
148,20
394.00

Fil.60
207.80
670.74
419.80
882.90C
42%.80
509,00
11409.00
T67.80
L279.90C

113.80

24471
5.22~2
1.50~2
5.00-3
T.80~4
PR )
44105

1.10~-1
14942
4. 710~4%

7.00~3
1003
3.00~4
.0 ©

&.00-3

L.90~3
1. 50~4&

Ta20~1
1.20-1
3.80~2
2.00~2
l.10~2
71.00~3

2418~}
1-?1-2
1.30~4

2:051
6-35""3
2052*3
8304
Fe85-4
FOTL odl
i.65-%
6. T9-5
4.50~5
£+50~5

24022

123 -

1177.94
£15.65
392.51
337.32
230463
432.72
242.50

283.80
531.00
133.70

633.00
621.00.
47193.00

153.7¢

1663.00
1830.30

280.20
530.10
2i5.20
&91.00
1401.40
i1t.80

109.78
261.00
156 .64

124.040
2TT.40
183. 40
G12.80
60860
6T1.70
693.20
T44.90
586. 00
1284 440

144,86

1e48-1
3.93~2
La36-2
3.30-3
7. 10~%
1.30~%
4 ,00-5

8.00-2
La68~2
0.0 0

T 00~3
1.00-3
3.00~4

3.00-3

1.20~3
9. 305

3.590-1
1+ 00~1%
3.80=2
1.90~2
8.C0~3
7.00~3

i-81~1
leli—2
8.10-5

Do 102
5 .30"'3
2403
7704
3.05-4
20204
1-50“4
b.60-5
4.00-5
2« %05

3.60~3
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£6. 79
1311.95
i003.2¢6

8T1.95

93.92
1285.90

165.30
213,00
#4.50

2T19.60

575.00
&95,00

£50.00

1750.00
49.10

T52.50
678+ 40
951.60
260.10
1427.50
1283430

£30.53
20475
625,00

116. 60
237.10
132.20

85.60
191.70
363. 00
105.80
455460
1395, 50
499 .40

137.66

1e37~1
Z 192
9. 80~3
L. T4~3
baTO=4
1.10~%

4. 632
led9-2
¢.0 0

6,003
8.00-%
2.00~%

3.00~-4

34 10~4

9.0 0.

1.60~-1
Te00~2

3o 60-2

1-80”2
7o 003
4.00~3

l.47~1}
24403
3605

2+30-2
3.02+3
D 16"""
b4 004
2 T0%
1097'*
1.20~4
Ha 00'5
2. 805
Z2.00-5

1., 103

7l.2
Tla3
11.%
T1.%
Ti.&
T1.7
Ti.8
T2.1
12.2
T2.3
T2.4
T2.5
T2
12.7
T2.8
3.1
13.2
13.3
T3.4%
73.5
3.6
T3.7
73.8
Thel
Th.2
T4e.3
14 .4
T4a B
T4.6
14.7
The. &
5.1
T5.2
5.3
75 .4
T5.%5
5.6
T5.7
5.8
76‘1
Tha2
T6.3
Too%
Tha3
Thebd
T6 .7
ta. 8
TTal
TTad
7.3
714



Table A-3.

CODE= 1§

HFL7S
343,40
161,30
LULTOM

88,35
201.84
Y8177
150, 39
941,70

1230.70
760440
363 .50
YB17TH
104 .00
LuLT?
208. 40
136.70
HELTBME
“26,37
HFLT9M
214,30
HF 1 80M
332.31
500. 71
HF18]
482,00
476,00
¥ 181

6.21
TaLBZ

87 .80

1231.01
179,39
112,70
927.70
116440

1610.00
TALG8ZM
171.59
W 183M
107.90
102,50
W 185
125,40
REL &6
137.15
773,28
W L87
685.70
551450
514, 70

Continued

MEMBER GAMDAT

6048008 G 8
8a50~1 89.40 3.40~2
3.00~% 318.90 0.0 0

1.33200& 04 10
B.45%-2 L15%.30 7.00~6
8. 007 1220483 6,007

6840008 02 22
1. #2-1 1080.10 4,722
9.00~3 1199.70 6,003
3.G0-3 1109000 ZaDQ“a
5.00-4 16249 5.00-4
2,004 133640 L.00—-¢

6500008 00 3
6301 F28.00 1.30~1

S.T9Ta4E 05 7
6.10-2 183.00 2.80-2
2ell=% 55.80 0.0 @

%.30000E Q0 &
FaTl-1l 325.56 F.26~1

L.B6000F 01
FatO-1 16060

1.98000F 04
930~1 443.18
1a30-1

3.,672008 06
B.60~1 133.02 4.3¢-1
4+30~3 615.50 £,50-3

1.05002E 07 3
9.,80«3 152.50 9.80-4

9.935%99E 06 33
4.0~ 1312%.30 3.58-1
e b1 222.1% T.60-2
3.10~2 156.3% 2.70-2
1oB0-2 129730 1.60-2
To00=-3 1273.70 6,903
4.00-3%3 1342.60 2.80-3
5.00-% 1453.00 4.00-%

$.200008 02 5
2001 L46.79 3.00~1

5.30000E 00 8
1.90- ¢ 52,60 1.10-1
4.00~2 210.30 1.00~-2

6.48884E Q& 1
l-?0“4

3.20040F 05 7
Rel2 T8Te5) 248864
2.00-7T 4T6.42 Q.0 O

B.603%9%9E 04 45
3. 201 479.50 Z.60-1
5.00-2 TT2.80 4.80-2
1. 703  466.%0 £.00-3

433.00
54,10

ioat.el
1204.85

1241.40
899,20
L4t. 17
F67.40

52.40

32140

Z13. 44
37%.00

215.2%

345.85
£19.00

136.25

1221440
182.494
84. 1€
1289.10
31.70
1373.80
12%.40

184,95

99.10
59.30

630. 3%

12.00
601,20
864460

led(—2

3,80~
4-00—?

