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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]



112

(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



116

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
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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.



10,

125
BIBLIOGRAPHY

Abu-Samra, A. Analyslis of a Damascus steel by neutron
and gamma activation. Unpublished M.S. thesis. Ames,
Towa, Library, Iowa State University of Science and
Technology. 1965,

Anders, Oswald U. Instrumental neutron activation
analysis using TRIGA reactor high-resolution gamma
spectrometer and computer. Analytical Chemistry 41:
428-437. 1969.

Anders, 0. U. and Beamer, W. H. Resolution of time-
dependent gamma spectra with a digital computer and
its use in activation analysis. Analytical Chemistry
33: 226-230. 1961.

Baumann, N. P. and Stroud, M. B. Self-shielding of
detector foills in reactor fluxes. Nucleonics 23,
No. 8: 98-100. 1965,

Bell, Howard. Creep in ceramic materials. Iowa State
University Project Themis Ceramic Materials Progress

Report 7: 6-9. 1969,

Burrus, Walter R. and Bogert, Dixon. A study of the
errors associated with spectral analysis methods.
Gatlinburg, Tennessee Symposium Proceedings 1962: 127-
137. 1963.

Cali, J. P., Weiner, J. R., and Rocco, G. G. The
accuracy of radioactivation analysis. International
Conference on Modern Trends in Activation Analysis
Proceedings 1965: 253-259., 1965,

Cilindro, Leodegario de Gracia., Neutron activation
analysis for iridium, palladium, and silver in
platinum. Unpublished Ph.D. ‘thesis. Ames, Iowa,
Library, Iowa State University. 1967.

Covell, D. F. A new method of determining photo-
peak areas. Analytical Chemistry 31: 1785. 1959.

Currie, Lloyd A. Limits for qualitative detection
and quantitative determination. Analytical Chemistry
40: 586-593. 1968.



: 5

12.

13.

14,

15,

16,

i

1B,

19

20.

21,

126

De Neve, R., De Soete, D., and Hoste, J. Nondestruc-
tive activation analysis of trace impurities in
germanium. Analytica Chimica Acta 40: 379-386. 1968.

Drew, D. D., Fite, L. E., and Wainerdi, R. E. Computer
coupled activation analysis. Gatlinburg, Tennessee
Symposium Proceedings 1962: 237-243. 1963.

Emergy, J. F., Dyer, F. F., Alexander, T., and Schon-
feld, E. The evaluation of computer programs for
gamma-ray spectrometry in activation analysis. Interna-
tional Conference on Modern Trends in Activation
Analysis Proceedings 1965: 212-216. 1965.

Fairstein, E. and Hahn, J. Nuclear pulse amplifiers-
fundamentals and design practice. Mt. Prospect,
Illinois, Contemporary Science, Inc. 1966.

Friedlander, G., Kennedy, J. W., and Miller, J. M.
Nuclear and radiochemistry. 2nd edition. New York,
New York, John Wiley and Sons, Inc. 1955.

Gilat, J. and Gurfinkel, Y. Shilelding in activation
analysis. Nucleonics 21, No. 8: 143-144, Aug. 1963.

Hahn, Paul Balser. Actlvation analysis for trace
quantities of iodine in bilological materials. Un-
published M.S. thesis. Ames, Iowa, Library, Iowa State
University. 1967.

Heath, R. L. Scintillation spectrometry, gamma-ray
spectrum catalogue. 2nd edition. U.S. Atomic Energy
Commission Report ID0-16880 (Idaho Operations Office,
AEC). 1964,

Hunt, Lee Philip. Neutron activation analysis of
trace rare earths in holmium oxide. Unpublished Ph.D.
thesls. Ames, Iowa, Library, Iowa State University.

1967.

Jones, John Taylor. The diffusion of manganese oxide
in single crystals of periclase. Unpublished Ph.D,
thesis. Salt Lake City, Utah, Library, University of
Utah. 1965.

Kaplan, I. Nuclear physics. 2nd edition. Reading,
Magsachusetts, Addison-Wesley Publishing Co., Inc.
1962.



22,

23.

24,

25.

26.

27.

28.

29.

30.

3l.

22 e

33.

127

Kenna, B. T. and Conrad, F. J. Determination of sodium
in high purity silica by activation analysis. Talanta
15: 418-420, 1968.

Kenna, B. T. and Van Domelsen, B. N. Neutron activa-
tion: relationship of sample mass to self-shielding
factor. International Journal of Applied Radiation and
Isotopes 17: 47-50, 1966.

Koch, R. C. Activation analysis handbook. New York,
New York, Academic Press, Inc. 1960,

Korthoven, Peter J. M., Wechter, Margaret A., and
Voigt, Adolf F. Determination of gadolinium and
europium in their tungsten bronzes by high energy
photon activation and computer resolution of gamma-ray
spectra. Analytical Chemistry 39: 1594-1598. 1967.

Lab Glass Inc. Lab Glass: catalogue. Lab Glass Inc.,
Vineland, New Jersey. 1969,

Leddecotte, G. W. Experience in the U.S.A. on the use
of radiocactivation analysis. 1960. Original not
available; cited in Payne, Bryan R. Radioactivation
Analysis Symposium Proceedings 1959: 62, 1960,

Lederer, C. M., Hollander, J. M., and Perlman I. Table
of isotopes. 6th edition. New York, New York, John
Wiley and Sons, Inc. 1967.

