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CHAPTER I. PURPOSE AND NATURE OF THIS INVESTIGATION

Single crystals of magnesium oxlde can accommodate small
amounts of impurities in either substitutional or intersti-
tial positions of the crystal lattice. 1In addition, many
transition metal ions have radil near enough to that of
magnesium(II) to be accommodated in the lattice. However,
the presence of these impurities has a strong influence on
many of the physical properties of single crystals such as
the ionic conductivity, optical absorption, dielectric loss
and high temperature creep. If the impurity has a valence
different from the valence of the main constituent of the
crystal the effect is particularly strong.

The determination of these impurities at a trace level
is therefore very important to the understanding of the
properties of magnesium oxide crystals. While other groups
may be Interested in the opticai absorption and dielectric
loss, the High Temperature Ceramics Groups of Projéct Themis
is intereéted in studying fhe ionic conductivity and high
temperature creep mechanisms of single crystals of magnesium
oxide. Of primary interest are techniques by which MnxO may
be diffused into magnesium oxide to alter its creep resist-
ance. |

While magnesium oxide samples could be analysed by-
currently available analytical methods, neutron activation

analysis is particularly attractive because of its excellent



E

sensitivity to most trace impurities, the favorable nﬁclear
characteristics of the MgO matrix and the ability to non-
destructively analyse the specimens, "as is", from tﬁe high
temperature creep test laboratory.

While an activation analysils technique for MgO has been
developed (30) it involves destructive wet chemistry. This
investigation provides a non-destructive, instrumental
technique taking advantage of the recent improvements in
gamma detection equipment, namely the high resolution Ge(Li)
detector and its associated high stability amplifier. In-
cluded is a description of the activation analysis techniques
involved, a comparison of the older NaI(T1l) versus the newer
Ge(Li) system, a comparison of the qualitative results with
those of an emission spectroscopic analysis, and a comparison
of the quantitative results wiph those obtained elsewhere

for samples of MgO provided by different manufacturers.



CHAPTER II. PRINCIPLES OF ACTIVATION ANALYSIS

Activation analysis is a method of elemental analysis
based on the formation of radiocactive nuclides as a net result
of reactions between nuclear particles and the isotopes of
the elements of interest. When actlvated, an isotope may
produce a characteristic radiation, typically a gamma ray,
which can be used to ldentify it. Furthermoré, the amount
of radiation emitted will be in proportion to the amount of
the isotope present. Activation may be accomplished through
the use of neutrons, protons, deuterons, alpha particles, or
high energy photons.

The neutron of thermal energy (2200 m/sec), however, is
the most commonly employed particle in activation analysis
for the following reasons:

1) Most materials have a large cross section for
thermal neutrons,

2) High "thermal" neutron fluxes (1013 n/cm®sec or
greater) are readlly available in many research reactors.

3) Radiative capture is practically the only nuclear
reaction that can take place at thermal energy enabling the
radioisotopes formed to be isotoplc with the target elements.
The radiative capture (n,y) reaction is one in which the
target nucleus captures a neutron and gains one unit in
atomic mass. The resulting nuclide, a heavier isotope of the

activated element, will usually be radioactive and will decay



by emitting beta particles and gamma rays.

Since thermal neutrons (2200 m/sec) exist in a nuclear
reactor as the result of the random slowing down of the epi-
thermal neutrons born in fission, an irradiation in such a
reactor exposes the sample to a spectrum of thermal and epi-
thermal neutrons. A measure of the epithermal to the thermal
neutron flux can be determined by activating two foils: one
cadmium-covered; the other, bare. The cadmium has a very
large cross section for thermal neutrons which cuts off
sharply above 0.4 ev, hence the cadmium-covered activation
is due almost entirely to neutrons above this energy. The
ratio of the bare activation to the cadmium-covered activation

is known as the cadmium ratio, and shown by

B Total flux (thermal plus fast)
Ca ~ Epithermal flux

In some isotopes fast or epithermal neutrons can induce

(n,p), (n,a), (n,2n) reactions as illustrated in Fig. 1.

A parent X
n,2n nucleus i ¥ Zz = number of protons
N = number of neutrons
z
n,p
n,« o
N

Fig. 1. Fast neutron capture reactions



The rate at which these fast reactions occur is a function
of their energy-dependent cross sections, the specifilc iso-
tope involved, and the energies of the incldent neutrons.

These fast reactions can be either an aid or a hindrance
in activation analysis. They can provide a sensitive way of
analyzing for a nuclide, especially when their fast cross
sections are large and the thermal (n,Y) reaction either
leads to interference with another nuclide or has a small
crosé section. Interferences could be in the form of multi-
prle gamma rays at the same energy but from different nuclides
or in the form of high background activity masking the desired
gamma radiation. In either case it would be difficult or
impossible to identify or determine the amount of the nuclide
of interest which ié present.

In other instances these fast reactions can be undesir-
able. An irradiation in a "thermal" reactor flux to produce
the (n,y) reaction can result in fast as well as thermal
reactions. These reactions occur because, as discussed
earlier, a "thermal" reactor flux contains a spectrum of both
thermal and epithermal neutrons. Choosing a reactor irradi-
ation location with a high cadmium ratio can reduce these
fast reactions. |

While activation analysis may be based on the detection
of_gamma rays, beta particles or X rays; gamma ray spectro-

metry is typically used. Gamma rays may interact with matter



by the Compton, photoelectric, and pair production effects
(18, 21). It is these interactions between photons and the
scintillation (18) or solid state (36) detector that produce
the characteristic gamma ray spectrum of each radionuclide,
a typical example of which is shown in Fig. 2.

In photoelectric absorption the major part of the
energy of the quantum may be absorbed by a bound electron of
an atom. A certain amount of energy 1s needed to overcome
the Binding energy of the atom separating the electron. If
the energy of the incident gamma ray photon exceeds the |
binding energy of the K shell, the interaction will be
primarily with that shell. The atom is then left with a
vacancy in that shell which results in the emission of X
rays or Auger electrons., Generally these quanta are immedi-
ately absorbed by a second photoelectric effect, and the
full energy 1s absorbed within the detector. If this were
the bnly effect, the full energy of the incident photon
would appear as a sharp photoelectric or full-energy peak.

It is not possible to obtain photoelectric absorption
alone. In the accompanying Compton processes, the incident
photons are scattered by free electrons transferring part
of their energy to the electron. The amount transferred
depends upon the angle of scattering and the energy of the
incident photon. The energy of the scattered photon and

electron are given by the following relationships:
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EY )
- 1
EY' 1 + Eg(1-cos0) (
E
Y
5 = EY " 1 + Eg(1-cose) (2)
where
EY = incident gamma ray energy,
E, = scattered electron energy,
Ey = EY/mce,
e = angle between the direction of the primary and

scattered photons.

These relationships show that a Compton electron energy
spectrum will result extending from zero energy at © = Oo
to a maximum energy, at 0 = 180°. This maximum energy can
be seen on the typical spectrum in Fig. 2 as the Compton
edge. Often the scattered photon will undergo an immediate
photoelectric absorption so that the sum of it plus the
Compton scattered electron will produce a full—energy peak.

If the incident photon has energy in excess of fhe rest
mass of a positron-electron pair (1.02 Mev), then pair pro-
duction is possible. Upon interaction, which mﬁst occur
within the coulomb field of the nucleus, the incident photon
loses 1.02 Mev of energy and a positron-electron pair is
created. The positron combines readily with any available

electron producing two 0.51 Mev annihilation photons. If

both of these photons escape from the detector, the incident



photon appears in the spectrum.as an "escape' peak at an
energy 1.02 Mev below the actual energy. Similarly if only
one annihilation photon escapes, an escape peak 0.51 Mev
below the actual energy will be observed (See Fig., 2).

The total probability of detecting a gamma ray 1s the
sum of the probabilities for the photoelectric, Compton,
and pair-production processes. At energles up to 0.5 Mev
the photoelectric process is most probable. At energiles
between this and approximately 2 Mev the Compton process 1s
most probable, and above this the pair production process
becomes dominant.

Although all parts of the spectrum are characteristic
of a particular energy gamma ray, only the full-energy peak
areas are normally used to identify and measure a particular
radionuclide.

Typically, the spectrum of interest is made up of several
compdnent spectra so that the full-energy peaks stand on the
background and on the Compton continuum of not only their
own spectrum, but on those of others as well. In spite of
this, methods can be used to determine the actuall full-energy
peék areas. The Covell method5 consists of locating the full-

energy peak center and including all the counts within AE on
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either side of it. The background is approximated by a
Straight line connecting the two AE points on the full-energy

peak as shown in Fig. 3.

counts
sec

centon energy (Mev)

Fig. 3. Full-energy peak area determination by Covell
method

A second method (30) consists of summing the area above a

straight line connecting the feet of the full-energy peak

as shown in Fig. 4.

counts
sec

*:rahﬁ_h_q

Eq Es energy (Mev)

Fig. 4. Area determination by subtraction of background
under full-energy peak feet

Both of these methods result in a systematic error (shaded

areas in Fig. 3 and 4) which is approximately equal for each
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sample and may be cancelled out in the comparitor calcula-
tions to be discussed later. If the ratio of peak height to
background is the same, then the comparison method will work,
but if not, it will not because different fractions of peak
areas will be removed and the error in background determina-
tions will have different effects on the two spectra.

Because gamma ray emission and detection are statistical
phenomena, a spectrum of raw data that should plot as a smooth
curve usually does not. Smoothing techniques which can reduce
statistical deviations often make both full-energy peak energy
and area determination easier and more accurate. To further
enhance accuracy, the full-energy peak may be fitted with a
gaussian using a least squares technique (18), and its area
may be computed from the fitted height and width. Since the
calculations involved are tedious, they are usually done with
a computer (Appendix A).
| Utilization of the nuclear properties of an element
rather than the atomlc or chemical properties is the principal
difference between activation analysis and other analytical
techniques. It has two major advantages: First is its
extreme sensitivity to most elements. Second, it need not
destroy or, in most cases, even alter the sample analyzed.

In general, activation analysis, with a sensitivity as high
as 10 ppb, ranks slightly below spectrometry and mass
spectrometry techniques for qualitative analysis. However,

it is superior in quantitative accuracy.
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The principal disadvantage 1s the high cost assoclated
with the necessary facililities, including the sophisticated
multichannel analyzer, detéctor counting cave, and irradi-
ation facilities. In addition, because of the radiocactivity
involved, tralned Health Physics personnel are required.

The activation and decay phenomena upon which neutron
activation analysis is based can be explained through the
use of mathematical equations. These equations are developed
in detail by various authors, including Koch (24) and
Friedlander, Kennedy, and Miller (15).

During an irradiation the rate of formation of a partic-

ular activation product, Rp, is given by the following

equation:
Rp = fno = ﬁ:Nofo (3)
w
in which
n = the number of target atoms,
= the neutron flux (n/cm®sec),
m = the mass of the target.element under considera-
tion (gm),
A, = the atomic weight of the element under con-
sideration (gm/gm atom),
f = the fractional isotopiec abundance of the

nuclide,
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Ng Avagadro's number (atoms/gm atom),
¢ = the reaction cross section (cm2/huclide).
The rate of decay of this activation product at any given

time is given by

Rp = AN (4)
in which
N = +the number of atoms of the activation product
present,
% = the decay constant of the nuclide (sec™1).

The overall rate of formation of the product nuclide
~during irradiation is given by
dN mNgf of

gt = Bp -~ Fp = ——— - N (5)
AW

The disintegration rate of the activation product at a
given time after the end of the irradiation is given by

integrating Equation 5.

D(sec™t) wipfop(1-e"1 ")e (6)
Ay
in which
t; = the duration of the irradiation in sec,
tg = ‘the elapsed time between the end of the irradia-

tion and the time of the count in sec. .

For sufficiently long irradiations the e ‘i term approaches
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zero and the disintegration rate approaches a maximum,

p* - Wpfop

Ay

Therefore Equation 6 becomes

D(t) = D (1-e~Ati)e"rtq

where

(1-e—xti) = the saturation factor.

This saturation factor may be plotted as shown

100

50

(7)

(8)

in Fig. 5.

saturation factor (%)

0 ;5 2 3

n

5 6

irradiation time (half-lives)

Fig. 5. Saturation factor versus irradiation time

Note that for the first 0.5 half-lives the increase in

the saturation factor is approximately linear.

Thereafter,

it tends to level off until it approaches saturation at

approximately six half-lives.

If the sample 1s allowed to decay for a time ty sec
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and is then counted for t, sec by a detection system of

&
efficiency &, the number of counts recorded can be found by
integrating Equation 6 over the counting period and multi-
plying it by both the efficiency and a source-to-detector
geometry factor ©.

¢ = 0sp™(1-e*t1)e 2bd(1_e")be) (9)

)\

Here, C is the number of counts recorded which typically, in
gamma ray spectrometry, 1is proportional to the full energy
peak area by a peak-to-total ratio. Equation 7 is used for
D”, and a peak-to-total ratio P is applied, Equation 9 may

be written

oPOSmNOLP(1-e 2 Pi)e A bd(1 ¢ Ate)
A, I\ (10)

where

A = full-energy peak area.

Equation 10 may be rearranged into the following con-
venient form for calculating the sensitivity for detection
of an element under a specifled set of irradiation and

depection conditions.

b
m = Amin)‘AWe o ( 11)
gPosNoro(1-e A1) (1-e M te)
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in which

m mass of element (gm),

Amin

minimum full-energy peak area consistent with

acceptable counting statistics.
The other terms may be inferred from earlier definitions.
Counting statistics are based on the random statistical
process of gamma ray emission. The accuracy of a count or
full-energy peak area may be given by A Y o where ¢ 1s the

standard deviation.