2.90~2
6. 003
£+003-3
3.00~-4
0.0 Q@

lnGO“3

ie 96"3&
5.00-3
8,001
let0}
3-60_4
‘0. 1 0"‘“
2771
T430~2
26 T0~2
le50~2
4. b3
2.40~3
2« 004
2001

9 Q02
0.0 @

2. 5@"'“

lelO-1
1.60-2
ﬁ-ﬂﬁ“ﬂ

124 -

229.6C
1138.2%
124768
121462
119,60

178,36
458,10

249.70

88.88

57.5%

136,25

1189.035
229.52
65, ¥0
196.40
Lk13.20
42.780

318440

45450

333.40

134,20
625.40
T45.20

6.00-3
14106
1.0G-7
& =902
5. 003

1.C0-3
3.00-4

9.00-~4

6.20~1

4o 80~1

6. 102

tabb—}
3 - ?0"'2
22702
Io50~2
42103
2.40-3

2« G0~2

8.00-2

6£.00~7

1. 00~1
14302
3.40-3
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1£3.80 3.00-3

9. 007
L« G0~-T

535,42
95T .40

138.61
1028.00
268.840
1214.80

1eil-2
5. 00-3
1« Q03
2o Gt

T1a60 7004

9301& {.ﬁ?"i

93.33 1. 70~}

136.68 1.80-2

iwfede—-)
264.07 3.60-2
1001,70 2.10-2
1157.40 1.00~2
5910 4.00~3
£387.20 9,004

10040

356447 2403

160.50 6.00~2

296 .90 5.00-7

Toh(=2
le 302
3.00-3

£18.20
478.20
473.80

77.5
1.6
TTa7
17.8
T8.1
78.2
T8.3
T8. %
78 .5
8.6
T8.7
78.8
Tl
T9.2
T9.3
79.4
79.5
T 6
79.7
79.8
8.1
80.2
80.3

B4

80.5
80.6
80.7
8Q.8
Bl.lL
Bl.2
8i.3
Bl-4
Bl.5
8l.6
81.7
8l.8
82.1
82.2
82.3
8. %
B2.5
8246
B2.7
82.8
83.1
83.2
83.3
Bl.%
83.5%
83.6
83.7



Table A-2. {ontinued

ConEs

%37.50
197,30
21160
£25.60
128,00
6L 10
REL88
155.00
1610.00
452400
1957. 00
S6T 00
12100
1888600
RELBEM
53.80
6l.18
8191
129.40
O5191s
Taa38
IRi9z
3i6.50
6L2.45
41b.44
136,38
1020, 40

[Rigzml

58.00
05193
&4 .90
557,36
06, 9%
251 .62
288 TP
£3%-58
420,30
486. 14
418.35
695212
R 194
328.50
538,87
289.39
482.83
FODO. LT
(048,65
P797.40
1785.840
Zli%.20
PTLOSH

MEMBER GAMDAT

3.00-3 BY9.50 2.80-3 529.60
Z.00-3 20& .40 L.50~3 246,30
T G0~4  T35.60 6.00~% 223.10
1004 180.20 0.0 0 145,10
0.0 0 122.50 0.0 © 113.7¢0
C.2 O 6l.10 0.0 @ 97.20
6.01200E 04 35
1.00~F £33.00 9.00~3 478.00
F.00~4 1132.80 £.00-4 672.00
4000“& 1803.00 3409"" 1732.00
1004 1786,00 1.00-% 1457.00
1.00~% 3881.00 1.00~4 321.00
8,00-3 963.00 8.00~5% 641.00
4. 00~5 1230.00 4.00~5 977.00
1-1Z2008 03 6
F200-1 [06.,00 2,101 92 .40
a3 0
1.33056E 06 &
1. 00 0% 47.08 1.50-3% B2.43
4.69080FE 04 1
G.0 ©
Gu 39533E 06 22
Badi=1l 468.06 4,76~1 308,45
5.18~2 S88.57 4.64~2 205.79
te33-3 1061.60 4.80-% l76.98
. 30~5 1378.50 1.00~%
8.51999%E OL %
3.98~% 316.5%0 1l.01~% 295.95
1134008 0% 50
L PO d 138.89 ¢,27~2 460,69
1.30~2 73.58 1302 321.56
by h0~3 78,463 5.14~3 559,26
2,173 1BLl.8] 1.94-3 298.83
iotd~3 6. BZ G F0O~4 532.02
5. 10-4  1534.74 3,004 874,36
1a66~6 524,98 1.60-4 T1Z.10
L. 10~-4 357.70 9.90-5 440.95
5505 413.80 4.70-5 197.40
2:.80-5 333.30 2.8G-5 201.50
6. 9BIV9E 04 43
L30~1 293.5%% 2.680-3 45,32
5. 70~3 300.7L 3,503 822.05%
Le%0~3 1822.40 6.90~% 593,72
5,904 121B.90 5.80-4 117%.42
e 406  497.00 4.,00~& 13423.4])
Foll-d 925,26 Z.90-% 528,95
2.00-% 332.00 Z.00-% 1562.81
1.00~% 16T0.7C 8.70~5 2043.67
3.00~5 1924.33 2.90~5 1832.00
3.4T328E 05 10O

2.00-3
1.‘0"’3
6. 00-4
0.0 ©
0.0 O
g,0 ¢

be. 00""3
7% 00"'"
24004
1.G0~%
1. 09'4
8,005
4. 005

1000'1

1.00~3%

2498~}
3036*2
3.%'3
1G04

20158

3.95~2
1.26-2
4, B&~3
le86~3
8304
10 90“‘4
1v54“‘§
9. 20~5
Yu T0-5
2+ 80-5

feld2
3430-3
6 BO~4
5. 704
3,704
24 904
1.80~4
5550"5
24605

125 -

302,28
£080. 50
160.00
136430
1064590
#%.20

$32.00
485.00
1150400
LHLT6.00
297. 00
1368.00
846 .00

156 .00

41.85

295.95
484.57
884,52
110.409

€12.45

63,28
387.46
3bl.01
180.03
142413
573.33
379.04
639.09
848. 85
516430

115C. 86
1183.63
509.70
6497
599.00
1807.50
1488.00
492.00

2.00~3
1.00~3
3.00~%
Q.¢ 0
Q.C O
.0 O

%.00~3
5.00-4
2e 004
1004
l - OG'-#
T.00-%
% .00-5

1.20~2

J.0 ©

2a9i-1
. 11-2
Zals=3
6. 60"'5

3. 50~¢

3872
leit~2
& ath=3
1.82-3
TuB0~4
1.904
1.38~4
7450"'5
4= 30~-5
2e 405

6003
R e90~3
6o 50~h
- ]
3604
2o TO-4
le80~%
6. 005
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252.20
239.10
220.70
132.20
58.20
36.20

