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1.0 Introduction

The purpose of this work was to develop procedures for determining
the elemenéal concentration of coal and coal fly ash using the technique
of instrumental neutron activation analysis, INAA.

In recent years, the concentration of various elements in coal and
coal fly ash have become of interest primarily because of the
the increased use of coal as an energy source. As shown in Fig. 1.1 the
annual coal consumption in the United States increased from around 434
million churt tons in 1960 to 669 million shért tons in 1980.l The
approximate fly ash release to the enviromment in 1980, assuming 15%
conversion to ash upon coal combustion and 99% precipitator efficiency,2
is 1.0 million tons while the remaining 99.3 million tons of ash must be
disposed of as solid waste. In terms of the state of Kansas for 1980,
8.7 million tomns of coal was burned, resulting in approximately 13,1
thousand tons of f£ly ash being released to the atmosphere, while 1.3
million tons of ash needed to be disposed of as waste.

The first and foremost reason for wanting to determine the elemental
concentration of the coal and ceal fly ash is the environmental impact of
releasing fly ash to the atmosphere, of storage or utilization of the
bottoms ash and the impact of coal storage and transport before
combustion. Considering the large tonnages involved in each of these
phases even the trace elements become important.

Another reason for determining elemental concentrations of coal fly
ash 1s the recent interest in reclamation of metals from fly ash. An
accurate accounting of the metals present is required for any economic

decislon concerning a reclaimation project.3 The elemental
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concentrations may also be important in the field of basic coal
combustion research.
The reasons for using instrumental neutron activation analysis have

]

often been stated in the literature. INAA requires no chemical
separation or preparation of the sample. Thus, there is no chance of
reagent contamination of the sample or loss of volatile elements during
analysis. INAA can identify a large number of elements while remaining
highly selective even when measuring low concentrations (ppm or lower).
And finally, INAA is unaffected by matrix interference.

The main thrust of this work was to develop a detailed 'cookbook'
procedure for determining minor and trace element concentrations of coal
and coal fly ash. This procedure is intended to be used by a technician
who has minimal experience in INAA. The second purpose of this work was
to measure the elemental concentrations of 5 coals presently used in
Kansas to generate electricity and to analyze 2 fly ash samples.

The five types of coals analyzed came from three power plants in
Kansas. The first coal was a low sulfur Wyoming coal which is used at
the Jeffrey Energy Center and is labeled WY-1. The next two coals are
used at a plant near Lawrence, Kansas. These are a Colorado coal, CO and
another Wyoming coal, WY-2. The LaCyne Power Plant uses two types of
coal. One is a high sulfur Missouri/Kansas coal, MK and the other is
from a mine in Illinois, IL6. Another coal, used as a standard, was
purchased from the National Bureau of Standards, Standard Reference
Material 1632a, Bituminous Coal.

The first ash sample was another NBS reference material -- SRM 1633a
Coal Fly Ash. The second ash sample was sent to Kansas State University

by A. Anderson, a graduate student at Purdue University.



2.0 Theoretical Development and Calculation Description

Instrumental Neutrcon Activation Analysis, INAA, is a well
established technique for determining the mass of an element in an
unknown sample. Basically this involves exposing an unknown sample to
neutrons, some of which are absorbed by various isotopes of the sample
leading to the transmutation of the isotope to a radiocactive species. By
measuring the emission rate of specific energy gamma rays and having some
knowledge of activation reactions involved, the parent element can be
identified and quantified.

What follows is the derivation of the model used to describe the
methed of measuring the concentration of a given element in an unknown
sample. All equations below apply to the ith element of the sample and
the element must activate to a daughter product that emits gamma rays,
only one of which is of interest.

The number of activated daughter products at some time, t, during an
irradiation can be found by solving the rate equation which describes the
change in the number of those atoms. If N represents the number of

daughter product atoms at time t then
change in ¥ = production of N - loss of WN. (1

The production of N 1s the number of parent atoms present at time t,
n(t), multiplied by the probability of activating the parent atom upon
interaction with a neutron, multiplied by the number of neutrons striking
the target, ¢. The assumption has teen made that the flux varies so
slowly with time that it is essentlally a constant. Also, any energy or
scattering angle dependence in the cross section is applied as required

by the neutron flux, i.e., 0(R,E)$(R,E) = constant. Self shielding



effects are neglected. Mathematically, the production of N is expressed
as the product n(t)cp¢, where Up is the absorption cross section of the
parent isotope. The number of parent atoms present at time t, is the
initial number, No’ minus the numbers that are activated, which implies

that the parent is a stable isotope so,

t
n(t) = No - J N(t')dt'
(n]

Thus

t
production of N = cp¢[ﬂo - J N(t')dt'J (2)

0

The loss of N is the number that decay plus the number that are converted
to another isotope. The decay of N is the number of daughter product

atoms multiplied by the probability for decay A.
decay of N = AN (3)
The number of N lost by activation is

actlvation loss = No

P ()

where oy is the cross section of the daughter and thus

Loss of N = AN + ch¢ . (5)

Combining Eqs. (5), (2) and (1) yilelds,

ay _ - At | o W e
0t cp¢[No JON(t Ydt J AN Nad¢ . (6)
Taking the LaPlace transform of Eq. (6) with the initial condition

§(0)=0, vields



g ¢ N(s) NOGP¢

sN(s) + AN(s) + cd¢ﬁ(s) - B s ==

Solving for N(s) gives

_ N, o ¢
N(s) = — P . (7)
s° + (l+cd¢) s + GP¢

So that the roots of the denominator are found using the quadratic

equation

2 %
—(A+ad¢) * ((A+cd¢) - 40p$J

S = 5

If (A+ad¢)2 - 40p¢ is positive, the roots are real and equal to

9 L
-(A+0,9) - [(A+cd¢) - 4013_¢J

R, = 5 (8)
2 L
-(1+cd¢) + [(k+cd¢) - 4a ¢J

Substitution of Eqs. (8) and (9) into Eq. (7) yields

N o ¢

N(s) = P ;
(S-Rz) (S'Rz)

Taking the inverse LaPlace transform of the expression gives the time

dependent solution

or



2 3
-N o ¢ -(A+0.¢) - [(A+0,0)" - 4o_]
N(t) = g P i exp[ d 5 d P Jt
[(Ma,9)" - 40p¢]
2 L
-(A+cd¢) + [(l+cd¢) - 40 ¢]
-exp[ 5 P ]t . (10)

If we assume there were no significant losses due to the activation

of the daughter, i.e., Gd¢<<h, then Eq. (10) becomes,

-N o ¢ -2 = (3240 41"
N(t) = —*?eriL*j; exp[ 5 P Jt
[A -4Up¢]

-A + [12-40 4;];5
Pl L Y

Further, by neglecting depletion of the parent isotope during activation,

i.e., 40p¢<<32, then

Noc ¢ -\t
N(E) = —E- {1 -7 (11)
At this point, it is desirable to express the number of parent atoms
in terms of the mass of the parent element present initially, i.e.,
} M Ab Na
A E)

N
0

(12)

where M is the mass of the parent element, Ab is the natural abundance
of the parent isotope, Na is Avagadro's number and A is the isotope

atomic weight. Substituting Eq. (12) into Eq. (11) yields,

M N ¢ ¢
N(t) = : 2 P {1-¢ Xt}



The number of daughter atoms at the end of the irradiation time, tr is

M Ab Na (o =it
= b Heg TF , (13)

N(tr} =

After irradiation, the rate equation, Eq. (1), simplifies to
change in N = -loss of N
where the only loss is through radiocactive decay so

a6 = =

for t>tr. Solving this equation by direct integration yields
N=Ce . (13a)

To determine the integratiom constant C, we apply the initial condition
NR = N(tr) as giveﬁ by Eq. (13).

At

r
G NRe

Then substituting into Eq., 13a to get the number of daughter atoms at
time t after insertion yields,

A(t -t)

N(t) =Ne T . (14)

R

The sample is then placed adjacent to a gamma ray detector. At time
t the detector system begins to count the number of gamma-ray detector
interactions. The counts are stored as a function of energy. At time,
Fe the detector system stops collecting. The number of atoms that decay

during that interval is defined as ND and is given by

ND = N(ts) - N(te) . (15)



Substituting Eq. (l4) into Eq. (15) yields

N, =N e - e

A(tr—ts) k(trﬂte)} s

The number of gamma rays emitted by the decayed atoms during the
counting interval is the number of atoms that decay multiplied by the
gamma-ray yield (gamma rays of each energy per disintegration), Y. The
The number of counts recorded by the detector system is the number of
gammas emitted multiplied by the absolute efficiency, Ef, of the
detector. The total number of counts recorded during the time interval

is defined to be the peak area Pa and thus

Pa = ND Ef ¥. (17)

Substitution of Eq. (16) into Eq. (17) yields

A(t -t ) Al -t )
- r s’ _ r e
Pa = ND Ef Y [e e J )
Substituting Eq. (12) for Ny
M Ab Na Up ¢ Ef Y -Atr 1(tr—ts) A(tr-te)
Pa = i l-e e - @ .

Finally solving for the mass of the parent element gives

P AX
M = - . (18)

-ie_ A(tr~ts) l(tr—te)
Ab Na cp $ Ef Y (lme ][e - e

The peak area for each energy gamma=-ray is measured with the
detector system and the time values tr’ ts and te are recorded for each

pulse height distribution measured. The natural abundance and atomic



10

number of the parent isotope are values easily found in the literature.
The literature also provides.values of the daughter product gamma-ray
yleld and decay constant. The detector efficiency is strongly dependent
on the energy of the incident gamma rays. If needed, such an efficiency
can be measured. However, the values of the neutron flux ¢, and the
cross section cp’ are difficult to determine. To evaluate M using Eq.
(18), the neutron flux level and cross sections must be given or
measured.

To circumvent the problem of knowing the walues of ¢, Up, and Ef, we
now introduce the use of a standard sample and fluence monitors. The
standard sample is to be encapsulated separately from the unknown sample
and the mass of each parent element in the standard must be a known
quantity. The fluence monitors are metal wires of known mass wrapped
around the sample containers and they are used to measure the value of
fede.

Equation (18) is applied to both the unknown and the standard
samples, In the resulting two equations, a presubscript of u is used for
the unknown sample equation and s for the standard sample equationm.

These equations are

P A

M = uau (19)
¢ -Autr A(utr_uts) A(utr-ute)

uAb Na ucp u¢ uEf Y [l—e ]{e - e ]

Pa A A

M= = = (20)
° -Astr k(str_s;ts) A(s,tr"stnr_a}

sAb Na scp S¢ sEf ¥ [1-& J[e - e ]
but A = 3 o = g ;N =N,



11

The samples should be homogeneous, contained in the same counting

geometry and of the same gross activity to allow equality between the

system dead times so

s f u f : (21)

Dividing Eq. (19) by Eq. (20) gives

- [1_3-%%] [e“st;stg TR -S%)J

(22)
s -2t At -t) At - t)

P ¢{l_eurJeurus_eurueJ

s anu

The ratio S¢/u¢ is found frem information supplied by the fluence monitor
wires. Eq. (18) is applied to both the unknown and standard sample wires
and the resulting two equations are ratioed, using the presuperscript w

to designate wire values. Solving for the flux ratio w¢/w¢;
s''u

A Feove A Me =Y ) A Ve e
w W, W wupry Wwurmus wWuraue
¢' 1- e -a
S _u_s A (23)
) A Feye r Fe ey oA Me Ve
u W.,. W w s T W S8 ¥ 8 8§ WS Trse
sM uPA 1- e - @

Assuming :¢/:¢ = s¢/u¢, Eq. (23) can be directly substituted into Eq.
(22).

Ultimately we wish to have a concentration number for each element
in ug/g or ppm. If we know the mass of the ith isotope in the standard,
SM, we can multiply it by the mass ratio given by Eq. (22) to find the
mass of the ith isotope in the unknown.

[“M]i § Ea [SML @

i
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Then to convert to concentration units, let uMa be the measured mass of

the unknown. The concentration of the ith element would be

(M)
u 1,108 ., (25)

ppm =
ua
Let uM/sM from Eq. (22) be the mass ratio for the ith isotope, MRi’ then
substitute Eq. (24) into Eq. (25), to find the concentration of the ith

isotope

i
ppm = —S————= (26)

In Eq. (26), the parameters sample masses or decay times can be
measured directly. Other parameters such as the decay constants and
elemental masses of standards can be found in the literature, but the
peak areas are calculated values arising from measured detector-gamma-ray
interactions. The calculation of the peak area is as follows.

Each gamma ray interaction with the detector results Iin a count
being recorded for specific gamma-ray energy ranges called channels. As
more of these counts are measured, a peak develops above some background
level in the pulse height distribution of counts versus channel number as
shown in Fig, 2.1. The area of the peak above the background is found by
summing the counts between some channel to the left of the peak, A and
another channel to the right of the peak B. Points A and B are k
channels from either side of the peak. This summation is the integral
counts as given by

B

Integral = I X, »
j=a 3



Counts

Channel Number

FIG. 2.1. Defination of Spectrum Background Parameters for
Peak Area Calculation

13
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where X, is the number of counts in the jth channel., The area is the

3

area of the background trapezoid subtracted from the integral. The

background area is given by

At+k-1 B
Background = SE%%:EL z Xj + I Xi
j=A 1=B=k+l
and combining these equations gives the peak area
B A+k+1 B
- (B-A+1)
Pa iEA Xi T I X, + I Xm . (27)

j=A 1 m=B-k+l

The uncertainty of the concentration calculated for the ith isotope
given by Eq. (26) depends on the uncertainty of each of the measured
values used in the calculation. The uncertainties of the measured values
can be determined quantitatively and combined to estimate the uncertainty
of the calculated value. The uncertainty of the calculated concentration
is described by the standard deviation of the population of all measured
values of that concentration. This deviation, Uppm’ is related to the

measured parameter uncertainties, 9 by the general expressionl4
3
2 2
" of oaf }|of
VAR (ppm) = VAR(X1J{§§—J + VAR(XZ)[___J + ZCOV(Xl,XZ)[g——)[ ] LG

of
1 sz x1 ax2

where £ is the functional relationship used to calculate the contribution

given the n measured parameters x,, j = 1,2, ... ,n, VAR is the variance

3

of the specified parameter and COV is the covariance of x, and Xy As

1

long as the parameters are independent of one another then the covariance

term COV(x,,x,) df |98, disappears, leaving the expression
1°72 dxl dxz

2
VAR(x,) (if—) . (28)

ax

n
VAR(ppm) = I
= 3

i=1
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This equation is known as the error propagation formu1a15.
To calculate VAR(ppm), apply Eq. (28) to Eq. (26) treating the mass

ratio as an independent variable. The result is

M 2 2

VAR(ppm) * VAR(MR) [—"‘-"-ﬁ—] + VAR( M) [H%—] + VAR( M)

u a u a

and estimates of VAR(MR), VAR(SM) and VAR(uMa) are needed.

The measured mass of the unknown, uMa will belong to a population of
measured masses described by some mean value and some variance VAR(uMa).
This variance 1s estimated by measuring the weight of standard masses of
the same approximate weight of the coal samples to be used. The results
are assumed to fit a normal distribution and the variance is calculated.
This value is used to estimate VAR (uMa).

The mass of the ith isotope in the standard, SM is found by
multiplying the mass of the standard, smass, by the concentration of the

ith isotope, conc. Application of Eq. (28) to this multiplication yields
VAR(SM) 2 VAR (smass) (conc)2 + VAR(cone) (smass)2 . (30)

where VAR(conc) is known from the reference literature on the standard
and VAR(smass) is assumed to VAR (uMa) since smass and o are from the
same population.

To find the variance of the mass ratio VAR(MR), Eq. (22) is

rewritten as

P
MR = -f,i [FRJ [TR] , (31)
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where FR is the flux ratio given by Eq. (23) and TR is the time ratio
given by
[lwenlstr][el(str-sts)_ek(str—ste)]
TR = . (32)
[ -AutrJ[ l(utr-uts) J‘(utr:mute)]
l-~e e -8

For reasons of simplification, any errors associlated with the time ratio
are neglected. Applying Eq. (28) to Eq. (31) yields the variance of the

mass ratio,

2 2
(TR)( P)
VAR(MR) = VAR(FR)E———7§LjLJ +VAR(uPa){£§%§Q§9J 4 (33)
8 a s a
-(_P_) (FR) (TR)\
VAR( P ) [ 2 e J .
S a

To find VAR(FR), Eq. (28) is applied to Eq. (23) to give

(TR ) (%P )12 (TR ) ("m)y 2
VAR(FR) = VAR('M) [——“’—2—“——3-] + vaR("P ) [-—-"-’-—-‘-‘--J ¥
u WM( P ) s a WM(W(WP )
s ua a s uua
o (TR ) ("p )y o (TR0 (P )y
VAR(SM) [ W\ 2 W ] * VAR(uPa) [ W W W 2 * (34)
(uM) (uPa) SM(Sm(upa)

where TRW is the wire time ratio similar to Eq. (32). The variances
VAR(zM) and VAR(:M) are assumed to equal VAR(UME).