While it is obvious that the accuracy improves with the
number of counts accumulated, a longer counting interval may
not be the answer. When the comparison method of analysis
is used, two samples must be counted before the activity dies.

For the purpose of this study, the maximum counting
interval was one-half of the half-1ife of the activity of
the nuclide of interest. If this interval was not sufficient
to give a standard deviation less than 5% of the count, i.e.,
an accumulated count of 400 above background, a higher
integréted flux was used to increase the count rate.

Neutron activation analysis may be carried out by either
the absolute method or by a comparitor method. The absolute
method using Equation 11 requires an accurate knowledge of

the detector efficiency, the counting geometry factor, the
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peak-to-total ratio, and the absolute dlsintegration rate.
The disintegration rate 1n turn requires accurate information
about the neutron flux, the activation cross section of the
target nuclide, and the half-life of the radionuclide pro-
duced.

This method is little used because the measurement of
the actual neutron flux is rather difficult, and the acti-
vation cross sections for most nuclides are not known to a
suitable precision. Furthermore, Equations 6 and 8 assume
that the neutron flux is constant throughout the sample
matrix. This may not be true, especlally in a matrix where
nuclides with high neutron absorption cross sections are
present. These nuclides may attenuate the neutron flux
within the matrix causing the inner atoms to experience a
smaller flux than those on the surface. This self-shielding
effect is related to the sample's geometry. This self-
shielding problem may be minimized by reducing the size of
the sample, and while it can be determined by semi-empirical
calculations (35), it must usually be determined experi-
mentally. '

The above problems are usually overcome by using the
comparitor method of activation analysis. The comparitor
method does not require either an accurate knowledge of
the neutron flux or the activation cross section. Instead,

a standard or set of standards is irradiated simultaneously
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with the sample and is counted under the same conditions.
Using only the counts in the full-energy peak and correcting
for a slight difference in decay-time plus any difference
in counting time, most of the terms in Equation 10 cancel,
and the specific full-energy peak area of the activity of
interest in the standard is equal to the specific full-
energy peak area of the activity in the unknown.
:‘l_: - I’:u_u (13)

The above relationship implicitly assumes that the neutron
flux experienced by both the sample and the standard is the
same. To insure that a flux gradient does not expose the
unknown and standard to different dose rates, they should be
placed in close proximity of one another, preferably along
an equiflux line. In reglons where the flux gradient is
steep, 1t may be necessary to rotate the samples about one
another during irradiation to insure equal exposures. In
the case of a matrix that exhibits considerable self-shielding,
the comparator standard should ideélly have a matrix of the
same size and composition as that of the sample (31).

The precision of the m, determination can be found by
applying the propagation of errors theory (31) to Equation
10 for both the sample and the unknown.
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\_, —k t (=] _)‘. t -")\ t
My 0P A 05 8smgNof B Sg(1-e™ S 1s)e ™ s¥ds(1-¢7 8 Cs)
g =

-Xuts -utg -yt
I PRAgOL A Nof B Sy (1-e "V u)e u(l-e Y Cu)
(14)

Certain of these terms are by definition common to both
the sample and unknown. Among these are Avagadro's number,
the detector efficiency, the peak-to-total ratio, the iso-
topic abundance, the half-l1life, the irradiation time, and
the cross section. When these are canceled, Egquation 14

becomes

=P - . o -
f5hyOgmgfsSse 5 ds(1-e - ©s)
" = A Ayt (15)
ASgufuﬁusue urdy(1-e™ " cu)

Each term on tﬁe right hand side of Equation 15 may be
expresséd as a measurement, weight, or count = an uncertainty.
For example, the mass of the standard may be expressed as
Mg f'Anq; where the uncertainty Amg may be defined as one
half the smallest division of the balance. Applying propa-=
gation of errors theory to Equation 15 results in the
following equation:

| 2 2
n. T Amy = m AROLZRS.DLC 1id(ﬁﬂ“‘)+§f‘ﬁ + (A%
V) u s“RYR’R°R”R“R Mg AR i

e\ ° ¢ :
R AS
() @) - ()-(g)) o

-
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in which

the full-energy peak ratio,

> >
(?51) +~<éﬁ§) (17)
AU AS

the counting geometry ratio,

- Au t

>
™

2 2
Q e A AQ
-+ S 4+ 78 S u
or T a0 =._-—(-— # [ (18)
R R
e, Sy QS> (9u)
the flux ratio,
2 2
Zs + %o\ | {89 A
Ot agy = o=t Ie\[(He) oy (P (19)
gu gu Qs gu
the self-shielding ratio,
- 2 2
S S AS AS
Sgtasg = ¥ E W B}, [2 (20)
Su Su Sg Su
the decay ratio,
-2 tg
e s
+ _ G i 2 2
Dr = 8DR = _Sta, [1 s dtkAtdS) + (tggar)
2 2
+ (xatq,)  + (tg,80) (21)
and the counting ratio,
At b
(1-e~1"Cs) o~ "Cs e .
‘ (1-e777Cu) 1-e~t"Cs Gg” B
2 erbey ) © 2 2
+ 4
(kSAtsc) 1-e-\tey (tcualu) * (Xuﬂtcu)

(22)
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The meanings of other symbols may be inferred from past
definitions.

Activation analysis can be performed elither destruc-
tively in a "hot" laboratory or nondestructively by strictly
instrumental techniques. The nondestructive instrumental
techniques were chosen.

Instrumental activation analysis relies on being able
to resolve the induced activity of the sought element from
all éther activities in the matrix. It was made effective
by the advent of high resolution Ge(Li) detectors. While
the detection efficiency of Ge(Li) detectors is lower than
that of the older Na(I) detectors, the resolution is so much
better (3.3 Kev at 1333 Kev versus 4.8% (FWHM) for Na(I)
detectors) that even a complex spectrum may be resolved into
its combonent elements by gamma spectrometry. There are
cases in which the characteristic gamma radiation from a
nuclide may be masked by identical gammas from another
nuclide or group of nuclides. In these cases judicious use
of their different half-lives can usually separate them, or
one or more of the interferences may be identified allowing
its spectrum to be mathematically or mechanically stripped

away from the composite spectrum.
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CHAPTER III. EXPERIMENTAL FACILITIES AND EQUIPMENT

Irradiation Facilities

The preliminary irradiations were obtained in the Iowa
State University Training Reactor (UTR-10). This is a
heterogenous, tank-type reactor which is water-cooled and
moderated with light water and graphite. The total U235
coﬁtent of the core is 3 kg enriched to 90%4. A pneumatic
rabbit tube which terminates against one of the two core
tanks permits convenient access to the high neutron flux
region during operation. This reactor can at maximum power
provide a flux of approximately 7.0 x 1010 n/meSec. The
cadmium ratio at this location is approximately 5.0.1

Iater in the investigation when.a higher flux and
cadmium ratio were deemed necessary, samples were irradiated
at the Ames Laboratory Research Reactor (ALRR). This is a
5 mw tank-type reactor cooled and moderated with heavy water
and fueled with elements of 93% enriched U235 dispersed in
and clad with aluminum. The reactor core assembly consists
primarily of the fuel elements within a tank filled with
heavy water which, in turn, is surrounded by a stainless

steel thermal shield within a tank filled with light water.

A total of 35 experimental facilities, including radiation

1Danofsky, Richard, Jowa State University, Ames, Iowa.
Flux and cadmium ratio measurements of UTR-10 reactor.
Private communication. 1969.
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ports, beam tubes, vertical thimbles, rabbit éube, and a
thermal column penetrate the concrete shielding to permit
access to the reactor core for irradiation. The facilities
used in this investigation are shown in Table 1.

Table 1. Specifications of ALRR facilities used to
irradiate MgO samples

Desig-
Description nation Flux Cadmium ratio
Rabbit tube R-3 3.4 % 1013 n/bmesec approx. 20
Rabbit tube R-5 3 x 10%3 n/meSec approx. 20
Rabbit tube R-6 8 x 10%° n/cmesec approx. 20
End of thermal TV1 6 x 1010 n/bmgsec approx. 1000

column

The rabbit tubes pass tangentially tothe reactor core
making the flux gradient along the length of a rabbit approx-
imately zero but producing a slightly negative gradient
across the diameter of the rabbit.’

To facilitate the handling of samples with short half-
lives, the rabbit tubes R-3 or R-6 above can deliver the
sample to a receiving room while simultaneously triggering
a timer. The receiving room is in the vicinity of the room

containing the gamma ray spectrometer system.
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Gamma-Spectrometer System

Radioactivity measurements in this study were done with
two gamma ray spectrometer systems. A short half-life
gqualitative study was done with an Ames Lab Ge(Li) spectrom-
eter system consisting of a Radiation Instrument Development
Laboratory (RIDL) transistorized 1600 channel analyzer
counting from a Nuclear Diode Model IGC-3.5X Ge(Li) detector.
The detector, which is trapezoidal, has an active area of 11
em®.  TIts peak efficiency relative to Nal is 3.5% while the

resolution is 3.48 Kev for the Co 1.33 Mev photon.

Analyzer system

Most of the radiocactlvity measurements were done on
the Nuclear Data 2200 multichannel analyzer system shown in
Fig. 6, 7, 8, 9, and 10. This system consists of a 4098
channel analog-to-digital convertor, 1024 channel memory,
~a cathode ray tube display, a tape transport for rapid
storage of data, a data/reduce integrate unit, a Teletype
typewriter with a paper punch, and the associlated control
circuitry for automatic or manual operation of the system.

Counting was done in a Heath type (18) shield or cave
as illustrated in Fig. 7, 9, and 10. The shield is con-
structed of lead 4 in. thick and has inside dimensions of
32 in. x 32 in. x 32 in. Its inside surface is covered with
0.30 in. of cadmium which in turn is covered with 0.015 in.

of copper. The lead acts to shield the detector from extra-
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Fig. 7. Gamma ray spectrometer system
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Fig. 8. Analyzer system






Fig. 9. Heath type cave, Ge(Li) and NaI(Tl) detectors, and sample holder






Fig. 10. Close up of rotating sample holder and the Ge(Li) and NaI(Tl) detectors
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neous background radiation; the cadmlium and copper suppress
the lead X rays.produced from photoelectric absorption in
the shield; while the large internal dimensions reduce the
backscatter of the gamma rays from the shield walls.

The sample was held at an appropriate counting distance
from either detector by a calibrated adjustable sample hold-
ing device as shown in Fig. 9 and 10. To eliminate differ-
ences in the counting geometry between samples of different
physical configuration, the sample was rotated during count-
ing by a 60 rpm synchronous motor as shown in Fig. 10. Except
. for the affect of the spacial variations of detection
efficiency, rotation makes the center of the sample appear
to be at the axis of rotation, regardless of shape.

Two different detectors with their associated preamps
and ampiifiers were used: one, a scintillation; the other,

a lithium-drifted germanium device. A complete listing of
all'components in thils system and their serial numbers may

be found in Appendix D.

Scintillation detector

The scintillation detector is a 3 in. x 3 in. diameter
cr&stal NaI(Tl) manufactured by Harshaw Chemical Company and
mounted on a RCA 8054 photomultiplier tube. It is shown in
the bottom of Fig. 9. Measurements indicate this detector
has a resolution of approximately 7.3% for the Cs-137, 0.662

Mev photons, and an efficiency versus energy curve as shown
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In Fig. 11.

It may be noted that the curve obtalned from the
described system is lower than that found by Heath. Heath's
curve is based on a 10 cm source-to-detector distance.
Desiring to make the data in ﬁeath's gamma ray spectrum cata-
log valid for the described system, the source-to-detector
separation was also set at 10 em. Since the radiation seen
by a detector is inversely proportional to the square of the
Sour;e-to—detector separation, the lower curve suggested a
gap between the detector face and the scintillation crystal.
To check this possibility, the crystal was X rayed at the
University Hospital, and the results showed the scintillation
erystal lay 0,45 cm below the crystal face increasing the
nominal 10 cm source-to-detector separation to 10,45 cm.
Calculations indicate that this could cause a 9% lower
effliciency.

‘Since the Nal detector wlll detect beta as well as
gamma radiation, it is necessary to prevent the beta parti-
cles from entering the detector. Patterned after Heath's
system, a beryllium metal absorber, 0.65 cm thick, was placed /

on-the crystal face as a beta absorber.

Lithium-drifted germanium detector

The ORTEC 8200 Ge(Li) detector is a 31.8 mm diameter

coaxially drifted device with an active volume of 21.7 -

The measured resolution is 4.5 Kev at 1333 Kev while the
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measured "efficiency" ranges from 8% at 360 Kev to 3.5% at
1333 Kev. As is common with Ge(Li) detectors, this effi-
ciency is relative to that of Nal at a given distance and
energy. In this case it is relative to the efficiency of
the Nal detector used as described above. To minimize the
detector-to-preamp cable capacitance in an attempt to achieve
the highest possible resolution, the matching ORTEC 118A
preamp is mounted directly to the cryostat as shown in Fig.
12. The preamp feeds the Nuclear Data mutlichannel analyzer
through an ORTEC 435 amplifier as shown in Fig. 6. To pro-
vide the recommended 3000 v operating bias, a Fluke 405 B
power supply was used. Since the detector must be kept at
liquid nitrogen temperature, it is provided with a 16 liter
dewar which holds approximately a 9-day supply.

The Ge(Li) detector enters the Heath type cave (18)
through the center of the left wall and is positioned in

the center as shown in Fig. 9.

Data handling

The data from the multichannel analyzer is read out
through a Teletype printer and paper'punch. Because each
spéctrum contains from 256 to 1024 six digit numbers, it
is obvious that analyzing this data by hand would be tedi-
ously time consuming.