829.00
130%.90
824,00
1019400
1322.00
17Ti.00
63.00

169.50

604% .40
IT4.48
£83.26
280.03

1301
280443
21913
48425
AT1.31

58.70
514.95
350.20
891.24
33r. 710

530.140
146922

890.30
1293.%0
1812.40
i104%.08
1803.00
1432.20

2003
9e QO~4
3.00~%
0.8 G
0.0 ¢
.0 €

3.00~-3
%o 004
24 004
L.00-%
8.00-5%
T 005
0.0 ¢

Z4 QG0~3

B8.07-2
¥.39-3
22953
3.306-5

3,842
1o 2642
2.T7-3
e 703
To 104
L T0-%
1a10-%
T.10~5
2.80-5
1o 20~%

6. G0~3
1. 86+3
B.40~%
. G604
3,404
2704
1. 70~4
4,005

83.8
4.1
B4%.2
84.3
B&.4
8%.5
84 .b
84,7
84.8
85,1
85.2
85.3
85. 4
85.%
85.6
85,7
85.8
H6.1
86.2
86.3
86. 4
865
86.6
85.7
86.8
aT.t}
§7.2
847.3
81.4
87.5
871.6
87.7
87.8
A8.1
8.2
88.3
88.4
88.5
88.6
B3.7
88.8
89.1
9.2
89.3
8% %
89.%
8%.6
89,7
9.1
90.2
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Lo0Es

98.86
L40 .50
P97

T35
HGL9T

T1.35
auyl9a
411,80
etTise
542 .70
191.7¢
468400
240.00
2%8. 10
1072.00
609,80
HG203
Z¥9.21
TLED6
803.30
BIZ10M
265, 70
329.10
TH233

86,60
670.00
805,00
T17.00
596 .00
514,00
433.00
202.00
143. 00
PA233
311.89
398.47
NP239
106411
1Toe

i

Continued

MEMBER GAMDATY

Lolteml 129.74 2.83-2
2.90-4 130.05 0.0 0

b.480G0E 04 3
8.00-1 191.50 2.43~1

2.34000€ 05 3
2.4i~1 191.50 8.90-3

2.32934E 0% 3
$.47-1 675,88 1.05-2

1.86000€ 03 31
1.00 0% 493,50 3.80~1%
1.60=1% 714,10 L.20~1#
6o80-2% 465,70 6.20~2%
1.20-2% 225.90 1.10-2%
4. 50-3% 864,60 3.10-3%
1.60+3% 766,00 L.40-3%
1.00-3%

4. 040068 06 1
B.15=1

2.520006 02 1
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8.204B0E 13 &
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0.0 & 131.00 0.0 0O

233300 06 o
3:60~1 9B.4 1a35-1
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2.03000E+05 5
2.3%~% 2TT.%56 le4S~-1

3p.88
19.94%

269,20
268.00
1087.6%

alr.a0
4T4.50
323.60
425,10
752.60
835,30

649.80

459.20
935.00
158.00
643,00
563.00
491.00
360.00
i79.00

95.90

300.12

Z28.14

1.95-2 239.21
.6 0 28.40
Lo 702
6004
ZeZT-3
3. 40-k* L1B5.80

T.80-2% 967,70
2.80~2% 219,40
Fe40-3% 644,30
2.80-3%1103.20
1.30~3% 179,40

5.60~-2% 344.00

169,00
875.00
140.00
610,00
5%3.00
448 .00
257,00
162.00
56.70

o
i

CoOoLODOoOoN

&
COeOCOOOoQ

Ll * & ®

ir (=R eRRoR ool o
"y

340,47

:

1.40-1 209.73

126 -
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5 204
0.4 0

2e30)w
To30-2%
Labl2%
Ga20—3%
190~3%
1.30-3%

1024

COOOOTOmW

3.90’“2

34302

211.28
19.80

2446..50
T91.20
417.50
505.30
850.60
786.20

369.60

195.00
816.00
T25.00
600.00
5271.00
441.00
21000
153.0¢

415.78

334.27

3.80-4
0.0 0

10&“"’1“

To 30~dx
2.50~2%
5. 103
L 7T0-3%
te20-3%

1e30-2%

*
<
T
i

3

o
*
o
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(=]
*
]

o
»
[

Q.0
0.0
2.0

ODQOoOoOLOD

Lo 860~2

24 102

90,3
0. 4
90.5
0.6
90.7
90.8
91.1
91.2
91.3
Gleb
91. 5
2l.6
FlaT
91.8
9.l
2.2
92.3
2%
2.5
92.5
92.1
92.8
3.1
93,2
3.3
G3.4
93.5
G3.0
93.7
93.8
4.1
G4 2
G54.3
Gh .4
G4, 5
4.6
sl
94. 8
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Table A-4. Flux File

LODE= 1}

MEMBER FLUXFL

00 3.480E-03 6.120E-03 84 RING | LOOMG

3-496E-05 9. 83TE-08
o Gt BE-O% 4. 120E~04
£s30LE~Q4 1.990E~D4
2. L90E~U% L. 966E-06
1. 7O0E~04 1.6TOE~Q4
ToB3TE-CR T,.4556-05
5. 346E~CF bo BBEE~0US
6, H08E-05 &.39BE-05
H.646E-0% 5, 530F-08
2sb&OE~04% 3.521E-04
8»027&*&& 8.37T1LE-Q%
4, 2BLE-0% 3. 043804