The variances VAR(:Pa) and VAR(KPa) from Eq. (34) and VAR(sPa) and
VAR{uPa) of Eq. (33) are not equal and can be calculated from the photo-
peak areas. To find the variance of the calculated peak area, VAR(Pa),

apply the error propagation formula to the peak area equation, Eq. (27).
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Carrying out the differentiation and some algebra, the following equation

results:
2 2
VAR(P ) = [1 = E%%ilJ VAR(X) + ... + [1 " §§%i§J VAR(X,) +
2
VAR(X,, ) *+ ... + VAR(X, |) + [1 - B§ﬁ+1] VAR(X) +
2
eu {1 - B—;éil-] VAR(R,) . (35)

14,15

It has been shown in the literature that the variance of the counts

in a given channel is the counts, so Eq. (35) becomes

2 2

B~-A+1 B-A+1
VAR(Pa)=[1— T } XA+...+[1~ 7R ] X * Kot oeee 5

2 2
B-A+1 B-A+1
+ [1 ~ } X+t {1 ~ =g ] X (36)

Rearranging Eq. (36) and reintroducing the summation notation yields the

following equation for the variance of the peak area

B A+ +1 B
VAR(P) = I X + [B”Agik*lJ[Bgﬁ+l][ poX. o+ I x| . (37)
T 4= 3 m=B-k+l

Equations (37) and (34) are used to evaluate Eq. (33). Equation
(33) is then used with Eq. (30) to evaluate Eq. (29) which gives the

error associated with the measured concentrations.
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3.0 Description of Materials and Equipment

3.1 Standard Sample

The standard sample must contain known quantities of each element of
interest, the elemental concentrations in the standard must approximate
those of the unknown and the physical characteristics of the two must be
similar to equalize the effects of self shielding.

The literatureZ’A’s’6

reports the preparation of a standard by
pipetting given quantities of desired material onto various filler
materials. These standards are used to estimate the elemental
concentrations of the unknown. A new standard is then prepared to better
approximate those concentrations. An iteration process is continued
until the samples are matched, thus preventing detection system dead time
problems and ensuring that the absolute efficiencies of Eq. (21) are
equal. Naturally, some range exists for the matching of concentrations.
The major constituents provide the greatest contribution to the final
activity, so trace element concentrations in the standard can be
increased to improve counting statistics without significantly affecting
the overall activity.

For this work however, it was decided not to spend the effort
preparing standard samples from the reagents but to use the NBS standard
reference material 1632a as the standard. This Pennsylvania bituminous
coal7 is certified by NBS for 18 elements and NBS supplies information
for another 12 elements. Preliminary qualitative analysis of the coal
samples revealed that a number of elements could be identified using INAA
but concentration information for these elements is not included in the
MBS Certificate of Analysis, This problem was resolved by utilizing the

results of an analysis done at the University of Maryland.5
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The University of Maryland analysis utilized INAA, neutron capture
prompt gamma activation analysis, PGAA and instrumental photon activation
analysis, IPAA to measure the concentrations of 51 elements in the NBS
coal 1632a. The NBS and Maryland concentration values are given for a
selected list of 47 elements in Table 3.1. As pointed out by the authors
of the article, only 4 elements, Ti, Co, Rb and Cs, have NBS
concentration values outside the given intervals of uncertainty given by
the University of Maryland.

Since agreement exists between the concentrations reported by the
University of Maryland and the NBS certified values, the values reported
by the University of Maryland shall be used as the standard concentrations
in this work.

The elemental concentrations of the standard are assumed to
approximate those of the unknowns to be studied and since both standard
and unknown are coal samples, their physical characteristics are

similar.

3.2 Sample Encapsulation

The coal and fly ash samples are encapsulated in polyethylene vials
shown in Fig. 3.l. The vial sizes vary depending on the amount of
material or size of vial to be contained. Two samples of each coal or
fly ash are prepared. The first sample is prepared by filling the
smallest vial, 2/27 dram (approximately 1l ml), with coal or coal fly ash.
The largest vial, 2 dram, is used to encapsulate the first sample during
irradiation. The second sample is the 2/5 dram vial (approximately 7 ml)
filled with sample material. This vial is enclosed in a 2" x 3"

polyethylene bag during irradiation.



TABLE 3.1. Elemental Concentrations of NBS Standard
Reference Material 1632a as Reported by
the National Bureau of Standards and the
University of Maryland.

University

element of Maryland NBS

Na (Z) 0.085 * 0.004 0.084 + 0.004

Mg (%) 0.13 £ 0.03 0.1

Al (T) 2.94 = 0,13 3.1

Si (%) 5.8 £ 0.1 -

Cl (ppm) 790 + 20 -

K (%) 0.42 * 0.02 0.42 + 0,02
Ca (%) 0.32 £ 0.02 0.23 £ 0,03
Si (ppm) 6.8 + 0.6 6.3
Ti (%) 0.161 * 0.004 0.18

vV (ppm) 44 * 3 44 = 3
Cr (ppm) 34 £ 2 34,4 £ 1,5
Mn (ppm) 32 £ 3 28 + 2
Fe (%) 1.16 = 0.03 1.11 £ 0.02
Co (ppm) 6.5 £ 0,2 6.8
Ni (ppm) 26 * 4 19.4 + 1
Zn (ppm) 31 £ 6 28 + 2
Ga (ppm) 8.0 + 0.8 8.5
As (ppm) 10.2 = 0.5 9.3+ 1
Se (ppm) 2.6 £ 0,3 2.6 £ 0,7
Be (ppm) 41 * 4 -

Rb (ppm) 24 = 1 31

Sr (ppm) 84 = 9 -

Y (ppm) 5.8 + 0.5 -

Zr (ppm) 53+ 5 -

Cd (ppm) 0.21 + 0,03 0.17 * 0,02

In (ppb) 36 £ 4 -

Sb (ppm) 0.60 + 0.09 0.6

I (ppm) 1.8 £ 0.2 -

Cs (ppm) 2.0 £ 0.3 24

Ba (ppm) 122 = 11 -

La (ppm) 18 + 2 -

Ce (ppm) 32 £ 4 30

Nd (ppm) 12,1 £ 0.4 -

Eu (ppb) 550 + 30 500

Gd (ppm) 1.95 * 0.03 -

Tb (ppm 0.36 + 0,12 -

Dy (ppm) 2.2 ¥ 0.3 -

Yb (ppm) 0.98 = 0.08 -

Lu (pph) 180 + 30 -

HEf (ppm) 1.55 + 0.08 1.6

20
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TABLE 3.1 (cont.)

University

element of Maryland NBS

Ta (ppb) 400 * 30 -

W (ppm) 0.6 £ 0.2 -

Pb (ppm) 15 = 4 12,4 + 0,6
Th (ppm) 4.8 £ 0,2 4,5 £ 0.1
U (ppm) 1.2 + 0.1 1.28 + 0.02
Cu (ppm) - 16.5 + 1.0
Hg (ppm) - 0.13 + 0,03

8Values with no limits are non-certified NBS values
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oD

Heo

HT

B T

Vial Use oD HT dram
short lived sample 7.11 mm 12,70 mm 2/'5
long lived sample 11.94 mm 12.70 mm 2/27
irradiation container for 16,76 mm 57.15 mm 2

short lived sdmple

FIG, 3.1 Polyethylene Vials Used for Sample Encapsulation
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3.3 Irradiation Facility

The neutron irradiation of the samples utilizes the rotary specimen
rack, RSR, of the TRIGA Mark IT nuclear reactor. The TRIGA is a
zirconium hydride-8.5 wtZ uranium fueled reactor licensed to a power
level of 250 kW thermal. The thermal flux, energy <0.21 keV, at 250 kW
in the RSR is 1.8 x 1012 neutrons/(cm?+s) while the fast flux, energy
>10keV, is 1.5 x 1012 neutrons/(cm?+s).

The rotary specimen rack is a circular aluminum ring supporting 40
cylindrical containers which hold the samples during irradiation. The
rack assembly i§ encased in a water tight, air filled aluminum housing,
embedded in the graphite reflector surrounding the core, as shown in Fig.
3.2, The samples are loaded using a plastic loading vial attached to a
nylon cord, then lowered through a tube, see Fig. 3.3, into an irradiation

position.

3.4 Detector Analyzer System .

This section will introduce the basic concept behind the detector
analyzer system, then the system will be described in detail.

The activation daughter products emit characteristically energetic
gamma rays and the detection system must be capable of measuring the
number of gamma rays interacting with the detector as well as their
incident energy. The detection system, shown in the block diagram of
Fig. 3.4, basically consists of a solid state germanium lithium drifted
detector coupled to a multichannel analyzer, MCA. Upon gamma ray
interaction with the detector, voltage pulses with amplitudes

proportional to the incident gamma ray energy are sent to the analog to

digital converter (ADC), which is a component of the MCA system.
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FIG. 3.2. Location

to the Reactor Core
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FIG. 3.4 Block Diagram of Gamma-Ray Detection System Showing Both
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The ADC then produces digital values that are proportional to the
amplitudes of the incoming pulses. The digital information is stored in
the MCA memory using a simple counting scheme. This scheme involves
equally dividing the range of possible values intc a group of subintervals
called channels, Usually the range is divided into 4096 channels for
this work. Whenever a digital signal of given value is sensed by the
analyzer, a count is recorded in the corresponding channel. The number
of counts versus channel number i1s defined as the pulse height
distribution,

In order for the pulse height distribution data to be useful, the
experimenter must know in which channel a count will be recorded if all
the energy of a gamma-ray is deposited in the detector. In other words,
he must have some way of knowing the detector, ADC and amplifier
proportionality constants. The process of relating a channel number to a
ganma-ray energy is defined as energy calibration.

The energy calibration is determined by placing a gamma-ray source
of known energies near the detector, and observing in which channels
counts are being recorded. Generally, the peaks in the pulse height
distribution correspond to the energy of the incident gamma-ray. By
fitting a curve through the gsmma-ray energy versus peak channel data, an
energy calibration equation is generated. This equation is later used to
determine the energy of gamma rays emitted from the activated samples.

The analyzer, Series 80 has the capability of identifying the peak
energies in a spectrum then comparing those values with a library of
gamma~ray energies to identify the isctope present in the sample. The

library is a list of isotopes, and the emission energies of the
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gamma-rays with the corresponding percent gamma-ray yields. This library
is input into the Series 80 following the procedure outlined in Appendix B.

The collection of a pulse height distribution for a coal sample
begins with the placement of the sample near the detector. This
placement must be constant for each sample and standard measurement
because variation in this counting geometry will lead to differences in
the absolute efficiencies and thus violation of the assumption of Eq.
(21). Fig. 3.5 shows a Lucite rack that is placed atop the detector
casing to hold samples at specified distances above the detector. The
rack also has three 3.2 mm thick lucite plates that can be placed between
the sample and detector to minimize the beta particle exposure. Fig. 3.6
shows the detector attached to a Dewar containing liquid nitrogen. The
nitrogen is required to cool the detector to prevent thermal migration
of lithivum from the detector. Also shown is the location of the detector
pre-amplifier which contains the high voltage connection for the detector
as well as the signal output.

Figure 3.4 shows twe Ge(Li) detectors and their associated
preamplifiers, linear amplifier and high voltage power supply systems
connected to the Canberra Series 80 Multichanmnel Analyzer. Ge(Li) no. 2
is used to collect sample spectra because of its better energy resclution
when compared with Ge(L1) no. 1. Ge(Li) no. l is used to measure the
fluence monitors. The Series 80 MCA is capable of storing data from both
detectors simultaneocusly by partitioning the ADC memory properly. Users
should refer to the Series 80 operators manual for details.

Adjustable settings for the detector analyzer system, such as memory.
partitions, amplifier gain settings, etc., can be recorded on the standard

forms given in Appendix A.
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COUNTING RACK

SAMPLE

Ge{Ll) DETECTOR CASING

PREAMP

PREAMP POWER SUPPLY
— -8IGNAL

DETECTOR HV POWER SUPPLY

FIG. 3.6. Positions of Counting Rack, Sample, Detector and
Associated Electronics
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After each sample count, the energy spectrum is stored on magnetic
tape using the Pertec tape drive and is later returned to the analyzer
for analysis. The Digital Decwriter is used to provide hard copy output

of such parameters as peak area and error.
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4,0 Experimental Procedures

4.1 Preliminary Analysis

4,1.1 Encapsulation

A review of the literature reveals four methods of encapsulating the
samples during irradiation and counting. The first involves simply
placing the sample inside a polyethylene vial.8 The second places the
sample inside a polyethylene bag which is then heat sealed.2 The third
places the coal or ash in filter paper which is then pelletized.4 The
last method is to fold the sample in Al foil then pack into a
polyethylene vial or cadmium box.6 The amount of material encapsulated
by the above methods ranges from 50 mg to 500 mg.

The encapsulation method should contain the sample during
irradiation and/or counting, provide minimal activation interference from
packaging material, and provide a quick, simple way of encapsulating the
sample.

The aluminum foil polyethylene vial method is eliminated from
consideration because the aluminum activation presents an exposure
problem during short reactor runs and the additional work to prepare the
sample provide no advantage over simply placing the sample into a
polyethylene vial. The Nuclear Engineering Department does not readily
have the equipment necessary to pelletize samples so this method is
eliminated. Rectangular polyethylene bags, 50.8 mm by 76.2 mm, were used
to encapsulate some samples but the time required to heat seal the bags
and the inadequacy of the seal forced this method to be eliminated. The
method of placing the sample in a polyethylene vial best meets the

encapsulation criteria.
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4,1,2 Irradiation Times and Flux Levels

Selection of reactor flux levels and sample irradiation times were
based primarily on the experience of the experimenter. Each type of coal
or coal fly ash was irradiated in two separate reactor runs, The first
was for an irradiation time of 5 min at a reactor thermal flux level of
approximately 1.6 x 10%2 n/em?/s. This run was used to identify short
lived, T% < 24 h, activation products. The second irradiation was for 8
h at a thermal flux level of 1.6 x 1012 n/em?/s. This was used to
identify the longer lived isotopes, T% > 24 hr., The flux level is the
highest normally available in the KSU Triga Mk II reactor. Table 4.1
provides a list of the irradiation times and flux levels reported in the
literature by various experimenters. The flux level available for this
work was most closely approximated by those available to Black and

(4)

Dams , as are the irradiation times.

4,1,3 Counting Scheme

The counting scheme is a combination of decay and count intervals
which have been selected to minimize the error in the quantification of
isotopes. The quantification calculation is largely dependent on the
experimenter's ability to measure the area of the full energy peaks in
the spectrum. The major obstacle in measuring these areas comes when the
activities of other isotopes in the sample are so high, relative to the
isotope of interest, that the peak of interest is lost in the statistical
noise of the more active isotope. Generally this increased activity is
due to the relatively short half life of the products involved. The
counting scheme approach allows the interfering isotopes to decay to a

point where they themselves are lost in the statistical noise of the peak



TABLE 4.1 1Irradiation Times and Flux Levels used by Various
Experimenters to Identify Elements in Coal and
Coal Fly Ash.

*

Experimenter Irradiation Time Flux Levels
13

Germani, et. al. 5 min 2-5 x 10
4 h 25 % 10%?
Abel and Rancitelli 0.5 - 1 min 1 x 1013
6 -8h § w10
12

Block and Dams 5 min 2.6 x 10
7h 1.6 x 1012
13

Obrusnik, et. al. 10 min 1 x 10
6 h I x 1042
13

Ondov, et. al. 30 s 1 x 10
5 min 1 x 1013
4 h 1 x 1013
13

Row and Steinmnes 1 min 1.5 x 10
4 h 1.5 x 10%°
’ 12

Ruch, et. al. 15 min 2 x 10
2 h 4.1 x 102

* (n/cm?/sec)

34
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of interest. A counting scheme is determined for both the short and long
reactor rums,

To determine the count scheme for the short reactor run, a sample
was activated then counted at various times during the sample decay. The
selection of when to begin a count and the length of the count interval
was based on the count schemes reported by various experimenters as shown
in Table 4.2. An NBS coal sample was prepared and activated for 5
minutes in the RSR at a reactor power of 225 kW. The sample was then
allowed to decay for 10 minutes after which a 300 second count was begun
with the sample on shelf 6 of the rack, shown in Fig. 3.5. Twenty
minutes after the end of the irradiation another 300 second count was
begun. After moving the sample to shelf 1 of the rack, a count of 1800
seconds was started at a decay time of 35 minutes and another at 81
minutes. The values of the decay times were selected by the experimenter
as being possible break points where the highly active isotopes may have
decayed significantly.

Isotopes are identified in the four spectra and the peak areas of
the predominant photopeaks were calculated. The areas were then
normalized to counts per unit isotcpe mass per unit count time. The
maximum of the normalized count rates would yield the results of greatest
accuracy. In Table 4.3 are listed the normalized count rates for each
isotope identified in each spectrum.

Using the results presented in Table 4.3 as a guideline, the short
run counting scheme was a 5 minute post irradiation decay followed by a
600 second count with the sample on shelf 10. After a 35 minute post
irradiation decay an 1800 second count was started with the sample on

shelf 1. Finally, an 8 hour count was started 4 hours after irradiation.
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TABLE 4.2 Sample Counting Schemes Used by Various Experimenters

Irradiation Count Count
Experimenter No. No. Decay Interval Time
Germani, et. al. 1 1 6 - 12 min -
2 15 - 20 min -
2 1 3j-5d 4 h
2 20 - 30 d 8 -24nh
Abel and Rancitelldi 1 1 20 min 5 min
2 1 4 - 7 d 10 min
2 30d 2-17h
Block and Dams 1 1 3 min 6 min
2 15 min 20 min
2 1 14 15 min
2 20 d 1h
Obrisnik, et. al. 1 1 10 min 5 min
2 20 min 10 min
3 12 - 36 h 10 min
2 1 24 - 36 h -
2 14 - 21 4 -
Rowe and Steinnes 1 1 20 min 10 min
2 l1d 10 min
2 1 6-7d 1h
20 - 25 d l1h
Ruch, et. al. 1 1 30 min 5 min
2 3h 33 - 50 min
2 1 24 h 1.1 - 1.9 h
2 30 4 6 - 10h




TABLE 4,3, Normalized count rates for a short reactor run
of NBS coal counted at specified times during
decay after activation (counts/s/g)

Isotope Decay Time After Irradiation
(gamma-ray used to
identify (keV)) 10m 20 m 35m 8l m
24 a

Na (1368.6) 4,12 3.88 26.33 26.09
2T (1014.4) 2.46%  0.88 b b
2851 (1778.7) 152.6% 4.90 b b
3851 (1642.2) 2.09 1.96  8.25% 2.69
Sley (319.7) 7.98%  1.96 b b
32y (1434.1) 10.9° 1.33 b b
>vn (1810.7) 1.4 1.51 9,272 7.16
T%8r (616.2) 2.93 2,02  6.842 2,18

a
maximum normalized count rate

bphotopeak not observed

37
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The determination of the count scheme for the long reactor run was
carried out in the same manner except this time the peak area error was
used as the disciminating factor instead of the normalized count rate.
The activities of the various isotopes generally do not exhibit the large
changes seen in the short rum results because of the longer half lives of
the isotopes remainingT But as time progresses, the degree of
interference from spectrum structure tends to vary the counts in the
background channels described in the paragraph preceeding Eq. (27). For
this reason the peak area error values fluctuate. In Table 4.4 the peak
area error values as a function of decay time for isotopes identified in
the coal are listed.