A computer program or set or programs meeting fhe

following criteria was needed:



Fig. 12. A typical Ge(Li) detector, cryostat, and dewar



- |

10.75

Note: All dimensions
in inches.
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1) Compatibility with the IBM 360/65 system;

2) Capability of analyzing data to find the photo-
peaks, their energies, and thelr areas;

3) Capability of producing plots of spectra;

4) Ccapability of handling multiﬁle spectra;

5) Adaptability to spectré of different lengths.
After reviewing several existing programs, including Resolf
(25) and Alpha (44), and considering the task of writing one;
a suitable program entitled ICPEAX-7 (Appendix B) was ob-
tained. ICPEAX-7 requires data in the form of punched cards
or a T-track magnetic tape. In its present form the tape
input is limited to 1600 channel data, while the card version
will accept any data up to a preset limlt. Since our data is
in 256, 512, or 1024 sets, the card version was chosen.

Td handle the obvious problem of converting the data
from punched paper tape to cards, three methods are available:

1) Key punching from the hard copy output;

2) Conversion from punched paper tape to punched card
using the IBM-47 convertor at the I.S.U. Synchrotron facility;

3) Conversion from punched paper tape to magnetic tape
using the facilities at the I.S.U. Cyclone Computer Center.
The magnetic tape can be used to feed the data to the IBM
360/65 which will, with the program "PRESTO" (Appendix B),

punch the data on cards in a suitable format.
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CHAPTER IV. QUALITATIVE ANALYSIS

The qualitative analysis was divided into several
parts; the first of which was a study of the feasibility
of using instrumental neutron activation to analyse a
magnesium oxide crystal. Included were a study of the
nuclear and physical propertieé of the magnesium oxide, a
safety analysis both with respect to the reactor and the
experimenter, and a study of the nuclear properties of the
impurities expected. Preliminary irradiations polinted out
problems with sample contamination and fast reactions.
Furthermore, these irradiations provided an opportunity to
check out the detector-analyser system and develop experi-
mental techniques. The technique used in the qualitative
analysis was to begin with a short irradiation at a low
flux, counting the-sample immediately after irradiation,and
continuing the count until all activity had subsided. This
procedure was repeated at higher and higher neutron flux
doses until a maximum irradiation of approximately 4 x lO17
nvt was used. At the higher irradiation levels, counting
was delayed for several days to allow short lived activities

to decay.

Properties of Magnesium Oxide
Periclase, which in Greek means "beyond breaking", is

the minerological name for magnesium oxide. It is a high
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temperature refractory material characterized by a strong
ionic bond between the divalent magnesium and oxygen atoms.
Magnesium oxide has a rock salt structure and its deviation
from stochiometry is so small that it has not been measured.
Some of the physical and nuclear properties of magnesium
oxide are listed in Tables 2 and 3.

Single crystals of magnesium oxlide can accommodate
small amounts of impurities in either substitutional or
interstitial positions in the crystal lattice. Furthermore,
many transition metal ions have radii near enough to magne-
sium's to be easily accommodated. These impurities may have
a strong influence on the physical properties of a single
crystal such as ionic conductivity, optical absorption,
dielectric loss, and creep properties.

It is apparent from Tables 2 and 3 that magnesium oxide
is a favorable matrix for activation analysis because the
-oxygen is virtually inert to thermal neutrons, and the mag-

nesium produces only short-lived isotopes.

Safety Considerations
Magnesium oxide is physically stable, nonflammable and
nontoxic so that the only hazard stems from the neutron
induced radiocactivity. To protect the reactor and experi-
mentér from hazardous radioactive contamination, the samples
were encapsulated in snap-top polyethylene vials wﬁich

during irradiation were sealed in polyethylene envelopes.



Table 2. Physlcal propertles of MgO

Molecular Densityf3 Melting Boilling
Element Form weight gm/cm point point Solvent
Magnesium oxide crystal 40,31 3.58 2800°¢C 3600°C Boiling
(Mg0) phosphoric
acid
Table 3. Nuclear properties of MgO
. Cross Half-
Abundance Product section life of Y ra
Element (%) Reaction nuclide (barns) product (Mev§
26yg 11.29 n,y 2Tvg 0.027 9.46 min 0,84 1,013
- (70%)  (30%)
2hyg 78.60 n,p 2k 0.19 14,97 1. 2.75

37
(100%) (100%)

€
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The possibility that radiation heating in the magnesium oxlde
erystal might cause the capsule to melt was considered.
Because magnesium has a small nuclear cross section this
possibility was Judged remote while experiments at in-
creasing flux doses verified that no heating problem existed.
The limiting factor appeared to be radiation damage in the
polyethylene at integrated neutron fluxes greater than 4 x
1017 nvt.1 For this reason, the irradiations in thils work
were restricted to less than 4 x 1017 nvt.

In addition to the above precautions, all samples were
routinely monitored by Health Physics after irradiation and
stored in a lead chamber when not in use., Irradiated samples
were handled with either rubber gloves or forceps to prevent
contact with the experimentors skin and all radiocactive

samples or their containers were plainly marked with the

appropriate warning.

Development of Technique
Qualitative activation analysis involves a binary decision.
Either an element is or is not detected. 1In practice, the
analysis may be confused by a number of factors including
several nuclides emitting the same or approximately the same

energy gamma rays, contamination of the sample prior to

1Link, Bruce W., 225 Reactor, Ames Lab, Ames, Iowa.
Sample preparation. Private communication. 1969,
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irradiation, or nuclides present in trace amounts approaching
the sensitivity of the analysis and competing fast feactions.
In addition, it is very difficult to analyse for nuclides

whose activity has a half-1life of the same order of magnitude

as that of matrix elements.

Removal of surface contamination

Since surface impurity concentrations may confuse the
analysis, it was necessary to perfect cleaning techniques
for both the samples and the encapsulation contalner.
Initially, acetone had been used to wash or rinse these
items, but experiments showed that acetone was not able to
consistently remove the NaCl contamination from finger-
prints. This could be explained by acetone's iﬁability to
remove grease effectively.

. The problem was divided in£o two parts: first, to find
a suitable cleaning agent for the MgO and second, to find
one for the polyethylene dapsules. After searching for a
precedent, it was found that phosphoric acid had been used
in the past on MgAls0y Spinel crystals.5

One effective way to clean the crystals is to remove
the surface containing the éontamination. This etching may

be done either before or after the irradiation. If done



46

after, the contamination introduced by the etching agent 1is
of no concern since it will not be activated and hence will
not be detected. The primary concern is that all surface
contaminants be removed exposing only virgin crystal. This
process has the obvious shortcoming that radiochemistry is
involved requiring a hot lab. Since no hot lab was con-
veniently available, this technique was abandoned in favor
of etching before irradiation.

Again it is of primary importance that all of the sur-
face contaminants be removed; and, in addition, that the
etching agent, which itself may contaminate the crystal, be
radiocactively inert so that it does not affect the analysis.

Experiments measuring the weight loss of an MgO crystal
boiled in phosphoric acid confirmed that it is etched by the
acid. Furthermore, the phosphorous contamination which may
take place during the etching should present no problem
because the E%P isotope which comprises 100% of naturally
occurring phosphorous does not emit v-radiation upon activa-
tion aﬁd hence will not be detected. Special precautions,
discussed later 1in this sectlion, were taken to insure that
samples, once etched, would not be contaminated before or
during the irradiation.

The polyethylene capsules, it was found, could be effec-
tively cleaned in approximately 7M nitric acid. Other 1less

satisfactory techniques included triply rinsing the capsules
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in acetone, ether, alcohol, and trichloroethylene. The tech-
nique adopted consists of stirring the capsules in nitric
acid for 5 min, removing them with a glass rod, and stirring
them in distilled water for 5 more min. They are then heated
in an oven at 80° C for several hours until dry. An experi-
mental activation confirmed that this cleaning technique

is effective in removing contamination.

Preparation of the MgO sample

In searching for a suitable physical form in which to
analyze the crystal by activation, the following factors were
eondidered:

1) Self-shielding,

2) Possibility of contamination of the sample,

3) Ease of cleaning surface contaminants from the

sample,
*4) Ease of preparing the sample,

5) Ability to analyze a sample in the form used by

other research groups, |

6) Homogeny of the sample.

A preparation technique used by Hee Myong Lee (30) was
to grind the MgO crystal in a ball mill and treat it as a
powder. If a large enough sample is ground up, this method
insures homogeny. To check the feasibility of using this
method, a sample of MgO crystal was ground in a Pica Blender

Mixer. The mill used has two different types of canisters:
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one is made of tungsten; and the other, of stainless steel.
Grinding a pre-etched sample in each, the following results
were noted:

1) The samples increased in volume as they were ground.

2) They changed from clear to a dull, gray-white color.

3) An activation analysis showed that both samples

picked up severe contamination from their respective
canisters.
The contamination from the steel canister could not be
tolerated because Fe is a trace element expected to be
present in MgO. While tungsten is not expected, it is
possible that there are trace amounts of other elements
being introduced with the tungsten. It was decided to look
for a different method of sample preparation which would
avoid this contamination.

The MgO samples to be analyzed from the Themis (5)
creep-test lab were in the form of rectangular solids
approximately 0.38 x 0.38 x 0.76 cm with a weight of 0.3 gm.
These specimens were all cut to approximately the same size
and shape, and the exact dimensioné of each were measured
with a micrometer. Using these crystals in this configura-
tion simplified sample preparation, permitted a nearly
nondestructive analysis and analyzed the actual crystal

being tested in the creep-test 1lab.

A self-shielding calculation was carried out to deter-
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mine the magnitude of the self-shielding factor associaled
with a MgO sample of this size and shape (18, 23, 38). Since
the MgO crystal of interest is 299.99% pure, the impurities
do not contribute to the self-shielding; and the MgO matrix,
due to its low cross sectlion, exhibits very little self-
shielding. Calculations in Chapter VI show that a solid
crystal of MgO, 0.38 x 0.38 x 0.74 cm would have a self-
shielding factor of approximately 1.0 (i.e., no self-
shielding).

The actual technique used to prepare MgO samples con-
sisted of obtaining a precut MgO crystal specimen from the
creep testing lab and measuring 1ts dimensions with a
micrometer. The crystal was then placed in a test tube
containing phosphoric acid and boiled for 2 min over an open
flame. After cooling, the acid was poured off, and the test
tube containing the crystal was flushed thoroughly with
distilled water followed by acetone. The crystal was then
dumped onto a fresh piece of filter paper to be dried under
an infrared lamp. A clean forceps, freshly rinsed with
acetone and heat dried, was used to transfer the cleaned
and dried crystal to a fresh slip of weighing paper. After
weighing the sample with the Gram-atic Balance (éerial 1-910),
clean forceps were used to place it inside a polyethylene
capsule. This capsule then was sealed inslide a polyethylene

envelope and put in a capsule with a slightly larger diameter
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to maintain alignment with two similar samples as shown in
Fig. 13. The larger capsule is then packed in a rabbit
for irradiation.

In an attempt to make a qualitative impurity determina-
tion, preliminary irradiations of the MgO crystal were
carrled out in the rabbit facility of the UTR-10 reactor.
Encapsulated MgO samples were irradiated at a power of 10 kw
6

(7 x 10 n/bmgsec) for periods of 15 min to 4 hr. Counting
was done with the Nal detector starting approximately 3 min
after the irradiation. Three min 1s the minimum time needed
to monitor the sample and transport it to the detector.
Counting continued for several days until all activity had
subsided. Before counting, the polyethylene capsules were
opened and vented to permit the small but detectable amount

of argon to escape. Argon, as found in the atmosphere, under-

goes & qur(n,y)hl

Ar reaction with thermal neutrons producing
1.293 Mev gamma activity with a half-life of 1.83 hr. The
cross section for the reaction is 0.61 b. It is conceivable
that this full-energy peak could mask or interfere with the
analysis for other elements should.they emit photons with
approximately the same energies.

These UTR-10 irradiations revealed not only the magnesium
of the matrix, but also manganese and sodium. These results

were dlsappointing because Lee (30) had reported, in addition

to manganese, traces of longer half-life elements including
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iron, chromium, and scandium, in a similar crystal. An
emission spectrometric analysis, as shown in Fig. 14,
indicated still other possible impurities. It was con-
cluded that either the other iImpurities were not present or,
because of their long half-lives and small cross sections, a
higher integrated flux was needed to activate them as 1llus-
trated by Tables 4, 5, and 6. Furthermore, there was some
doubt as to the origin of the sodium detected in these UTR-10
irradiations. The sodium could be present in the crystal
matrix, be a surface contaminant introduced by handling, or
be the result of the reaction, 24Mg(n, p)2uNa listed in

Table 3.

Analysis for Long Half-Life Impurities

Because the presence of sodium would not interfere with
the analysis of the expected long half-life elements as
shown in Tables 5 and 6, and because the analysis of these
elements would require decay periods of 1 to 2 weeks; the
sodium problem was temporarily put aside. In an attempt to
ldentify the long half-l1ife elements, a magnesium oxide
sample was prepared as before and irradiated for 1 hr at 5
mw in position R-3 of the ALRR facility (flux = 3.4 x 1013
n/bmesec, cadmium ratio approximately 20). After waiting
14 days for the magnesium, manganese, and sodium activities
to subside, the magnesium oxide crystal was removed from its

irradiation container and counted for 3 hrs on the Ge(Li)



Fig. 14. Qualitative emission spectroscopic analysis of
magnesium oxide crystal
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Table 4,

Relevant nuclear properties of short half-l1life

impurities®
Parent Abundance
nuclide Isotope (%) Reaction Product
Silicon 2834 92.27 (n,p)¢ 28,4
2951 ), 68 (n,p)¢ 2941
30s4 3.05 (n,a)® 2Twg
Phosphorous 3lp 100 (n,)® 281
Calcium 48¢4 0.185 (n,Y) 49Ca
Titanium 505 5.25 (n,¥y) 5lpy
Chromium 540r 2.4 (n,Y) 55¢y
Cobalt 59¢co 100 (n,y) 60mg,
Copper 63cu 69.1 (n,2n)° 620u

@1 min to 1 hr, Lederer, Hollander and Perlman (28).

b

n/cm?sec, Moses (34).