L93TE~04
3. 737E~04
L.77TE~D%
LeBTI3E~OH
L«63BE~-04
Ta313E~05
&a LLOE-OS
5.640E~05
4. T&E1E- 04
Ba%13E-04
1«9&35”04

2.9586E-04
3.823E~C4
1+605&6-04
1+B4TE~D%
1.605€E-04
T«491E-03
6. 72TE-CH
T23256~0%5
G 4b4E-D8
5.052E~04
Ba4121E-04
1« 099E=00

10 1.370E-03 L.990E-03 84 RING 2 LOOMG

3.686E-05 9,83TE~05
%, %BE~04 %.120E~04
4£-301E-06 1. 990E~04
2. L90E~0% . F6GE~0Q4
L. TO0E~04% 1. 6TOE~C4
T53TE~05 T.455%E-Q5
b. 968805 6.BB6E~05
&.405E-05% 6,.398E~05
5.646E-C5 5.5%30E~-05
E-GBOE~ D4 3.521E~04
B.02FE~0% B.371E~04
4. 251E~04 3, 063604
PG

log3?E”0@
3. T3TE-04
1 TTTE~D4
L.873E~04
1-638E-08
T373E-05
G6. BOGE-O5
&. 110E~05
5:64GE“05
e TOLE~D4
Be%l3E-00
Lo963E~04

24 956E-04%
3. 823E-(4
1.805E~C4%
LaBATE~04
1. 608E-04
T.291E-05
6. T2TE -5
To3I25€~05
Hebb4E~(S
5.852E~04
BalZlE~C4
1099504

2520CF SOURLE

3.925E04
3.501E~04
La459E~04
LBZLIE~D%&
T.153£~05
7.209E~05
B4 H4IE-0D
Le 4 20E~-05
T-930E-0Q5
6o TILE~D%
15006~ 04
4. 96BE-05

4.T42E~0%
2. 329E-D4%
1. 323E~04
1.TETIE-CA
7. TOQE~0G
Tal2 IE~0S
60571E-05
5. 6H9E~DS
1.231E~04
To282E-04%
6.59ZE~04
L«548£-0%

252(F SOURCE

3.925E~04%
3.1CLE~O4
1.821E~04%
T« T53E~05
T 2LHE~Q5
6 HAIE~0H
1.420€~05
72930605
GeT34E-D4
7.50CE8~0%
4+96BE~0%
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44 T62E~0%
2329E-04
1323604
1.7R27E~0%
T TRRE~QS
1. 127E~05
6.5T1E-QS
5. 689E-0%
Le231E~0%
T+2B2E-0%
6 5IZE~04
1.548E-05

1 PAGE

44 4T5E-0%
ZeTBLE=OG
20“71E“04
1.T91E-04
T.619E-05
T+ 046E~05
b AHYBE-GS
Ge TZLE~D5
Tuh34E-04
54148~ 04
2 .QC0E-Q6

LW TIE-Ck%
2-TBLE~D%
£ad TTE~(4
LaT41IE~-D4
T2619E-05
T+ C4A6E-05
6 495E-05
5.721E-05%
1.861E-04
To434E~Q%
5.‘745“04
2.000€-06

32

3.7
3.8
el
4o
4.3




Table A-5.

CODE=

N L&
£ 20
NA 24
NA 24
MG 27
MG 27
AL 28
AL 28
AL 28
5 3T
CL 38
AR 41
K 42
LA 4%
5¢ 46
SC 46M
T 51
v 52
LR 81
LR 58
MN 56
HN 56
FE 59
L0 60
L8 &0M
Nl &5
LU 64
LU &8
IN &5
N &69M
GA T¢
Ga 12
GE 15
GE 77T
GE T5M
GE ?7H
AS 76
5k 718
2E TIM
SE YoM
SE B
SE 8iIM
BR BO
BR B0M
BR 82
RE 86
RE 88
SR 8%
SROE5M
SR oaTH
¥ S0M

H

€rass Section File

MEMBER SIGHMAF

16

Fi9

N&Z3
8,27
MG26
ALZ2T
ALZT
si2é
P31

536

CL37
ARGO
K& g

LasB
5045
S5C45
Ti50
V&1

LREO
CRS4
BNES
FESS
FES58
CO59
L0ss
NiGSG
Cua3
Cues
Ihb 4
INGSB
GasS
GAT1
GE 14
GETS
GET4%
GETH
A57%
SET4
SEVe
sk?8
SE80
SE80
BRTG
BR79
BR81
RBES
RB87Y
3Ra4
SRES
h214.0.1
Y8e

PO
GO
60
AG
GO
PO
GO
PO
AG
GO
GG
GO
GO
GO
GO
Gl
G0
GO
GO
G0
GO
PO
6Q
GO
Gi
GO
G0
GO
&0
13 |
134
GO
GQ
GO
Gi
Gl
GO
GO
6l
Gl
&0
61
GO
Gi
GO
68
G
GG
Gt
Gl
Gl

CLOCODULLOODQUoOOULOOLOOULoORD DYool LoD OoODOOLOOOO0LOLOD

9. 9T6E~01
1.000F 00
L. 000E 00
1.0008 OO
1.1C1E~GL
1.000€ 0D
1.000E 00
D 220801
1. 0008 00
1.500E-04
2.423E~01
9.959E~- 01
6. TO0E~G2
1.300£-03
1.200E GO
1.00GE 00
5. 300E-02
F.915E-01
% .3508-04
2+ 360E~02
1 .000E OO
9. L TOE-OL
3.100E-03
1.000F OO0
L. QC0E 00
G 000E-03
64910801
3= 090€-01
4 .890£~01
1.860£-01
6.DG0E~QL
4 .000E-0L
2. 650E~0L
F.T00E-02
3.6406~01
Ta TO0E~02
f 000 QO
2. 000E~03
2.000£-02
22350E~01
5.000E~-04
5.000E~01
5. 089E-01
5. 06%E-01
4.931E-01
TL2LTE~OL
24 T83E~01
5.600E~03
5. 600E-03
9. %008~04
1.000& 00