It is desired to select the decay interval which yields the largest

number of isotopes with the smallest possible error in the peak areas.
To guide in the selection of thils decay interval from the data of Table
4,4, the count times were ordered by increasing error for each isotope.
Then a frequency distribution was generated for how many times a given
decay time was ranked first in peak area error then second and finally
third. This distribution is given in Table 4.5.

From Table 4.5, the 18.04,31 decay interval count yielded 11
isotopes which ranked the lowest or second lowest in peak area error.
This decay interval was therefore selected for the long run count scheme.
The only problem with the 18,04.31 decay interval is that three isotopes
1?SYb, 181Hf, 140La are not optimized. Thus, 1t is decided to include a
decay interval of 6 days followed by a count to identify these isotopes.

When the data of Table 4.4 were collected, the 18 day decay
intervals used a count time of 16 hours and the 6 day decay interval used
a time of 4 hours. These count times are included to complete

development of the long run count scheme.
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TABLE 4.4. Percent peak area error values for a long reactor run of NBS coal
and counted at specified times during decay after irradiation

Decay Time After Irradiation (d.hr.m)
Isotope 6.10.45 10.2.37 13,5.57 16.1.44 18.4.31 25.6.1 29.21,17

165

Dy a a 12.7 a a a a
Mley 13.9 8.4 8.6 a 6.3 a a
e 2.7 23.5 60. 21. 29. 44, 54,
2%, 1.8 a 10.6 5.7 5.4 a 7.0
173y, 28.0 22, 34, 38, 68. 2 a
181y¢ 5.8 6.9 16.2 20. 27, 19, 20.
134ce 43, 29, 27.5 20. 17. 19. 16.
434 1.9 1.2 1.3 a 0.9 0.9 0.9
s, a 31. 36. 25. 27. 31. 39,
pe Fodk 3.9 4.0 2.6 2,7 2.9 3.0
80¢s 21. 9.8 10.4 6.6 7. 6.4 6.
18274 a 80.6 a 33.5  30. 39. 42.
zaﬂa 3.7 50. a a a a a
13e, a 40. 31. i7, 17. 18. 14.
421( a2 a a a a a a
Lty o 2.0 3.1 7.2 9.9 " & a
e 85. 51, a 34. 31, 30. a
755c a a a 48, a a 70.
160Tb a a a a 45, 79. 62,
65211 a a a a 0.8 a 0.9
131]3:51 a a a 53. 53, 60. a

#Value not available because of species decay, interference, or imsignificance.



40

TABLE 4.5. Frequency distribution of how often the decay time
is ranked first, second or third by peak area error
of each isotope
Decay Time After Irradiation (d.hr.m)
rank 6,10.45 10.2,37 13.5,57 le,1.44 18.4,31 25.6.1 29,21.17
1 2 1 1 5 6 1 3
2 1 4 0 3 5 2 3
3 1 1 3 2 1 5 2
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4,1.4 Isotope Identification and Quantification

The majority of activation products emit gamma rays of various
energies as well as varying intensities. The photopeak energies and
intensities for isotopes expected to be found in coal and fly ash are
given in Appendix B. By calibrating the detection system to read out in
energy units, the measured spectrum provides the photopeak energies. The
isotopes are identified by comparing the measured peak energies with the
values given in Appendix B, After an isotope has been identified, one
photopeak is selected to provide information required for quantative
analysis. The peak selected must have the minimum of interference from
other spectrum structure such as other peaks, escape peaks, etc. This
selection process is detailed in the articles by Abel and Rancitelli,2
Block and Dams,4 Obrusnik, Stdkovd and Blazek9 and Rowe and Steinnes.10
Using this information as a guideline, Table 4.6 is constructed to
identify the gamma-ray to be used to quantify a specific element. Table
4,6 also provides information concerning the daughter isotope half life
and the parent elemental concentration in the NBS Standard Reference
Material 1632a.

Before attempting to set up some analysis procedure, a preliminary
identification run is made on both the NBS coal and the NBS coal fly ash.
Two samples of approximately 700 mg of each material are prepared in
polyethylene vials., One sample of each is irradiated in the RSR for 5
minutes at a reactor power of 225 kW, is allowed to decay for 15 min,
then is counted for 422 seconds. The resulting coal spectrum is shown in
Fig. 4,1 and the fly ash spectrum in Fig. 4.2. The second sample of each

is irradiated at the same power for eight hours, allowed to decay for 1l
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days and is counted for 2 hours. The resulting spectra are shown in
Figs. 4.3 and 4.4. The isotopes identified by these 4 runs are listed in

Table 4.7.

4.2 Optimized Procedure

4,2,1 Sample Preparation

Polyethylene vials shown in Fig. 3.1 are used to encapsulate the
coal and ash. Two samples of each coal and ash are prepared. The first
is used to determine the concentration of elements that produce activated
daughter products having half lives greater than twenty four hours. The
second is used to measure the short lived activation products, i.e.,
those with half lives less than 24 hours.,

To prepare the long lived sample, a 7 ml vial is cleaned by rinsing
with warm tap water, then rinsing with methynol and finally using a
distilled water rinse. The vials are then placed on "Kimwipes" and
allowed to air dry. All further handling of the vials is done with bone
tipped tweezers or with hands covered with surgical gloves. The vial is
then weighed on the Mettler balance.

Coal is transferred to the vial using a stainless steel spatula and
a glass funnel. The vial is filled to a line molded on the vial which
marks the lowest penetration of the cap. Extreme care is taken, so that
no coal is put on the outside or on the top edge of the vial. The cap is
then shut and the vial-sample combination is weighed., An electric
soldering iron is used to heat seal the cap onto the vial. The iren is
also used to engrave an identifying code name onto the side of the vial.
Care is taken not to penetrate the vial.

An irom wire is wrapped around the middle of the vial and the ends

are twisted together. Excess wire is trimmed off using wire cutters.
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TABLE 4.7. 1Isotopes Identified in NBS Coal and Coal Fly Ash Standards

Identified in
Isotope Coal Coal Fly Ash Long or Short run

Sm-153
Ce-141
Lu-177
Th-233
Cr-51
Yb-175
Hf-181
Ba-131
Br-82
Cs-134
La-140
Sc-46
Mg~27
Rb-86
Fe-59
Co=-60
Ta-182
Fu-152
V=52
Ccl-38
Sb-123
Al-28
Mn-56
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The vial is placed in a 2 in. x 3 in., polyethylene bag to prevent
contamination of the exterior of the vial., Excess air is removed from
the bag and the bag is heat sealed. The sample is ready for irradiationm.

The short lived sample is to be placed into a 1 ml polyethylene
vial. The vial is cleaned using the same method used for the long lived
samples. The vial is then weighed. The vial is filled to the molded
line with coal or ash using a spatula. The cap is closed and the
vial-sample is weighed. The cap tab is cut off using a stainless steel
blade. The vial and sample are placed inside a clean 7 ml vial. The
outer vial is then heat sealed and an identifying code etched on its
surface, A tungsten wire is wrapped around the outer vial at a level
equal to the middle of the coal sample. The wire ends are twisted and

the excess trimmed.

4,2.2 Sample Irradiations

Two neutron irradiations are required for each coal or ash. The
first is used to determine the concentrations of elements whose activated
daughters have half lives greater than 24 hours. The second determines
the elemental concentrations of the parent isotopes of short lived
activation products.

The first sample is inserted into the Rotary Specimen Rack (RSR) of
the TRIGA Mark II Reactor. The reactor is brought to a steady state
power of 225 kW (¢th v 1.6 x 1012 nv). To maintain as much uniformity as
possible during irradiation, it is recommended that the shim and pulse
rods be fully withdrawn and the reg rod used to maintain the power level

for 8 hours. At the end of that time the reactor is shut down and a

timer is started to record the decay time of the sample.
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The second sample is placed inside a reactor loading vial which is
attached by string to the '"fishing pole" loading device. With the
reactor at 225 kW, insert the sample into the RSR and irradiate for 5
minutes. Upon removal of the sample from the RSR start a timer to

measure decay times.

4.2.3 Energy Calibration

In order to determine the energy of the spectrum photopeaks, the
Series 80-Ge(Li) system needs to be calibrated to readout in energy units
instead of channel numbers. This is accomplished by measuring the
spectrum of some known gamma-ray emitters and recording what peak channel
number corresponds to the incident gamma-ray energy. The Series 80 can
then determine a functional relationship between energy and channel
number which it can use to solve for the energy corresponding to any
intermediate channel number.

The energy calibration is a two step process. The first step is to
collect a spectrum from a l3?Cs and 6000 source. This spectrum provides
three energy-channel number data points to which a linear fit is made.
The second step 18 to place the NBS mixed Radionuclide point source on
the detector along with the 137Cs and 60Co sources that are already
present. A spectrum is collected. The linear energy calibration allows
for identification of the peak to be used in the final calibration. A
region of interest is established around each of the peaks specified in
Table 4.8. The enerpgy calibration is cleared and a second order fit is
made to the peaks of Table 4.7 and the corresponding chanmnel numbers.
This calibration spectrum is stored on magnetic tape. The second order

calibration is used to identify peaks in the coal and cocal fly ash

spectra.



TABLE 4.8. Gamma Ray Energies
Used for 2nd Order
Energy Calibration
of EBE Series 80
MCA

Gamma-ray

Isotope Energy
Description (keV)
155Eu 86.6
34, 123.1
By 176.4
123 427.9
137, 661.6
s 723.3
60co 1173.2
1545, 12744
' 1332.5
60

Co sumpeak 2505,7

56
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4.2.4 Post-irradiation Sample Handling and Counting

To maximize the areas of the photopeaks, a specified counting scheme
involving variocus decay and counting times is used. These schemes are
detailed in Table 4.9.

After the long lived sample has decayed at least 5 days, the coal is
to be transferred to another vial for counting. This removes any
contribution from trace element activation of the vial. The person
transferring the coal should be wearing surgical gloves on both hands to
minimize skin contamination and the transfer should be accomplished
inside a fume hood to minimize exposure to airborne radiation. The heat
seal is broken with a stainless steel spatula. The coal is poured
through a glass funnel into a clean 7 ml vial which has been weighed.

The vial is capped, the sample-vial combination is weighed then the vial
is heat sealed. The difference between the vial mass and the sample and
vial mass is the sample mass., The irradiation vial is disposed of as
waste,

After 6 days of decay the transferred sample is placed on shelf 1 of
the rack shown in Fig. 3.5. The sample is placed upright above the
detector center with % iInch of lucite between the sample and detector
surface. The sample is counted for 4 hours. After 18 days of decay, the
gample is placed in the same counting geometry and is counted for 16
hours., After each count the spectrum is stored on magnetic tape.

The short lived sample is counted three times. Since there is
insufficient time between irradiation and counting to transfer the sample
to a clean vial, the counting is accomplished in the irradiation wial.
The first count begins after 5 minutes decay with the sample placed

upright above the detector center on shelf number 10 of the rack. The



TABLE 4.9. Counting and Decay Times for Long and Short Lived

Samples

Sample Count

Description Number Decay Time Count Time
Long lived sample 1 6 days 4 hours
(8 hour irradiation) 2 18 days 16 hours
Short lived sample 1 5 minutes 600 second(a)
(5 minute irradiation) 2 35 minutes 1800 second

3 4 hours 8 hour

{a) count on shelf 6 of rack all others on shelf 1.

58
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count is for 600 seconds. The sample is lowered to shelf number 1 and a
count of 1800 seconds is started after 35 minutes of post-irradiation
decay. The last count occurs 4 hours after irradiation and is for a
period of 8 hours in the same counting geometry as count number 2,

Both the long and short lived samples have fluence monitors wrapped
around the vials. Before sample transfer or counting, the wires are
removed and weighed on the Mettler balance. To identify them, a piece of
transparent tape is folded in half over the wire rings and an identifying
label is written on the tape.

The wire is counted on Ge(Li) No. 1. It is placed flat on 3/8 inch
of lucite which is then placed on the detector and adjusted so the wire
ring is above the detector center. The count is begun and allowed to
continue until a peak area of 20,000 counts is measured for the 59Fe peak

187

at 109% keV or for the W peak at 685.8 keV. The clock and live times

for this count are recorded.

4,2.5 Data Reduction

As shown in Chapter 2, there are a substantial number of data values
to be recorded for each sample before the concentration of some element
can be calculated. These values include peak area, decay times, sample
masses, etc. To organize this data and to help ensure a value is not
omitted, some data forms were prepared. Copies of these forms are given
in Appendix A. Even though the forms should be self explanatory, some
instructions concerning the completion are included in Appendix A.

As various steps in the analysis procedure are completed, values
should be recorded onto the forms. For example, when preparing the

standard sample, record the sample mass as the fourth entry of the only
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line in data set no. 6, The wire mass for the standard would be the
third entry on that line., The form identifies the different samples to
be analyzed as different case numbers. 1If the Colorado coal is case
number 1 and you begin a count at 8:53 a.m., ten days after irradiation
you would record this information on line 3 of data set no. 5 as
10,8,53,0.

When analyzing the spectrum for this count, you would set regions of
interest about the photopeaks corresponding to the elements you wish to
quantify. For example, to identify thorium go to Table 4.6 to find the
energy of the gamma ray to be used. Locate that peak on the spectrum,
set a region of interest, and record the peak area and peak area error
from the analyzer onto the line corresponding to that isotope and case
no. in data set no. 9. As explained in Appendix A, you identify each
isotope with the number assigned in data set no. 2. An example analysis
is presented in Appendix D.

The data forms combine to form an input file for a Watfiv computer
program which then calculates the elemental concentrations. A complete
data form set is required for each spectrum to be analyzed. Thus, there
should be 5 input files, each corresponding to one of the counts required

by Table 4.9.
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5.0 Results and Conclusions

Before applying the cookbook procedure of Section 4.2 to the coal
and fly ash samples, an experiment is designed to test the procedure's
accuracy. Since the elemental concentrations of the NBS Coal Standard
are known, a sample of it is prepared and analyzed as an "unknown"
sample. Comparing the measured concentrations with the known
concentrations of the standard allows one to make a judgement concerning
the accuracy to be expected when measuring specific elemental
concentrations. The resulting concentrations are compared with the knowm
(expected) values in Table 5.1.

The elements in Table 5.1 are ordered so that the absolute value of
the deviation between the measured and expected concentrations increases
as one moves down the table. The table shows the cerium yielded the
smallest deviation and hence is the element that can be measured to the
highest degree of accuracy. Proceeding down the list, Lanthanum had a
deviation of 5.6 percent, Cesium, 9 percent, Tanalum, 20 percent,
Uranium, 39 percent and Samarium was the worst at 103 percent. The error
bands for the measured and expected values overlap for all but Iron and
Rubidium however the deviations from the expected concentrations are 8.6
percent and 22 percent respectively. Thus, the only element that cannot
be measured with a reasonable degree of confidence is Samarium.

The large deviation for Samarium probably results from spectrum
interference because of the relatively low energy gamma-ray, 103 keV,
used to identify Samarium. The 103-keV gamma-ray is the highest energy,

highest yield gamma ray for the Samarium activation product 153Sm. The

other Samarfum activation product 1555m is short lived, and its



TABLE 5.1 Comparison of Measured Elemental Concentrations for NBS
Standard Reference Material 1632 A with Expected
Concentrations - Elements Ordered by Deviation of Measured
Mean from Expected Mean

Standard Concentration Measured Concentration
(ppm) (ppm)
Lower® Expected Upperc Lower’ Measured Upperc

Element Limit Value Limit Limit Value Limit

Ce 28.0 32,0 36.0 27: 7% 32,07 36,40
v 41.00 44,0 47.0 30.40 44,23 58.06
Al 2.60° 2,90% 3.20% 2,518 2,818 3.112
Br 37.00 41,00 45,00 34.10 39.73 45.36
Na 810.0 850.0 890.0 777.4 822.8 868.2
Ba 111.,0 122.0 133.0 64.79 118.0 171.3
Eu .52 0.55 0,58 0.32 0.57 0.82
Ga 7.20 8.00 8.80 4,77 7.65 10.53
K 4000, 4200. 4400, 3625.9 3975.1 4324.2
Dy 1.90 2,20 2.50 1.77 2,08 2.39
La 16.0 18.0 20.0 12.46 17.00 21,54
Ti 1560.0 1630.0 1700.0 777.8 1511.2 2244.5
Th 4.60 4.80 5.00 4.05 4,45 4,85
Cr 32,00 34.00 36.00 28.65 31.52 34,39
Co 6.30 6.50 6.70 5.64 6.02 6.40
Hf 1.47 1.55 1,63 1.43 1.67 1.91
Se 6.20 6.80 7.40 5.64 6.25 6.86
Fe 1.13° 1.16° 1.1 1.00° 1.06°  1.12°
Cs 1.70 2,00 2.30 1.46 1.82 2.18
Lu 0.15 0.18 0.21 0.12 0.16 0.20
Th 0.27 0.32 0.37 0.18 0.36 0.54
cl 730.0 800.0 870.0 588,78 696.16 803.54
Sb 0.51 0.60 0.69 0.39 0.52 0.65
Ta 0.37 0.40 0.43 0.25 0.32 0.39
Rb 28,00 29.00 30.00 17.44 22,56 27.68
Se 2.30 2.60 2.90 1.14 1.99 2.84
Yb 0.90 0.98 1.06 0.96 1.22 1.48
u 1.11 1.21 1.31 0.36 0.86 1.36
Sm 2.50 2.80 3.10 2.96 5.67 8.38

a ;
Values are weight percent - measurements of Al concentration are very

gsensitive to Si concentration of sample

bValues are welght percent

cOne standard deviation about the mean
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relatively low gamma ray energies are not detectable in the short run
spectra. Since the deviation is so large for Samarium, this isotope is
not reported as one that can be quantitatively identified using the
procedure developed in this thesis,

The elements that can be quantitatively identified by the procedure
of Section 4.2 are listed in Table. 5.2.

