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I. INTRODUCTION

Some nuclides can be activated to metastable states by
gamma-rays with sufficiently high energy, and then the acti-
vated nuclei may produce gamma-rays from isomeric transitions.
If the decay gamma-rays are detected with a suitable nuclear
radiation measurement method, the sample nuclides can be
analyzed qualitatively and quantitatively. This is a basic
concept of gamma activation analysis.

Approximately 250 nuclear isomers are presently known
with half lives between 10_10 sec. and several years (1),
but not all of these isomers qualify for gamma activation
analysis because there is a limitation of detectable activity.
Table 1 is a list of isomers which have possibilities of gamma
activation. Lukens et al. (2) discussed the possibility of
activation of isomers with bremsstrahlung pfoduced by electrons
accelerated in a Van de Graaf generator. Desoete, et al.

(1) discussed reaction thresholds, reaction cross section,
and the procedure of photon production. The subdivision of
activation analysis which is called photoactivation analysis
or gamma activation analysis employs the (y,Yy') reaction, and
can be classified also as a method of activation to excited
levels, e.g., by utilization of bremsstrahlung or artificial
radioisotopes.

The first trial of gamma-activation by Co-60 gamma-rays



was performed by Harbottle (3) in 1954. He used Co-60 sources
with activities from 170 curies to 1800 curies and a 1300-
curie Ta-182 source to investigate the ratio of dose rate of
gamma-ray source to intensity of activity of indium and
cadmium activated by gamma-rays.

After Harbottle, Ikeda, et al. (4-12), developed both
experimental and theoretical work on (y,y') activation
analysis. They discussed gamma-ray activation of indium
(4,5), rhodium (4), and silver (8), activation cross-
sections for In-115(y,y')In-115m (6,7), Cd-111(y,Yy')Cd-11l1lm
(9), Rh-103(y,y')Rh-103m (11), and Sr-87(y,y')Sr-87m (12),
and photon dosimetry as an application of gamma activation
(10). Yoshihara (13-17) discussed the theoretical background
of activation cross section for (y,y') reaction (13-15),
indium dosimetry (16), and practical gamma activation
analysis of indium in a compound metal such as indium and
tin (17). His study of indium dosimetry is a very practical
and useful application of gamma-ray activation analysis.

More recently, Veres (18), Veres and Pavlicsek (19, 20),
and Law and Iddings (21) contributed articles in this field.
They investigated activation cross-section for In-115(y,y"')
In-115m reaction, but they did not agree on a common value.
It is difficult to determine the gamma activation cross-
section when there is no method of obtaining a highly accurate

value of gamma flux in a very high dose rate field.
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Table 1.

Nuclear isomers available for gamma activation
analysis (22)

Element Abundance T?éé EnT;gy gf y-ray Reference
eV)

Se-77m 7.58% 17.5s 161(50%) 2,20

Br-79m 50.5 4.8s 210 20

Kr-83m 11.55 1.86h 9.3;32.5 2

Sr-87m 7.02 2.83h 388(80%) 2,13,15,21

Y-89m 100 16s 910(99%) 2

Rh-103m 100 57m 2,4,11,15,21

Ag-107m 51.35 44.3s 94 (50%) 8,15,20

Ag-109m 48.65 40s 88(5%) 2,8,15,20

Cd-111lm 12.75 48.6m 150(30%) ,246 (94%) 2,3,9,15,18,20,21

In-113m 4.23 100m 393(64%) 19,21

In-115m 957 4.5h 335(50%) 2~7,15~18,20,21

Sn-117m 1.57 14.04d 158(87%) 2

Xe-129m 26.44 8.0d 40(9%) ,196 (6%)

Xe-131m 21.18 11.8d 164 (2%)

Ba-135m 6.6 28.7h 268(16%) 23

Ba-137m 13 2.55m 662(89%) 2

Er-167m 22.94 2.38 208 (43%)

Yb-176m 12.7 1l1s 104 (65%) ,228(13%)

Lu-176m 2.6 3.69h 88(10%) 2,15,21

Hf-179m 13.7 18.6s 217(94%) 2

a . : "
The percentages in this column are probabilities of
gamma-ray emission.
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Table 1 (Continued)

Half Energy of y-ray

Element Abundance . ¢ - Reference
Hf-180m 35..22 5..5h 1142 (m.s.level) 21
Ta-180m 0012 8slh 93(4%) ,103(0.6%) 21
W-183m 14.4 5.3s 309 (m.s.level)
0s-189m l6.1 5«70 30.8(m.s.level) 21
0s-190m 26.4 9.9m 1706 (m.s.level) 21
Tr¥~-19 1M 38.5 4.9s 129 (25%) 2
Pt=195m 33.8 4.1d 99 (11%) ,129 (1%) 2
Au-197m 100 T« 28 130(8%),279(75%) 2
Hg-199m 16.84 43m 158({53%) ,375(15%) 2;21
Pb-204m 1.4 67m 375(93%) ,900(189% 21
doublet)

The experiments of Yoshihara, Veres, and Law were closely
related to this research. It is helpful to tabulate and
compare the results of their work in Table 2.

Compared to neutron activation analysis, gamma activation
analysis had disadvantages and difficulties as much as it has
advantages and simplicity. One of the difficulties of gamma
activation analysis is that of radiation measurements, be-
cause the activity is generally very low and the energy of
the isomeric transition is very small. Therefore, the factors
of background and statistical error become important, and this

kind of problem should be solved with shielding techniques
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Table 2. Summary of results from Yoshihara, Veres, and Law for gamma activation
of In-115 with Co-60 source (4-21)
Yoshihara Veres Law
Intensity of Co-60 10,000 2,900 5,000

source (curies)

Equipment for
measurement

Specific count rate
(cpm/g In)

Cross-section
2
(cm™)

Mass of target (g)

Minimum detectable
amount (g)

Dose rate, or
gamma flux

.75 in. ® 2 1in.
Nal, spectrometer

1283
2.9 x 10732

2

2 x 106(r/hr)

LB dne: ®-1:75 dn:
NaI, single ch. PHA

277
4.9 x 10 32

20

2.2 % lOll(Y/cmzsec)

3 jh. % 3 1IN,
NaI, 400 ch. PHA

451

2.0 x 10”32

0.5 to 10

0.025

1.4 % 104(rad/min)

w






and careful statistical analysis of data. Watt and Ramsden
(23) contributed to the method of analysis of very low count-
ing rate data. They discussed sources of background, attain-
ment of low background, and counting parameters techniques.
Although gamma activation analysis has difficulties as men-
tioned before, the simplicity of its activation, instrumenta-
tion, and data analysis is the most remarkable advantage.
There are various types of activation analysis which
utilize metastable states, and each may be recognized by
the radiation particles which cause activation, e.g., neutrons,
electrons, and protons, but gamma activation analysis is
limited to gamma-rays, only. Gamma activation analysis was
classified by method of activation to excited energy levels,
and furthermore it can be classified by the type of emitted
radiation. Baker discussed the types of gamma activation
analysis in his article (24). A summary of the types of

gamma activation and their explanations follows:

(Y,yY) reaction This type of reaction is called the

Mossbauer effect. Gamma-rays with a few hundred keV are
emitted by excited states, and sometimes they can be re-
absorbed by other nuclei of the same isotope (25).
Unfortunately, there is no analytical method based on this

effect to date.
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(y,Yy') reaction When a certain stable nuclide inter-

acts with a gamma-ray of sufficiently high energy, the nuclide
is activated from its ground state to a higher level which
instantly decays to the metastable state. When the nucleus
decays by isomeric transition, the excess energy may be
emitted as a photon, and the isomer decays with a measurable
half-life. By detecting the emitted photons, the sample can
be qualitatively and quantitatively described. This type of

gamma activation was employed in this investigation.