L+ 600K
1. 900E
2..299¢
Z.698E
2.598E
2.698¢
2.698€
2.798E
3.097€
3.597€
3.697E
3.996E
4.096E
&, 795¢
4,496
4.496E
4, 994
54 094E
4.995E
5,394E
5,493
5.593&
5. T793E
5.893¢
5,893E
643936
64293
64 493E
5 .393€
6. T92E
6.893E
T 192E
T.392¢
745926
7.392E
7.592E
7.482€
7.392¢
7.592€
7 1928
7.992€
1.992E
7.892E
7. 892E
8 J092E
8.492E
8,692
8.391€
8.391¢
B.591E
8.B91E

0.0

F.600E-27
3300825
0.0

3.BOCE~-26
G.0

Z2u310E-25
Q.0

Qe

1.5006~-25
4330825
64 400E~25
1« 46CE~24
L« iDOE~24
2. 600E~Z3
1.700E~23
1« 790E-25
4. BBOE~-24
1 «590£-23
3.B00E~-25
1+3306-23
G.0

Lo EA0E~-24
3.T008~23
1.900E-23
L« 49CE~24
. 400E-24
2eLTOE~24
7.800E~25%
T+ 200E~26
1. 7CCE~2%
4 TO0E-24
G4 20Q0E~25
1.6008~25
1.600E-2%
1+ 000E-25
5.800E~23
2+ 100E~23
3.800E-25
T.000E-25
1.300E-24
1.0808~23
2 400E=-24
2aT00E~24
4ehTOE~25
1. 200625
8900~ 25
3.90CE~25%
B.4G0E~25%
L.0008-27

128 -

0-0

1. T0CE~26
3+ 100E-25
G.0

2.5C0E-26
0“0

L+ 10QE~258
Q.0

0.0

Cu 0

%« Q00E~25
4.10QE~25
1. 40CE~24
5.000E~-25
8. HOCE~24
0.0

1 «200E-25
2. TOOE~24
7.600E~24%
2.500£~25
1o 420E-23
0.0

1.1008~24
T-500E~23
T.500E~23
i.000E-24
54000624
24 2Q0E~24
1o 4UQE~24
2.000E~25
1.60CE~23
3.1006~-23
L21l00E~24
2+ 000E-2%
0.0

080

balOQ£“23
0-0

3. TOCE~2%
3+000E-25
2.00CE~24
B0

3.600E~23
5i.30CE~-23
T« 000E~24
3. 00GE-24
1. 200623
8.0

0.0

0.0

1 PAGE
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.
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»

3.3
3.4
3.5
3.6
3.7
3.8
4al
o2
“e3
4ot
4.5
hab
&, 7
4.8
Sel
S.2
B3
Gake
5.5
5.6
5.7
S5« 8
6.}
6.2
6.3
bet
6.5
Geb
67
6.8
Tel
T.2
T3



Table A-5. Continued

CCObE=

IR 9%
IR 97
NE GaM
MO 99
MOLOL
By 97
RULGS
RULOS
BRHLOG
RHIO4H
POLO3
BDLOY
POLOOM
POEEL
G108
AGLLO
AGLEIOK
COELIIM
LoLES
Cation
CogLy
LOLLTH
FMLl4
INLL%H
INLLG
Il leM]
SHiL3
SNELIM
SM120
SH123M
EH1Z5H
58122
SELZZM
8128
SBI24ML
SB1ZAM2
TELZ3M
TELZ5M
YEL27
TELZ2M
TE129
TELZ29M
fEL131
§ 128
P i30
P OI30M
{5134
CHl 34
BALIL
BALITH
BAL39

i

MEMBER SIGMAF

IR %

IRG&

NB93

MO9S B

MO1o0
RUG&

Rule2
RUL1O4
AH103
RH103Z
pOLO2
PDLOB
PR10S
POLLIO
AG107
AGLO%
A6109
Co110
Rile
Colire
gilis
CBLié
Chlis
(W]
COLLS
{pils
SMiL2
Snilz2
SMI22
SNi22
SNi2%
$Biz1
B2l
SB123
B3
58123
YELZZ
TELZ24
TELE®
YEL24
TEiZ8
YELZS
TEL30
127

EL2g

1149

£8133
C5133
BAL3D
BAL 36
Bal3g

GO
GO
Gl
GO
GO
GO
GO
60
L
&l
GO
G0
&1
GO
GO
&0

COOUQDLOLCO LoD RDOLDOCORVOORDOORQLALLLOROOLOODODODO OO0

1. 750E~01
Z.800E-02
1.0008 00
2o %46 0E~G1
P 500E~-02
5, 500€-02
3.1606~01
i .860E~01
1.000E QO
1.000E 00
1 .00GE~Q2
2. 670601
2.670801
f.180E~01
5. 1836~01
4.81TE~OL
4. BLTE~OL
1.240E~01
Z«BBOE-QL
2. 880E~Q1
7.600E-02
F 600602
%.300E~02
4, 300E~-02
F.5TQE~DL
9. 570E~01
i« GO0E-0OZ
L. Q0CE~Q2
4o TOGE-02
4 . TO0E~02
5.BO0E~Q2
5 .730E~01
5.730E~01
Y2 2TOE~O3%
4,2 T0E~01
%o 2TUE~OL
2« %Q0E-02
4.600E~B2
L.870E~0Q1
1.8708~01
3.1808-01
3,180E~01
3.450E~01
1. 000 00
10008 QO
1.000E 00
1.000E QO
1.000E8 00
1. 0GDE~-03
T.B00E-02
T« 190E~01