The analysis procedure was applied to the five coals identified as
I1linois-6, Wyoming-l, Wyoming-2, Missouri-Kansas and Colorado. The
measured elemental concentrations and the expected error for each element
are presented in Table 5.3.

The Missouri Kansas coal tends to have higher concentrations than
the other coals of almost all the trace and minor elements and the
difference is more pronounced in the metal concentrations, for example
Cr, Fe, Ti, Th, U and V. As for the two Wyoming coals, Wyoming-2 tends
to have higher concentrations in the metals. The Wyoming-l coal has
concentrations more comparable to the Colorado coal than the Wyoming-2
coal. The Illinois-6 element concentrations do not follow any trend when
compared with the other coals.

The elemental concentrations of the NBS Fly Ash and the ash sample
from A, Anderson were measured and the results are presented in Tables
5.4 and 5.5, respectively.

The NBS Fly Ash elemental concentrations are certified for some of
the elements in Table 5.4. NBS reports a concentration of 9.40 £ 0.10
weight percent for iron, 196 * 6 ppm for chromium, I31 * 2 ppm for
rubidium, 10.3 % 0.6 for selenium and 24.7 * 0.3 for thorium. Comparison
of these values with Table 5.4 shows reasonable agreement but with a

trend towards under-prediction for the measured values. This trend is
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TABLE 5.2. Elements in Coal and Coal Fly
Ash that are Quantitatively
Identifiable using the
Procedure Developed in this
Thesis

Aluminum Lutecium

Antimony Potassium

Barium Rubidium

Bromine Samarium

Cerium Scandium

Cesium Selenium

Chlorine Sodium

Chromium Tantalum

Cobalt Terbium

Dysprosium Thorium

Europium Titanium

Gallium Uranium

Hafnium Vanadium

Iron Ytterbium

Lanthanum




65

p@3o9a39p uoan

juadiad u:wﬁusm

60°0 %70 LE°0 %6°0 %2°0 570 01°0 1€°0 0170 07°0 q9x
S'El 8 8y 8 1¢ 8°11¢ £°81 1401 L°¢1 8798 91761 £°6¢ET A
(170 Lo 1¢°1 L1'9 16°0 L8°1 270 L%°0 (AN 61°C n
“v0L "6961 TEIVI “ives "86L "88t1 €°509 6°CLLY %09 61061 TL
91°0 Ls°2 %Z°0 6%°¢ (AN o%°¢ 01°0 6e°1 11°0 8571 4L
80°0 91°0 61°0 1€°0 81°0 T L0°0 ¢1°0 60°0 Y170 q1
%0°0 81°0 60°0 9t°0 90°0 (A" = q S0°0 A" BL
¢z 0 6T°1 69°0 61°€ 9L70 L8°T SETO 9z°1 9z°0 60°1 us
o%°0 LL°o 9%°1 e’y 9%°0 0L°0 8E°0 %570 €L°0 10°¢ 23
L1°0 L1 8%°0 06°Y €0 €E°T 91°0 19°1 £E2°0 BE"T 28
90°0 61°0 €0°1 0T°s 010 LE°0 90°0 61°0 <10 $5°0 qs
6871 61°9 S04 65°%¢ ot %8 - 9 80°¢ (A Qu
LYy [N KA - 1 = q = q L*%G 6°98Y EN
¢0°0 60°0 S0°0 12°0 €0°0 80°0 t0°0 90°0 20°0 1070 0l
TE°T ¥9°6 9z Y 58791 £0°0 ¢1°0 16°1 c8°s ¥6°0 6I°¢ Bl
81°0 87" 1 £2°0 AN | €170 Ls°0 60°0 VAR 11°0 Ly°0 JH
06°¢ 9L°6 01°L 9L°91 6%°¢ 88°L - 9 £E0°¢E s BD
‘8s1 “L06T g31°0 g89°¢ "¢sE ATA AN ‘Y061 g50°0 g7E0° T a4
£0°0 £C°0 90°0 8%°0 %0°0 S0 £0°0 12°0 £0°0 0c'0 ny
(AN 91°¢ 60°1 ¢0°9 €9°0 £Ce 6%°0 16°¢ v L0°¢ La
01°0 9¢°0 8%°0 o¥°¢ 12°0 L6°0 - q 81°0 08°0 sD
LL°o ge g L8°¢ CE"0E SE°T 28701 LL°0 90°% 86°1 95" 91 10
(A" E1°1 %L°0 [AANA! 1¢°0 o%°¢ E1" @ 8%l 61°0 8E°T 02
- 9 “vee "7E91 - q - q "6l L7661 0
S1°¢ ¢8°s1 LS°E 10792 0oc°¢e (4 14 291 9¢°01 GZ°1 9¢°8 20
= 9 (c°t 19 AR 3 q “ q <970 8E°€ 19
0° %S 1°661 £°09 €°0L1 1L [°€s¢ £°69 IANAYA YL7%2 667ty ed
19°0 99°1 97" 11 a1y = q = q S6°0 S8°2 8y
(udd) (udd) (udd) (udd) (udd) (udd) (udd) (mdd) (wdd) (udd) FEETER |
1011y  °duo) loixyg  *ouo) ioxxg *0uo) 10xxq *2u0) 1oaag *2u0)
Teo0) opeioTo) sesur)-TINOSSTHR Te0) Z—-3UTWOAM Te0) [-SulwoApM 120D 9-STOuryil

*gatdupg TEO) SNOTABA I10J SUOTIBIJUIDUO) TRIUDWOTH °£°G ATAVI



66

TABLE 5.4. Elemental Concentrations for NBS Fly Ash
Expected Expected
Concentration Error Concentration Error
Element (PPM) {PPM) Element {PPM) (PPM)
Ba 1136.7 316.3 Rb 125.1 19.3
Ce 183.4 24,5 Sb 15.76 3.16
Co 40.8 2.4 Sc 40.40 3.93
Cr 182.2 15.0 Se 7.15 2,48
Cs 8.18 1.49 Ta 1.69 0.3
Dy 37.98 5.73 Th 2.65 1.04
Eu 3.83 0.38 Th 22.81 1.41
Fe 9.2% 0.46% T1 2.7%° 0.8°
HE 7.44 0.89 v 1451.4 179.6
Lu 1.09 0.25 Yb 7.12 2.52

aweight percent
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due to the higher absolute activity of the ash sample when compared with
the NBS coal reference material., This higher activity leads to a higher
detection system dead time and hence a syséema;ic error in the efficiency
ratio of Eq. (21). The increase in dead time decreases the absolute
efficiency which decreases the mass ratio calculated by Eq. (22) and
hence results in an underprediction of concentration. Since no
relationship between system dead time and resultant loss of sensitivity
is determined, the only way to correct for this under prediction is to
re—analyze the sample so that the absolute activities are more equally
matched., The A, Anderson ash sample is truly an unknown sample since no
information about its history or intended use was provided. Hence, the

results were reported as shown in Table 5.5.



TABLE 5.5. Elemental Concentrations of A.

Fly Ash Sample

68

Anderson's Coal

Expected Expected
Concentration Error Concentration Error
Element (PPM) (PPM) Element (PPM) (PPM)
Ba 0.3072 0.066* K 0.246% 0.033%
Ce 9,07 1.22 Lu 0.93 0.18
Co 24,11 1.43 Na 1.132 0.06%
Cs 0.73 0.35 Rb 12,79 6.32
Dy 8.44 0.75 Sb 0.94 0.24
Fu 2.96 0.29 Sc 26.08 2.56
Fe 6.77% 0.35% Sm 13,04 1.60
Ga 10.75 4,31 Ta 1.59 0.27
HE 15.23 1.60 b 3.36 0.70

aweight percent
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APPENDIX A: DATA FORMS

The following data forms are used to record information required by
the computer program MASCAL which calculates elemental concentrations.
The program MASCAL is a Watfiv program that reads all its input in free
format. The data forms are constructed so that the information is
ordered as required by the program. Each line on the data sheet
represents a data card and the values to be typed on the card are

underlined, For example, the first card of data set No. 3 would read:

44.56, 'D'
for an iron fluence monitor.

The data are divided into a series of data sets. The first data set
consists of a single card containing information concerning how many
cases, NCASES, or samples are to be compared to the standard and how many
isotopes, NISO, are to be quantified.

Each isotope to be quantified is identified by the number assigned
in data set no. 2. The data set will consist of NISO cards each
containing a single isotope name no longer than twenty characters.

Data set no. 3 is a set of NISO cards listing the numeric value of
the half l1ife of the fluence monitor and its corresponding unit of either
year (Y), day (D), hour (H), minute (M), or second (S).

Data set no. 4 records the time information for the standard. Each
value consists of the day, hour, minute and second components. The clock
time and live time values are given in seconds and are measured in
channels 0 and 1 of Series 80 spectrum.

Data set no. 5 consists NCASES groups of data where each group

contains the time information for a specific case.
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Data set no. 6 is a single card with information about the standard
sample fluence wire as well as the sample mass of the standard.

Data set no. 7 consists of NISO cards with each containing the peak
area, error in the peak area, the fractional concentration and the error
in the fractional concentration information for a specific isotope.
Remember the isotopes are ordered in data set no. 2 and the same ordering
should apply here. The concentration values for a number of isotopes are
given in Table 4.6.

Data sets no. 8 and 9 are repeated for each case. So there will be
NCASES groups of data sets 8 and 9. Data set no. 8 is a single card
consisting of the fluence wire data and the mass of a specific case. The
corresponding data set no. 9 is a group of NISO cards each containing the
peak area and the error in peak area for the isotopes. The ordering of
the groups must be consistent with the ordering of the information in
data set no. 5. The input for MASCAL is now complete.

A sample analysis is given in APPENDIX D showing the completed forms
the corresponding card input for MASCAL and a copy of the output,

The last form in this appendix is not input for MASCAL but is a
method of recording instrument setting used during data collection. The
settings must always be consistent with those used during measurement of

the standard the analysis is based upon.
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DATA RECORD
(FORMAT FOR INPUT TO MASCAL)

ek ddekkdkdrdddk kA k ki dddk ok k kR ik dokk ke hddkkodkkkkk Rk dekkkdokdokdkkksk
DATA SET NO. 1

NCASES,NISO s
Kkkhekh Rk RRRARTARAIRIRIERFIRARIRARAAR AR IAFAII I I AR AKX IR A IR R A TR TR R Tk kR khkxk

DATA SET NO. 2

ISOTOPE
NO. DESCRIPTION

1

2

10

11

12

13

14

15

16

17

18

19

20

kekkddhihhhihRhhhRichhhkhihhfRidrihihhhihihihdhhhhdhbiirihhhbhhhhdhhhdhihr
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DATA RECORD
(FORMAT FOR INPUT TO MASCAL)

kkkkkkhkhhkhhhhhhhkhhhrhhbhkhhhhhhkhhhhkhhhhhihhhhhhbhkhhdhihdhhkhhdhdhhhkhdihis

DATA SET NO. 3

ISOTOPE
NO. HALF LIFE

FLUENCE

MONITOR 5 !
1 3 '
2 ! '
3 o !
4 . '
5 ,! '
6 ! '
7 Lt '
8 g :
9 ,! '
10 5 !
11 o X
12 g !
13 i !
14 g !
15 s '
16 - '
17 o ’
18 i '
19 ' o !
20 ,! '

kkkhhhhhhhihhhhhdkdhhhdihhhohhdhhhhdhdhhhhhdhhhhhbhhdhihhhhhhhbhhdrhidhhh
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KEAKEARARARARREAKERERARERAARREL AR I AXAR AR AR AT LR A kR hhhhhhhhhhhhhhrhhhhik

DATA SET NO. 4 TIME VALUES FOR THE STANDARD

DAY HOUR MINUTE SECOND
TSIRR (IRRADIATION TIME) e ' )
STR  (TIME REMOVED FROM RX) " ’ ,
STS  (START TIME FOR COUNT) o, , '
STSM (START OF FLUENCE MON.) i ,
CLOCK AND LIVE TIME FOR COUNT :

CLOCK TIME FOR FLUENCE COUNT

khkkkhhhhkdkhhhkhRhrhhhhhkddhdhdiihhrdhdhhkhhhhhhhhdhhhhhrhhrrhhhhhhhhhhbhkik

DATA SET NO., 5 TIME VALUES FOR THE UNEKNOWN

CASE NO. DAY HOUR MINUTE SECOND
TUTRR (IRRADIATION TIME) ., ; ;

UTR  (TIME REMOVED FROM RX) —— B , ,

UTS  (START TIME FOR COUNT) o, . ;

UTSM (START OF FLUENCE MON.) , ,

CLOCK AND LIVE TIME FOR COUNT .

CLOCK TIME FOR FLUENCE COUNT

CASE NO. DAY HOUR MINUTE SECOND
TUIRR (IRRADIATION TIME) L , ,

UTR  (TIME REMOVED FROM RX) ‘ ; s

UTS  (START TIME FOR COUNT) o, y ,

DTSM (START OF FLUENCE MON.) j ;

CLOCK AND LIVE TIME FOR COUNT .

CLOCK TIME FOR FLUENCE COUNT



DATA SET NO, 5 TIME VALUES FOR THE UNENOWN

CASE NO.

TUIRR (IRRADIATION TIME)

UTR  (TIME REMOVED FROM RX)

UTS (START TIME FOR COUNT)

UTSM (START OF FLUENCE MON.)
CLOCK AND LIVE TIME FOR COUNT
CLOCK TIME FOR FLUENCE COUNT

CASE NO.

TUIRR (IRRADIATION TIME)

UTR  (TIME REMOVED FROM RX)

uTs (START TIME FOR COUNT)

UTSM (START OF FLUENCE MON.)
CLOCK AND LIVE TIME FOR COUNT
CLOCK TIME FOR FLUENCE COUNT

CASE NO.

TUIRR (IRRADIATION TIME)

UTR  (TIME REMOVED FROM RX)

UTs (START TIME FOR COUNT)

UTSM (START OF FLUENCE MON,)
CLOCK AND LIVE TIME FOR COUNT

CLOCK TIME FOR FLUENCE COUNT

DAY

DAY

76

DAY

HOUR MINUTE SECOND
HOUR MINUTE SECOND
HOUR MINUTE SECOND
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kkkhkkhkihhhhrhhhhhkdhkdhdhdhhhdhhohihhhihrhhhhidhbhdihkihikhhdidhhkihhhihhhk

DATA SET NO. 6

Standard Sample
Wire Peak Area

»

Wire Peak
Error

3

Wire Mass

>

Sample Mass

kkhkkhkhhhhihithdhhhhhhkdhdhhhhrdihdhbhhhihhthihbhrdhihhhddbdhhhbdihidhhhs

DATA SET NO. 7

ISOTOPE
NO.

PEAK ARFA

PEAK
AREA ERROR
(%)

FRACTIONAL
CONCENTRATION

ERROR IN
FRACTTONAL
CONCENTRATION
€3]

1

2

10

11

13

14

15

16

17

18

19

20

b

2

EE PR T T R T T e P T R P R R e e e R L s e R R e T
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hekdeddohdkdddoddekdohddddk ok ko dh ok kkddddokkkkdkddkkhkdkhdokkkhdkdkdkkkkhrkdkhkihk
DATA SET NO. 8

UNENOWN SAMPLE WIRE PEAK
WIRE PEAK AREA ERROR WIRE MASS SAMPLE MASS

» » ’
Rkkkkkkhhkkhhkkhhhkhkrhihkhhkhhhkhhhhhhhhhhdhdhhhhhkhhhhhhkrhhhhhdhdhhdhhhkhn

DATA SET NO. 9

ISOTOPE PEAK ERROR
NO. PEAK AREA (%)

1

2

10

11

12

13

14

15

16

17

18

19

20

Kkkhhkhkhkhhkhkihhhkhkhhhkrdkdhhhhhhhohhhhdhhhhhrhhhhhhhhhirhnhhhhhhhrbbhhhhdiih



CONTROL SETTINGS FOR SERIES 80 MCA

STATUS
CRT = ( TIME = ( ) DATE = (
PRESET
ADC #
LIVE TIME = TRUE TIME =
PRESET LIMITS:
NONE
COUNTS COUNTS = IN CH#
INTEGRAL  INTEGRAL = FROM CHF TO CH#
AREA AREA = FROM CHi TO CH#
% ERROR % ERROR = FROM CHF T0 CHF
ADC .
ADC #
MODE =  (UNAS)  (PHA+)  (LIST)
MEMORY = B( ) GRIN = OFFSET
MEMORY
UNIT = #5B( ) #6B( ) #7B( ) #8B( )
UNIT = #1B( ) #2B( )
I/0 DEVICE

DEVICE USED( )

DEVICE 1

DEVICE 5

TTY Lines/Pages=66 Lines/Block=8 Parity=2

X - Y Plotter

DEVICE 10 Mg Tape Mode BCD Block Size = 256

AMPLIFIER SETTINGS

COARSE GAIN
LLD
GATE

Ge(Li) #

FINE GAIN

ULD

INPUT POLARITY ADC IN

79
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APPENDIX B: Procedures for Entering Gamma-Ray Energy Libraries into the
Series 80 and Listings of the Libraries for Isotopes Found
in Coal and Coal Fly Ash.