CPast activation data, Moses (34).

1 hr irradiation at a thermal flux of 1 x 1

012
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Half-

Cross life of Specific
section product ra, activit
(barns) (min) Mev¥ (dpm/hgg

0.22 2.30 1.73 263

| (100%)
0.10 6.56 1.28, 2.93 6
(85%) (15%)
0.08 g.45 0.84, 1.02 3
(200%) (30%)
0.150 2.3 1.78 175
(100%)
1.1 8.8 3.10, 4.10, 4.68 1.8 x 105
(89%) (10%) (3%)
0.14 5.79 0.32, 0.605, 0.928 5.6 x 103
(95%) (1.5%) (5%)

0.38 3.6 none none

18 10.5 0.059, 1.33 9.8 x 100
(2.12) (0.25%)

0.500 9.8 | 0.66, 0.85 197
(28) (1%)
1.18, 1.35
(12) (1%)



Table 4. (Continued)

Parent Abundance

nuclide Isotope (%) Reaction Product
Copper 65¢y 30.9 (n,Y) 66Cu
Bromine 79Br 50.52 80Br
Molybdenum 92Mo 15.86 (n,2n)c 91Mo
Antimony 121gy 57.25 (n,v) 122mgy,
Barium 1365a 71.66 (n,y) 13Tgq




Half -

Cross life of Speciflc
section product Y ra aebiviv
(barns) (min) (Mev% (dpm/ U%X
5.3 5.1 '1.039 3.1 x 102

(9%)
8.5 7.7 0.511, 0.618
(52)  (7%)
0.190 15.5 none 10
0.06 4.2 0.061, 0.075 3.2 x 10%
(50%) (17%)
0.01 2.6 0.662 1.0 x 10

(89%)




Table 5. Relevant nuclear properties of intermediate half-

life impurities@

Parent Abundance
nuclide Isotope (%) Reaction Product
Silicon 301 3.12 (n,v) 31s1
Phosphorous 31p 100 (n,p)c 3151-
Manganese 55Mn 100 (9, %) 56Mn
Copper 63Cu 69.1 (n,vy) 6hcy,
65¢y 30.9 (n,2n)° 6l
Nickel 6hy4 1.16 (n,Y) 654
Bromine 8lpy 49 48 (n,«)® T®ps
(n,2n)¢ - 80gy.
Molybdenum Mo 9.45 (n,p)° 9N
Cesium 133¢s 100 (n,y) 13408
Barium 138p, 71.66 (n,Y) 1398,

@) hr to 1 day, Lederer, Hollander and Perlman (28).

b
sec, Moses (34).

CRast activation data, Moses (34).

1 hr irradiation at a thermal flux of 1 x 1012 n/em®
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Half-

Cross 1ife of Specific
sectlion product ra activityP
(barns) (hr) Mevg dpm/hgg
0.11 2.62 1.26 8.8 x 10°

(0.07%)
0.077 2.62 1.26 21
(0.07%)
13.3 2.58 0.847, 1.81, 2.11 2.2 x 10°
(99%)  (29%) (15%)
4.5 12.9 1.34, 0.51 8.1 x 10
(0.5%) (38%)
1.0 12.9 1.34, 0.51 10
(0.5%) (38%)
3.8 2.56 0.368, 1.115, 1.L81 2.8 x 103
(4.5%) (1683 (25%)
0.10 1.5 0.62, 0.70, 1.31 8
(b2g) (112) (10%)
0.800 4.58 0.037, 0.099 o7
(100%) (100%)
0.110 1.2 0.69, 1.02 2
(99%) (1%)
2.6 2.9 0.128 1.0 x 103
(14%)
0.4 1.42 0.166, 3.7 x 107
(23%)

LY E)




Table 6.

Relevant nuclear properties of long half-life

impurities®
Parent Abundance
nuclide Isotope (%) Reaction Product
3 32
Phosphorous P 100 (n,Y) P
Calcium bhgy 2.06 (n,Y) 45¢a
Scandium 455¢ 100 (n,vy) 46g¢
Chromium 50¢cr 4.3 (n,Y) 5lor
Iron 56pe 91.66 (n,p)c 56Mn
58pe 0.31 (n,Y) 59Fre
Cobalt 59¢o 100 (n,Y) 60¢co
Bromine 81Br 49,48 (n,Y) 82py
Molybdenum 9Byo 23.75 (n,Y) Pyo

8] day or greater, Lederer, Hollander and Perlman (28).

b1 hr irradiation at a thermal flux of 1 x 1

sec, Moses (34).

Cpast activation data, Moses (34).

n/'cm2
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Cross Half - Specific
section life of Y ra activit b
(barns) product (Mevg (dpm/ug

0.191 14,6 days none 4.8 x 10°
0.63 160 days none - #.
12 - 84 days 0.89, 1.12 4.4 x 103
(100%) (100%)
17.5 27.8 days 0.32 4.0 x 10°
(10%)
0.110 2.58 hr  0.84, 1.81, 2.11 2.2 x 10°
(9923 (29%) (15%)
1.1 45,1 days 1.095, 1.292 L3
(56%) (44z)
20 5.3 yr 1.17, 1.33 3.2 x 10°
(100%) (100%)
3.0 35.5 hr 0.554, 0.619, 0.698 1.6 x 10"
: (66%) (412) (27%)
0.777, 0.828, 1.317
(83%) (25%) (26%)
1.47
(17%
0.51 2.75 days 0.181, 0.74, 0.78 4.4 x 102
(67%) (12%) (i)



Table 6. (Continued)
Parent Abundance
nuclide Isotope (%) Reaction Product
Antimony 1225, 57.25 (n,Y) 122gp
123y, 42,75 (n,Y) 1845
Barium 130, 0.101 (n,y) 131p,
132p, 0.097 (n,Y) 133mp,
132p, 0.097 (n,Y) 133g,
134p, 2.42 (n,Y) 135mg,,
Cesium 133¢s 100 (n,Y) 134¢s
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Cross Half- . Spe01flc
section life of ra activit
(barns)  product Mev¥ dpm/hg¥

6.0 2.8 days 0.564, 0.686 1.3 x 10"
(66%)  (3%)
3.3 60 days 0.603, 0.72, 1.69 1.5 x 10°
(97%) (1433 (50%)
8.8 11 days 0.12, 0.216, o.37§, 0.496 7.3
(2823 (19%) (13%) (48%)
0.2  1.63 days 0.276 3.5 x 10%
(100%)
T 7.2 years 0.082, 0.276, 0.302, 0.356 1
; (25%) (7%) (148) (69%)
0.16 1.21 days 0.268 3.4 x 10°
(16%)
28 2 years 0.57, 0.605, 0.798 3.6 x 102
(23%) (98%) (993)
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detector RIDL 1600 channel analyzer system availlable at the
AIRR facility. The resulting spectrum shown in Fig. 15
indicates the following:

5ler at 0.32 Mev

1223p at 0.564 and 0.686 Mev

1245p at 0,603 and 1.69 Mev

H65c at 0.89 and 1.12 Mev

59e at 1.095 and 1.292 Mev

"60co at 1,17 and 1.33 Mev
The relevant nuclear properties of these and other possible
long half-l1ife impurities are given‘in Table 6. Of the
activities listed above, all but antimony were expected and
gave positive identification when compared to Heath's catalog
of spectra and when the characteristic half-lives were con-
sidered. Two verification activations, Exp 8-7-69 and Exp
8-26-69, confirmed the above results. These latter two
experiments also showed bromine in the spectra taken within
several days of the irradiation. An analysis of an empty
capsule, a capsule filled with water evaporated to dryness,
and a capsule containing a magnesium oxide sample showed an
equal level of bromine in each. Therefore, the bromine was
Judged to be a constituent of only the capsule.

To check the possibility that antimony was introduced by
the phosphoric acid used to etch the crystal, a 10 A sample

was activated along with the crystal in Exp 8-26-69. The
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analysis of the acid showed positive evidence of antimony as
shown in Fig. 16. As a further check, the magnesium oxide
erystal analyzed in Exp 8-26-69 was given a much more
thorough flush with distilled water after the pre-irradiation
acid etch than had been the practice. The full-energy peak
area ratio of antimony to the scandium for this experiment

is 0.14 as compared to 0.16 for previous experiments. This
leads to the conclusion that the antimony is a contaminant
1eft'by the phosphoric acid. Further work in this area 1is

suggested.

Analysis for Intermediate Half-Iife Impurities
Before a sensitive qualitative analysis for the inter-
mediate half-1ife impurities shown in Table 5 could be made,
the high sodium activity had to be removed. As noted before,
sodium could be present as a constituent of the érystal
matrix, a surface contaminant introduced by handling, or a

result of the fast reacticn, ° Mgln,p)2d

Na, listed in Table 3.
Since sodium's nuclear properties make it easily acti-
vated (Na-24, cross section = 0.51 b, isotopic abundance =
100, half-life = 14.97 hr), it can be detected readily with
a short irradiation. Past experience has shown that even
the sodium chloride in fingerprints can be detected with a
10 kw, 15 min irradiation in the rabbit facility of the UTR-
10. A 15 min irradiation of the magnesium oxide crystal in

this facility showed only mild sodium activity and no chlo-



68

Na
£

—
o _— sl
] pr———
N =
4 [V, . —
w .m = o B r.._rJI;ItJ.I.lﬂlhlt.
P e e
] O “ —m
= [ —_—

L0 0 0 O W I ] [ I | lev e v |
000T 00T 0T

S3UNn0d palrETnunooy

1.

1,0

Energy (lev)

Co
Spectrum of phosphoric acid

Fig. 16.



69

rine activity. The lack of chlorine activity indicated that
the sodium was not the result of sodium chloride surface
contamination from fingerprints. The low sodium activity
re-enforced the ldea that the sodium was not present 1in the
sample but was a result of the Mg(n,p)Na reaction. Since the
cadmium ratio of the rabbit facility in the UTR-10 is only
approximately 6, this fast neutron reaction is quite likely.
To remove all doubt, the magnesium oxide crystal was
irradiated for 1 hr at 5 mw in location TV1 of the ALRR

9 zsec, cadmium ratio 1000).

facility (flux = 6 x 107~ n/em
This irradiation, as shown in Fig. 17, resulted in no
measufable sodium activity indicating the sodium activity
found in the previous samples was a result of the Mg(n,p)Na
reaction. (Since an (n,p) reaction with iron produces manga-
nese-56 i.e., 56Fe(n,p)56Mn as shown in Table 6, and since

it is desired to determine manganese in the presence of

iron; this experiment also indicated that manganese deter-
minations would require an irradiation in a high cadmium
ratio location. This is especially true since the amount

of iron expected is an order of magnitude larger than the
manganese; and the iron-56 isotope is about 300 times more
abundant than the iron-58 isotope. This makes the 56Fe(n,p)56

58

Mn reaction about as sensitive as the Fe(n,Y)56Fe reaction.)

(See Table 6.)

The lack of sodium activity, which had been very high
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in the past, produced a much cleaner spectrum. Counting
2hrs after irradiation, with the Nal detector produced the
spectrum shown in Fig. 17. The peaks are the 2.58 hr man-
ganese activity at 0.847, 1.81, and 2.11 Mev. Twelve hrs
later these had decayed, and only insignificant background
was seen. This manganese identification was confirmed by
the analysis of two similar irradiations in TV1l of the ALRR
facility.

The activities from these later irradiations which were
counted on the Ge(Li) detector indicated the possible
presence of copper. Copper is hard to identify because, as
shown in Table 5, the only sensitive reaction is 63Cu(n,v)6u0u
which produces annihilation radiation at 0.51 Mev and a weak
peak at 1.34 Mev which is often lost in the background. The
suggestion that copper 1s present is based on the 0.51 Mev
peak and a half-life determination. The other nuclides pro-
ducing activities of 0.51 Mev either have vastly different

half-lives or multiple peak spectra. (See Fig. 18)

Analysis for Short Half-Life Impurities
While the 9.5 min half-life activity of the manganese-27
maﬁrix facilitates the detection of elements with half-lives
greater than one hr, it makes the detection of shorter lived
elements difficult or impossible. In theory it is possible
to detect short lived elements in the presence of long lived

ones by irradiating for a short duration with respect to the
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long lived element. This enables the shorter lived element
to reach a higher proportion of its saturation activity than
the long lived element, thereby facilitating the detection

of the short lived element. Of course, if the saturation
activity of the longer lived activity is many times larger
than that of the shorter lived activity, even a small fraction
of it may mask the other. The magnesium oxide matrix being
99.99% pure will have a saturation magnesium activity of 100
to 1000 times greater than the maximum amount of titanium or
calcium that might be present. Thus even & short irradiation
favoring the titanium or calcium will result in & high
magnesium activity which will tend to mask the titanium peak
and produce a high analyzer dead time reducing the sensi-
tivity to calcium.