Lee, Bong Kyu. Neutron activation analysis applied to
arsenic determination. Unpublished Ph.D. thesis. Ames,
Iowa, Library, Iowa State University. 1968.

Lee, Hee Myong. Determination of impurities in single
crystals of magnesium oxide by neutron activation
analysis. Analytica Chimica Acta 41: 431-440., 1968,

Lenihan, J. M. A. and Thomson, S. J., editors. Activa-
tion analysis, principles and applications. New York,
New York, Academic Press, Inc. 1965,

Lewis, W. B. How to choose irradiation time. Nucleonics
12, No. 10: 30-33. 1954,

Meinke, Wayne W. and Shideler, Ronald W. Activation
analysis: new generators and techniques make it routine.
Nucleonics 20, No. 3: 60-65., 1962,



34.

35+

36.

21

38.

39.

40,

41,

42,

43.

bl

128

Moses, Alfred J. Nuclear Techniques in Analitical
Chemistry. New York, New York, Permagon Press, Inc.

1964,

Nisle, Robert G. Neutron-absorption alignment chart.
Nucleonics 18, No. 3: 86-87. March 1960,

Nuclear Diodes, Inc. The selection and use of Ge(Li)

detectors. Nuclear Diodes, Inc., Prairie View, Illinois.

1968,

Op De Beeck, J. and Hoste, J. The simultaneous deter-
mination of silver, gold, and mercury in high-purity
lead by neutron activation analysis. Analytical
Chimica Acta 35: 427-440. 1966,

"Price, William J. Nuclear radiation detection. 2nd

edition. New York, New York, McGraw-Hill Book Co.,
Inc. 1964,

Priest; H: F.; Burmna, F. C.; and Priest, G. L. Neutron
flux distribution from a 14 Mev neutron generator.
Nuclear Instruments and Methods 50: 141-146. 1967.

Prussin, S. G., Harris, J. A., and Hollander, J. M.
Application of lithium-drifted germanium gamma-ray
detectors to neutron activation analysis: nondestruc-
tive analysis of aluminum. International Conference
on Modern Trends in Activation Analysis Proceedings

1965: 357-363. 1965.
Robinson, E. L., Furr, A. K., and Robins, C. H, A

" spectrum stripping technique for qualitative activa-

tion analysis using monoenergetic gamma spectra.
Nuclear Instruments and Methods 63: 205-209. 1968.

Ruzicka, Jaromlr and Stary, Jiri. Substoichiometry in
radiochemical analysis. Glasgow, Great Britain,
Pergamon Press Ltd. 1968,

Salmon, L. Analysis of gamma-ray scintillation spectra
by the method of least squares. Nuclear Instruments
and Methods 14: 193-199. 1961,

Schonfeld, E. Alpha-A computer program for the deter-
mination of radioisotopes by least-squares resolution
of the gamma-ray spectra. Nuclear Instruments and
Methods 42: 213-218. 1966,



45,

L6,

bt.

48,

43,

50.

5l.

129

Siegbahn, Kal, editor. Alpha-, beta-, and gamma-ray
spectroscopy. Amsterdam, Holland, North Holland
Publishing Co. 1965.

Tera, Fouad, Ruch R. R., and Morrison, G. H. Precon-
centration of trace elements by precipitation ion
exchange. Analytical Chemistry 37: 358-360. 1965,

Trombke, J. I. and Schmadebeck, R. L. A method for

the analysis of pulse-height spectra containing gain-
shift and zero-drift compensation. Nuclear Instruments
and Methods 62: 253-261. 1968.

Voigt, A. F., Jewett, G. L., Jacobson, E. C., Malaby,
K. L., and Woods, J. D. The determination of trace

.amounts of tantalum and tungsten in metals. Interna-

tional Conference on Modern Trends in Activation
Analysis Proceedings 1965: 26-31. 1965.

Weast, Robert C., Selby, Samuel M., and Hodgman, Charles
D., editors. Handbook of chemistry and physics. Cleve-
land, Ohio, The Chemical Rubber Co. 1964,

Wechter, Margaret A. and Voigt, Adolf F. Determination
of potassium, rubidium, and barium in their tungsten
bronzes by neutron and high energy photon activation.
Analytical Chemistry 38: 1681—16%3. 1966,

Wilhelm, H. A. Purity-grade metals available from
American producers. U.S. Atomlc Energy Commission Re-
port IS-2-29 (Iowa State University, Ames, Towa).

. 1967.



130
ACKNOWLEDGEMENTS

The author wishes to express his indebtedness to Dr.

D. M. Roberts for his helpful discussions, assistance, and
patience in the course of this investigation.

Appreciation is also expressed to Drs. G. Murphy, R. A.
Hendrickson, and A. F. Voigt for assisting with the author's
graduate studies; Dr. R. A. Danofsky for irradiations in
the UTR-10 reactors; Mr. B. W. Link for irradiations in the
Ames Lab Reactor, the Radiological Service Groups at both
the University and Ames Lab Reactor Division; K. Malaby for
advice in preparing standards; P. Haustein for use of computer
programs "PRESTO" and "ICEPEAXS"; the ERI project Themis
supported by the Aerospace Research Laboratories, Themis
contract F33615-68-C-1034 for its sponsorship; and the U.S.
Navy for the opportunity to do post-graduate work.

The author is grateful to his wife Betty for her
patience and also for her aid in the preparation of this

manuscript.



131

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,



134
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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11.

12,
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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. .

.
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.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