To input a user gamma-ray energy library into the Series 80, the
system must first be enmergy calibrated and the decwriter should be turned
on with only the "110" control key depressed. Then set the PROGRAM
rotary switch to LIB IN and press DO. Device #1 is the decwriter to be
used during input of the library, so press YES to select this device.
The library is to be typed in instead of read in so press NO until the
asterisk is immediately before the word TYPE, then answer YES to the
Serles 80 question NEXI? Select the energy units to be used in the
library by pressing NO until the asterisk is before the desired units
then press YES. Generally, the energy units are keV, so the format 6.1
is adequate. Press YES to select this format. The input editor is now
activated and the library can be entered using the decwriter.

There are only two input editor commands. "A" means to add the
entry to the bottom of the library and "E" means input is complete and
the editor is exited. Two types of entries are possible. One describes
the isotope with its half life and the other gives the gamma-ray energy
and percent yield.

The format for command or data Input is straight forward. All
entries are made following the editor prompt "*"., So to add an isotope
to the library, an "A" is typed after the prompt. The editor will then
ask for the name of the isotope, its half life and the units of the half
life value. All three are entered using the format:

* Isotope name, half life, unit of half life.

The only valid units for half life are Y, D, H, M and S which obviously
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are abbreviations for year, day, hour, minute and second respectively.
The editor will then prompt for the gamma-ray energy and yield. The
format for entry is:

% gamma-ray energy, percent yield.
For cases when the isotope has multiple emissions, the energies and
yields are entered by order of increasing energy. Failure to order
entries will result in an input error.

Fig. B.l is an example listing for input of a library consisting of
the isotopes 7BAS, 1313&, 470& and 6OCo. The last two entries give
examples of possible input errors.

Once the library is in the Series 80 memory, it can be output in two
ways. One is a paper copy using the decwriter, as shown in Fig. B.2, and
the other is onto magnetic tape. The magnetic tape can later be used to
input the library back into the Series 80.

The Series 80 has a resident library in its memory in addition to
the User's defined library. To print the user library on paper, press
the ENTER FACTOR control on the Series 80, use the NO to select the
ISO-ID option and answer YES to the question NEXT? Select the user
library then set the window to some value normally 1 keV. A final YES
ends the ENTER FACTOR routine. Set the PROGRAM rotary switch to LIB out,
press DO, select device #1 and a find YES to print will begin the output
on the decwriter,

To output the library to magnetic tape, set the FUNCTION rotary
switch to I/0 device, press the select button. To identify the magnetic
tape as the I/0 device, enter device number 10 and store it with the

STORE kay. Use the MODE option by entering YES and select a binary
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format with a block size of 256. After selecting the I/0 device, set the
PROGRAM rotary switch to LIB OUT, press DO, select device #l0, enter a
tag number and begin output by pressing YES.

To read the library back into the Series 80 memory, set the PROGRAM
rotary switch to LIB IN, press DO, identify I/0 device number 10, enter
the tag number of the library desired and begin the read in with a final
YES.

For the work in this thesis, the possible activation products are
divided into two libraries. The first library consists of the isotopes
whose half lives are less than 24 hours and the second contains those
greater than 24 hours. Tables B.l and B.2 list the isotopes in the

respective libraries.
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TABLE B.l. Gamma-Ray Energy Library for Long Lived Isotopes,
Half Lives Greater than 24 Hours, Present in Coal.
Isotope Half Life Gamma-Ray Energy (keV) and Percent Yield
As-76 26,32 h 559.0 45Z 657.0 6% 1212.7 1%
1216,0 3% 1228.5 1%
Ba-131 12.00 d 123,7 28% 133.5 1% 216.0 21% 239.4 2%
249,3 3% 373.1 13% 486.5 1Z 496.2 42%
Ca-47 4.54 d 488.8 6% 807.8 6% 1297.0 77%
Ce-141 32:58 d 145.4 47%
Co-60 5.27 d 1173.2 100Z 1332.4 100%
Cr-51 27.70 d 320.0 10%
Cs-134 2,06 y 475.3 1% 536.2 8% 569.2 15% 604.6 977
795.7 85% 801.8 8% 1038.5 1% 1167.8 1%
1365.1 3%
Eu-151 13.20 y 121.7 307 244.6 7% 344.2 27%
411.0 2% 778.8 127 867.3 4%
964.0 147 1085.7 10% 1089.8 1%
1112,0 13% 1212.8 1% 1299.1 1%
1408.0 20%
Fe-59 44.56 d 142,6 1% 192.3 2% 1099.2 55%
1291.0 52%
Hf-181 42,45 d 133.0 40% 136.2 6% 136.8 1% 345.8 13%
476.0 1% 482.0 81%
Hg-202 46.76 d 276.1 81%
In-1lé4m 49,51 d 190.2 15% 558.0 3% 725.2 3%
La-140 40,27 h 328.7 18% 432.5 2% 487.0 427
751.8 4% 815.8 227 867.8 5% 919.6 2%
925.2 6% 1596.4 957 2521.6 3%
Lu-177 6.71 d 112.9 6% 208.3 11%
CO-58 70.78 d 810.7 99% 863.7 1% 1674.7 1%



TABLE B.l. {con.)
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Isotope Half Life

Gamma~Ray Energy (keV) and Percent Yield

Rb-86 18.82 d
Sb-124 60.21 d
Sb=-122 2.68 d
Sc=45 83.80 d
Se-74 118,45 d
Sm=-153 46.80 h
Sr-85 64.85 d
Ta-182 115.00 d
Tb-160 72.10 d
Tb-160 721.09 4d
W-187 23.85 h
Pa-233 26.95 d
Yb=175 4,19 d

Zn-65 244,00 d

1077.1 8%

602.7 98% 645.8 7% 709.3 1% 713.8 2%
722,7 11%7 968.2 1% 1045,2 17 1325.4 1%
1368.2 2% 1436.0 1% 1691.0 497%

2099.0 5%

564.0 70% 692.7 3% 1256.8 1%

889.2 100%Z 1120.5 100%

121.0 17% 135.9 58% 198.5 1% 264.6 58%
279.4 24% 303.8 1%

7.4 1%Z 103.1 287

513.9 99%

100,1 2% 1121.2 35% 1189.0 16%

1221.4 277 1230.9 11% 1257.4 1%

1289.,1 1%

197.0 5% 215.6 3% 298.5 27% 309.0 57%
197.0 5% 215.6 4% 298.5 27% 309.5 1%
392.4 1% 765.2 2% 879.3 30%Z 962.3 9%
966.1 247 1002,8 1% 1115.1 1%

1177.9 15% 1199.8 2% 1271.8 7%

1312,1 2%

72.4 10%Z 134.2 8% 479.5 217 511.7 1%
551.5 4% 625.5 1% 685.8 26% 772.8 3%

300.1 6% 311,8 37% 340.4 4% 398.4 17
415.7 1%

113.7 1% 282.5 2% 396.3 6%

1115.5 50%
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TABLE B.2. Gamma-Ray Energy Library for Short Lived Isotopes,
Half Lives Less than 24 Hours, Present in Coal.

Isotope Half Life Gamma-Ray Energy (keV) and Percent Yield

Al-28 2.246 M 1778.7 100%

As-76 26,32 H 559.1 45%Z 657.0 6% 1212.7 1% 1216,0 3%
1228.5 1%

Ba-135m 28,70 H 268.2 16%

Ba-139 82,90 M 165.8 227

Br-80 17.68 M 616.2 7% 639.2 0%

Ca-49 8.72 M 3084.4 92% 4071.9 7%

Cl-38 37.29 M 1642.2 31% 2167.6 42%

Cu-66 5.10 M 1039.2 8%

Dy=~165 2.33:H 94.6 4% 279.8 1% 361.7 1% 633.4 1%
715.3 1%

Dy-165M 1.26 M 108.2 3% 361.7 1% 515.5 2%

Ga-72 14,12 H 600.9 6% 629.9 247 786.5 3% 810.2 2%
833.9 96%Z 894.2 10% 970.6 1% 1050.7 7%
1230.,9 1% 1260,1 1% 1276.8 27 1464,0 4%
1596.8 4% 1861.1 5% 2109.5 1% 2201.6 26%
2491.0 7% 2507.7 13%

I-128 24,99 M 443,0 16%

IN-lle1 54.12 M 138.3 3% 416.9 32% 818.7 12% 1097.3 562
1293.5 85% 1507.4 10% 1752.4 2% 2112.1 15%

K-42 12,36 H 1524.6 19%

Lu-176M 3.68 H 88.3 9z

Mg-27 9.46 M 170.7 1% 843.8 737 1014.3 29%

Mn-56 2.58 H 846.7 98%Z 1810.7 27% 2113.0 14% 2522.8 1%
2657.4 1%

Na-24 15.03 H 1368.6 100Z 2754.1 100%
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TABLE B.,2., (con.)

Isotope Half Life Gamma-Ray Energy (keV) and Percent Yield

Nd-149 1,73 H 74,3 1% 97.0 2% 114.3 21% 188.6 2%
198.9 2% 208.1 3% 211.3 31% 240.2 5%
245.7 1% 267.7 7% 270.2 12% 326.6 5%
349.2 2% 423.6 117 443.6 2% 540.5 9%
556.6 1% 654,8 8%

Nd-151 12,44 M 69.2 1% 85.3 37 89.9 2% 138.8 8%
171.0 4% 175.0 8% 255.6 17% 300.6 2%
402,2 2% 423.5 7% 460.6 1% 677.9 3%
736.4 7% 739.4 227 797.5 6% 84l1.1 1%
914,1 1% 1016.4 3%Z 1122.1 4% 1180.6 15%

Rb-88 17.78 M 898.0 147 1382.4 1% 1836.0 217 2677.9 2%

Sm~155 22.40 M 104.3 69%Z 141.4 23% 245.7 4%

Sr-87M 2.81 H 388.3 82%

=51 5.80 M 319.7 93% 609.4 1% 929.1 7%

V=52 3«45 M 1332.6 1% 1434,0 100%

W-187 23.85 H 72.4 10% 134,2 8% 479.5 21%Z 511.7 1%
551.5 4% 625,5 1% 685.8 26% 772.8 3%

Zn-71 2.45 M 121.5 2% 390.0 3% 511.6 30% 910.3 7%
1120.0 2%

Zr-97 16.90 ® 355.4 2% 507.6 5% 602.4 17 743.4 927

1021.2 1% 1147.9 2%
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TYPE ENERGY IN KEV, YIELD IN %

XA L

NAMEs T1/2,U KAS—761 26334 H General Format

PEAK,Y *55901’450 *IS t Nam h lf -f i
PEAKsY ¥657.0316.1 prptdees Jodlh

. PEAK»Y %1212.72s1.3

FEAK»Y %1228.5251,2 *gamma-ray energy
FEAK»Y X

*A
NAME»T1/2,U %BA~131+12.0,D

FPEAK,Y %123,76,28.

PEAK»Y %239.45:2.4

PEAKsY %249,34,+3.1

PEAK»Y %373.15,13.1
PEAKsY %486.52s1.8

PEAKsY %496.26,42.,1
PEAK»Y %

¥A
NAME»T1/2+U XCA-47v4.54,

ERROR 4 _\—/ incorrect half life unit

NAME»T1/2yU %CA~47+4.54,01
PEAK»Y %488.%9r6.78

PEAKsY XB07.9+46.78
PEAKyY %1297.0,77.

FEAKyY %

¥A

NAME»T1/72yU XCO-40+5.2795.271%9»Y error in tvping half life value
ERROR 4 T o~— —

NAME s T1/2,U KCO=-30+5.27195Y
PEAKsY X1332.,47,100,
FEAK»Y X1332.475100.

PEAKsY X _ )
ERROR 7 repetition of a previous entry

XE does not lead to an editor
error

FIG. B.1. Decwriter Listing for Input of Gamma-Ray Energy Library
into the Series 80. The last two entries show common
input errors.
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APPENDIX C:

MASCAL-WATFIV PROGRAM TO CALCULATE THE MASS OF ELEMENTS
IN AN UNKNOWN SAMPLE USING INAA RESULTS.
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ILLEGIBLE
DOCUMENT

THE FOLLOWING
DOCUMENT(S) IS OF
POOR LEGIBILITY IN

THE ORIGINAL

THIS IS THE BEST
- COPY AVAILABLE



$J08

C*
C*
C*
C=*
C*
Cw
C*
cx
Cx
C*
ot
C#
oow
C*
C=
C=
C*

JFH)PAGES =75

COMMON/TIME/UTR(20) ,STR{20),UTS(20),UTEIL20),5STS(20)

?.STE{120}

COMMON/RMASS/UPA(20,20) ySPA{20)

rRLAM(20)

COMMON/FTIME/UTSM({ 201, UTEM( 20} ,STSM{ 200 ,STEM(20)
COMMON/FMASS /UMM (20) ,SMM,UPAM(20) ,SPAM, FLAM{ 20}
COMMON/RAT/RMA[20,20),FRI20+20)4SIGFRI20,20),5IGMR([20,20)

COMMON/ SMA/SM{20) ,UM(20)

COMMON/SIGMA /SIGSPA(20) »SIGUPM{20) ySIGSMI201,5IGUPAL20,20),SIGSPM

2:S1IGM

COMMON/TITLE/TITNSO (5,201

DIMENSION PPM(20,20),S5IGPPMI20,20)
CHEERFARBARFRRERF AR AR AXETAIAD R RER EF R ISR R SRR R IR ERED ESARES S AR ARNBE KN

MASCAL = MASS CALCULATOR

WRITTEN BY JACK F. HIGGINBOTHAM 8/82

PURPOSE :
THIS PROGRAM TAKES PEAK AREA,

DECAY TIME AND IRRADIATION

TIME DATA FROM INMAA RUNS ON SAMPLES AND CALCULATES THE
MASS OF ELEMENTS IMN UNKNCWN SAMPLES

VART{ABLE DEFINATION:

NIsSO = NUMBER OF I[SOTOPES COR ELEMENTS TD BE EVALUATED
NCASES - NUMBER OF CASES COMSIDERED

SM
uM

'

ISQTOPE MASS IN STANDARD SAMPLE
ACTUAL MASS OF UMKNOWN SAMPLE

LA I L IR 3R AR B JF 3K BN AN R BE B B N

Lo xens kR X XXX BRIV X SR LR EAE IR XXX AN ERE XL R A AR SE R TR LS BBEF B ABBKEEFER TR

5

20
10

PRINTS

FORMAT ('1!,25X, '0ATA SET 81*'/'1')

CALL INPUT(HCASESsNISO}

DC 10 J=1,NCASES

CALL INIT(NISQ,J)

00 20 I=1,NISD

CALL RATIOII W)

CALL RATMA(L,J4)
PPMIL,yJI=RMA(L,JI=SM{T}/UM(J)
T=SMII) /UML)
Tl=TeT*SIGMR (L1 J)*SIGMR( I, J]
T=RMA{1,J1/UNMLJ)
T2=T#T*SIGSM (I} =SIGSMI 1)
T=RMALT,J)=SHLIY/UM(J)/UNL J)
TI=TET*SIGM*SIGM
SIGPPM({I,J)=SQRT(T1+T2+T3)
CONTINUE

CALL CUTPUTINISO+JPPM,SIGPPM)
CONTINUE

PRINTL1

FCAMATL'1LY)

sTce

END
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FUNCTION FEXP(X)
CRRERBEAX XX EFRRARER IR BERRTRERE XL LR REEE RN ER R AA RS RSB KRR SRS RN R R RN R R R

C* -
C= WRITTEN 8Y JACK F, HIGGINBOTHAM 8/82 *
C* -
C= PURPQOSE: ]
C= TO EVALUATE THE EXPONTENTIAL FUNCTION CF THE VALUE X. THE *
C= SUBPRCGRAM LIMITS THE UNDERFLCW ASSOCIATED WITH EXPONENTIALS *
C* *
CHEERRRRRTREE FERRE R R AR AR EE R SRF ER KRR LR AR TR AR TRRA R EER AR RRERRER RS KR

FEXP= EXPLX)

RETURN
10 CONTINUE
C*
C* UNDERFLOW WILL OCCUR SO SET TO ZERC
cx
FEXP=0.
RETURN

END



SUBROUTINE DAYCAL{ XMON, DAY yXHR, XMIN, SEC ,DATE)
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CHEERXEBER AR FRERELEERR AR ENE R SR EE XL B ARE X XA AR R AR AR EERER AR RARE RN RN

C*
C=*x
Cw=
C*x
Ce*
C*
C*x
(o
C=x
C*x

Crersnaws b X e XN SRR AN RB BN R BRI XX NAEERAXEXNEEEFR TR AR ERASRABRRAEERERS

10
20

3o

31

SUBRCUTINE DAYCALI!XMON,DAY,TIME,DATE)

WRITTEN BY: JACK F, HIGGINBOTHAM

USING HP-19C/HP-29C APPLICATICNS BOOK AS A GUIDELINE

PURPOSE:

THIS SUBROUTINE CONVERTS A TIME IN THE FORMAT MONTH, DAY
CLCCK TIMEIHRS) INTO A TIME WITH UNITS

IF{XMCN.EQ.0.) GO TO 20
[F(XMON.GT.2.) GO TO 10
MPRIME= XMON+13,

GO TD 20

CONTINUE

MPRIME=XMON+1.