To check the possiblility of detecting short half life
elements, a magnesium oxide sample was irradiated for 30 sec
'in R-6 of the ALRR facility. Counting was started 4 min
after the end of the irradiation on the Ge(Li) detector RIDL
1600 channel analyzer system. Four min was the minimum time
required for the necessary Health Physics monitoring and
transport of the sample to the detector. The results, shown
in Fig. 19, indicate no aétivities other than the magnesium
of the matrix. From this experiment it was concluded that
it was not possible with the present experimental arrangement

to identify trace impurities whose activities were on the same
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order of magnitude as the magnesium of the matrix. This

ruled. out all the isotopes with (n,y) reactions listed in
Table 4, Those with fast reactions were previouslyAruled
out by the strong activity produced by the 24Mg(n,p)QANa

reaction.

A possible exception was calcium whose full-energy
peaks, as listed in Table 4, fall at 3.10, 4.10, and 4.63
Mev, well above the magnesium peaks. Because the Ge(Li)
detector has an extremely low efficiency at high energies,
the Nal detector was chosen to test this possibllity.
Separate irradiations of 15 min éach were conducted in the
UTR-10 rabbit at a flux of 6 x 10'°0 n/em®sec for 3.0 x 1072
and 1 x 1072 gm calcium samples and a 0.283 gm magnesium
oxide crystal. Counting was done within 4 min of the end
of each irradiation and ylelded a characteristic calcium
spectrum for only the 3.0 x 10"2 gm sample. Furthermore,
‘the magnesium oxide showed a high activity which resulted in
a high analyzer dead time. While the detection of calcium
in a magnesium oxide matrix by activation analysis looks
good in theory, it was concluded that it could not be

accomplished with the present equipment and techniques.

Analysis for Specific Elements
With the exception of the check for calcium, the analysis
of irradiations has been general. The method has been to

analyze all activities in spectra from experiments emphasizing
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the long, short, or intermediate half-life activities. This
analysis thus far has identified scandium and cobalt plus

the following elements listed on the emission spectrometric
analysis: chromium, copper, iron, and manganese and has not
detected barium, cesium, molybdeum, nickel, silicon, titanium
and calcium. Of these, calcium and titanium have only short
lived activities and cannot be detected in the short lived
magnesium oxide matrix. Silicon has several fast reactions
which are ruled out due to the high activity 24Mg(n,p)zl‘LNa
reaction. In addition, no trace of the 1.26 Mev gamma ray
activity characteristic of the (n,y) reaction of silicon has
been noted on any of the intermediate half-l1ife spectra. The
relevant nuclear characteristics of silicon are given in
Table 5.

Normalization calculations with the manganese-56 peaks
shown in Fig. 20 indicate that to have a statistically
significant silicon full-energy peak at 1.26 Mev, a concen-
tration of 1 x 10lL ppm of silicon must be present in the
magnesium oxide crystal. While a somewhat higher sensitivity
may be achieved by an irradiation in a higher flux location
than that.used for the manganese determination, the inverse
relationship between the flux and the cadmium ratio typical
of a nuclear reactor results in a lower cadmium ratio causing
the prohibitive euMg(n,p)euNa reaction,

To test the sensitivity of this analysis for nickel,
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cesium and barium,a standard of approximately 1 x 10"6 gm
of each was irradiated along with a 0.227 gm magnesium

010 n/cmesec, cadmium ratio

oxide crystal at a flux of 6 x 1
> 1000, for 3 hr. These additions represent an impurity
concentration of approximately 4 ppm. Analysis of the
spectra showed no activities indicating the presence of
these elements in either the standard or the crystal. These
results, plus a matrix normalization calculation determining
the sensitivity of this analysis for the above elements from
the manganese-56 that had already been detected lead to the
conclusion that either these elements were not present or
were in concentrations less than those listed in Table 7.

This same procedure was repeated for molybdenum and
barium using a flux of 3.4 x 1013 n/bmzsec and cadium ratio
< 20. A weak 2.75 day molybdenum activity appeared in the
spectrum of the standard but none was present in that of
‘the magnesium oxide crystal. This indicated that the
molybdenum if present in the crystal was at a concentration
of < 4 ppm. Barium was not detected in either the spectrum
of the standard or the crystal. Therefore, if present it is
assumed to be in a concentration of less than 2 ppm as indi-
cated in Table 7. The apparent discrepancy between the
calculated detection 1limit of 2 ppm and the lack of detection
of a 4 ppm standard is not surprising. The sensitivities

are only approximate due to uncertainties in the tabulated
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Table 7. Approximate sensitivities for techniques described

Half- Specific
life of activit Normalized
Element Isotope product (dpm/hg¥ sensitivity
a
Nickel 69n1 2.56 hr 2.8 x 105 38 ppm
Cesium 13305 2.9 hr 1 x 103 48 ppm®
a
Barium 138Ba 1.42 hr 3.7T % 104 2 ppm
' 2
Molybdenum 98M0 2.75 days 4.4 x 10 < 1 ppmb

a3 nr at 6 x 10%° n/bmesec.
b3 hr at 3.4 x 10%° n/bmzsec.

Sspecific activities and the detector efficlency. It 1s
suggested that further experimental work in assigning

detection limits be done.

Comparison of Results with Emlssion Spectrometric Analysis
This qualitative activation analysis has detected
copper, manganese, chromium, scandium, iron, and cobalt.
All of these are listed in the emission spectroscopic
analysis shown in Fig. 14 except for scandium. In addition,
barium, calcium, cesium, molybdenum, nickel, silicon, and

titanium are listed. To resolve the difference, an associ-
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ate chemistl of the Analytical Services Group II of Ames
Lab was consulted. The following concluslons were rgached:

1) The barium, cesium, molybdenum, nickel, silicon
and titanium, if present, were in such small guantities that
they could not be positively identified with the emission
spectroscope, although weak lines which may have been inter-
ference did appear at characteristic locations for these
elements. Since this activation analysis was shdwn not to
be sensitive to approximately 1 ug or 4 ppm concentrations
of these elements, no discrepancy remalned between it on the
emission spectroscopic analysis. Neither gave a positive
indication of the presence or absence of these elements.

2) The calcium was positively identified by the spec-
troscopic analysis, but because of its short half-1life it
could not be identified in the magnesium oxide matrix by
activation analysis. In addition, the high energies of the
full*energy peaks coupled with the low detector efficiency
at these energies create a low sensitivity for calcium.

3) The scandium did not appear in the emission spec-
troscopic analysis which has a sensitivity for scandium of
about 20 ppm. The activation analysis positively identified
scandium and a later quantitative analysis indicates it is

present in a concentration of 0.21ppm (Table 11).

lDeKalb. Edward L., 8 Research, Ames Lab, Ames, Iowa.
Qualitative analysis of magnesium oxide by emission spec-
troscopy. Private communication. 1969,
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Comparison of the Ge(Li) and NaI(T1l) Detector Systems

This analysis parallels that of Lee (30) except here
the high resolution of the Ge(Li) detector system (4.5 Kev
at 1333 Kev) is used to resolve the scandium-46, iron-59,
and cobalt-60 activities. Previously the poor resolution
of the NaI(Tl) detector (7% at 0.662 Mev) had dictated the
use of separation techniques as discussed by Lee. In
addition, because the scandium peak is much more pronounced
than the iron peak and has a longer half-1life,the very
presence of iron had to be suggested by some other means so
that a separation and positive identification could be made.
While the cobalt-60 activity with its half-life of 5 yr
could have been determined after a prolonged delay by waliting
for the 85 day scandium-46 to decay the Ge(Li) detector
system permits an ddentification in less than 10 days.
Furthermore, because the Ge(Li) detector system is able to
resolve peaks to a greater degree, the possibility of
introducing an error in the qualitative analysis due to the
summation of the activities of several isotopes is reduced.

The advantages of the Ge(Li) detector system are
demonstrated in Fig. 21 where a superposition of two spectra
of the same magnesium oxide crystal is shown, one taken on
the Ge(Li) and the other on the NaI(T1l) detector system.
While the Ge(Li) detector system is less efficient than the
NaI(T1), dictating a longer counting period to obtain a

sufficient number of counts, this was judged more of an
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inconvenience than a shortcomlng.

It was concluded that Ge(Li) detector, was in most cases
superior to the Nal for activation analysis work. The small
disadvantage of the slightiy lower efficiency of the Ge(Li)
detector 1is usually outweighed by the advantage of the
increased resolution. One case in which the Nal is better
occurs when the peaks are well separated and sensitivity is

a problem.
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CHAPTER V. QUANTITATIVE ANALYSIS

The comparison method was chosen for the quantitative
analysis for reasons discussed in Chapter II. The method
as noted before requires the preparation of standards for
the elements present in the sample; simultaneous irradiation
of the sample and standards; and in addition, the spectra
must be taken under identical conditions, i.e., same equip-
ment, calibration, and counting geometry.

If the above conditions are met, the weight of the

element of interest may be determined from the following

equation:
A
wt, = -—E wtg ¢ MAT (23)
B ,
in which
wtu = unknown weight,
_wts = standard weight,
Ay = full-energy peak area of unknown,
Ag = full-energy afea of standard,
e'zét decay correction for the difference in decay
times,
At = the difference in decay time between counting
the standard and the unknown,
b\ = decay constant.

A more rigorous equation developed in Chapter II includes

the dependence on the other possible experimental variables and

assigns an uncertainty to the calculated weight. An
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example showing its application is given in the error analysis
in Chapter VI. To eliminate the tedious calculatlons and
reduce the possibility of human errors,the mass determina-
tion and uncertainty calculations as shown in the error
analysis have been written into a computer program for the

IBM 360/65.

Preparation of Standards

For the greatest accuracy, the comparitor standards
should contain the same weight of the element of interest as
the sample being analyzed. Since these welghts were not
known, an arbitrary value of 10 ppm was chosen. With the
typical crystal weight being 0.3 gm, this yielded a prelimi-
nary standard weight of 3.3 x 10—6 gm. An analysis using
this set of standards produced better estimates for a final
set of standards. To produce comparitor standards of this
magnitude, dissolution and dilution micro-chemistry techniques
were used.

Volume measurements wefe done in Pyrex volumetric
flasks and with Pyrex micro-pipets. Weighing was done on
either a Gram-atic Balance (Ames Lab #10188) or a Cahn
Electro-Balance (Ames Lab #11302). Since weighing out an
exact, predetermined amount is extremely tedious, the pre-
determined amounts were approximated within a factor of 2
on & clean slip of weighing paper. The paper and standard

materials were weighed together, the material was poured
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into a labeled volumetric flask, and the paper was reweighed.
The difference between the two weights was recordedlas the
weight used and is presented in Tables 8, 9, and 10. When
metals were to be dissolved to produce standards, they were
first etched to remove any surface contamination which may
have been introduced by handling.

To produce a manganese standard, a portion of MnO, was
weighed out and dissolved in HNO3 with the aid of HoOp, an
oxidizing agent. This solution was diluted to 1000 ml with
distilled HpO and a part of 1t was micropipetted into a pre-
cleaned polyethylene capsule identical to the ones used to
encapsulate the MgO samples. Before pipetting, the solution
was shaken vigorously for several minutes to insure homogeny.
The pipetting technique included wiping the outside of the
pipet dry before delivery and rinsing the pipet three times,
each time with a premeasured drop of distilled water of the
same volume as the pipet. This insured complete delivery of
the standard solution. The contents of the polyethylene
capsules were then evaporated to dryness under an infrared
lamp. This drying was done under a plexiglass plate to
insure that dust from the room would not settle into the
capsules during the 4 to 6 hrs involved. After the standard
was dried, the capsule was closed and sealed in a polyethylene
envelope which was inserted into a larger capsule and irra-

diated along with the MgO crystal. It was found that the



Table 8.

Specifications of preliminary comparison standards

Weight

Volume

3 in

wt of element

Element Form Solvent (gm) (ml) std in std (gm)
Scandium metal nitric acid 0.0046 1000 100 4.6 x 10°7
Cobalt metal  nitric acid 0.0128 1000 100 1.28 x 1070
Iron metal nitric acid 0.0035 1000 100 3.5 x 10~7
Chromium Cr03 nitric acid 0.0154 1000 10 150 x 10'7
Manganese Mn02 nitric acid and 0.0225 1000 100 2.25 X 10'6

hydrogen peroxide

L8



Table 9. Specifications of the comparison standards for analysis 1

Weight Volume A in wt of element

Element Form Solvent (gm) (ml1) std in std (gm)
Scandium metal nitric acid 0.0076 1000 100 7.6 X 10"7
Cobalt metal  nitric acild 0.0041 1000 10 4.1 x 108
Iron metal nitric acid 0.0106 1000 100 1.06 x 10'6
Chromium CroO3 nitric acid 0.0011 1000 10 1.1 x 10~7
Mengenese  MnO, nitric acid and  0.0191 1000 100 1.9 x 1076

hydrogen peroxide

88




Table 10. Specifications of comparlison standards for analysis 2

Welght Volume A in wt of element

Element Form ~ Solvent (gm) (m1) std in std (gm)
Scandium  metal  nitric acid 0.0015 10000 10 1.5 x 10-9
Cobalt metal  nitric acid 0.0021 1000 20 4.2 x 10-8
Iron metal nitric acid 0.0205 500 200 8.2 x 1075
Chromium  CroOs3 nitric acid 0.0013 100 100 1.3 x 10°5
Manganese MnOop ﬁitric acid and 0.0235 1000 100 2.3 % 10‘6

hydrogen peroxide

Copper Cu0 nitric acid 0.0235 100 10 2.3 X 10'6

68
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count rate correlation between identical standards pipetted
using a non-wiping, non-premeasured rinse technique was
approximately 90% while the correlation using the rigorous
technique described above was approximately 99%. Similar
techniques were used to prepare the other standards used

in this analysis,

For the preliminary set of standards, each standard
was pipetted into a separate capsule, but for the final set
all of the standard solutions were pipetted into the same
capsule, This was done in order to provide a standard
which would approximate the MgO sample as closely as
possible with respect to its activation characteristics
and in addition to reduce the number of separate samples to
be counted.