9.591E
9.290¢&
9. TH1E
9.99 1€
9.591€
1. 019€
1.039E
L.029€
1.029E
1.QL9E
1.G79€
1.079€
1.099€
1.C69¢
1.089E
1.089E
1.099E
1.139E
1.139€
1.159€
1.159E
1. 129E
1.1298
1. 149E
1. 149€
1.119€
1.119€
1.219E
1.219E
1.239€
1.209E
1.2096
1. 229
1.229€
1.229€
1.219E
1e239E
1.259€
1.259E
}.279E
1.279€
1.299E
1.269€
1.289E
1.289¢
1.329E
1.329E
i.30%E
1,359
1.379€

(111
01
151
421
(131
131
13
oz
G2
42
02

02
02
G2
02
02
2
02
o<
02
02
02
a2
02
0g
474
02
02
02
174
0z
02
[
(rF4
QR
02
02
02
a2
Q2
02
02
02
4
b2
02
02
Q2
o2
1 74

5.500E~26
2.000E8~28
0.0

1 3Q0E~25
2.000E~-25
2.5Q0£~25
1+300E-24
4. TOOE-25
1+34Q8~22
$+100E~23
5000E~24
P-119E~23
1.900&~25
1.1008~23
3. TCO0E-23
8.800E-23
% 0C0E~24
1.CO0E~25
3.000£-25
2+500E~2¢
5.000E~ 26
2.500E-26
3.000E~24
T«BOQE~-24
2.020€8~22
1.6108-22
T.000E6-25%
3.0008-25
1.5108~25
1.0008-27
L. 3GQE~25
6.160E-24
6. 000E~26
4.040E~24
4 D00E~-26
2+000€~26
00

5.000E~26
9.000E~25
1.300E-25
2400025
1+ 600626
2.0008~25
b« LODE~24
2. TO0E~23
1.800€E~23
2. 9508-23
2« SQ0E-24
1.050E~23
1.1006~26
4. Q00E-25

128 -

2 PAGE

3 -GOQE“'ZS
5. 0QUE-25
0.0

6+ 600E~24
3.800E~-24
6. 000E~24
%+ HO0E~24
1.1008~21
B.000E~23
0.0

2.0308~22
3. 00CE~24
2.000E~-22
9.400E~23
1.400E-21
1.0CQE-24
2300823
Qa0

2.0CCE-25
O-Q

2.500€-22
0.0

3.300E-21
2. TOCE~Z1
3.000&~23
0.0

1. 0Q0E~24
0.0

T+ QO0E«24
2.0506-22
0.6

1.200E-22
G.0

0.0

Q.0

0,0

1.0G0E~23
0. 0

1+500E-24
8.0GCE~26
5.000E~25
1-50QE-24
3.600E~23
0.0

4.300E~22
3.0006-23
3.000E~22
1. 000E-25
3.000E~25

Tak
1.5
Tu8
T.7
T.8
8.1
a.z
8.3
Bah
B.5
8.4
Ba?
8.8
9.1
9.2
9.3
9.4
9.5
9.6
9.7
S.8
10.1
10.2
103
104
105
10.6
LO.7
10.8
Li«1
Iled
11.3
bleb
11.5
1i. 6
i1l.?
il a8
L2.1
122
123
124 %
12.5
12.7
12.8
k3.1
13.2
13.3
13-4
13.5
13.6



Table A-5%.

LooE=

LALAC
CEL4L
CEi4a3
PRi42Z
ROEAT
NE 149
NBLSL
SHML53
SM155
gU152
EULSZM]
BEUIS2RK2
EUlSe
GRLSS
GOL&E
18160
DYies
OYielM
HL&G
HOLG6M
ERETE
THLTO
Y8169
¥B17S
Y81t
YBLETH
LUui76M
LULTY
HELTBRE
HF LTOHL
MELE0M
HFLTS
HFLBE
Ta182
FALBEM
W LBl
W 183w
W 185
W 187
REIBo
RELBS
RELBBH
05191
05191M
05193
1R192
[RES2MY
iRL94
BPYL9SM
py197¢
BTI99
PYL9OM
AU198
HGI9T
HG LY TH
HG2O3
TL206
BI2LOM
PRZAZ
NEZ3S
STOP

1

Continued

MEMBER SIGMAF

LAl3g
CEL4D
CEL42
PR14L
NDlaé
NDL4B
ND 150
5ML52
3154
EULSL
EWLSL
Eulsl
EUL153
G158
GD160
8159
OYlés
OYlies
HOl6%
H 165
ERLTQ
TH169
¥8168
Y8174
¥Blie
¥YBl7e
LuLes
Lut7s
HELZT
HFELTE
HFE LT
HEL 74
HF LBO
TAlSl
Yatal
wigy

Hig2

wigs

wigs

EELSS
RE187
RELIEY
{5190
05190
351%2
IRE9Y
IRi9l
IrR193
PYLYS
PT %6
P98
pTivs
AyleT
HGL96
HG 196
FG20Z
L2065
81209
Thiid
U238

GO
GO
GO
6o
G0
GO
GO

Qoo oLLLLLLALUOCLOORoOLOROOLOCLODUOSOCOOoOOOUCooOCeERLCTOO LoD

FoFILE-OL
8.850E~01
1.110€~-51
1.Q00E 00
1. T20E-01
5.700E~-D2
5.600E~-0G2
2.6T0E~O1}
2+ 2B0E~GL
G, TEOE-Q}
4o TBOE~D]
4., TEOE~QL
$.2240E-01
24 TUE~Q]
2. 1TOE- QL
1 -Q00E 00
24820801
2.820E~01
1-00GE 0O
L GOCGE QO
1-500E~-01
1-000& o0
1 -400E~03
3180601
L+ 2TQE=QL
LeZ2¥QE~0L
G TR0E-D]
1.85QE-01
2. 120801
1+3808-01
LTORE-D3
3.510E-01
9.999E~-01
9.9399E~01
1«300E-03
2.6308-01
1.%30E-01
3.070E-01
3.T30E~DL
4.250E~01
6250801
2 c§40€"'01
2+ &H0E-QL
%+ 100E-0}
32740801
3. T40E~01
6.260E~01
3.29GE-01
2.350E-01
74200802
T.200E-02
1. 000 QO
1 .5008-03
1-500E-03
2.9710E~01
T+ 050GE-GL
1. GOOE OO
1 .0000-00
F.R2BE-QL