CONTINUE
IM=30.660l%¥MFRIME

G0 7O 21

CONTINUE

[ M=XMON

CONTINUE

TIME=XHR/2&. +XMIN/1440,+SEC/86400.
DATE=IM+DAY+TIME

RETURN

END

®
*
*
=
x
-
E ]
*
QF DAYS *
x
-
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SUBROUTIME INIT(NISO.J)
COMMOM/ RAT/RMAL20,20),FR{20,20) +SIGFRI120,20},SIGMR{20,20)
CREERREXRREFEXRXTNABN RS A ARES S R RS LS FE A F R R T AR A AR R XA EEN R ERRE SRR RS ERRRE SR

C=

C* SUBROUT INE INIT *
C» »
C= WRITTEN BY JACK Fe HISSINBOTHAM 8/82 »
Cx x
Cx PURPOSE : x
C* *®
C* THIS SUBROUTINE INITIALIZES VARIABLES TO BE USED IN =
C= COMMON BLOCK STATEMENTS. VARIABLES ARE DEFINED IN THE *
C* - SUBROUTIMES ®
C= =
ETE T EETEET R 2R B R e e T P T T T L T Lty

C*x

C== INITIALIZE

C=x
D0 10 I=1,MIS0O
RMALT,J)=0.0
FR{I J)=0.0
SIGFR(IsJ)=0.
SIGMRII+J)1=0a

10 CCNTINUE

RETURN
END
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SUBROUTINE I[NPUTINCASES,NISO)

COMMON/TIME/UTR{201,STRL20},UTSL20),UTEI20]),5T5420),5TE(20)

COMMON/FTIME/UTSM(20),UTEM{20)+STSM(20),STEM(20)

COMMON/ SMA/SML{20),UMI20)

COMMON/ RMASS/UPAL20+20) oSPA{20),RLAMI20)

COMMON/FMASS/UMM{20) ,SMM,UPAMIZ0) o SPAM, FLAM{20)

COMMOM/ SIGMA/SIGSPALZO) ,STIGUPML 20),SIGSM(20),SIGUPAL20,20) ,51GSPM

7+ SIGH

COMMON/TITLE/TITNSO(5,20)

DIMENSION TUIRR(20}

CHARACTER U=l
CHEXEINIXBAEX XXX FE XX XXX XD X EF R FEREX XX TR SR AR XFRAR S X XS R AR A SRS IERE LR

cx *
C* SUBROUTINE INPUT -
C* *
C* WRITTEN BY JACK F. HIGGINBOTHAM 8/82 =
C=* .
C=» PURPQOSE: =
C* TO READ IN THE MEASURED DATA FOR CALCZULATION OF UNKNOWN MASSES =
C* ]
C* VARIABLE DEFINATICON: ]
Cx *
C= NCASES = NUMBER OF CASES CONSIDERED *
[ MISC = NUMBER CF ISCTDPES OR ELEMENTS EVALUATED »
Cx* FLAM = FLUX MONITCR DECAY CCNSTANT *
Cx DLAM = DUMMY VALUE FCOR FLAM *
C* RLAM = ISCTOPE DECAY COCMSTANT =
C* TSIPR= STANDARD SAMPLE IRRADIATION TIME .
Cx STR = TIME STANDARD SAMPLE REMOVED FROM IRRADIATION FIELD *
C» STS = STANDARD SAMPLE START TIME FDR CDUNT *
C* SCLOSIK = STAMNDARD SAMPLE CLICK TIME (3SEC) *
Cx SLIVE = STANDARD SAMPLE LIVE TIME (SEC) *
C* STE = STAMDARD SAMPLE EMD OF COUNT *
Cx SFCLCK = STANDARD SAMPLE FLUEMCE MONITOR CLOCK TIME (SECY =
ok 3 STSM = STAMDARD SAMPLE START TIME FCOR FLUX MONITOR COUNT =
C=x STEM = STANDARD SAMPLE END TIME FOR FLUX MONITCR COUNT =
Cx TUIRR= UNKMNOWMN SAMPLE [RRADIATION TIME *
C= UTR = TIME UMXNOWM SAMPLE REMOVED FPOM [RRADIATION FIELD =
C*x UTS = UNKNOWN SAMPLE START TIME FOR COUNT *
C* UCLOCK = UNKMOWN SAMPLE CLOCK TIME (SEC) *
Cx ULIVE = UNKMOWN SAMPLE LIVE TIME (SEC) =
C* UTE = UNKNOWN SAMPLE END OF CGUNT *
Cx* UFCLEK = UNKNCWN SAMPLE FLUEMCE MONITCR CLRCK TIME ({SEC) *
C= UTSM = UMKMOWN SAMPLE START TIME FCR FLUX MONITOR COUNT ®
C* UTEM = UNKMOWM SAMPLE END TIME FOR FLUX MONITOR COUNT *
c= SPAM = STANDARD SAMPLE FLUX MONITGR PEAK AREA x
¥ $S15SPM = PERCENT ERRCR IN SPAM *
Cx SMM = STANDARD SAMPLE FLUX MCNITCR MASS *
L= SMASS® ACTUAL MASS OF ENTIRE STANDARD SAMPLE L3
C*» SPA = STANDARD SAMPLE PEAK AREA »
C* SIGSPA = PERCEMT ERRCR IM 3FA %
C» SCONC= COMCENTRATICN OF [SOTOPE IN THE STANDARD SAMPLE(WTZ)=
Cx SIGCON = PERCEMT ERROR IM SCCMC *
[ UPAM = UNKMOWN SAMPLE FLUX MCMITOR PEAX AREA =
C* SIGUPM = PERCEMT ERRCR IN UPAM L]
C* UMM = UNKNOWN SAMPLE FLUX MCNITIR MASS L
[ UM = ACTUAL MASS OF EMTIRE UNKMCOWM SAMPLE *
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C= UPA = UNKNOWN SAMPLE PEAK AREA *
C» SIGUM = PERCENT ERRCR [N UPA x
L* FR = FLUX RATIO STANDARD TO UNKNOWM SAMPLE *
Cx SM = [SOTOPE MASS IN STANDARD SAMPLE *
C= SIGSM = ERROR IM SM *
C* SIGM = ERROR [N MASS VALUE *
C=* *
Cs NDTE: THE SUFFIXES MN, DY, AND TM ACDED TC THE TIME *
ol ] VARIABLE NAME DESIGNATES THE MCNTH, DAY AND TIME COMPONENT *
C* OF THAT VARIABLE. THESE CCMPONENTS WILL LATZR BY USED TO *
Cx DETERMIME TIME I[N DAYS WITH THE BEGINNING OF THE IRRADIATION *
C= BEING THE REFERENCE POINT. *
C»* -
C= ALL ERROR VALUES ARE INPUT IM TERMS QOF PERCEMNT. THE PRDOGRAM *
C» CORRKRECTS TO THE APPRCPRIATE UNITS. *
C* *
CREERANTRAREA R TR RET AR RRE SRR FRE REENEXEHRFEGA AR R TR RN R ARR SRR R RN

READ,MCASESNISD

PRINT1,NCASESsNISO

1 FORMAT(?1'/'~1,10X,"NCASES="414,+5Xy "NISC=",1[4])
00 70 I=1,NISO
READ(S5,71) (TITNSO(K,I),K=1,5)
TL FORMATI SA%)

70 CONTINUE
i
CHABBEREXXXERE AR AREIRFRNE LR XEN KRN AF AR EEA SR XS ST RS TAX S AT R RR RS I T RA AT R R

C* *
8 READ HALF LIFE VALUES AND CALCULATE DECAY CCNSTANTS L
C* =

CREREERFXIEAE ERREREEE XK ENERE I RR SR HERBZEREREES AR R KT R RSN KRR SRR TGN DR

READ ! THALF .U
PRINTZ , THALF U
2 FORMAT('0',10X,*FLUX MONITOR HALF LIFE =',E15.7,2X+41)
CALL UNIT(THALF ,U,DFLAM)
PRINT4
4 FORMATI'G!+TT+* ISOTCPE! ,T40,"HALF! /' 1,79, 'NOL"',T20,
?'OESCRIPTICHN',T40, 'LIFE")
PRINTS
& FORMAT(® '»TTs40(%=")1]
DO 10 [=1,NI50
FLAM{I)}=DFLAM

READ. THALF .U
PRIMT3 , I, (TITNSC(K,,[)sK=1,35),THALFU
3 FCRMATI ' 'y T99I12+5X 1584 ,Fbe2:2X4A1)
CALL UNIT(THALF U,RLAM(IN)
10 CONTINUE
BRINTS
:t*“**#*‘#’“#*#t*****3'******‘*.*“*‘*“'******'*‘*‘it"“*****"‘*‘*‘
X =
Cex READ TIME VALUES *
C= *
C**‘t"*#*##*‘:#*‘**'**l#‘*‘***‘,.‘ﬁ*tt‘*‘**t‘**#*‘**'l***‘**'*.‘*****tt
c* *
Cxx STANDARD SAMPLE *
C* *
CakkRgExi e 9 3 30 el 2 o e e ofe e ol e e e e o R e e
PRINTAL

61 FORMATI'17,15X,"TIME YALUES FLR STANDARD SAMPLE")



PRINT 60
60 FORMAT(9=?,T25,'DAY? ,T444+* HOUR® , T53, *MINUTE",T 53,
T*SECOND')

PRINTAZ
62 FORMATU "4+, T35, __ _¢,T4a,! ____*",T52,60" _1),T63,&6(7_"))
Cx
C» READ TSIRR
C=
READ DY yHR,XMIN,SEC
PRINTLIL,*TSIRR ' ,DY,HR, XMIN, SEC
CALL DAYCAL{OayDYeHRXMINy SEC,TSIRR)
C*
C» READ STR
C%
READsDY»HRy XMIN, SEC
PRINT11,*STR 'yOY,HRy XMIN, SEC
CALL DAYCALI{Os »DYsHRXMIN, SEC,STRR)
L=
Cx READ STS
Cx
READ,DY HR s XMIN,SEC
PRIMTLL,'STS VDY o HR 2 XMI N, SEC
CALL DAYCAL(Qq DY HR,XMIN, SEC,STSS)
c
C= READ STSH
C#*
READ, DY s HRy XMIN,SEC
PRINTLL,'STSM *,DY,HR,XMIN,SEC
CALL OAYCAL{Oe DY HP ;XMINy; SEC,STSHML
Cx
C# READ SCLOCK AND SULIVE CALCULATE STE
C*
READ,SCLCCK,SLIVE
PRINT13,'STAN' ,"CARD"," CLO",'CK T*,"IME *,SCLOCK
PRINTL13,'STAN', "DARD'," LIV','E TI',"'ME *,5LIVE
CALL DAYCAL(UesOa10213e¢SCLOCK,XSC)
STEE=STSS+XSC
DEADTS=(({1SCLOCK~-SLIVE) /SCLOCK) )*100.
PRINT14,'DEAD"Y, " TIMt,*E ST?,"ANDA't,*RD ' ,DEADTS
C*
Cs READ SFCLCK CALCUALTE STEMM
C#*
READ, SFCLCK
PRINTL1Z,'STAN! "D, F",*LUEM® ,#CE C?,'LOCK?*,SFCLCK
CALL DAYCAL [QasQav0asQesSFCLCKXSC)
STEMM=STSMM + XSC
C*
PRINTS
5 FORMAT{*11/%v=4,10X,* TIME VALUES FCR UNKNOWN SAMPLES?Y)
PRINTSEO
PRINTSEZ
C‘i*‘“*‘--‘-****‘.******x ERFITFUEETEYF
Cx *
C#+  UNKMCWN SAMPLES *
C= *

e EEE L E 2 2L R AR EES LRSS R 22 2k
N=1
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C*
C=

C*
C#*

ok
C=

C*
C*

%
C=
fof

C=*
C=

fof ]

[0

67

&9

68

11
13
la

D0 20 J=1,NCASES

PRINTET »d
FORMAT(*0',10X,"CASE NO.=*,12)
THIGH=5*N

IF(J.LE-.IHIGH) GO TQ 48
PRINTG9

FCRMAT('1")

N=aN+1

CONTINUE

READ TUIRR

READ, DY HRs XMIN,SEC

PRINTLI1,'TUIRR *,DY,HReXMIN,SEC

CALL DAYCAL{Qu.sDY,HR,XMIN, SEC, TUIRR{J))

READ UTR

READs»OY )HRy XMIN,SEC

PRINTL1,'UTR * DY HRy XMIN,SEC

CALL DAYCAL{QesDYyHRyXMIN, SEC,UTRI L))

READ UTS

READ,DY  HRy XMIN,SEC

PRINT11,'UTS *+0Y,HR, XMIN,SEC

CALL DAYCALI{QesDY»HRyXMIN,y SEC,UTSIJ))

READ UTSM

READ,DY HR, XMIN,SEC

PRINTL1,'UTSM ', DY,HR, XMINsSEC

CALL DAYCAL{OQayDY,HR,XMIM,SEC,UTSMIJ))

READ UCLOCK AND ULIVE CALCULATE UTELJ)

READ,UCLCCK, ULIVE

PRINTLZ, 'UNKN', *OWN ', 'CLCC?, 'K TI', 'ME
PRINTL3, "UNKN'y 'OWN 'Y LIVE!,' TIM',"E
CALL DAYCAL{O0wsQe9 Qs 9s0e» UCLCCKXST)
UTE(J) =UTS(J)+X5C
DEADTU={{{UCLCCK-ULIVE) /UCLCCK))*100Q.
PRINTL&4 ,'CEAD",? TIMY,'E U','NKNDY, "WY

READ JFCLCK CALCULATE UTEMIJ]

READUFCLCK

'y UCLCCK
'y ULIVE

', DEADTU

PRINTLI3,VUMKN? » "o FL',PUENC 'S CL!,*0CK *,UFCLCK

CALL DAYCAL(Qe+0u+041Ca +UFCLCK, XSC)
UTEMLJ )=UTSM{JI+X5C

FORMATL " ¥, 10X sA8,T360F3e0s6XeF3e0+TX¢F3a0+T7X,F340C)

FORMAT{? ',1C0X+s5A44T63,FT.0)
FORMAT(" ",10X,544,T63,F5.1,%2"%}

REF=TUIRR(J)
UTR{JI=UTR(J }+REF
UTSTJ)=UTSLJI+REF
UTE(J)=UTE{J)+REF
UTSM{J)=UTSM(J]+REF
UTEMIJ)I=UTEM{J)+REF
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REF=TSIRR

STR{J)=STRR+REF

ST5(J)=5TSS+REF

STE{J)=STEE+REF

STSM({J)=STSMM+REF

STEM(J)=STEMM+REF

20 CONTINUE
CEEIXEXXXBXXFXARAXXTEF XX XK AR N AIR EREER R R RN AR AR ER B R R TE AR LR ERERR R RRRRE

C= P
C= READ STANDARD MASS, ISOTCPE COMCENTRATICNS, AND PEAK AREAS *
C*x *

CEXRERERFIX AR AKX AR XXX R XA REEE XX RERRERERER X EXXXXEF XXX X XXX R EE KR RRRE
SIGM=1,26E-4
READ, SPAM,S55,S5MM,SMASS
PRINT21,5PAM,SMM,55,SMASS
21 FORMAT('13/'=-?,T23,'% * x STANDARD SAMPLE INPUT = = w8/
P8=-1,T17+"WIRE PEAK AREA =!',F10.0,T51:'WIRE MASS =',F10.4/
290, T174'WIRE PEAK ERROR=? ;F10.2,4T51,'SAMPLE MASS=!,F10,4}
SIGSPM=SPAM®SS/100.
PRINTZ23 i
23 FORMAT(*Q' ,T13,'1",T20,"SPA(I)?,T34,'SIGSPA?,T47,"SCONC,TS58,
POSIGCONT/ "+ yT1331 _74T20,600 1) T34,60" _*),Ta7,50(0_1),158,6('_"))
DO 50 I=1,NISOD
READy SPA(I},4SP,SCONC,5C
SIGSPA({ 1)=SPAL]}=SP/100.
SIGCON=SCOMNC*SC/10C.
IF{SCONC.GT40.01)G0O TO 75
SPC=SCCONC*]1.E6
PRINT22,1,SPA(I)+SPysSPC,5C
22 FORMAT("0" 10Xy [212XsFlCa0sTXsFSe212XeFLl0a2yt PPM? ,3X,F5.2)
GO TO 76
75 CCNTINUE
SPC=SCONC*100.
PRINTT77+1,SPA(T),SP,SPC.:SC
T FORWMAT(10? , 10X [2¢2XeF10e0+TX9F5.213XsF1l0e2:" WT IV 12X 4F5.2)
Té CONTINUE
SM{I})=5CONC®=3MASS
SIGSM{I )=SQRTI(SIGM}*»52,. % SCONCI**2 ,+5]GCON*m2 & SMASS)==2,}
50 CCNTINUE

fof
Cax
C=
DO 40 J=1sNCASES
PRINT4AL
41 FORMATO VLY, 10X, " J'7X UPAMLU) ", 3K, "SIGUPML )Y ,8X,"UNMIJ}? 83X, UM
2440

READ, UPAM{J},SUUMMLJY ;UML)

PRINT42,JoUPAMIJ ]y SUyUMMIL Y} UML JI
42 FORMAT(' ? ,10Xs12,E15.5 ¢8X 1F52,5X+EL5.5+EL13.5/"=1}

SIGUPM{JI=UPAM({ J}*SU/100.

0O 30 I=l,MISO

READLUPA(IL,J),SU

PRINT2Z+1sJyUPALTLJI,SU
32 FORMAT{® ' ,ICX,"UPA(", 02" y*,s12,)%)= "1 1XsF10.0428Xe *SIGUPA =%y LXsFb

Te2!)