The standards materials, their amounts, and the solvents
used in the preliminary and two final sets of standards are
presented in Tables 8, 9, and 10. The sources and analysis
of the metals, compounds, and reagents lnvolved are given

in Appendix C.

Irradiation of Samples and Standards
Irradiations for the quantitative analysis were done at
the ALRR facility. To compensate for the flux gradient in
the reactor, a standard was placed on elther end of the
sample as shown in Fig. 13. The position and alignﬁent viere

maintained by the large polyethylene capsule which had an
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inside dlameter slightly greater than the outside diameter
of the samples and a length equal to three samples. Poly-
ethylene packing cut from a clean disposable glove was used
to keep the crystal centered in the bottom of its capsule
during irradiation. The packing was removed prior to
counting so that any contribution from the containers
should be the same for all three capsules. The distances
between the inside bottoms of the two capsules and between
the inside bottom of capsule two and the center of the
crystal were measured so that a flux gradient correction
could be made. A sample calculation is included in Chapter
Tls

The irradiation necessary for the search for manganese

10 S

and copper was done in location TV1 (flux = 6 x 10
sec, cadmium ratio 1000) to eliminate interference from the
56Fe(n,p)56Mn reaction, see Table 5. After counting and
waiting for the manganese and copper activities to decay,
the same crystal was again irradiated, this time with the
composite iron, scandium, chromium, and cobalt standards
placed on either end of the sample as shown in Fig. 13.

This three hour irradiation was carried out in R-3 (flux =

) §
3.0 x 10 3 n/cmgsec; cadmium ratio < 20).

Activity Measurements
The Ge(Li) detector analyser systems described in

Chapter III were used for these measurements. For the
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manganese determinations, counting was started approximately
one hour after irradiation while for the copper approximately
an eight hour delay was used. These times permitted, in the
first case, the extremely high activity of matrix magnesium
to decay while, in the second case, it permitted the manganese
activity to subside. This reduced the analyser dead time and
the background of the spectrum enhancing the contours in the
full-energy peaks areas. The samples were rotated during
counting to remove geometric differences as discussed in
Chapter III.

The measurement of chromium, scandium, iron, and
cobalt activities was done after a minimum of seven days
delay. This permitted the high sodium activity from the
EaMg(n,p)guNa reaction to decay.

In both of the above cases, counting was continued
until either 4000 counts had accumulated in the center
channel of the peak of interest or the available time had
elapsed. Because the specific activities of the iron and
cobalt are so low and the efficiency of the Ge(Li) detector
is only about 3.5% of that of a NaI(Tl) detector in the
energy range of the cobalt and iron activities, counting

periods of up to six hours were needed.

Results
The photon energies associated with the experimentally

megsured full-energy peaks were obtained from the computer
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program ICPEAX (Appendix A). After inspecting the plots to
insure that the peaks appeared "normal” with no obvious
interferences, the areas provided by the program were
introduced into Equations 15-22 of Chapter IT. The manner
in which data is handled is shown in Chapter VI. These
calculations done with the IBM 360/65 computer, give the
concentrations of impurities present in ppm. The results
of the analysis together with a repeat of the analysis to
estaglish reproducibility are given in Table 11.

An error caused fhe standards for the Cr, Fe, and Co
in analysis 1 to be too small so that the calculated values
of these elements are only approximate. In analysis 2, no
difficulties were encountered and a better set of values
resulted. The agreement between the Mn and Sc values for
analysés 1l and 2 increase the contents in the second
analysis. The uncertainties in the Fe and Co in analysis

2 could be improved with further work.
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Table 11. Resu1:¥ obtained for impurities in a magnesiu
oxide crystal .

ppm Error
Analysis 1
Mn 6.3 + 1.4
. Cr 5 -
Cu - -
Fe 17 -
Co 1 _
Sc 0.21 + 0.01
Analysis 2 ’
Mn | 5.9 + 0.3
cr 9.26 T o.57
Cu : 0.73 + 0.07
Fe . 94 + 64
Co ©0.14 T o0.07
Sc 0.21 t 0.03
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CHAPTER VI. ERROR ANALYSIS AND SAMPLE CALCULATION

A preliminary error. analysis considering all the
experimental procedures that might introduce errors or
uncertainties in the qualitative or quantitative analysis
was carried out prior to the experimental phase of this
work. The uncertainties associated with each of the experi-
mental procedures, combined using propagation of errors
theory, pointed out those procedures in which the uncer-
tainties are most significant. The preliminary error
analysis indicated that the most significant uncertainty
would be that associated with the determination of the full-
energy peak area.

To decrease this uncertainty in subsequent work,
irradiation and counting times were increased so that the
accumulated count in the center channel of a full-energy
peak was at least 400 and preferably 4000-5000 counts. 1In
addition a computer program, ICPEAX, was used to find full-
energy peak areas. While the program may or may not be more
accurate than hand techniques it is more consistent since it
does remove human variations. Furthermore, since the com-
parison technique is used, consistent errors tend to cancel
so the accuracy of the analysis is enhanced.

Upon completion of the experlimental work, the error
analysis was repeated in detail as given in this chapter.

There are certain errors common to both qualitative and
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gquantitative instrumental neutron activation analysis. In
qualitative analysis, a binary decision is involved; either
an element is or is not detected. This decision may be
confused by various factors including: 1) interfering
gamma. rays at the same, or approximately the same, energy,
2) incorrect calibration of, or drift in, the calibration
of the analyser resulting in the assignment of incorrect
energles to, and, therefore, incorrect identification of
the characteristic full—energy peaks and 3) epithermal
reactions which may produce activitles in addition to, or
in competition with, the desired (n,Y) reactions.

The probability that two or more gamma rays interfered
and thus introduced an error in this analysis was considered
small for the following reasons:

First, a calibration check of seven separate counts,
acquired over a 6 hr period, showed that ICPEAX, working
with the data obtained with the ORTEC Ge(Li) detector -
Nuclear Data analyser system described in Chapter II, assigned
energies to the full-energy peaks with an average error of
t 0.47 Kev from the tabulated values. The largest deviation
wés - 2.6 Kev and the deviations occurring most often were
- 0,2 and + 0.3 Kev.

Second, the plots obtained with this calibration check
showed that full-energy peaks 10 Kev apart are clearly

separated and that peaks only 5 Kev apart could be resolved.
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Third, using the &ata listed in Heath (18), a. check was
made for all nuclides having gamma ray activities 5 Kev
abové and below the identified peaks. Each of these
nuclides was methodically eliminated by differences in
either or both the characteristic spectrum and the half-
life.

Epithermal reactions which may occur and interfere
witﬂ the desired (n,Y) reactions, as listed by Lee (30),

are presented in Table 12,

Table 12. Summary of possible interference reactions

Absorption
cross section
Element sought Competition reaction (mb)
Scandium 46Ti(n,p) 4.1
Chromium 5”Fe(n, ) Cr -0.37
Manganese 56F"e( )56Mn 1: 30
5900(n,a)56Mn 35
Iron 59co(n,p)2 Fe 22
60N1 (n, ) Tre .
Cobalt 63Cu(n,a)6000 : -
60

Ni(n,p)6OCo 5
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The error introduced by the A6Ti(n,p)u6Sc reaction is
negligible because 1) the titanium if present at all, will
be only in trace amounts, 2) the abundance of the titanium-
46 isotope is only 7.99% and 3) the cross section is small.
The same comments apply to the 60Ni(n,a)57Fe and 60Ni(n,p)6OCo
reactions except the isotopic abundance of nickel-60 is 26%.
While the iron is the matrix impurity expected to have
the greatest concentration, the abundance of the iron-54
isotope is only 5.4%. This coupled with the small cross
section for the 54Fe(n,u)510r reaction eliminates it as a
matter of concerﬁ. The possible interference from epithermal
reactions producing manganese-56 activity was eliminated by
carrying out the manganese determination lrradiations in as
"thermal" a flux as possible, i.e., Rgq greater than 1000.

)6000 reaction is

The cross section of the remaining 630u(n,a
only 11.4 mb for fast neutrons éliminating it as a possible
interference.

Other qualitative sources of error include contamina-
tion which may occur during sample preparation and handling
and the possibility that constituents of the irradiation
capsule might be considered to be impurities in the actual
sample. Etching the sample before irradiation and analysis
of the acld used in the etching process eliminated the first

possibility while the irradiation and analysis of an empty

capsule made possible the elimination of the second. (See

Fig, 22)
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The largest uncertalnty in the quantitative analysis
occurs when analysing an element whose concentration
approaches the limits of the senslitivity of the method which
occurs when the standard deviation of the channel counts
approaches the height of the full-energy peak above the
background.

The error or uncertainty in the quantitative analysis
may be found by applying propagation of errors theory to

each of the terms in Equation 24,
-\ td —a~iagt
fsAuQSmSQSSSe s s (1-e~As®cy)

m, = (24)
-)kutd = “lutc
A Seufu,rzfusue u (l-e u)

The meanings of those terms not immediately obvious may be
found by referring to Equation 3 of Chapter II. The uncer-
tainties considered in this analysis are listed in Table 13.
Although the experimenter Qould like to reduce the
uncertainties in each term to values as small as pbssible,
it is clear that the only.effective effort is that devoted
to reducing the magnitude of the major contributions. For
purposes of illustration, all contributions to the uncer-
tainty in the determination of the manganese impurity in the
magnesium oxide crystal are discussed in detail in the
following analysis. |
While analyzing the technidques used in the preparation of

a comparitor standard of a known weight as discussed in the
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Table 13. Tabulation of uncertainties in the quantitative

analysis

II.

I11.

IV,
V‘
VI.

VII.
VI1I.

IX.

XI.
XIT.
XIIXI.,

Uncertainties in weight of standard

A. Purity of standard material

B. Welghing of standard material

C. Volume dilution

D. Pipetting of standard into capsule
E. Homogeny of standard solution

Uncertainty in purity of standard samples, i.e.,
possibility of introducing a confusing reaction

Uncertainty in purity of reagents, cleaning fluids
and solvents

Uncertainty in cleanliness of glassware

Uncertainty in weight of sample analysed

~ Uncertainty in flux ratio between locations occupiled

by standard and sample

Uncertainty in self-shielding ratio of standard to
sample

Uncertainty related to counting geometry
Uncertainty in counting period
Uncertainty in decay time

Uncertainty in half-life

Uncertainty in full-energy peak area

Uncertainties peculiar to a specific detector
analyser and data handling system
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guantitative analysis, the uncertainties listed in Table 13
are considered. The standard material is never 100% pure.
Usually the best that can be expected from an analysed
reagent is 99.99% purity with an analysis stating the
impurities and their concentrations. Related to the purity
of the standard is its form. In the case of manganese, the
compound manganese dioxide was used. Since manganese has a
molecular weight of 54,938 r 0,0005 and the manganese
dioxide has a molecular weight of 86.94 6 0.005, the actual
manganese used will be the ratio of the molecular weights
times the purity times the mass used. The uncertainties in
the molecular welghts are assumed to be one-half of the last
significant figure.

The weighing was done using a Gram-atic balance (serial
#1—910) whose calibration was checked by the experimenter
with a set of calibration weights from a Cahn electrobalance
(Ames Lab #11302). The balance, which is graduated down to
0.0001 gm,was found to weigh the calibration weights to
+0.0001 gm of their imprinted values in repetitive trials.

The samples were weighed by the difference technique.
To insure that only the amount of standard used was recorded,
the weighing paper and standard were weighed first, the
standard was poured from it into a volumetric flask and
the paper and the residual standard on it were reweighed.

For the manganese standard, 36.6 mg of manganese dioxide was
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used. When the ratio of the molecular weights and the purity
of the manganese dioxide are applied to this, the weight of

the manganese in the standard and its uncertainty becomes

2 2
(w6 ¥ dutdgmo, = (g = weg) F (awee)® 4 ()

(25)

0.0366 * \((o 001)% + (0.001)?

)

]

vk * pwt = (36,6 Yio.a8) » 505V an
. (WtMnOE)(mw)Mn (purity) hotY, B damme) 2
(we = awtly, = — ) S ey (“;r)
man02 Mn
| 2 : 2
EEE A purity
+’( mw) * ( purity) (26)
MnO,,
(0.0366) (54.938)(0.9999) ﬁ; ooom)
) (86.94) \l\o 0366

0.0005)2 0.005) " 0.005) #
54.938 8698 / *\go.99;

-11

0.0232 |17 \J;.5 x 1077 + 8.3 x 10

]

+1.9x 109 4+ 2.5 x 10710

(wt ’:Awt)Mn = 0.0232 t 0.0001 gm
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This mass of manganese in the form of manganese dioxlde
was dissolved in nitric acid with the help of hydrogen
peroxide and then diluted with distilled water to 1000 f
0.30 ml in a Pyrex volumetric flask. Care was taken to
insure that the flask and its contents were at room temper-
ature (an air conditioned 20° C) before the level of the
solution in the flask was brought up to the calibration
line. The analysis of the nitric acid and the hydrogen _
peroﬁide is given in Appendix C. In addition, approximately
250 ) of the distilled water was irradiated and analysed
(Fig. 23). As a result of these analyses, it was judged
that the distilled water, the nitric acid and the hydrogen
peroxide did not contribute significantly to any activity
which could be mistéken for the standard and thereby intro-
duce an error,

The actual standard was produced by pipetting 100 )
of this solution into a polyethylene capsule. Kimax micro-
pipets with a published tolerance of 0.3% at 20° C were
used (26). Since this is the volume contained and not
delivered, a careful wipe and triple rinse technique
described in Chapter V insured that the total volume con-
tained was delivered. To allow for possible human errors,
a value of 1% was assigned to the pipetting uncertainty.