1.389E
1399€
La%19E
1.409E
1.459€
1.419€
1-499E
1.5919E
1539k
P« 508
1.509¢€
1. 509E
1 -529E
1,579
1« 599E
1.58%9E
1.639E
14639E
1.649E
Lo 649E
1. 699E
1.639E
L.6T9E
1.73%E
Lo TH9E
L+ 759E
17698
b« 189
1. 769E
L.TIRE
1.78%€
1.739¢&
1« T99E
1809
1809
1.T99E
1.819E
L=840E
1.860E
1.850E
1870
1.8T0E
1.900E
1.900E
L.920E
1.910€
1.910E
1.930E
12960
1=380E
1.980E
1.870E
1.960E
1.960E
Z.020E
2.0%0¢
2.+ Q90E
Z2320F
Z4380F

a2
0z

02
e
Q2
G2
02
o2
g2
Q2
€2
Qe
02
a2
02
02
Q2
G2
02
o2
02
02
a2
02
i
G2

Q2
02
&
a2

4
02z
a2
o2
0z

a2
0d
g2
Qe
a2
174
02

02
oz
¢ F4

a2
Q2
g2
02
2
a2
G2
02
02

F.2008-24
5.600E~25
$.500E~25
1.150E-23
1300624
2.5008-24
L22008-24
2.080E~22
6+000E~24
9.000&-21
3.2006-21
44000E=24
3.80CE-22
£ «400E~24
T.TOCE-25
2.5006-23
2.7008~21
1. 800E~-21
6.5008-23
3«000E~24
5. TOOE~24
1.0860E~22
3.500E-21
6. 500E~23
2+ HG0E~24
0.0

1.600€~23
2+100E~21
i cﬁo%"' 2‘
5 .O00E-23
3.400E-25
4, G0CE~22
1.400E~-23
2+ LOGE~23
1.000E-26
1 +000E~23
2s1C0E-23
1.BOOE~24H
3.800E~23
1.100BE-22
T.5006-23
1.G00E~24
1.3008-23
. 000E~24
2.010E~24&
P4008~-22
4. QCOE~22
1.1008~22
F.000E~26
T.500E~2%
3.727e~24
2+ TROE~26
3.880E~23
1.200&~22
3.000E-21
5 O000E~ 24
1 -DQDE-25
1.9006-28
TubDCE~24
2. TOUE~24

3 PAGE

L «1l40E~23
4. B00E~25
1«HC0E-24
G.0

3.000E~24
1l.600E~23
1« TGQE~-23
3. 00C8~-21
3.000E~23
3. 300621
Qi)

0.0

1. 700E-21
6.000E-23
1.000E~23
4. 80CE-22
4. 000E~22
0.0
T.000E-22
0.0

4. Q0CE~23
1.7008~21
3.000E~20
3.000E-23
8.000E~24
G0

0«0

1.000E-21
0.0

4.000E-22
G. 0

5. Q0CE~22
%<OD0E-23
1.O0CE-Z22
0.0

0.0

8. 90CE-22
1500E~23
5.00C0E-22
1. 80CE~21
3.000E-22
G.0

2.000E~-23
8.0

5+00CE~24
4 JO0QE-2)
1.000E~21
1 400E~21
0.0

8. C00E~2%
5 .AQCE~23
G0

P 560821
6. 000622
4+ 000E~22
5.00CE~24
LDO0E~24
1.900E~25
8.50CE~23
£ B800E-22

13.7
13.8
141
142
14.3
149
i%.5
i4.%
14.7
14.8
5.1
i5.2
15.3
154
15.5
15.6
15.7
15.8
i6.1
i6.2
1643
i6.%
16.5
1&.6
167

- LB

i7.1
17.2
17.3
iTab
17.5
i1.6
17.7
i7.8
ia.l
18.2
18.3
18.4
16.5
18.6
18.7
18.8
19.1
19.2
19.3
19:4
1%.5
1%.&
1%9.7
19.8
20.1
20.2
20.3
204 %
20.5
20.6
20.17
20.8
2l.1
21le
2.3



Table A-8,

CORE= |}

3o
28 .00
55,00
30.00
150.00
350,00
1206.00
33
TP 4
26032
13.07
16,26
38446
131,00
33
1800.
65,79
40a 49
%1.5%
116430
192.20
%

625000
263.20
11630
16130
344 . BO

104170

95
540.50
38 .90
18252
25. 6%
58.70
2. 20

{6

&6

&4 10
2¥.70
29,00
89,50
22200

G4
100
L 00
1400
1.00
1«00
100

EFFCAL Data File

MEMBER EFFLAL

EFFCAL ENERGIES

25.04 30.00 35.00 40,00
&0, 00 65.00 10.00 75.00
25.00 100.00 110.00 1240.00
165.00 180.00 200.00 225%.00
%00. G0 500. L0 6LC.00 700.00
1400.00 1600.00 20006.00 24500400
FLUSH DROP TUBE EFFICIENCY
208. 3 128.2 . 60.24
21.98 18.52 1. 67 15.38
i2.83 12.66 12.82 13.33
i¥.70 19.42 2lei4 24,39
4% . %4 5618 6T.57 80.00
158.70 181.80 224,10 2T17.00
I=INCH RABBIT EFFICIENLY
540.5 333.3 222.2 153.80
5% 35 46.51 424149 4049
40.98 41449 42.92 44.84%
35.60 39.50 65480 T4.10
132.80 166,10 is8.00 230.40
454,50 520.80 653.60 840.30
EFFECIENCIES FOR FAR POSITION
}WTT.00 1754.00 1064.00 114,30
204, 1O 166,70 135410 125.00
k16, 30 119.00 125,00 i35.10
1 75.40 is8.70 208.30 232460
392.20 476.20 STiaa 64520
(204,80 1351.00 1667.00 2C41.00
8M3 POLY SPACER CISTANCE
AT H0 181.80 125.00 88.89
31.29% £25.6% 22.22 20a4l)
18.6% 18.9% £0.00 2l+51
Z¥. 18 30.30 33.%0 38.40
L8.96 85.11 102.00 119.00
2% 0a G0 2T4.00 341.90 42%.50
CLOSE RABBIY PGV DETECTYOR
370, 250, 175.00 130.00
52,60 448, 40 38.50 34.50
26.50 25480 2%5. 20 £5.80
3L.10 33.860 36.80 40.80
72,50 %91.70 i12.00 134.00
25800 294,00 361.00 444,00
DEFAULT EFFS
1.040 .00 L. GO 1.00
100 1.00 1.00 .00
1. GO 1.00 1.00 1.G0
.00 1.80 1.00 1. 00
1. 00 1.00 1.00 1.00
100 1.00 1. 00 1.00