(y,n) reaction If the sample could be irradiated with

gamma-rays of higher energy (10-25 MeV) than that in the case
of (y,y') reaction, this kind of reaction may occur. Most
of the gamma-induced analytical work utilizes this reaction.
If the source gamma-rays have much higher energy than that
for the case of (y,y') reaction, (y,2n), (y,p)., (y.,pn), or
(y,an) reactions may occur. Engelmann (26) tried (y,n) and
(vy,p) reactions with the use of bremsstrahlung sources.
Actual examples of the analytical possibilities are described
in his article. 1In particular, he determined very small
quantities (<10_6) of C, N, O, and F.

This investigation has been aimed at two objectives: to
investigate the feasibility of (y,y') activation analysis
as a tool for analysis of indium and cadmium, and to predict
sensitivity and precision of mass determinations for specific

experimental conditions.
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II. THEORY

The process of activation analysis can be separated in
three steps, namely, (i) irradiation of sample, (i1i)
measurements of sample activity, and (iii) data analysis
based on statistical procedures. It is also necessary to
make clear the mathematical formulations for each step and

terminology which are employed here.
A. Irradiation

Figure 1 is a schematic of activity as a function of
time for a single radioisotope. Between points S and T,
the sample is exposed to a constant intensity field of gamma-
rays. The activation curve between S and T is increasing

with time,

At

A(t) = Ncha(l—e" ) i (1)

where A is activity and is a function of time, ¢ is an
activation cross-section, ¢ is the gamma flux, and NT is

the total number of nuclei of the sample which is given by

# (2)

where W is the mass of the sample g is the abundance of the
isotope, M is its atomic weight and NO is Avogadro's number.

If the irradiation time, ti, is long enough (about 10 times



A(t)

Activity

A

Time

Figure 1. Activity as a function of time (The irradiation
starts at S and ends at T for irradiation time t..
The radiation measurement starts at U and stops
at V. The terms t _ and t. mean waiting time and

counting time, respectively)
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its half life), the exponential term in Equation 1 is

negligible, and Equation 1 is changed to

A, = Nnoo¢, (3)

where Al is distinguished from A, because A is not a
function of time, and is defined as a saturated activity.

The gamma-ray flux is a complicated function of position
and energy within the irradiation facility. When the in-
tensity of gamma rays in a radiation field is discussed the
term dose rate D is generally used, and its unit is usually
rad/min. The relation between D and gamma flux ¢, as

developed by Glasstone and Sesonske (27, p. 427), is given

by
¢E M,
D = ——I——ﬂT 5 (4)
6.2x10
where

D is the dose rate in rad/min.,
EY is the photon energy in MeV, and

Mg is the energy absorption coefficient in air, cmz/gm.

When gamma-rays produced from Co-60 are considered, the

energy is taken as the mean value of both gamma-rays, namely,

E = 1.25 MeV
y e

The energy absorption coefficient for air can be obtained
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from nuclear data tables (28), where the value is given

as

Hg = 0.0268 cmz/gm for 1.25 MeV-y

These values, when substituted into Equation 4, give the

gamma flux,
¢(photons/cm2 min) = (1.85 x 109) D(rad/min) . (5)

Theoretical consideration of activation cross-section
for (v,y') reaction is very complicated. Yoshihara made a
comprehensive theoretical study of the cross-section (13,14).
The first part of his Japanese language article (13) is

briefly translated:

The (y,Yy') reaction is an excitation reaction of
the nuclide by resonance absorption of a gamma-ray with
a certain energy. Since the nuclear spin of a nuclide
in a metastable state is greatly different from that
of a stable-state nuclide, the transition from the
metastable to the stable state is highly forbidden.
Therefore, the nuclide in the metastable state decays
with a measurable half-life. Gamma-rays from artificial
radiocactive isotopes have very narrow energy width,
and in general, their energies do not overlap the
resonance level corresponding to the (y,y') reaction.
Some part of the energy spectrum which is distributed
by Compton scattering would contribute to the (y,y')
reaction. One of the necessary conditions on gamma-
rays from the radioactive isotope is that their energy
is larger than or equal to the lowest excitation
energy level of the (y,y') reaction.

In order to discuss the (y,y') reaction with gamma-
rays produced from an artificial radioisotope, one must
be concerned with how the Compton-scattered gamma-rays,
with energy equal to the excitation level which
contribute to (y,y') reaction in a target material, will
be produced.
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Study of the activation cross-section of the (y,y') reaction
is important for gamma activation analysis, but it is beyond

the scope of this investigation.
B. Measurement

At the point T in Figure 1, the sample with an activity
of A is taken from the irradiation facility (Co-60 source),

and the activity decays as

A(t) = Ae t, (6)

where t is the time starting at the end of irradiation.
During a certain waiting time, tw’ the sample is set up

in a suitable radiation measurement system. The counting
period starts at the point U and stops at V. Accumulated
value during a counting time t. corresponds to the number
of gamma-rays detected as a result of decay, namely, the
area under the decay curve in the region of UV in Figure 1.
Let AT be defined as the total activity during the counting
time t.. and given by

-At ' i

1
AT = By Jt e dt = Asie Y(1-e €Y (7)

With this equation, the total activity A, is equivalent to an
area designated by the oblique lines in Figure 1.

An observed value obtained with a suitable radiation



13

measurement system is not equal to A, and some modification
from AT has to be considered. Overman and Clark (29)
developed the modification factors for general cases in
Section 7-2. Modification factors for special cases have
to be considered here, which are for gamma-ray measurement
with a multichannel analyzer.

Let CT be defined as a total observed count in the
photopeak during the counting time tc, and then the relation-
ship between CT and Ap given in Equation 7 can be written

as,

. 1
Cp = AT-G-f-P(IT)-M—l-s-p 3 (8)

where

G is a factor depending on the geometrical condition
between the sample and the detector,

f is an overall detector efficiency for the particular
radiation,

P(IT) is a probability that the decay is an isomeric
transition,

a is the internal conversion coefficient, and
therefore, 1/(a+l) is the probability that the
I.T. produces a gamma rather than an internal con-
version electron plus x-rays,

s is a self absorption factor in the sample material,

p is a ratio of photo peak to total counts in the
gamma-ray spectrum.

If R is the counting rate at the end of the irradiation, and
since Cop is a value actually observed, the next equation will

be useful to calculate a value of R.
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AC

T
= 9
R 3t =t (9)
e Yi(1-e )

When various samples are counted separately and compared,
their counting rates are derived from the measured counts Cop
through Equation 9. If the irradiation time is long enough
(about 10 times the half-life), irradiation time correction
is not necessary, and only the waiting and counting time

corrections should be taken into consideration.
C. Data Analysis

A given sample was irradiated, and its activity was
measured after removal from the gamma field. The readout
data from a multichannel analyzer were printed separately
for each channel corresponding to a given gamma-ray energy.
The shape of the observed gamma-ray spectra of indium is
shown in Figure 9. The total spectrum is usually distorted
at the low-energy end by electronic noise and uncertainty in
multichannel analyzer address assignments in the first few
channels. These experimental difficulties are avoided, when
the photopeak is investigated. The ratio of area under the
photopeak curve to that of the whole spectrum (i.e. the
peak to total ratio, p) depends upon the energy of gamma-rays
and the geometric condition of the counting system. Therefore,

if the counts under the photopeak curve could be obtained
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accurately, the total count could be determined with the
peak-to-total ratio for a particular energy of gamma-
rays and the geometric condition. Experimental peak-to-
total ratios for 3 in. x 3 in. Nal detectors were investi-
gated by Heath (30). The peak-to-total ratio versus gamma-
ray energy on a logarithmic graph appears in his report.