SIGUPA(I.J)=UPA{I,J ]1*5U/100.
30 CONTIMUE
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40 CONTINUE
RETURN
END
SUBROUTINE UNIT(T, U, X}
CRANTRRAEEXEX EXNT R IRB XXX RR R SRR R RS XX SR AR RRR SRR UEE SRR SRR ER N ANBE SRR KRS

C* *
C= PURPOSE: TO COMVERT THE HALF LIFE UNMITS TO DAYS THEN TO *
C* CALCULATE THE DECAY CODNSTANT WITH UNITS OF -
C# INVERSE DAYS. *
C» *
CHRERFVEREBEXEEF SR IR X XA R AR IS XX NTARRERRA KRR E R XD E R XS XL SR E N R RESHBRERR R

CHARACTER u=]
IFIU.EQ.'S?) GO TO 10
[F(U.EQ."™') GO TO 20
[FIULEQ."H') GO TG 30
IF{U.EQ."D') GO TO 40
IF(U.NEL"Y'] GO 'TD 50
C* UNITS ARE YEARS
Y’T*Ebs-
X=ALOG(2.})/Y
RETURN
10 COMTINUE
C® UNITS ARE SECONOS
Y=T/86400.
X=ALOG(2.)/Y
RETURN
20 CONTIMUE
C* UNITS ARE MINUTES
Y=T/1440,
X=ALOG{2.)/Y
RETURN
30 CONTINUE
C* UMITS ARPE HOURS
Y=T/24,
¥=ALOGU2.1/Y
RETURN
40 CONTINUE
Cx UNITS ARE DAYS
X=4L0G12.1/7
RETURN
50 CONTINUE
PRINTS1
S1 FORMAT{'1lt,* [NPUT ERRCR [N HALF LIFE UNITS?)
RETURH
END
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SUBROUTINE OQUTPUTIMNISOs J+PPMH,SIGPPM}

COMMON/SIGMA/SIGSPAL20) +SIGUPM(20),51GSM(20),SIGUPA(20+20).SIGSPM

72SIGM

COMMOM/TITLE/TITNSQLS,20)

DIMENSION SIGPPM(20,201 PPM(20,20),5IGC{20),CONCI20]),NIT(20]

DIMENSION S5IGPER{20)

INTEGER A/'PPM '/,3/'WT 3/
e 22t 22 PRt e T bl E e e e T Tt L L LT T pappge
C* *
C* SUBROUT INE QUTPUT »
C*  J
C= WRITTEM BY JACK F. HISGINBOTHAM l0/82 *
C* *
C* PURPOSE: »*
C* THIS SUBRQUTINE PRINTS THE MASS CONCENTRATIONS *
C* #
CERRRRR R T TR NIRRT R SRR AR AR R RN ERER AR SRR PR ERCR KRR RN ERRR RN TR R

00 10 [=l,N[SC

IFIPPM(I,J)eGTL0.01) GO TO 20
C*
C*x UNITS ARE PPM
C*x

CONCLI)=PPM{],JI*L.Eé

SIGCITI)=SIGPPM([.,J1%*1.E5

IF{CONC(I).EQsDa) GO TO 70

SIGPERII)=(1,~{{CONCLI)-SIGCII))/CONCII}1)*100.

GD TO 71

70 CONTINUE
SIGPERI(I)=0.
71 CONTIMUE

NITII)=A
GO TO 10
20 CONTINUE
C*
C*x  UNITS ARE WEIGHT PERCENT
Cw*

CONCII)=PPMII,J)*100.
SIGC{I¥=SIGPPM{I,J1*100.
IFICONCII}.EQed.} GO TQ T2
SIGPER{I)=(1.=({CONC{L)-SIGC(I}I/CONCIII}}=*120.
GO TO 73
T2 CONTINUE
SIGPER{I)1=0.
T3 CONTINUE
MIT(I)=8B
10 CONTINUE
C*
C#x
ot
PRINT1 ,J
1 FORMATI '1* /1=t ,8X, " TABLE ISUTOPE CONCEMTRATI[CN .,
2'FOR CASE NUMBER',[2)
PRINT2
PRINTZ2
2 FORMAT(! 1,6X,31('="))
PRINT3 '
3 FORMAT{® ',8X, '[SCTUPE',T214'CONCEMTRATION'
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710X, 'EXPECTED ERROR!')
PRINT2
00 40 I=1,NISO
[FINITII).EQ.A) GO TCél
PRINTG, (TITNSO{K 1) sX=1+2) CONCUI) o SIGCLI)NIT{I)sSIGPERL])
6 FORMATU 0" 3 T1I0y2A% s T20+F 934 T32, 4/~ ,2XsFTe2)2X98642X4?(?,Féal,
'T))
GO TO 40
41 CONTINUE
PRINTS s {TITNSOUK 1) yK=142) 4CONC(T)4SIGCII},NIT(L),SIGPERLI)
5 FORMAT[ "0 yT10s2A4+T209sF e 2y T332 14/ =1 42Xy FTu212XeA% 12X (" yFb.1,
FAR 10}
40 CCNTINUE
PRINTZ2
RETURN
END
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SUBROUTINE RATIOII,J)
COMMON /RMASS/UPA{20,20) , SPAL20) ,RLAMI20)
COMMON/TIME/UTRI20),5TRI20},UTS120),UTE(20),5TS5{20),STEL20)
COMMON/FTIME JUTSM{ 201, UTEM(20),5TSM(20) ,STEM(20)
CCMMON/FMASS/UMM{20) ,SMM, UPAMI 20) ,SPAM, FLAML 20)
COMMON/RAT/PMA{20,20) FR{20+20),SIGFR{20+420),SIGMR (20,20}
COMMDON/SIGMA/SIGSPAL201) ,5IGUPMI20) ySIGSMI20),SIGUPA120,20) +SIGSPM
?7:51GM

CEBIRIBZREERE XX NP A XX ERBERAE A AR XX R RN EFE XX AR FAREE L F L XX R ER B SRR RNBE TR RN

Ce *
L= SUBRQUTINE RATIONI ) =
C* ) -
Cm WRITTEN BY JACK F. HIGGINBOTHAM B8/82 %
Cce *
Cx PURPQSE: *
C* TO EVALUATE THE FLUX RATIO WHEN DETERMINING THE MASS OF AN *
Cx* ELEMENT IN AN UNKNCOWN SAMPLE =
Cx* *
Cx VARIABLE DEFINATION L
Ca *
C UTR = UMKNOWN SAMPLE IRRADIATION TIME *
Ce UTSM = UNKNOWN SMAPLE START TIME FOR FLUX MONITOR COUNT *
C* UTEM = UNKNOWN SAMPLE END TIME FOR FLUX MONITOR COQUNT *
L STR = STANDARD SAMPLE IRRADIATION TIME *
C* STSM = STAMDARD SAMPLE START TIME FOR FLUX MONITOR COUNT *
C= STEM = STANDARE SAMPLE EMD TIME FDR FLUX MONITOR COUNT »
Cx UMM = UNKNOWN SAMPLE FLUX MONITOR MASS L
C»* SMM = STANDARD SAMPLE FLUX MONITOR MASS *
C* UPAM = UNKNOWN SAMPLE FLUX MOMITCR PEAK AREA -
Cx SPAM = STANDARD SAMPLE FLUX MONITCR PEAK AREA *
Cx FR = FLUX RATIO STANDARD TO UNKMNOWN SAMPLE *
cx FLAM = FLUX MCHNITOR OECAY CONSTANT *
C= -
CEEEAR SRR AR IR TR B VLSRN IR IR X E TN A EE AR EX A SEE R E XA N AT EIEERX L RN SRR

C=*

Cxx EVALUATE NUMERATCR

C=
ASFLAMIT)*={UTR(J)=-UTSM(J))
B=FLAMI L) *(UTR({J)-UTEM(J})
C=FEXP{A)-FEXP(B}

Ci=C
D==FLAMIII*UTR(J)
E=l.-FEXP(D)

El=E
F=UMM{J ) *SPAM=E*C

Cx

Cx® EVALUATE DENOMINATGR

C=
A=FLAM{L)I*(STRIJ}=-5TSM(J))
BaFLAM{ [1=(STR(J)=~STE4(J})
C=FEXP{A)~FEXP(B)
O=~FLAM{1)=5TR{J)
Exl.=-FEXP (D}

cw

Cs*x  SCLN

fot.

G=SMM=UPAM(J)*=E=C



C=*x

Ces

(o J

FR{I+J)=F / G
ERROR CALCULATION

TRW=E1/E*{C1/C)
T=TRW SPAM/ SMM/UPAM( J)
T1=T*T*{SIGM j*=2,
T=TRWSUMM( J) /S MM/ UPANI J )
T2=TeT*SIGSPMESIGSPM

T=TRW&S PAMSUMM{J) /UPAM [ J)/ SMM/SMM
TI=THT#(SIGM ) *=2,
TETRU*SPAMSUMM{ J) /7 SMM/UPAM {4} JUPAMLJ)
T4=T*T*SIGUPMIJ)*S [GUPMLJ)
SIGFR{T +J}=SQRT(T1+T2+T34T4)
RETURN

END
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SUBROUT INE RATMA[ 1,4}

COMMON/TIME/UTR{20),5TR(20),UTS(20),UTE(20),5TS(20)

?45TE(20)

COMMON/RMASS/UPAL20+201,5PA(20),RLAM(20)
COMMON/RAT/RMA(20,20),FR{20,20),SIGFR(20,20},SIGMR(20,20}
COMMON/ SIGMA/SIGSPAT20)+SIGUPMI201,SIGSRI20),51GUPAL20,20),

?S5IGSMP, SIGM

104

o 2L RSP ER - E 2 2ot R PP e R LRI PSS RS E R RS TSI E RS EE R SRR EE R YRS R

Cx
C*
C*
C=
C*x
C*»
Ce
C*
C=
Cw
C*
Ce
C=x
(o}
C*
Cc*
C*
C=*
[of ]
C*

CEXXPEERRRER EBRXPEERNEXEE XXX N EER AR RFEEEREEINEAEEREFEEERER X RS E AR RS AR F O R K

Cx
Cx=
C#

C»
Cue
*

Ct
Coe
C=

SUBROUTINE RATMA(I,J)

WRITTEN BY JACK F. HIGGINBOTHAM

PURPOSE:

TC CALCULATE THE MASS RATIOD

VARTABLE DEFINATICN:

UTR
uTs
UTE
STR

STE
UPA
SPa
RLAM

EVALUATE NUMERATOR

A=RLAM{I)*(STRIJ}-STS(J)]
B=RLAM{ [)*[STRIJI=-STE(J)}
C=FEXP(A)=-FEXP(B)

C1=C

D==RLAM(I)*STRLJ)
E=l.~FEXP{DI)

El=€

F=UPALT yJ)%E*C

EVALUATE THE DENOMINATOR

A=RLAR{ ) *(UTRIJ)I=-UTSLI) )
B=RLAMII}*{UTR(JI-UTE(J))
C=FEXPLA}-FEXP(B)}
D==RLAM{I}*=UTR(J)
E=l.-FEXP(D)

G=SPAL [ )*E*C

CALCULATE MASS RATIO

RMALT+J)}=F / G #*FR{1.,J)
TR=E1/E*C1l/C
T=FRIIsJ)*TR/SPALIL)
Tl=T*T*(SIGUPA(1.J) )2z,

T=UPAII,J)=FRI1,J)=TR/SPA[T]/SPALI)

= UNKNOWN SAMPLE IRRADTATION TIME
= UNKMOWN SAMPLE START TIME FOR COUNT
= UNKNDWN SAMPLE AENDO TIME FOR COUNT
= STANDARD SAMPLE [RRADIATION TIME
STS = STANDARD SAMPLE START TIME FOR COUNT
= STANDARD SAMPLE EMD TIME FOR COUNT
= JNKNOWN SAMPLE PEAK AREA
= STANDARD SAMPLE PEAK AREA

= DECAY COMSTANT FOR ACTIVATED ISCTOPE

L ]
]
]
»
L ]
x
L ]
-
*
E ]
*
*
»
E |
*
*
x®
x
L
x
E ]



T2aT*T*[SIGSPA( 1)) *=x2,
T=UPA(L JI*TR/SPALI)
T3=T#T*#(SIGFRII ,J) )*=2,
SIGMR{I»JI=SQRT(TL+T2+T3)
RETURN

END
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APPENDIX D: EXAMPLE ANALYSIS

The pages that follow represent a set of five coals that were
analyzed. As the procedure of Section 4.2 was followed, the necessary
values were recorded on the data forms. The following data forms are a
listing of the input cards used by the MASCAL program to calculate the
elemental concentrations. The program was run and the output listing is
the last section of this chapter.

The example problem can be used as a benchmark to verify the

experimenter’s ability to run the computer analysis.
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DATA RECCRD
(FORMAT FOR INPUT TO MASCAL)

T T R e T
DATA SET NO, 1

NCASES,NISO 5 .13
RhkkRAAkREARA LAk hhArdkbrrhhAdhhrhkrhthhhkhhhddrniatinrhihhihkhhhkhhrithhhhhk

DATA SET NO. 2

ISOTOPE
NO. DESCRIPTION

1 Sm-153 1032 ke\
2 Ce-14] 1454 keV
3 Se - 15 Ay LkeN
4 Cr -5 3200keV
5 Hf -181 432.6keV
6 Ba- 131 Y96.2 keV
7 Cs—134 7953 keV
8 Th - 160 219.3 keV
9 Se - 4b 9892k V
10 Rb -3 1077.2kV
11 Co ~w0  t1713.2keV
12 To - 132 12204 keV
13 Sk-1a4  [69].0kV

29

R L et T LR i b L ik ot o R b S bl i eSS b h o R b M b bk b



DATA RECORD

(FORMAT FOR INPUT TO MASCAL)

108

RRRRKIARKARKARKEELERRA IR ARRARELERIRRAAALARAE AR A AT LSRR RR bR Rk R kA kA4

DATA SET NO. 3

ISOTOPE
Na.
FLUENCE
MONITOR

1

2

2!
v

HALF LIFE

44.56

46.90

— [

32.55

o

LY. 45

-

v

1. 70

42.45

7 [

[2.00

-

A.0b

-

-

72.10

-

-

23.90

13.82

]

-

527

-

5.0

“

-

U <|TU 0O <ig

0. 20

R AR R R A R R R A R A R R A AR A et T A AR AR ARANG R SR RS E RN AN AR
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KkahdhkrhkiRkikhdhbhidhihhhihiidrheddintkkahhdioniriiiddikitthhaihstdhihdhihdidkd

DATA SET KWO. 4 TIME VALUES FOR THE STANDARD

DAY HOUR MINUTE SECOND
TSIRR (IRRADIATION TIME) O ., 3 ., O ., O
STR.  (TIME REMOVED FROM RX) c . _0O ., c ., 0O
STS  (START TIME FOR COUNT) (1, b . B , B3
STSM (START CF FLUERCE MON.) 15 \ ., 13 , 35
CLOCK 2ND LIVE TIME FOR COUNT 57957 . 576090

CLCCK TIME FOR FLUENCE COUNT _A413

TkkEhRahAhkkhkhhrhkrhhrdkbbhkhhhkhhdkhkhddrrRrdRhbihrhidhifhdhiibbhbthekhirhidt

DATA SET NO. 5 TIME VALUES FOR THE UWENOWN

CASE NO. ‘ DAY HOUR MINUTE SECOND

TUIRR (IRRADIATION TIME) o X, c , O

UTR  (TIME REMOVED FROM RX) ®) R o |, O, (@)

UTS  (START TIME FOR COUNT) g, q . 2 ., 320
UTSM (START OF FLUENCE MON.) _ 15 2 , B3 ]
CLOCK AND LIVE TIME FOR COUNT 5795 , 57600

CLOCK TIML FOR FLUENCE COUNT (303

CASE NO. Z DAY HOUR MINUTE SECOKD
TUTRR (IRRADIATION TIME) o6, %2 ,_06 . 0
UTR  (TIME REMOVED FROM RX) Q , O |, o |, ®)
UTS  (START TIME FOR COUNT) g _ ., & ., L. _32
UTSM (START OF FLUENCE MON.) 5 , 4 , 29 , 16

CLOCK AND LIVE TIME FOR COUNT BT7714 , B700
CLOCK TIME FOR FLUENCE COUNT [2350



DATA SET NO. 5 TIME VALUES FCR THE UNKNOWN

CASE NO. 2

TUIRR (IRRADIATION TIME)

UIR

UTs

UTsM

(TIME REMOVED FROM RX)
(START TIME FOR COUNT)

(START OF FLUENCE MON.)

CLOCK ARD LIVE TIME FOR COUNT

CLOCK TIME FCR FLUENCE COUNT

CASE NO. 4

TUIRR (IRRADIATION TIME)

UTR

uTs

UTSM

(TIME REMOVED FROM RX)
(START TIME TFOR COUKT)

(START OF FLUENCE MCM.

CLOCKX AND LIVE TIME FOR COUNT

CLOCK

CASE

TIME FOR FLUENCE COUNT

NO.

TUIPR (IRRADIATICN TIME)

UTR

UTsS

UTSH

(TIME REMOVED FROM RX)
(START TIME FOR COUWTI)

(START OF FLUENCE MON.)