To insure that solutions were homogenous, first a

check was made for any obvious precipitate. If any was
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found, a different compound and/br reagent was used to

insure complete dissolution of the standard material.

Second, all solutions were shaken well prior to use.
The dilution and micro-pipetting described yield a

standard with the following weight and uncertainty

+
(wt = Awt)std
2 2 2
Whyn volp AWE AvVOlq AVOl,
_— |1 ey i + (27)
vol, Mn vol1 vols,
_ (0.0230)(0.100 m) | (0.0001 2 (0.30 E . 2 )2
1000 ml - 0.0232 1000 100

N
2.32 x 1076 [1 3 \rs x 1072 +9 x 1079 +1 x 10‘4J

]

(wt + pwt)gpq = (2.32 ¥ 0.09) x 1076 gnm

While it may be argued that part of the standard might
have been lost during the drying process, the amount lost
was considered to be negligible, because the standards are
nonvolatile and the drying or evaporation took place at a
very slow rate. Precautions were also taken to insure that
dust and particulate matter.did not settle from the air and
into the standards during the drying process. To further
insure that no contamination that might produce gamma rays

at the same energies as the standards took place, clean
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polyethylene gloves were worn during encapsulation and
samples were handled only with a forceps freshly cleaned
in acetone. |

The glassware used in this analysis was cleaned by
Ames Iab personnel using the following standard technidque:
Items are first dipped in alcohol to remove any grease.
This is followed by a soaking period in a solution of hot
sulfuric and nitric acld which is then followed by a rinse
in tap water. The glassware is then inspected for any
stubborn deposits which are then removed by hand brushing
with "BABO" a commercial cleanser. All pieces are then
rinsed with distilled water and put on a rack to dry. This
procedure appeared to be satisfactory since no unusuval
activity which might be attributed to contamination from
the glassware was noted.

The weight of the crystal and the uncertainty in the

‘welght are found in the same way as the standard ylelding

(wt + awt) = o0.2421 * 0.00014 gm

- crystal

During an irradiation the number of parent nuclides
decreases as the products are formed. During a long
irradiation the number of parent nuclei may be reduced
enough to reduce the reaction rate and give an erroneous
quantitative analysis. Using a cross section of 13.3 b for
manganese, a maximum flux of 3.4 x 1013 n/cmzsec and a maxi-

mum Irradiation time of 3 hrs, the sample calculation which
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follows shows the decrease in the number of parent nuclei

is not significant.

N o= Ny (9) (1) ()

(13.3 x 1072%)(3.4 x 10%3)(3)(3600)

R = Norg
e =T
N = 4.8 x 10 Norg
where
N = the decrease in number of parent nuclei,
Norg = the original number of parent nuclel.

Since the decrease is negligible, no uncertainty has been

calculated.

During irradiation the samples are adjacent to one
another as shown in Fig. 24, yet they may be exposed to

different fluxes due to spacial flux variations.

Sample A ;; Sample B {:Fample C
i i

B o
© S—— 0.5 em
0% 3.9 em

?? — o flux

N gradient
: &

[

e B s
e cu WY oo BC

Fig. 24. Flux variation versus position
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This variation was measured by placing "identical"
standards A and C on either end of the magnesium oxide,
sample B, during irradiation. The ratio of the flux at C

to that at B

g
G

may be found by measuring the same full—energy peak areas

(28)

in standards A and C, and applying the ratios of the distances,
to these peak areas to obtain a predicted peak area for sample

B. Because the
(full-energy peak area) « (activity) « (&), the (29)

flux ratio in Equation 28 may be found as

A
gR B i = ___C_ (30)
%3 Ap
where
Eb = full-energy peak area of sample C corrected for

decay and counting times

and it can be readily shown that

_ —_  BC _  AB
Ay —xc t Ac xe (31)

é?
I

KA = full-energy peak area of sample A corrected for

decay and counting times,
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%%, = ratio of distance between samples A and B to
the distance between samples A and C (See
Fig. 24),

%g- = ratio of distance between samples B and C to

the distance between samples A and C.
The decay and counting corrections to the photo peak
areas and their uncertainties, may be found by applying

propagation of errors theory to

- e e
Area = mge‘“d(l el L k- a (32)
where
tq = decay time,
te = counting time
K = constant including saturation factor,

detection efficiency, number of parent
nuclei, etec.
The flux, @, is proportional to the specific area

which is given by

S A )
A =
e At (1 - eAbe)m 33

The specific area and its uﬁcertainty is given by

o A3 + 2 2
: o (% = e-ltz)(e'xtd)m [ & = \/(_% +(A—mm)

(34)

-2 te 2
+( e ‘ltc) [(Xétc)2 + (tcf‘_)t)g] + (tdi\,l)z %+ (':\_fltd)e
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To illustrate the treatment of the flux variation between
the sample and standard, the following data and assumptions
will be used:

1) Data taken from Exp 8-27-69, counts 2, 3, and 4;

(two manganese standards and a magnesium oxlde
crystal).

. 2) The 1.81 Mev full energy peak of manganese-56 is
used. T 1/2 = 2.576 ¥ 0.0005 hr, ) = 0.2690 ¥
0.00005 hr.

3) Peak areas and uncertainties are given by ICPEAX.

4) Uncertainties in the counting and decay times are

0.0003 and 0.0083 hr respectively, (to be dis-
cussed later).

Using this data and these assumptions, Equation 34

gives a specific area for standard A of

o (2240) (0.2690)
AR)o = (1 - e-(°-269)(°-278))(e‘(°-269)(1'20)) 2,32

45 )y 2 (0.09) 2 0.9282) 2 2
[:1 : Véé? O) + (2,32) < 2 67%7?8) (0.00007)

¥ (0.0001)2) + (2 x 1075)% & (o.oooe)e]

(& *

(2240) (0.2690) +\/ -l e
1 1\ /4.0 x 10 .0
(0.0720)(0.968) (2. 32) A 0w

+ 2.5 x 10701 4 4 x 10710 4 uxlo-8]
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(A T AK)C = 3730 T 75 counts/hr ug

The specific activity of the same peak in sample C 1is

2 2
_ _ (794) (0.2690) +\/ 25 0.02
(5 iy - (o.0720)(0.a77)(2?-210[1 i (794) * (2-24)

(0.9282)2 : : .
’ - g 0~
_ 0.0718 [(O-OOOOT) + (0.0001) ] + (5.1 x1 )

"+ (2.2 x 10‘3)]

2670 [1 . \/9.9 x 1074 + 8.0 x 107 + 2.5 x 1077

+ 2.5 x 1077 + 4.4 x 10‘5J

(K t bE), = A2670 t 87 counts/hr ug

Now applying propagation of errors theory to Equations
30 and 31, the flux ratio and its uncertainty can be written

as

= A
8 Ac c

(35)

-
]
Gﬁ‘
I
b
|
]
s
o
a%
[
+
>
—
o =
&
o SR
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SR N B
M 3 3600
2670 (3_9) + 3730 (3_6)
g, = 1.0
2 2 o) o)
0.5) 87 0.05
\/75 o ((2670)23 )) 2670 + 6———-'5 -+ J
= +
3730) (0 2
0.5) 3.4
[2670( 3y * 3 ““.5]
(3.802 | 15 2  o0.05 ® o.05 2
oy (34 75 . .05
’ ((373 \(3.9) |30t 3IE * 3%
\/ (1.1x105)[0.0001 + 0.01 + o.oooa]
= \[o.001 +
-1.3 x 107
4 (1.1x107)[0.001 + .0002 + .0002]
= \/ o0.002 =  0.045
= (1.0)(0.045)
- 0.045
T sy = 1.0 t o0.05
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The above development points out that the largest
contribution to the uncertainty in the flux ratio, ﬁﬁ,
arises due to the uncertainty in the measurement of the
area under the full-energy peaks and to the uncertainty in
the measurement of the position of the samples during
irradiation.

Another factor wbich may introduce uncertainty is self-
shielding. The self-shielding factor is defined as the
limit of the ratio of the specific activity of the sample
to its specific activity as its mass approaches zero, Nisle

(35) approximates the self-shielding factor f(v) as follows

vy = L2_270 (37)
v

where

v = HVE

S

and

V = sample volume,

= sample surface,
%L = total macroscopic cross. section.

The magnesium oxide crystals used were in the form of
rectangular solids 0.38 x 0.38 x 0.74 cm on a side. Since
they were better than 99.9% pure; only the magnesium oxide
in the matrix is conéidered. It has a macroscopic cross
section of 0.0027 em™ 3 (21). Using the above dimensions

the sample volume is
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v = (0.38)(0.38)(0.74) cmd
= 0,107 cm3

while the surface area of the sample is

A = (0.38)(0.38)(2) + (0.38)(0.74)(4)
A = 1.42 cm®
so that
S 1.42
and
' -
-V _ -8.15 x 10
f(v) - (.J_.._...__ew) = 1 €
v 8.15 x 10°4
f(v) = 1.0

This demohstrates that self-shielding for the MgO crystal
is negligiblé. Since’ the comparitor standards represent
only'approximately 1 ug of each of the several impurities
present in the crystal, and because the material is spread
over the surface of the capsule bottom, the self-shielding
factor of the standards departs even less from unity than
it does for the crystal. Therefore, the self-shielding
factor in this analysis was Jjudged to be 1.0 andlassigned
an uncertainty of zero.

One of the more obvious sources of error in any experi-
ment dealing with radiation counting is the counting geometry.

Counting is often done at a fixed position on a sample holder
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which is at a fixed distance from the detector. This creates
an identical counting geometry providing the samples are
identical. In this work the samples were not identical.
The standards consisted of a dried solution on the bottom,
with an unknown portion extending up the sides, of the
irradiation capsule, while the MgO sample was in the form
of a rectangular solid in the bottom of a similar capsulé.
This situation created an uncertainty in the source-to-
detector distance which was removed by rotating the sample
as discussed in Chapter III. Any spacial variations not
removed by this technique were Jjudged to be small and were
ignored.

It is possible that a systematlic error or uncertainty
may be introduced iﬁ the counting time by the automatic
timer assoclated with the analyzer. This is especially
true if the analyzer is operating with high "dead" time.
Since all counting used in the quantitative analysis was at
zero "dead" time, and since it will be shown that the uncer-
tainty in the counting time is not significant; it was
assigned a conservative value of T 1 sec for this example.

The uncertainty in the decay time, or time since
irradiation, is somewhat greater for several reasons. First,
the time of the end of the irradiation was read by the
reactor operator introducing several seconds of uncertainty.

Second, the clock used to read the time of the end of



I17

irradiation is not the same clock as used to read the decay
times, and third, the decay times are read by the experi-
menter introducing another uncertainty. Because, as will
be shown, the uncertainty in the decay time is not a
significant factor in the overall uncertainty, a conserva-
tive value of T 30 sec was assigned to the decay time
uncertainty.

An uncertainty related to the counting and decay time
is the uncertainty in the half-life. For this work the
half-l1ife values tabulated in Lederer, Hollander, and
Perlman (28) are used. The uncertainty is considered to
be ¥ one-half of the last significant figure.

The determination of the area of the full-energy peak
produces an uncertainty which is a function of the count
rate, the number of accumulated counts, the background count,
and the presence of adjaéent full-energy peaks. The area
aﬁd the uncertainty in the area used in this work was ob-
tained from the data by a computer program ICPEAX (Appendix
A). 1t was empirically verified that the areas given by
this program gave more consistent results than the results
of "hand" calculations discussed in Chapter II.

Applying the propagation of errors theory as given in
Chapter II to the manganese example reveals the relative
contribution of each of the uncertainties discussed above.

Ignoring the self-shielding and counting geometry factors
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for the reasons discussed, Equation 16 becomes

2
A
Mg

AAR
+ N e
(m * am), = mgAR@RDRCR | 1 % (n@) - kAﬂ)

885 \ 2 sDg \ 2 acr\ 2
wm o Em G

The mass of the manganese standard as computed earlier in

this_chapter is

(m* am), = (2.32 ¥0.02) x 1070 gnm

The peak area ratio between the unknown, A, and the standard,

Ag, 1s given as

' 2 2
(A 2 an)p = .. 3 £ (AAu) + (éfi) (39)

A Ay

. Inserting the peak areas and uncertainties as provided

by ICPEAX, Equation 39 yields

¥ _ hugg , \/95 . ( 45 ) °
(A= ab)g = 2285 | 1- (4489) * \z2bs )
(A Fpa), = 1.990 [1 + \/4.5 x 1074 4+ 4 x '10'”]

1+

(a 1.990 * 0.058

I

AR) g
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The ratio of the decay of the standard to that of the

unknown is given as

-2 ta
% _ eTMds + \/ . % B 2 2
(Dt aD)y = = 1 2 \hatag) T+ (tagar) T +(ratqy)
2
-+ (tduﬁ)\) ] (LI-O)
whefe
Ty = 2.576 + 0.0005 nrs
and
0.69315 1
% = - - - (0.2690 t 0.0001) Ry
(2.576) ( -
so that

e-0.269(1.2)

(D ¥ aD)g = T, [ 12 V&o.269)(o.0083)
e * * ‘

(120)(0.0001) . + (0.269)(0.0083) &
+ (1.5)(0.0001) 2 ]
. 6.726 | -6 el
(D't aD), = 11 V/ . 5
R 0.660 4.6 x 10 + 3.6 x 10
+ 4.6 x 10“6 + 5.6 x 10°6

(D * D)y = 1.101 T 0.001
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The ratio of the counting time of the standard to that

of the unknown is given as

(¢ *+ ac) 1 e M tes) +
g Fap), = 1 ——
; (1 - eAbeu) 1- e Mes

e“ktcu 2

OEEETTNE

here

L+

Atg = 1000 * 1 sec = 0.2780 ¥ 0.0003 hrs

c Cc

CP
-+

Il
I

At 4000 ¥ 1 seec = 1.11 * 0.0003 hrs

Cu

2 2
(¢ tac)y = 220729 |, 4 \/(0'9280) [((0.278)(0.0001))

0.2580 0.072

0.742 2
3 ((0.269)(0-0003))2] # (0.258)

[((1.11)(0.0001) g ((0.269)(0.0003)) r‘ﬂ

[ * AC)R = 0.2790 [ : A \/(16.5) [6.9 x 1079 + 6.5 x '9]

+ (8.6) [1.11x 1072 + 6.5 x 10'91]

(¢ T ac)y = 0.2790 ' 0.0001
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Putting all of the factors calculated above into

2 2
A
(m —.I: Am)u = mSARQRDRCR 1 f\/(_A_'EIE.) & (é_.l:_{)

Mg AR
Agh 2 &DR 2 ACR o)
(%) (%) () 02

yields the mass and the uncertainty in the mass of the

unknown.