In practice, a photopeak curve can be assumed to follow
a Gaussian (normal) distribution function (30). The equation
for the Gaussian distribution is given in any general
statistics text (e.g., 31, 32) or in the statistics section
of many nuclear radiation texts (e.g., 33, 34). A general

Gaussian distribution function is given by

: (x-%)
f(x) = exp [- ——-3-—] 3 (10)
To 20

where f(x) is the normalized Gaussian distribution function
of the variable x, X is the mean value, and o is the
standard deviation. This equation can not be directly used
to represent the photopeak, because the photopeak is not
normalized.

A modified equation is necessary, such as,

G(x) = Amaxexp[—B(xo-x)zl, (11)

where G(x) is the count in channel x in a gamma-ray spectrum,

A is the count at x = x and B is equal to 1/(202) in

max o
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Equation 10. Procedures used to find the constants, Amax' B
and X will be discussed later. The area under the Gaussian
curve expressed with Equation 11 can be simply calculated by
the following method:

Integration of Equation 11 over all values of x gives
the area under the photopeak curve fitted with the Gaussian
function,

Area = J G(x)dx = A J exp[-B(xo—x)Z]dx (12)

max

The integration of the exponential is calculated from the
definition of the normalized Gaussian distribution function

expressed by Equation 10, namely,

I fix)dx = 1, (13)

then,

o (x _-x)
J exp[- ——95——]dx = V2710 . (14)
= 20

Since B = l/(202), Equation 12 becomes

Area = /7FOAm . (15)

ax

Let CTP be a total count under the fitted-photopeak

curve, i.e., CTP = Area. Equation 15 rewritten with the

constant B gives
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Crp =B Pmax ° (359

From this equation, by knowing the constants R and B,
the total counts under the fitted-photopeak curve can be
calculated.

The method of fitting the Gaussian curve to the data
points of the photopeak should be discussed next. The method
of least squares is used frequently in drawing a curve on
data points and is discussed in many general books in the
field of statistics and scientific experiments (35). One
of the practical methods was discussed by Bevington (32).

He used the following function for a Gaussian peak plus a

quadratic background:

X=-a 2
5x kS a6x 2 (17)

yix) = alexp{— %( ZF] + a, + a

a3
where ai(i =1,2,...,6) are parameters. He also discussed
the method of non-linear least squares and presented some
computer programs. One of them was tried, and the results
and details are discussed in Appendix D.

Heath (30) used another function to fit photopeak data.
If his function is written with his own terms, it is given

by:

2

y(x) = s exp[—(x--xo)z/bol[l+al(x-xo)4+a2(x—xo)l 1. » (18]
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where the powers 4 and 12 were chosen to give the best fit,
and Xor Yor bo' ay and a, are the parameters determined in
the fit. A non-linear least-squares fitting program was
prepared to calculate the above five parameters.

In this investigation, a completely different procedure

was employed as follows:

(1) The region of data population which may contribute
to the calculation is determined.

(2) In the region which is selected in step (1), a
certain Gaussian fitting function is found by
employing the method of least squares.

(3) For the final fitted-Gaussian curve, goodness
of fit is confirmed with the xz—test.

An accurate result can not be expected if all data

near the photopeak are used to fit a Gaussian curve, because
each datum can not be statistically weighted at the same
level. Statistical values of the data points around the

top and the tail of the photopeak curve are very different
(c.f. Figure C-2), because those around the tail have high
probability of containing some other components (e.g. another
photopeak). Therefore, it is necessary to select a certain
region of data.

Figure 2 shows a truncation method using the reduced

xz value for finding the region. At first, one boundary

of the region is fixed, and then the other boundary is moved
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along the side of the photopeak. Then each value of the
reduced xz, (which will be defined later) is plotted versus
channel number as in Figure 2. The channel number indicating
the minimum reduced x2 is a limit on that side of the

region. The limit of the other side of the peak can be
obtained analogously. In the case of Figure 2, the selected
region is that between channels -15 and +11.

It is very time consuming to use the above procedure of
selecting the region of data for least squares fitting.
Therefore, a simple method was mainly employed for this in-
vestigation. From examination of data using the "student-
t" tail test, the region can be determined. In section
3.6 of (31), the method of this test was discussed in
detail.

Let z(xi) be the value of "student-t" for the channel
number Xy and be defined by

|C(x;,)-G(x;) |

z(xi) = O(xi) " (19)

where o(xi) is the standard deviation of the experimental
value C(xi) calculated from the original total count
Csb(xi) for counting time t. and the background count

It is given by

& i b

, 1
o(x;) = [C  (x;) + (Ei) cb(xi)12 . (20)

Cb(xi) for counting time ty-



Figure 2. Determination of fitting region using minimum reduced x2
(Data corresponds to No. 12 of indium)



Figure 2. Determination of fitting region using minimum reduced xz
(Data corresponds to No. 12 of indium)
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The relationship among these three counting values is
;o

c
Cx;) = Cgy (x5) - (E;)Cb(xi) ; (21)

From the distribution of z(xi), the region boundaries
can be determined. The value of z(xi) is consistently small
if the individual net count indicated by C(xi) is not
greatly different from the expected value G(xi). If the
datum point deviates strongly from G(xi) it is assumed to be
out of the region, and the value of z(xi) increases
conspicuously.

The second step of data analysis is to fit the Gaussian
function to the data. To fit the photopeak curve data, a
one-dimensional least squares method can be used, because
one of the dimensions of the data is the channel number which
can be fixed.

Let "Sum" be a summation of square values of the dif-
ferences between the observed values C(xi) and the expected
values G(x;) such as

o 2
Sum = I [C(x.)-G(x.)]° , (22)
i=1 " .
where i is the index of the channel number, and the maximum
index n is selected in step (1). The final Gaussian function,
which is defined by Equation 12, is obtained by minimizing

the value of "Sum".
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g 2
As the third step, xz, reduced x°, and degrees of

freedom should be defined next.

The xz—test is often used in statistics, and discussed
in many references on statistical methods. Steel and Torrie
(31) gave the test criterion with a simple equation in their

Chapter 19, that is

2 _ z(observed - exgg_cted)2 (23)
X expected

This form of chi-square is valid for Poisson distributions
since it is assumed that the variance in the definition of
xz is replaced by the mean (which is the expected) value.
Bevington (32, p. 85) described applications of xz—test,
and it is valuable to repeat his description.
In order to test the goodness of fit of observed
frequencies to the_assumed probability distribution,

we must know how x2 is distributed; i.e., we need to

know the probability of observing our calculated

value of x2 from a random sample of data. If such a

value is highly probable, then we can have confidence

in our assumed distribution and vice versa.

If Equation 22 is applied to the Gaussian curve fitting,
C(xi) would be the observed value, and G(xi) would be the
expected value. The summation of the xz equation is over the
region which was selected in step (i). The xz equation can
be rewritten with C(xi) and G(xi) and given by

[C(x,)-G(x,)]?
i i
1 G(x;)

n
¥ = =
1=

(24)
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Reduced xz can be calculated by dividing x2 by the value of
"degrees of freedom" v, namely xz/v. This statistic is used
when some values of xz with different degrees of freedom
are to be compared with each other. Bevington (32, p. 89)
defined v as "the number of data points n minus number of
parameters of the distribution determined from these data
points."”

