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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
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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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- 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)




16

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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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
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and the counting ratio,
At b
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‘ (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.



2l

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.




40

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
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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



47

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-
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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
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