- 131 -

1 PAGE
4%.00 50. 00
80.00 85.00
13G.00 140.00
250.06 300.00
800.00 1000G.90
30C0.00 3500. 00
44 .44 331.90
1%.3% 13.51
14.29 15.27
27.25 32.89
$2.59 1i%a94
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APPENDiX B: Calculation of Flux Depression Factors

The gold wires used in the flux mapping experiments in the
17-mg *°*Cf activation facility were 20 mil in diameter and 1/2
inch length; each weighed about 50 mg. Both bare wires (sur-
rounded completely by H0 and polyethvliene} and wires within
cylindrical cadmium pillboxes (30-mil-thick) were activated at
seven different distances from the “**Cf source. Because of the
thickness of the wires, a correction factor for both thermal and
epithermal {resonance) flux depression was required.

The flux depression factor is defined here as the measured
specific activity of the wire relative to the specific activity
of a wire of infinitely small diameter. In calculating this
factor, the wire of radius R was assumed to be activated in the
same manner as & foil of thickness R. Thermal flux depression
factors for these experiments were calculated for a thick 1/v
detector in a Maxwellian spectrum. Resonance flux depression
factors were calculated for both cadmium-coversd 1/v detector
foil and for a thick detector foil with Doppler-broadened
resonance in an isotropic 1/E flux.

THERMAL FLUX DEPRESSION

The thermal flux depression factor was calculated according
to the method of Baumann.'® For a slab 1/v detector such as gold
in an isctropic Maxwellian flux, the thermal flux depression
facter, F, is given by

. 1~ 2Ea(KYg)
2KYe

Y, is the product of the atom density of the foil per unit area
and the microscopic absorption cross section per atom. Y, thus
expresses the foil thickness in units of absorption mean free
paths evaluated at the most-probable velocity of the incident
flux. The effective foil thickness'® is KY, and allows the
Maxwelllan average flux depression value toc be expressed in
terms of equivalent monoenergetic cross sections which would
give identical flux depression values. The En(x) mathematical
functions are defined in Reference 20. For the particular
conditions in this experiment,
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6.022 x 10%3
196.97 g

Yo = (0.0254 cm) (19.32 g/ _3) {98.8 cm®) = 0,148

and, from Reference 19
K= 1.045 so that E = 0.379 at (KY,) = 0.155
Solving for the thermal flux depression factor,

1-2 (0,379

F= = rm1sg)

» 0,781

RESONANCE FLUX DEPRESSION

The cadmium cutoff energy, Eo, an activated gold cadmium
30-mii-thick wier inside a cylindrical pillbox is calculated
from Reference 20 for 2/3 beam and 1/3 isotropic flux to be

Ec = 2 Ec(beam) + 1/3 B (150) =

2/3 (0.475) + 1/2 {0.625) = 0.52 eV

The gold absorption cross section in the resonance region
may be considered to be 1/v upon which large resonances are
superimposed. Therefore, RI total = Rll/ + RI .

v res

This cutoff is actually not sharp, and the cadmium itself
shields some of the epithermal resonances of the gold cross
section. A correction factor given by Martin®® for this effect
is about 1%.

Calculation of the resonance flux depression factor F in-
cludes depression factors for the 1/v portion Fy/y of the epi-
thermal cross section and for 48 separate resonances, Fyres. The
epithermal activation of gold is dominated by the large resonance
at 4.90 ev. The method of Baumann'® was used in these calculations.
For the case of thick resonance detector foils in an 1/E isotopic
flux, the effect of Doppler broadening is included by the parameter

8345}35{)
A T7?
where
Em = the temperature of the absorber {in electron volts),
Hp = the rescnance energy,
' = the total resonance width, and
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A = the ratic of the mass of the absorber atom to that
of the neutron.

The changes in resonance flux depression factors F with foil
~thickness Yy in absorption mean free paths at the peak of the
resonance have been reported for different values of 6. The
total resonance integral is the sum of 1/v portion, R1/v plus
the contributions of each individual resonance IRIyes. The
resonance integral for each resonance is found from the peak
absorption cross section Omax and from reported resonance
parameters.?!

_ o Y9max Ty

Rlpes = 2Eg

where
o . 2.6036 x 10° Ty Ty
max g 1 B

The average epithermal flux depression factor F for the
gold wire was found to be 0.1446 from

: {RI}i ?1r + RI

- es 1/v F1/v
{all resonances) (thotal

)

Individual resonance integral and flux depression contri-
butions to the total resonance integral and to the average flux
depression factors are summarized in Table 2.

The 1/v flux depression factor was calculated for a 1/fv
detector in an lsotropic 1/E flux from

gLy 1o 2 By (KYg/2)

- 0.95
KY,

#

Because, Y, .0325,

then K 0.956 (2/3 beam + 1/3 isotropic)

#

and KYG 4.0311

#

Interpolating from Table 1°! gives Ey = (.4852

The 1/v portion of the resonance integral is given by

10 Mev - -
RI}/V = ) Y3200 g/hZZUO §§, = 43 harns
0.525 ev E
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