In the case of Gaussian curve fitting, since B and X
are used in the calculation of the Gaussian parameters,

then the number of parameters is two. Thus the degrees of

freedom is given by
v=n-2, (25)

where n is defined as the number of channels which contribute

to the Gaussian curve fitting.
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III. IRRADIATION FACILITY

The source of gammas used to activate the indium and
cadmium samples was the artificial radioisotope cobalt-60.
Since the probabiltiy of producing an isomer by gamma bom-
bardment is extremely small, a very high dose-rate irradiation
facility is required. Based on previous experiments (c.f.
Table 2 ), the necessary Co-60 activity to achieve a reason-
able sample activity could be estimated.

The Nuclear Engineering Gamma Irradiator has been
described by other investigators (36, 37), but some details
important to this experiment are repeated here. In addition,
the information in this section would be valuable in the
planning and design of a high dose-rate facility. The six
sources used in the facility shown in Figure 3 contain
approximately 5000 curies total activity. Characteristics
of these sources are listed in Table 3. The outer twelve
capsule holders were. vacant during the experiment. A cross
sectional view of a single source capsule is presented in
Figure 4. All six of the source clusters move in unison on
an arc toward the sample container (in the center of the
drawing) from the storage position at the other extreme of
travel. The sources were positioned by adjusting a calibrated
hand-wheel. Since maximum dose rate was desired during the

experiment, the source clusters were positioned so that they
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Table 3. Characteristics of Co-60 source in the irradiation

facility

U.S.A.E.C. Licence number 14-00019-08

Made by U.S. Nuclear Corporation,
Burbank, California

Chemical form and method solid metal, gold or nickel

of deposition plated

Source capsule Type 365, Ref. USN Drawing
B-0094

Materials of construction Type 321 stainless steel
(except external magnetic end
piece, 416 stainless steel)

Window or minimum wall doubly encapsulated, minimum
total wall 0.040 inch

Overall dimensions 1/2 in. dia. x 5 3/4 in. long

Method of sealing Heliarc weld

touched the sample container.

The sample container was made of brass and was positioned
along a line perpendicular to the plane of the drawing in
Figure 3. To achieve maximum exposure, the sample
holder was adjusted until the sample was at the mid-elevation
of the cluster of sources. At this position, the dose rate
(Fricke method) was approximately 104 rad/min.

The biological shield degrades the energy spectrum of
the gamma rays primarily through Compton scattering, and hence,
aids in providing moderated gammas for the resonance

excitation reaction. A thorough study of the exact role of
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Figure 3. Horizontal cross-section of Co-60 source
clusters (Inner six capsules contain
Co-60 isotope, but the others are empty.
The shaded circle at the center is the sample
foil location, (1/2 in. dia.))



Figure 4.

Dimensions of the Type-365 source capsule

Material

l. - 321 St.i8t.

2. 321 5t.S8t.
3. J2L 5t.8t.
4. 321 st.St.

5. Co-60
6. 416 St.St.
7. St.St.

Description
Outer capsule 0.50 in. od.
Inner capsule 0.45 in. od.
Outer plug
Inner plug
Radioisotope
Magnetic end piece
1/16 in. Roll pin

- 0.46 in.
- 0.41 in.

id.
id.






Figure 5.

Vertical cross-section of the Co-60 irradiator

1.
2.
3,
4.
5.
6.

0.5 in. diameter disk foils of sample
Co-60 source capsule (c.f. Figure 3)
Brass tube sample holder

18 G.A. stainless steel

Lead fill

Concrete
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the shield in modifying the gamma energy flux is beyond the
scope of this investigation, however, by noting the geometric
relationships of sample, source, and shield, recognition is
given to the importance of the shield configuration. The
source clusters are centrally located within a cylindrical
cavity approximately 12 inches in diameter and 11-3/4

inches in height. The diametral cavity wall is lined with
lead 4-1/4 inches thick. The entire shield is imbedded in
concrete so that the top surface is at floor level. The top
of the cavity is provided with a 4-1/2 inch radius passage-

way for the sample container and following shield plug.
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IV. RADIATION MEASUREMENT EQUIPMENT

The combination of low activity, low energy gamma-rays
(less than 0.5 Mev), and relatively short half-life of the
nuclear isomers requires extra care in assemblying a measure-
ment system. Also, background activity can no longer be
treated as a negligible factor.

Counting data derived from measurements of sample
activity will have acceptable precision and accuracy only
if the effects of background are carefully considered. Low
energy gamma-ray measurements are further complicated by an
increase in background detection rate as the energy de-
creases. This does not imply an increase in activity at lower
energies, but rather an effect observed as a result of instru-
mental response to the background activity.

Origins of background activity, attainment of low
background counting rate, and counting techniques in back-
ground radiation environments were discussed by Watt and
Ramsden (23). Fundamental sources of background observa-
tions in a counting system are:

(1) cosmic rays which interact with the detector

either directly or indirectly,

(2) local radioactivity in materials close to the

detector or in it,

(3) extraneous pulses from electronic components, and



34

(4) obvious sources of activity, such as, radio-

isotopes, nuclear reactors, etc.

Some of these sources can be eliminated while the effects of
others can only be minimized. A shield of high density
material, e.g., lead, is commonly used to reduce background.

Heath (30) developed a standard shield (32 in. cube
inside) for Nal scintillation spectrometry which reduced the
backscatter radiation to a minimal level. His data show
that the photopeak region of the gamma spectrum is not
noticeably affected by shields as small as 6 in. square by
18 in. high in internal dimensions. The shield used in
this experiment is shown in Figure 6 in cross-sectional view.
The internal cavity, a one-foot cube, is lined with cadmium
and copper similar to Heath's shield.

The samples under study were disks of various thickness,
but all were one-half inch in diameter. To be reasonably
sure of reproducible sample-detector geometry, a sample
holder pictured in Figure 7 was constructed of plexiglass
and positioned so that the sample to crystal distance was 1.1
cm. X-ray films of the detector provided access to the
crystal-to-cover distance.

The detection system shown in Figure 8 was used in
this investigation. A detailed listing of equipment appears
in Table 4. One variation of the basic system waé considered

and tested. Two 3 in. x 3 in. Nal detectors were employed



Figure 6.

Vertical cross-section of the detector shield

Plug for sample access

Lead block of 2 in. x* 4 in. x 8 in.

Aluminum rail for detector and sample holder
Wood

Concrete block of 4 in. x 8 in. x 16 in.
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Figure 7. Sample holder for counting

1. position of disk-shaped sample foil
2. movable part

3. fixed frame

4., Dbase






Figure 8. Block diagram of radiation measurement system
(c.f., Table 4)



40

--——--—--—---—1

r
| Sample
NaI(T1l)

]!
] [""-
| P, hototube
i \
l g

holder

i O o B oo o v s e it i )

High-voltage
power
supply

Preamplifier

|

Linear
amplifier I

Linear
amplifier II

Tele-
type

Multi-
channel
analyzer




41

Table 4. List of equipment for radiation measurements

Name of Instrument Made by Model #

1. Multi-channel Radiation Instrument 34-12B
analyzer Development Lab.

2. Timer system Radiation Instrument 88-901

Development Lab.