(mi'am)u = (2.32)(1.990)(1.0)(1.101)(0.2790) [ : M
\/(0.025) 2+ 0.058 2+ 0.045\ 2
2,32 1.990 1.0
(0.001) 2 (0.0001) e
+ + |—
1.101 0.2790,

1.4[1i' \!1.15 x 107 | B.5 x 1078

=
-+

>

B,
{

+ 2.0x103 + 1.,0x107° + 1.28x 10"5_]

(m am) = 1.4 * 0,1 ug

To find the concentration in ppm, the mass of the

impurity is divided by the mass of the crystal.

ppm T appm g}: [1 3 \/(ﬂ) 2+ (%%c) j (43)

My

BV N e
- 0.203 SV TE t(oan3
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5.9 [ 1 F V&LJ.X 1073 + 1.7 x 10'7]

.

ppm ¥ Appm = 5.9 = 0.3

Equations 42 and 43 Show that the largest uncertainties
in order of decreasing size are in the determination of the
flux ratio, the peak area ratio, and the mass of the
standard. The uncertainty in the determination of the flux
ratio, which is about ten times larger than the other two,
has been shown to be comprised of two things:

1) A contribution from the uncertainty in the location
of the two flux calibration standards with respect to the
magnesium oxide crystal;

2) A contribution from the uncertainty in the full-
energy peak areas.

The operational characteristics assoclated with a
particular detector, analyzer, and data handling system
are also possible sources of error which are hard to
evaluate., Since the same system was used for each associ-
ated pair of experiments, each of which is complete in it-
self, this error is assumed to cancel., Since there was no
evidence that this uncertainty should be considered, it was
neglected.

Summarizing the error analysis, it appears that the
largest sources of uncertainty in the qualitative analysis

are interfering full-energy peaks at approximately the same
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energies, peaks tToo small to be statistically significant,
improper calibration and contamination prior to irradiation.
The chances for error are increased as the sensitivity limit
is approached. Quantitatively, the largest sources of uncer-
tainty listed in descending order are in the determination
of the flux ratio between the sample and standard, the full-
energy peak area, and the mass of the standard. Since about
half of the uncertainty in the flux ratio comes from the
uncertainty in the peak areas used, improvement in this
factor will do much to improve the accuracy of the quantita-
tive analysis., Another suggestion is to rotate the samples
about one another during irradiation exposing both to the
same flux and eliminating the uncertainty in the flux ratio
altogether.

Three recommendations for further study are:

1) Develop a more accurate method of determining the
‘full-energy peak areas.

2) Eliminate the flux gradient by rotating the sample
during irradiation or by some other technique.

3) Develop a technique for the analysis of the
calcium, a common impurity in magnesium oxide, and other

short lived activities.
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CHAPTER VII. SUMMARY

A technigque for the qualitative and quantitative non-
destructive analysis of a solid magnesium oxide specimen has
been developed. The abllity to quantitatively determine
trace impurities in the ppb range using specimens in an "as
is" form has been shown.

The technique utilizes neutron activation and gamma ray
spectrometry to detect impurities whose half-lives are
greater than one hour. Comparitor techniques are used for
the quantitative analysis and have been shown to give an
accuracy of * 54, A detailed error analysis is given.

A comparison of the value of the Ge(Li) versus the
NaI(T1l) detector system and between the qualitative results
using activation analysis and emission spectroscopy is made.

The technlque as developed_has two obvious shortcomings.
First, isotopes whose activities have half-lives on the same
order of magnitude as the magnesium matrix could not be
detected and second, the technique is time consuming. A
minimum of four weeks must be allowed for a complete quali-

tative and quantitative analysis.
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APPENDIX A. ICPEAX

"ICPEAX-T"l

is a FORTRAN IV program written for the IBM
360/65 computer. It automatically detects full-energy peaks
in Ge(Li) spectra, determines the peak parameters, and can
plot the spectra. While the program was designed to be used
with the Ge(Li) detector, it also works with the NaI(T1)
detector.

The input for "ICPEAX" is 1600 or less channels of raw
data punched on cards. The program detects full-energy peaks
by analysis of a smoothed second derivative of the spectrum.
All negative minima are considered full~energy peaks if two
conditions are met: The width of the peak must be between
3 to 15 channels, while the magnitude must be at least 0.35
times the standard deviation. After this preliminary search,
the results of which are printed, a gaussian fit is attempted
on all peaks. The full-energy peak background is approxi-
mated by a straight line subtracted before the analysis. At
‘this point the peaks are checked for a gaussian fit using
essentially the program written by Heath (18). The peaks
are considered real only if they satisfy the gaussian fit
routine.

The program uses the coefficients of the linear and

quadratic calibration lines of the detector to assign

lHaustein, Peter, Ames Lab, Ames, Iowa, ICPEAX-T.
Private communication. 1969,
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energlies to each of the peaks it considers real. The
following information aboutleach real peak is printed:
location (Kev), standard deviation, width, height, area,
standard deviation of the area, line slope, line intercept,
fit, and the energy (using both linear and quadratic cali-
brations). In addition, the program will yield elther a log
or linear plot of the spectrum on which each of the peaks

is labeled with its appropriate energy (quadratic cali-

bration).
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APPENDIX B. PRESTO

"PRESTO"? 1s a FORTRAN IV. program wriltten for the IBM
360/65 computer which converts data in the form of IBM 7-
track magnetic tape to punched card format and/or listed
data on the computer output. Data in the form of punched
paper tape from the multichannel analyzer system is first
recorded onto magnetic tape. This tape is then submitted
to tpe computer with the program to obtain listings and
decks of the data. The program was originally written for
1600 channel spectra but has been modified to accept 256,
512, and 1024 channel spectra. Now, as before, the program
will accept any number of such spectra. For each data set
elther listings, card decks, or both may be obtained from
the program. If errors occur during the transfer of the
data from tape to cards or listings, the program indicates

the type of error on the computer output.

1Haustein, Peter, Ames Lab, Ames, Iowa. PRESTO.
Private communication. 196G,
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APPENDIX C. ELEMENTS AND REAGENTS

Specifications of Elements and Reagents
Used as Standards

1. Ammonium Hydroxide (NH,OH)

Manufacturer. . .Allied Chemical Corporation
Analysis. . . . .Material %
cl 0.00005
POy, 0.00004
S0y, N 0.0001
Pb 0.00005
Fe 0.000010

2. Antimony (Sb)

PO o » & & = .Sb203

Manufacturer. . .Baker Chemical Company

Analysis. . . . .Material ‘ %
Sb,03 99.7
SOy 0.01
As 0.10
Cl . 0,015
Heavy Metal (Pb) 0.001
Fe : 0,01

3. Barium (Ba)
POPM: s » = & = .Ba02

Manufacturer. . .Allied Chemical Corporation
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Analysis. . . . .Material %
Fe 0.03
Pb | 0.002
L 0.01
Ca 1.0

Calcium (Ca)

Form:. « « « « s -Ca0

Manufacturer. . .Mallinckrodt Chemical Works

Analysis. . . . .Material %
Pb 0.01
Cl 0.005
Fe 0.10
Mg g I ¢
NO3 0.05
S0, 0.1

Cesium (Cs)

FOPm: s & » » 3 .CsNO3

Source. . . . . .Ames Lab

Analysis. . . . .no specifications given

Chromium (Cr)

POYM: s ¢« % « & .Cr03

Manufacturer. . .Baker Chemical Company

Analysis. . . . .Material g
CrO3 99.1

Insolubles 0.005
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Material 70
c1 0.003
NO3 0.050
SOu 0.003
Na 0.004
Fe, Al, Ba 0.015
Cobalt (Co)
Porm. « = « « « .metal foll
Source. . . . . .Ames Lab
Analysis. . . . .purity grade
Copper (Cu)
Form. . . . . . .CuO (powder)
Manufacturer. . .Baker Chemical Company
Analysis. . . .-.Material %
Insolubles 0.01
Cl ' 0.005
NO3 0.001
SOy ' 0.01
Fe 0.06
Glacial Acetic Acid (CHSCOOH)
Manufacturer. . .Dupont Chemlcal Company
Analysis. . . . .Material %
el ' 0.00005
SOy 0.00005
Fe 0.00002

Heavy Metal (Pb) 0.00005
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Hydrofluoric Acid (HF)

Manufacturer.

Analysis.

Mallinckrodt Chemical Works

.Material

As

Ccl

HpSiFg

Heavy Metal (Pb)
Fe

POy

SOy

SO3

Hydrogen Peroxide (Hy05)

Manufacturer.

Analysis.

Iron (Fe)
Form. . .
Source. .

Analysis.

.

el

,000005
.0005
.01
.00005
.0001
.0001
.0001

c 9O Q O 0 O 9O O

.001

.Baker Chemical Company

.Material
H202
Cl
N
POy
Pb
Fe
Cu

Ni

.metal

.Ames 1Lab

.purity grade

%

30
0.0003
0.0008
0.010
0.00005
0.00001
0.00002
0.00002
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Manganese (Mn)
Form.
Manufacturer.

Analysis.
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.MnOp
Mallinckrodt Chemical

.Material

MnO,

Alkalis and Earths
Cl

Insolubles

NO3

SOy

Molybdenum Trioxide (M003)

Manufacturer.

Analysis.

Nickel (Ni)
Horm: « « « %

Manufacturer.

.

.Material

M003
Insolubles
Cl

NO3

POy

S0y

NHy,

Pb

.N1iS0y

.Baker Chemical Compan

Works
%

99.5

0.2
0.01
0.05
0.05
0.05

.Baker Chemical Company

%

99.5
0.002
0.001
0.003
0.0002
0.01
0.008
0.002

J
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Analysis. . . . .Material %
Insolubles 0.003
Cl 0.0003'
NOg 0.005
Pb 0.001
Cu 0.001
Co 0.06
Fe 0.001
Alkalis and Earths 0.20

16, Nitric Acid (HN03)

Manufacturer. . .Baker Chemical Company

Analysis. . . . .Material %
HNO3 70.0-T71
Ccl 0.000008
804 0.00008
As : 0.0000005
Pb 0.00001
Fe 0.00001
Cr 0.00001
POy, 0.00002
Cu 0.000005
Ni ' 0.000005

17. Phosphoric Acid
Manufacturer. . .Baker Chemical Company

Analysis. . . . .None given
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19.

o b

Scandium (Sec)
Form.

Source.
Analysis.
Sulfuric Acid
Manufacturer.

Analysis.

Titanium (Ti)
Form. . . .
Manufacturer.

Analysis. .

.

140

.metal
Ames Lab

.purlty grade

.Material

- Cl

NO3
NHM
S0y
As
Pb
Re
Cu

Ni

.T10,

.Matheson, Coleman,

. .Material

As
Fe
Pb
Zn

.Baker Chemical Company

%

0.00001
0.00005
0.0001
0.0001
0.00001
0.0001
0.00001
0.00005
0.00005

and Bell,

5

0.0002
0.01
0.02
0.01
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EXPERIMENTAL EQUIPMENT

Make, Model, and Serial Number
of fhe Experimental Equipment

Description

Output typewriter
and paper tape
punch

Teletype drive
Master control
Analog to digital

Tape transport

Reduce/integrate
unit

Memory
Oscilloscope

High voltage
power supply

Preamp, amp, and

discriminator
Preamp
Amplifier

Ge(Li) detector
NaI(T1l) detector

AEC bin and
power supply

6V power supply

Make

Teletype

Nuclear
Nuclear
Nuclear
Nuclear

Nuclear

Nuclear
Hewlett

Nuclear

Nuclear

ORTEC
ORTEC
ORTEC
Harshaw

Nuclear

Nuclear

Data
Data
Data
Data

Data

Data
Packard

Data

Data

Data

Data

Model no.

33TC

2200
2200

H77-120B
537

520

118A

435
8201-0335
12812

510

Serial no.

129743

67-33
67-168
67-232
67-14
67-4

67-141
601-11140
67-39

66-204

6255
82
9-P421
DE354
111150

67-147



Description

High voltage
power supply

Electrometer
and 1000:1 probe
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Make Model no.
Fluke LOs5B
Keithley 610B
Instruments

Serial no.

1692

34819
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