3. Pulse height The Victoreen Instrument PIP-400
analyzer Company

4. Teletype printer The Victoreen Instrument TI=33ITC
with punch and Company
reader

5. High voltage DC John Fluke Mfg. Co., Inc. 405B
power supply (2) 412B

6. Spectroscopy Canberra Industries 816
amplifier (2)

7. Scintillation Canberra Industries 805
preamplifier (2)

8. Single channel Canberra Industries 830
analyzer

9. Voltage divider Locally made
(2)

10. NaI(T1l) scintil- The Harshaw Chemical Co. Type-
lation crystal 128812/E
with photo-
multiplier,

"Integral Line",
(2)

to increase the counting rate, but the resolution of the

photopeak was unacceptably poor. The basic system used was
considered to be available in any laboratory engaged in gamma

spectra measurements.
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Data obtained from the RIDL multichannel analyzer (MCA)
and timer system were used to plot the decay curve of In-115m.
Two detectors were used in this case since the photopeak
width was not an important factor in measuring the decay of
the isotope. Whenever energy measurements were performed,
the PIP-400 MCA was used. This analyzer was coupled to a

teletype console equipped with a paper tape output.
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V. EXPERIMENT AND RESULTS

When a sample is irradiated in a gamma field, the flux
distribution throughout the medium of the sample should be
considered. The concept of flux depression factor is help-
ful to do this, and Meghreblian and Holmes (38, pp. 244-
260) discussed flux distribution in foils for the case of
neutrons. Some parts of this theory can be applied to the
case of gamma-rays. For example, by taking their Equation

5.311,

=1 "
¢(x) =5 ¢ {E,(Z_x)+E,[I_(2a-x)]}, x>0, (26)

where E, is the second order exponential integral function,
a is the half-width of a slab with a maximum cross section

Za, and ¢o is the unperturbed flux in the surrounding medium.

By use of this equation, the ratio of the flux at the center

to that at the surface can be approximated by,

(a) _
%— = E, (L a) . (27)

o

To depress the flux more than 1% (i.e., ¢(a)/¢0 = 0.99), the
minimum value of Zaa should be 0.001. In the case of

In-115(y,y')In-115m reaction, the activation cross section

of this reaction is of the order of 10_32cm2 (15, 18, 21),

and the atom density of In-115 is approximately 1022



44

atoms/cm3. The minimum thickness of indium foil required to
depress the gamma flux more than 1% is of the order of 106cm.
Therefore, the effect of flux depression for gamma irradiation
is negligible.

Before pulse height spectra measurements were started,
the multichannel analyzer was calibrated at 2 keV/channel
by using Cs-137 as an energy standard. The system was
adjusted so that the 662 keV gamma photopeak was located in
channel number 311. It has been observed that calibration
procedures should be applied before each experimental run and
that the room temperature should be maintained within a 2-3
degree Centigrade range.

The experimental data were originally obtained from a
teletype paper tape printout from the 400-channel memory
in the multichannel analyzer. The data on paper tape were
then transferred to computer cards through a remote terminal
for later analysis with a digital computer.

Computer programs are widely used for the analysis of
pulse-height spectra (39-42). 1In general, these examples
should not be applied directly to gamma activation analysis,
because they were originally prepared for neutron activation
data and usually attempt to unfold complex spectra, thereby
using large amounts of computation time. Adapting some tech-
niques from these examples, a computer program, DIRFIT,

which will be discussed in Appendix C, was written for
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fitting the Gaussian function to photopeak data by the least
squares method. This computer program includes subtraction
of background, calculation of the total area under the photo-
peak, time corrections, calculation of the specific count

rate, and statistical calculations.
A. Analysis of Indium

Indium contains two isotopes which have metastable
states in nature, In-113 and In-115, with abundances of
4.3% and 95.7% respectively (22). Table 1 is a list of these
data in detail. Thus, two photopeaks can be seen in the
pulse-height spectrum of the indium gammas after sufficiently
long irradiation. The energies of gamma rays are 393 keV
and 355 keV from In-113m and In-115m respectively, so their
photopeaks are located close to each other in the pulse-
height spectrum. The activity of the 395 keV component is
approximately 6% of that of the 355 keV component at the
saturation activity based on the assumption that both acti-
vation cross sections are the same. Their half lives are
100 min. and 4.5 hr. for In-113m and In-115m, respectively.
Therefore, the photopeak of In-115m includes very little
activity of In-113m except around the higher energy foot of
the peak (c.f., Figure 9).

The decay scheme of In-115 is shown in Figure 10. The

nucleus of In-115 decays to its ground state by gamma



Figure 9. Pulse-height spectrum of indium (The original data were modified
by a three-point arithmetic-mean smoothing program)

ti =~ 50 hours
t. =75 ming.
W

tc = 80 mins.

Sample mass = 2379.8 mg.
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4.5h 1/2- 0.335 MeV
Ry
95%
6x1014y 9/2+ 0
In-115

49

Figure 10. Decay scheme of In-115m (22)

48.6m 11/2- 0.396 MeV
27ps 3/2+ 7 0.340
84ns 5/2+ l 0.247
1/2+ 0
. B
Cd-111

Figure 11. Decay scheme of Cd-111lm (22)
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transition with 95% probability and to the ground state of
Sn-115 by beta emission with 5%. The former decay procedure
is called isomeric transition (IT), and the latter is beta-
decay (B ). Data of probability PY of gamma-ray emission,
internal conversion coefficient and calculated Compton edge
and backscattered-gamma energies for In-115m and Cd-1llm
are listed in Table 5.

Samples of indium were disk shaped with half-inch
diameter. The mass of one foil was approximately 100 mg.
About 20 foils were irradiated in the Co-60 gamma irradiation
facility at the same time. The case of irradiation of very
thick samples was considered and uniform activation throughout
was expected.

Sample foils were held in a brass tube (5/8 inch diameter)
in the irradiation facility. 1Its location was shown in
Figure 5. The irradiation time of indium was about two days;
this time was approximately equal to 10 times the half-life
of 4.5 hours of In-115m. This time of irradiation can be
expected for In-115 to produce saturation activity.

The half-life of In-115m is given as 4.48 - 4.53 hours
(22), but these values are not precise enough to use for
time correction in the order of one minute. Therefore, the
half-life of In-115m was measured very carefully as one of
the parts of this investigation.

A two-gram sample of indium was irradiated for two days



Table 5.

Data with respect to gamma energy emitted from In-115m and Cd-1lllm

Isomer EY(keV) PY a ek/y ek/(eT-ek) Eq (keV) E. (keV)
I-115m 335 50% 1.005 0.8 3.8 145 188
149.6 30% 2:.25 1.5 2s0 94.3 5543
Cd 111m
246 94% 0.055 0.054 el 125 121
EY = energy of photon (22)
PY = probability of photon production (22) and calculated with
PY = P(IT)/(1l+a)
a = internal conversion coefficient and defined as a = eT/Y
er = the number of total internal conversion electrons
Y = the number of gamma quanta emitted
e = the number of internal conversion electrons in the k shell
EB = energy of back scattered photon, and calculated with
EB = EY/(1+2EY/EG)' where Ee = 510 keV
EC = energy of Compton edge, and calculated with EC - EY_EB

0§
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and then placed between two 3- by 3- inch Nal detectors.
Amplified pulse-height signals passed through a single-
channel analyzer before being stored in a pulse height
analyzer operating as a multiscaler with 100-second counting
time in each of 400 channels.

The indium decay data are plotted in Figure 12. All of
the data could not be used to fit a linear curve on a semi-
log graph, because the activity near the time origin in-
cluded contributions from In-113m. However, data obtained 4
hours after the end of the irradiation could be used. At
that time, the component of the observed activity originating
from the decay of In-113m was less than 2% of the total
activity, so the counts after that time corresponded to the
decay of In-115m.

To fit a linear function to the natural logarithm of
the data, the OMNITAB (43) computer program was used. OMNITAB
fits the data based on the least squares method and gives
values of the constants, a and b, with their standard

deviations, of an equation of the form,
y = at + b, (28)

where y is 1ln A(t), b is 1n AS, a is =X, and t is the time.
The measured half-life on In-115m was calculated with

the aid of OMNITAB to be



Figure 12.

Decay curve of In-115m
Two 3- by 3-inch Nal detectors,

ti = 30 hours,

tw = 10 mins.,

Sample mass = 2,379.6 mg.
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= 274.68 + 0.67 mins.

=
[

1/2
g (29)

4.578 + 0.012 hrs.

The error values are expressed as

_ 30
ATy /2 = 9t5.99 ¢ L300

where o is the standard deviation of T1/2' and t0.99 is the
"student-t" value for the 99% confidence interval. For this
case, t0.99 = 2.576 (31).

The half-life values reported by other investigators
are briefly reviewed in the interest of providing a basis
for comparison. Salisbury and Chalmers (44) used the
In-115(n,n')In-115m reaction to obtain a value of
AT1/2 = 4.48 hours. A value of 4.50 hours was obtained by
Lawson and Cork (45). Very little information concerning the
details of the measurements was available.

A counting program was designed to fulfill the objectives
that the least statistical error would be encountered in a
reasonable counting period for five samples. Since back-
ground fluctuation is a nontrivial factor in low activity
measurements, the background activity was measured before
the first sample, between each of the five samples, and at
the conclusion of the counting period. A balance between

reasonable statistical precision gained through large popula-

tion sampling and the need to finish the measurements before
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the fifth sample activity was too low, led to the adoption
of the following program for indium; background count - 10
minutes, sample count - 20 minutes, background count - 10
minutes, etc.

All data are listed in Tables E-1 and E-2 in Appendix E,
and the data of count rate for various masses of indium are
plotted in Figure 13. A mean value of the specific count
rate (i.e., the slope of the straight line in Figure 13)
was calculated in Appendix A by taking 12 values of indium

data, and the result is
Specific count rate of In = 2.395 + 0.019 cpm/mg. (31)

It must be emphasized that this specific count rate is based
upon the area of a Gaussian function fitted to the photo-

peak and not the total activity.
B. Analysis of Cadmium

The cadmium isotope of interest was Cd-111lm, which decays
with a half-life of 48.6 minutes (22). Since the Cd-11llm
half-life is considerably shorter than that of In-115m, the
experimental measurement techniques were adjusted accordingly.
The irradiation time was decreased to 8 hours for cadmium
and only one foil sample was removed from the irradiator for
activity measurement. Waiting time was decreased to a

practical minimum value of two minutes, which was the time



Figure 13. Count rate vs. mass of In-foil (The numbers
in the graph are the datum numbers found in

Table E-3. The slope of the line was calculated
in Appendix A with 11 data points)
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necessary for transport from irradiator to counter.

The decay scheme of cadmium-111lm, illustrated in Figure
11, shows a 149 keV transition from the isomeric state to
the 247 keV level followed by an "immediate" decay to the
ground state, and that the decay proceeds by isomeric
transition, only. These two gammas are detected (c.f.,
Figure 14 and Table 5) with higher efficiency in Nal than
the higher energy indium gammas, however, the difference
is not of practical consequence in this case.

The anticipated low activity levels of cadmium caused a
revision in the counting program so that counts were
accumulated until the sample activity decreased to back-
ground level. Twenty- and forty-minute counting intervals
were tried, with the forty-minute period preferred. Ten-
minute background counts before and after the sample measure-
ment were used as before.

All data are listed in Tables E-3 and E-4 in Appendix E,
and the count rates for various masses of cadmium are plotted
in Figure 15. A mean value of the specific count rate
(i.e., a slope of the straight line in Figure 15) is calculated
in Appendix A by taking 7 values of cadmium data, and the

result is

Specific count rate of Cd = 0.2307 + 0.0008 cpm/mg. (32)



Figure 14.

Pulse-height spectrum of cadmium (The data
corresponds to No. 7 of cadmium, (c.f., Table
E-3). The original data were modified by a
three-point arithmetic-smoothing program)

ti ~ 20 hours,
tw = 4 mins.,
tc = 40 mins.,

Sample mass = 2234.0 mg.
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Figure 15. Count rate vs. mass of Cd-foil (The numbers in the graph are the
datum numbers found in Table E-3. The slope of the line was
calculated in Appendix A)
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As before, this rate is based on the photopeak fitted

Gaussian area.

With the activation cross section of the Cd-11l1l(y,y')
Cd-11l1lm reaction approximately 1.2 x 10_32 cmz, the natural
abundance of the isotope at 12.7%, and P_Y = 0.94 for the
246 keV-gamma (c.f., Table 5), the expected specific counting
rate of cadmium would be about seven times lower than the
indium rate under equivalent experimental conditions. This
compares favorably with the experimental observations of
2.395 cpm/mg and 0.2307 cpm/mg for indium and cadmium,
respectively.

The minimum detectable amount of indium or cadmium
activated by Co-60 gamma-rays depends on many factors; some
of the factors are:

(1) intensity of Co-60 source,

(2) magnitude of the background,

(3) detection efficiency of the measurement system,

(4) time table of the measurements, such as counting

time for source counts and background, and
waiting time,

(5) natural abundance of the nuclear isomer,

(6) half-life of the isomeric state,

(7) activation cross-section,

(8) gamma emission probability,
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(9) complexity of the decay scheme of the nuclear
isomer,
(10) maximum allowable value of the estimated standard
error.
By inclusion of all these factors, the absolute values of
the minimum detectable amount could be evaluated, but in
practice, it would be very difficult. Therefore, to calcu-
late a reasonable value of the minimum detectable amount,
some specific conditions should be stated; furthermore, it
does not follow that any of the conditions are absolute
standards, but they can be chosen with the aid of experience.
The following three conditions were employed:
(1) The counting time for background is one-half
of that for the source count.
(2) The maximum standard error of the total count is 5%.
(3) a. For the analysis of indium, the most reasonable
waiting and counting times are 5 min. and 20
min., respectively.
b. For the analysis of cadmium, the most reason-
able waiting and counting times are 2 min.
and 40 min., respectively.
In addition to the three previous conditions, the specific
count rates were determined under the following experimental

and analytical conditions:
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(1) The dose rate of the Co-60 source was approximate-
ly 104 rad/min.

(2) The distance between the one-half inch diameter
sample foil and the surface of the 3 in. x 3 in.
NaI crystal was 1.1 cm.

(3) The specific count rate and its uncertainty were
determined from a Gaussian function fitted to
photopeak data. Measured foil masses were assumed
to have negligible error.

The minimum detectable amounts (or sensitivities) and
the precision of the gamma activation analysis of indium and
cadmium with Co-60 gamma-rays are:

Indium: 18.3 + 2.4 mg.

Cadmium: 117.0 +15.2 mg.

The uncertainties are calculated at the 99% confidence level
based only on the random character of the radiocactivity

measurements.
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VI. CONCLUSIONS

The feasibility of measuring tens-of-milligrams amounts
of indium and cadmium by gamma activation analysis using a
Co-60 irradiator has been demonstrated. This method of
analysis may not replace other methods, but it should be
considered as an alternative if the particular experimental
conditions are favorable. Some of the advantages of this
method are:

1. Samples can be analyzed non-destructively.

2. Expensive irradiation facilities, e.g., nuclear

reactors are not required.

3. Intensive personnel monitoring of the irradiator

is not necessary during activation.

4. Commonly available pulse-height analysis systems

are sufficient for radiation measurement.

The sensitivity of gamma activation analysis was in-
vestigated in terms of the minimum detectable mass. Sensi-
tivity calculations must be based on clearly stated conditions
describing the minimum acceptable precision and counting
period routines. 1In addition, the specific count rate (e.g.,
cpm/mg.), which implicitly contains information about the
detection efficiency and the production and loss rates of
radioisotope, or its equivalent, must be specified.

Under the conditions of this investigation, indium
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and cadmium were detectable at minimum masses of 18.3 +

2.4 mg. and 117.0 +15.2 mg., respectively (c.f. Appendix B).
These values are smaller than those reported by previous in-
vestigators (c.f. Table 2).

The photopeak fitting method was shown to be a valid
technique through experimental verification of the linear
relationship between measured activity and the sample mass.

Several elements, which are listed in Table 1, are
detectable through gamma activation analysis, however, their
sensitivities may be higher than those of indium and cadmium.
Investigation of mercury and rhodium, for example, should be
attempted to determine their sensitivity to gamma activation

analysis.
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IX. APPENDIX

A. Calculation of Specific Count Rates

It is necessary to calculate a mean value of the
specific count rate (i.e., the slope of the lines in Figures
13 and 15) of the experimental data. In this case, the mean
value can not be simply calculated by summing of the data
and dividing by the number of points, because each has un-
equal uncertainty. A method of estimation of the mean for
the case of unequal uncertainties was given by Bevington
(32), and his Eguations 5-14 and 5-15 are applied to this
calculation.

Let u and My be defined as the mean value of specific
count rate and the individual specific count rate of indi-

cated datum i; the mean u is given by
n
L /oy
_oi=1
b o= 5 (A-1)

2

where Ui is the uncertainty of My and also the uncertainty

o of u is given by

g Y —— & (A'Z)

Thus, the results are
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In: W+ 0.t g9 = 2.395 % (0.006) (3.106)

= 2.395 + 0.019 cpm/mg, (A-3)
Cd: p + cr“to-99 = 0.2307 + (0.0002) (3.707)
= 0.2307 + 0.0008 cpm/mg. (a-4)

The data number 12 of indium was omitted from this mean
value calculation. When that datum was included, the mean
value was u=2.295+0.019 cpm/mg. Thus 4% difference seems to
be caused by Hqo being very small when compared with other
values (i.e., u12=2.02 cpm/mg and arithmetic mean of 11 values
is 2.43 cpm/mg; c.f., Table E-1) and the weighting factor of
op) being especially large (i.e., small 012).

It can be considered that functions of self-absorption
in the measurement and scattering in the irradiation are not
negligible in a thick medium such as No. 12 indium sample.
Because of these reasons, u12 should be omitted from the data
which are used for calculation of the mean value of the
specific count rate. Further measurements in the neighborhood
of 2,000 mg would be necessary to verify these considerations.

B. Calculation of the Minimum
Detectable Amount
To simplify the calculations in this section, the

following symbols are used:
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S = total counts including background for counting
time, ts,

B = background counts for counting time, tb’

N = net counts per time, ts, and

0,.= standard deviation of the value of N.

If the background is steady through the measurements,
the relationship among the variables, S, B, and N must be
S
N = § = (E_) B. (B-1)
b
The standard deviation, o, will be derived by a general

N

method as follows:

s

Q
=z

1R
K’j

B
202
s b

ts 2
= /S + (—)°B . (B=2)
V %

For calculation of the standard deviation, it is not
necessary to consider time correction, since uncertainty
of time is assumed to be negligible. By substituting

Equation B-1 for S in Equation B-2, o, is also given by

N

ts ts 2
oy = N + (E;)B - (E;) B (B-3)

Let § be the standard error of GN for N, and then




77
ag
| -
§ = = (B-4)

With Equation B-3, this error is

o £ 2
N s,“ B .
A \/[1 + ( )5 (——) 5 . (B-5)

The condition for minimum error was discussed by

Price (33). Equation 3-30 as used by him can be applied

here. With the symbols of this section,

t, B/
tb (B-6)

t—’—/—’-

s

Rearrangement gives
B _ b, 3 .
:C:;- = (_'—) . (B 7)

Now, to investigate the minimum detectable amount, some
conditions must be stated. Specific examples are cited.
(1) The counting time for background is half that of

the source, i.e.,

t

b 1

tg 2

(2) The maximum percentage standard error is chosen

as 5%; 1.8
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§ = —2 = 0,05. (B-9)
O

The values used with the conditions are symbolized with

subscript o. With condition 1, Equation B-1 is

= - (B-10)
N, = S, - 2B,

and Equation B-6 is

lo

-1 {B~11%
)

99}

Therefore, with these values, Equation B-5 is given as

a
ﬁﬂg =\//%:', (B-12)
o] »

From condition 2, the wvalue of No can be calculated as

follows:
ﬁ'_= OoOS,
o
No = 800 counts. (B-13)

The value of N corresponds to that of Cop defined in
Equation 8, therefore, to calculate the saturated count
rate, R, with Equation 9, some more conditions are necessary
here. Those are:

(3) a. for indium, the waiting and counting times are
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taken as
tw = 5 mins.,
tC = 20 mins., (B-14)
b. for cadmium,
tw = 2 ‘mins. 7
tc = 40 mins. (B-15)

For those counting times, the minimum saturated count

rates RO are

In: RO

(800) (0.0521)

42 cpm, (B-16)

Cd: Ro

(800) (0.0337)

Il

27 cpm, (B=17)

where the values of 0.0521 and 0.0337 are time correction
factors calculated with Equation 9. These values have 5%
standard error because of condition 2, and for these values,
the "student-t" value for the 99% confidence interval is
to.gg = 2.576.

Thus the minimum detectable saturated count rate can

be written with values of relative standard error as follows:

In: R = 42 + 5.4 cpm, (B-18)
cd: R, = 27 + 3.5 cpm. (B-19)

With values of specific count rate estimated in Appendix

A, the minimum detectable amounts are calculated as follows:
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. 42 + 5.4 (cpm) _ _
In: 37395 + 0.019 (cpm/mg) ~ 18:3 + 2.4 md, (B-20)
ca: 27 1 3.5 {cpm) = 117.0 + 15.2 mg. (B-21)

0.2307 + 0.0008 (cpm/mg)

C. Computer Program
DIRFIT

The main purpose of this program is to fit the Gaussian
function to photopeak data with the least squares method.
Calculations of the area under the Gaussian curve, reso-
lution percentage of the peak, the non-linearity of the peak
location corresponding to the photon energy, the saturated
count rate, and specific count rate are all included in
this program, and also the fitted Gaussian curve can be
examined with the student-t and the x2—test based on the
theory of statistics.

The computer program DIRFIT was written in FORTRAN IV
language for use on the IBM 360/65 computer. The flow
diagram is shown in Figure C-1.

The data input to DIRFIT are:

(1) name of isomer, its half-life, and energy of

gamma-rays,

(2) datum number, mass of sample, waiting and counting

times,

(3) calibrated units in keV/channel, and various indi-

cation numbers for calculations,
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Figure C-1. Flow diagram of computer program, DIRFIT
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(4) initial values of the three constants of the
Gauss function,

(5) differences of those constants for large
iteration,

(6) steps of those constants for individual iteration,

(7) data of source counts and background in 100
channels around the photopeak.

A fitted curve and data points are illustrated in

Figure C-2. The fitted function is evaluated with DIRFIT,

and it is given by
G(x) = 1440 exp[—0.00725(x—66.8)2]. (C-1)
where the channel at x=0 is No. 100 of full scale.
D. Subroutine CURFIT

Bevington (32) discussed least-squares fit_to an
arbitrary function with computer programs. He recommended
"CURFIT" as the fastest of the set discussed. It is mean-
ingful to use this program and to compare with the DIRFIT
program which was discussed in Appendix C. As mentioned in
the theory section of this thesis, the objective of the
CURFIT program is to find a Gaussian peak plus a quadratic
background function to fit photopeak data from a gamma
spectrum in the least squares sense. That function is

written again,
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Figure C-2. Photopeak and Gaussian fitting with DIRFIT
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indium (c.f., Table E-1))
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2 (D-1)

QK * a6x ’

X= a2?] " a4 i

a exp[- -(

Il

y (x)
From the output

l1,...,6) are constant parameters.

where aj(j=
of the program, each parameter is printed out with 1its

standard deviation.
The subroutine CURFIT consists of two subroutines and

The names of the subroutines and

two function subprograms
their functions are briefly discussed
This program is designed to make

Subroutine CURFIT
a least-squares fit to a function using the algorithm of

Marquardt which combines a gradient search with an analytical
solution developed from linearizing the fitting function.

This program evaluates terms of the

Function FUNCTN
function for non-linear least-squares search with the form

of a Gaussian peak plus quadratic polynomial of Equation D-1

Function FCHISQ This function subprogram evaluates
for a set of data points Yy and a fitted function

reduced Y
y(xi). The xz is defined as
2 X _].; - 2 =
X~ = 8{02 [y,-y(x;)17} . (D-2)
i
This program evaluates the

Subroutine FDERIV
derivatives of the Gaussian plus quadratic polynomial function

The user supplies analytical expressions

of Equation D-1.
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for the derivatives Aj of the parameters aj(j=l,...,6).

Subroutine MATINV The computation for matrix inver-

sion is provided in this program. This is used to invert a
square symmetric matrix and to calculate its determinant.
The CURFIT routine was used to fit a function to ex-
perimental data of indium (number 12), and the result is
plotted in Figure D-1. If counts in channels around both
tails of the photopeak are at the level of background, the
polynomial curve could be a measure of background. If how-
ever, the Compton edge and photopeak in a gamma spectrum
begin to merge and the valley between them is higher than
the level of background, then the fitted polynomial function
does not correspond to the background. Therefore, the area
between the Gaussian plus polynomial curve and the poly-
nomial curve is not the same as the area under the Gaussian
curve which is fitted with the direct fitting method dis-
cussed in Appendix C. 1In this connection, the fitting
functions for datum No. 12 of indium, which are evaluated

by two methods (i.e., programs DIRFIT and CURFIT), are:

DIRFIT: G(x) = 2619 exp[-0.00834(x - 67.56)2], (D-3)

where x = 0 is channel No. 100.



Figure D-1. The Gaussian plus polynomial function fitted to photopeak data
(The data corresponds to No. 12 of indium)

ti = 50 hours
tw = 213 mins.
£t = 20 mins.
c

Sample mass = 2223.6 mg
Curve 1. Gaussian plus second order polynomial

Curve 2. Polynomial only
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7.45+0.04
CURFIT: y(x) = (2556+15)exp[- __(_x ‘331+3 05) )} J

+ (205.1+5.3)-(2.940.56)x+(0.009+0.008) x>,
(D-4)

where x=0 is channel No. 130. This function is illustrated
in Figure D-1 with data points of the photopeak.
The computer time needed to fit photopeak data with the

CURFIT is approximately one-fourth of that with DIRFIT.

E. Data Tables

In the following tables, all experimental data and
calculated results are listed. Twelve samples of indium and
seven samples of cadmium were examined. For the experimental
results of datum numbers 2 and 4 of cadmium, calculations
were tried twice for each result with different degrees of
freedom, and those results are indicated as 2' and 4' for
the datum number.

To simplify the information in the table, the following
symbols are used, and their definitions are the same as

those in the text:

No. = datum number,

W = mass of sample in mg,

t, = waiting time in minute,
A = counting time in minute,
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Cpt0o, = total net count under modified photopeak with

its standard deviation given by Op = /CT in

counts,

R + o= count rate at the end of the irradiation
defined by Equation 9 with its standard deviation
in cpm,

Mito, = specific count rate for each sample with its

standard deviation, which is given by ui=R/w

and ci=oR/W, in cpm/mg.

In Table E-2 and E-4, the values of "Non-linearity of

Energy" are defined as energy fraction n and given by

(peak location) (calibration unit)
E r
b

where calibration unit is 2 keV/chan. and EY is 335 keV

(E-1)

for In-115m and 247 keV for Cd-1ll1lm.



Table E-1.

General data of indium activation analysis

No. W tw tc CTigT RicR ui:ci
1 118.2 6 20 2525%75 288+4 2.43340.034
2 235.4 40 20 9710+99 551+6 2.340+0.026
3 356.5 185 20 11573+108 948+9 2.635+0.026
4 597.9 109 20 20290+143 1371+10 2.293+0.017
5 833.7 220 20 21871+148 1957+14 2.347+40.017
6 954.2 150 20 29968+174 2246+14 2.354+40.015
7 1172 6 40 11005+105 294+3 2.506+0.026
8 245.5 71 20 10946+105 672+7 2.736+0.029
9 372.2 105 20 12991+114 869+8 2.334+0.022
10 484.7 142 20 15258+124 1121+10 2.312+40.021
11 1002.3 179 20 30307+175 2444415 2.438+0.015
12 2223.6 213 20 51150+227 4495+20 2.022+40.010

68



Table E-2.

Photopeak and statistical test data of indium

6. Mass Pgak Peak Resolution Peak Non-linear - XZ
(mg) height width 3 location Energy
1 118.2 287.6 18.0 10.8 164.88 -0.0156 9 12.37
2 235.4 480.0 19.0 11.3 165.89 -0.0096 17 28.98
3 356.5 504.8 21.5 12.9 165.05 -0.0146 9 9.91
4 597.9 1034.0 18.4 11.0 166.60 -0.0054 9 9.57
5 833.7 1049.0 19.6 11.7 166.22 -0.0077 9 8.01
6 954.2 1440.0 19.6 117 166.78 -0.0043 9 2. 71
7 Y172 549.3 18.8 1 16 I 165. 30 -0.0131 9 9.97
8 245.5 5071 20.3 12.1 167.44 -0.0004 9 4.92
9 372.2 658.5 18.5 111 167:29 -0.0013 9 5.16
10 484.7 788.7 18.2 10.9 167.07 -0.0026 9 7.08
11 1002.3 1401.0 20.3 121 167.38 -0.0007 9 4.52
12 2223.6 2627.0 18.3 10.9 167.68 +0.0011 9 15.67

06



Table E-3. General data of cadmium activation analysis
No. W tw tC CTipT RtoR uiigi
 : 258.3 2 20 1097+33 65+2 0.2512+0.0052
2 556.4 4 20 3172+57 193+4 0.3470+40.0072
2! 3306+58 201%4 0.3615%0.0072
3 815.8 3 20 2339+49 164+4 0.2014+0.0050
4 1119.9 5 20 4315+66 26645 0.2378+0.0045
4' 5082+72 314+5 0.2801+0.0045
5 258.4 2 40 1603+41 54+1 0.2094+0.0078
6 779.0 2% 40 5274+72 179+3 0.2302+0.0039
7 2234.0 B 40 14221+120 494+5 0.2211+0.0023

16



Table E-4.

Photopeak and statistical test data of cadmium

No. Mass Peak Peak Resolution Peak Non-linear v 2

(mg) height width % location energy X
1 258.3 82.8 12.45 10.08 123.86 +0.00290 10 13.39
2 556.4 156.7 19.02 15.40 133.17 -0.00268 10 9.73
2! 155.9 19.92 16.13 123.11 -0.00316 7 9.05
3 815.8 208.9 12.32 9.97 124.05 +0.00444 10 8.64
4 1119.9 272.3 14.88 12.05 123.70 +0.00161 10 17.96
4' 280.1 17.04 13.80 122.73 -0.00624 3 0.74
5 258.4 121.6 12.39 10.03 122.90 -0.00486 8 16.01
6 779.0 364.8 13.58 11.00 123.90 +0.00323 10 15.58
7 2234.0 966.0 13.83 11.20 125.03 +0.01238 10 12.07

Z6
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