CLOCK AND LIVE TIME FOR CCUNT

CLOCK TIME FOR FLUENCE COUNT

110

DAY HOUR MINUTE SECOND
& . £ c_ ., _O
A S & o ., _O
a0 . _| o, 40
5 . _5B 2 ;i &
57909 57600
1320
DAY HOUR MINUTE SECOND
o , _3 © , _ 0
o_, @) o . _0O
20 , 1% 20 , 42
15 5 Al ., 30
5767/ 5700
[0Y
DAY HOUR MINUTE SECOND
c ., _32 Q_ ., _O
Q_ . Q Q. «
al ., b 23, Uy
5 ., _lb a3 , 5&
57694 5700

683
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khkkhhfhkhhhhhhbhhhihhhhhhhdhhhhhhhhhhhhhhhhhhhhhhhhhhhhkhiihrhhhhhkrhhhhhhk

DATA SET NO. 6

Standard Sample Wire Peak
Wire Peak Area Error Wire Mass Sample Mass

:lC)CDCJig ] ;1':LCD » CD'CJIfia » CJ-QK3£1;5

khkhhkhkhhhihhhdhhhhhhhdhhhdhhhhhhhhhhhhhhbrhhhkhhrhhhhkhhhhhhhhhkhhkhkhkik

DATA SET NO. 7 ERROR IN
PEAK FRACT IONAL
ISOTOPE AREA ERROR FRACTIONAL CONCENTRATION
NO. PEAK AREA (%) CONCENTRAT ION (%)

1 23235 , .2 , _23E-p ., _10.7]

2 Z186 2.2 , 32.0€-5 , _ 12,50
3 5514 , _as.Y y _2LE-b , {(. 54

4 325499 ., 3 , 34.0e-5, _5.8%

5 16929 2.9 , 1.55E-6 , 5.1l
6 3963 ., 24.0  , 122.0€e-4 , Q.02
7 o421, 34d , 20EL , _I500
8 2461 . 34.2 , 0.32E-7, _ 15.63
9 349792 od ., LICE-L ., 3.3

10 4205 W ., _29.0£-5 , 345
11 1383 . 27 ., (BE-6 , 3.0%

12 Il 125 ., _O40E-7 , 1.3
13 3 ., 12.1 , OLOE-T , (5.0
14 ; ; ;

15 , , ;

16 i ; ‘

17 , : "

18 ; ; ;

19 , , ,

20 ; ; ;

P f Tt 2 T T T T T T PR s T e T s ek e
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L e s e L L e e e e T e e T T e T T
DATA SET NO, 8

UNKNOWN SAMPLE WIRE PEAK
WIRE PEAK AREA ERROR WIRE MASS SAMPLE MASS
10009 , 3.1 y 0.0139 , O. Gy 2

Khkkkhkkhkhhhhhhddhhhhhhrhhrhndhhhkhbhrhdthrdhdhhrrnhdbhhhhbhbhakhdnhhhknthiidn

DATA SET NO. 9

ISOTOPE PEAK ERROR
NO, PEAK AREA (%)
1 ¥920 10.6

2 27571 2.
3 1910 4y.2
4 5700 12.0
5 11571 4.9
6 313 1.9
7 2|35 22.7
8 1367 32.9
9 49430 O

10 q87 711
11 3337 2.5

12 265 17.7
13 234 22:5

14

15

16

17

18

i9

20

I T T I L L et st e e L S T e S e b s P T bt R e B i Rt e i
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T L e e T T P r T e
DATA SET NO, 8

UNKNOWN SAMPLE WIRE PEAK
WIRE PEAK AREA ERROR WIRE MASS SAMPLE MASS
0014 B0, O.0140 , 0.5983

KEAKIRIEKRKAIRIRARKRARI KKK RIIRRRARAA A RA R RRAII AT R R TA TR AR KR TIAER

DATA SET NO. 9

ISOTOPE PEAK ERROR
NO. PEAK AREA (%)

1 4gy | 20.3
2 | 558 G.O
299 22..9
4 14333 5.3
5 2921 20.7
6 1195 5.5
7 3924 4.5
8 976 55.2
9 113%]3 0.9
10 1329 2.7
11 5263 5.9
12 450 23.1
13 54 12.0

14

(#1]

15

16

17

18

19

20

kkkhkkdhkhkdhhkkhhhhihkhhhhkrhhhhhhhhhkhdhhhhhhdrhdhhhrhhhhhrrhhhhhhhhhbihin
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T T T T T e e T e
DATA SET NO. 8

UNKNOWN SAMPLE WIRE PEAK
WIRE PEAK AREA ERROR WIRE MASS SAMPLE MASS
1998 , 3,1 , 0:0/37 0,5Y997

kkkkhdhkkhkhhhkhhkhkhhhhhkhhhhkhhhhhhhhhhhddhhhhihhhhhhdhhhhhhihhhhkhkdhhhihhhik

DATA SET NO. 9

ISOTOPE PEAK ERROR

_NO. PEAK AREA (2
1 960 _ /X
2 47210 3,4
3 %/1S2 /815~
4 R4 570 5/
5 5608 119
6 4196 R4/
7 11293 £.9
8 Ro22 479
9 2224943 016
10 40493 5.9
11 E6Y5— 2.0
12 1331 o7
13 soas” 2,8
14
15
16
17
18
19
20

RkkkkkkhkhkkhhdrAhhkkAhhhhhihkhhhrhhkhdhdhhkhkihkhhdhhhhrkhhhhhhhhhdhihtihhd
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dededodede ek hhhhdkhdkhdhhhhhhd ke ddddh ik ke ki ki hhhhhhhhhkhkhkhhihkhhihhhhhtik

DATA SET NO. 8

UNKNOWN SAMPLE
WIRE PEAK AREA

992 .,

WIRE PEAK
ERROR WIRE MASS SAMPLE MASS
! s 0:0132 s 0:71%/

kdkkhkhkkih ik hdhhhihhhhhkhhdhihhkhhhdhhhhhrrhhkdhhhhhkhhkkhihkikhhhhkd

DATA SET NO. 9

ISOTOPE
NO.

1

2

10
11
12
13
14
15
16
17
18
19

20

PEAK AREA
205/
0604
/137
Yo 44
3572
6778

198.

PEAK ERROR
(%)

s

3.9

63,9

Y. 6

3.6

7: 1

O,

¥3.5”

o

dkdekhkhkhkhkhkrhhkhhrhhRrhdhhhhhhhkhhbiibhhbhhbidhhihhhihhhihhhhhihiihdhhhihdi
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e L T T T T s T T e
DATA SET NO. 8

UNKNOWN SAMPLE WIRE PEAK
WIRE PEAK AREA ERROR WIRE MASS SAMPLE MASS
Jooo & 3,2 3 0.0/33 |, O, 55238

AR EARERAKIRIEKAARARRRRKRRERRRARRRRR KA R RKRAFRKEIAAARRKRARKRRAR AR AR KAk

DATA SET NO, 9

ISOTOPE PEAK ERROR
_No., PEAK AREA (%)
1 382 ¢ 23,/
2 EXXEY 2.6
3 /1358 $5%.3
4 7115 ?.5”
5 A8s56 19 {
6 4%09 h{
7 3538 12, 8
8 139/ 33,2
9 B8v4Yo o: 3
10 794 3%, ¢
11 4770 63
12 351 42,8
13 275 17. 3
14
15
16
17
18
19
20

dkkkkkhkkdkdkhkdkihhhhihkrhhihhhkrrhiihhdhhhhkhhhhihkhihhhihirhihkhhhkddhhikiir
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Listing of Input for MASCAL Run of Example Problem

5,13

SM=153 103.,2 KEY
CE-141 14544 KEV
SE=-75 264 .6 KEV
CR-51 320.0 KEV
HF=-181 4820 KEV
BA-131 49042 KEV
CS-~134 795.8 KEV
TB=160 879.3 KTV
SC-46 389.2 KEVY
~rB-86& 1077.2 KEVY
CC-60 1173.2 KEY
TA=182 1221.4 KEV
$8-124 1691.,0 KEV
44,56, 1D

4648, "H!

32.55,'D?
118.45,'D!
277040
42.45,1D°

12.0,'0!

2e06,1Y?

?2-1! 'D'

BR3.8Q,'D¢
1848240
SUZTEO'Y‘
115,020,100
63.2C, D!

CyB8s2,0

300,0,0

17¢6,053,53
15,1+13,35
57857,57¢00

2413

0:8:0,0

0+0+0,0

18,4,3,20
15,2,53,7
574695,57600

1303

0,8,0,0

D000

18,21,1,32
15,4,2G,1%

57714 ,57600

1350

0+CrC, 0

chlslb!‘]’a



15:542:51
5730%,57600
1320
0:8,0,0
0:+0,0,0
20,18,26,42
15,5,26,420
STET14576C0

- 1604

0¢+8,0.0

0:0,0,0

21,16423,44
15916,23,52

576594 ,57600

1683
20C008+2.2+0.0148, .6023
232351)6e212e8E-6,10.T71
68186924213+ 2E~5y12.5
5514!2 -4;2-65-6; 11.54
32599 ,3. 6124 4E~5,5,.8%
10829,5., q,LoJSE‘blS-lb
3902,2441422E-4,9.02
104211844+ 24 CE=6y15.
2401:34-2!3.25"7; 15-63
349?92'00“"*’6.38-6’8.82
42053114612.9E=5,3.45
lENB2 4,24 71%5e5E=643.08
1665:13-5:4.5“7'7-5
66" 12.3.;&..E 7
10000’dl&’l~113q'5 6942
B920 41046

3ITB5TLi2e®

1910y 44.2

5700,12.

11571,%.9

6873,7.9

2135,22.7

1367y32.73

939480,.8

S87127.7

33537,8.5

865!1707

23432245
10014,2,00240) 5583
'-’r841| ‘9-3

156853846,

14333,5.2

298&,... 7
115K __J.,

-

3 i"rf l""‘l S

118



119

9T76455,.2
113313,0.8
1239,2647
5803,5.9
45042841
546412,
9G998413e1,60137445497
89600,17,.,2
472104+3.4
8152y 185
24510,5.1
8608,11.9
4196’24.1
1129%,8.9
2022!"’1’7.9
222443,04.8
4093!15-9
28645,2.
1331,20.7
SGESI 208
899213« lyall32,y.7191
3051425,
20604,3. 9
1137,63.5
3572,13.6
6TTByTel
0,0
S06y423.5
80961,0.8
0.0
3863,6.5
040
158422.5
10008 +342+20132445725
3824,23.1
36121!2.&
1388,59, 2
7115! 9-5
28564+19,1
4869[ 11.1
3828412.8
1361,32.2
884"40!(}-3
79492 8e8
£T7T7C1 643
2814248

265,173
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MASCAL Output for Example Problem

NCASES=

FLUX MONITIR HALF LIFE =

5 NIsSG=

13

ISCTCPE HALF

NC DESCPIPT ICN LIFc
i SM=153 103.2 KEVY 46,80 H
b CE~141 la5 .4 KEV Z2.5% D
3 SE-T75 264,46 KEY 1l8.45 O
4 CR-51 320,0 Kev 27.70 D
5 HF=131 482.0 KEV 42445 D
] BA-131 49642 KEV 1200 o
T C3-134 765 .8 KEV 2.06 Y
8 T3-162 879.C KEV 72,10 ©
9 3C-46 BES.,Z KV 83.80 D
10 RB8-86 1077.2 KEV 18,82 &
11 CO0~-¢0 1173.,2 KEV .2 Y
12 TA-182 1221.4 KEY 115.00 D
13 $B-124 1691.0 KEVY £J.20 D

0.4556000Q0S 02

——— e e . . o T . - A

D

120



TIMZ VALUES FCR STAMDARD SAMPLE

TSIRR

rn
STR

STS

STSM
STAMDARD CLICK TIME
STANDARD LIve TIME
DEAD TIME STANDARD
STANDe FLUENCE CL2CK

1:94

Oe
17.
15.

HOUR
B
O

b
1.

dLyuTe
J»

121

SSC2uD
Ja
D. Q.
58, 53.
13, 35.
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TIME VALUZS FDOR UNKNCWN SAMPLES

LY HQUR MIYUIE SECCND
CASE MNJe= 1
TUIRR O. 2. 0. Qe
UTR Je Q. Ce Ce
LTS 18, 4 3. 20
UT 54 15. 3. 53. Ts
UNKNDAN CLOCK TIME ; 57€95.
UNKNCW!N LIVE TIME 57¢00.
DEAD TIME UNKNOWN De27
UNKNe FLUENCZ LLOCK 13903,
CASE NC.= 2
TUlRrR De fa Ca Us
UTrR Qe Je e 0.
uTs 13. 21. l. 32,
UTSM 15 Ge 25 165e
UMKMCWi CLICK TIME 57714,
UNKNGKWN LIVE TIME 57&6G3.
DEAD TIME UMNKNOWN 0423
UNKiNe FLUENCE CLUCK 1250.
CASE ND.= 3 "
TUIRR Ce R s Ja
JTR Je Ge Ce Oe
uTs 20 le lé. 40.
UT SM 13, 5 2e 51a
UNKHCWN CLCCK TIME 57909,
UNKNCWN LIVE TIME Todl.
DEAD TIME UNKNCWN De33
UNKENe FLUSNCE CLOCK 1222.
CASE Niuw= &
TUIL#R Qe EN Ce e
UTR Ce iJe 0. Ca
uTts 23 iée 25 aZ.
UTSH 15. Da 2&a 23,
UMENCWH CLLCK TIME ETLTla
UNKNCWN LIVE TIME 57600,
DEAD TIME  J/KIOWMN 0.13
UN&M. FLUENCE CLOCK luGh,.
CASE MQe= 5
TUIRR Ve e Ce T
UTR 0. ﬂc [+ Ja
uts 2l. 16, 224 Lby
uT M 13, 154 23, 52,
URKHTWH CLICK TINME &1z,
LRKNGWh LIVE TIMG BT53%,
DIZAD TImg Ubkr Cufy Ce 23
UhkMe FLUERLT CLOCK 1¢3z.
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L8N ]

-

[e-]

¥ *x X

WIRE PEAK AREA
WIRE PEAK EBRCR=

SEALIL]
23235,
6313,

5514
32599
10329,

3903,
10421,

24Q1.

249792,

STAMDARD SAAPLE

INPUT

* x

WIRE

=

MASS =

SAMPLE MASS=

PPM
PPM
POy
PPM
PP
PP
PPN
PPM
PR
poM
PAM
PPy

PRy

SIGLCy
12.71
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uMtJ}

uraMi SIGUPMLY) M{J)
2. 19 3900E-01 (Q.&9420E Q0

J
i J«100C9E 05

uPaA( 1, l)= 892C. SIGUPA = 10.60
UPAL 2, 1)= 37571, SIGUPA = 2450
UPAL 3, 1)= 19192, SIGUPA = 44,29
UPAL 4, L)= E700. SIGUPA = 1iZ2.00
UPal 5, 1= 11571, SIGUPA = +.30
UPAL & L= 6375 SIGUPA = T.90C
uralt 7, li= 2135, SIGUPA = 22.72
UPAL 8, L= 13&7. SIGUPA = 322.90
UPAL 9, 1= 994380. s$1GUPA = Je 80
UPAL10, 1)= 8T SIGUPA = 27.70
ueagil, 1)= 3327. 3IGUPA = 3.50
UPAL 12, 1= d65. SIGUPA = 17,70
UPALLZ, 1)= 234 SIGUPA = 22.5C



[LS I &8

UPAL 1,
urat 2,
uPA{ 2,
UPAL 4,
UPAL S,
UPAL &,
UPAL T,
uPaAt 8,
UPAl 9
UPA{1O,
UPA(Lll,
upatiz,
uratla,

UPLMLY)
Q. LOOL4E 05

MR RIAR Mo N
— s e mr T e e W e e ner e

I IO TN | TN (I | O 1 N | T T I 1}

4341 .
16558,
3969,
14332,
2687,
1195.
3924,
976«
113313.
1239,
5803,
540,

SIGUPMLY)

3.00

SIGUPA
SIGUPA
SIGUPA
SIGUPA
S5IGUPA
SIGUPA
SIGUPA
SIGUPA
SIGUPA
SIGUPA
SIGLUPA
SIGUPA
SIGUPA

LTI | O T T - S T T I 1

U¥Mig)
Je1400QE-01

20620
6.0C0
22490
5.30
20, 70
50.59
l.’.- 50
55,29
0.380
26473
5.992
23.10
12«30
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J UPAMLY) SIgueFMLd) UidM (J) umidi
3 D.9998JE G4 3.0 0. 127C0E-01 D0.54970E CO
uPA( 1, 3= 39637 SIGUPA = 17.20

uPAl 2, 2= 47121C. SIGUPA = 3. 40

UPAL 3y 3)= 2152. SIGUPA = 18.50

UPA[ 4, 3)= 2451C, SIGUPA = 5.10

UPAL 5y 3)= 8628, SIGUPA = 11.99

Ural &y 2)= 4196 SIGUPA = 2%.10

UPA[L T, 3= 11293, SIGUPA = 2.30

UPA{ 8, 3= 2022, .SIGUPA = 47.90

UPAL 9y 3= 2224434 S5IGUPA = Qe 80

UPA{10, 31+ +J93, SIGUPA = 15,90

UPALLlLl, 3i= 23645, SIGUPA = 2.010

Upatrz, 3i1= 13z1, SIGUPA = 20.70

UrPa{l3, 2= 5025. SIGUPA = 2«80
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upat 1,
urPatl 2,
upat 32,
UPAL 4,
UPAL 54
UPAL &,
UPAL 7,
urPAL &
UPAL 2,
UPA( 10y
UPA(LL,
urailz,
UPA(L12,

urAM{ N

2.59320E Qe

4)=
4)=
4i=
&)=
4l=
4=
4)=
4)=
4)=
4)=
4)=
41=
4=

305L.
20606,
1137.
4066,
3572,
6T77d
On
S06.
80961,
Qe
386z .
Ce
198,

SIGUPMLUYL

.10

SIGUPA
SIGuerA
SIGUPA
SIGUPA
siGura
SIGUPA
SIGUPA
SIGUPA
516UPA
SIGUPA
S1GUPA
SIGUPA
SIGUPA

HowonoW oo d NN R

LHAM( J}
0.1220QE-01

25400
3.90
83430
14.60
13,¢e0
Ta12
0.00
43450
0.39
0.00C
Ge 50
Qa0
22450
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UrPat
UPAL
UPAL
UPA{
upat
up Al
UPAL
UPAL
UP AL

upaAM{y)

2. 13008E 05

1,
Ly ]
3
49
5,
by

3,
9y

UPA(1Q,
UPALLL,
UPA(1l2,
UPA( 13,

51= 2824,
5)= 36121.
5= 1388.
3)= Til5.
5)= 2856,
Sl= 4809,
5)= 3838.
S51= 1391.
S)= 88440
5)= 794,
5)= L7772
5i= 38l
S)= 295,

SIGuPMIY)

3.20

SIGUPA
SIGUPA
sIsura
SIGUPA
SIGUPA
SICUPA
SIGUPA
SIGUPA
SIGUPA
SIGUPA
SIGUPA
SIGUPA
SIGUPA

| T T R T T (TN (O N

UMMt J)
0413300E-01

22,12
2460
53,30
9.50
19.10
11.10
12.3806
32.:20
.30
23. 30
5«30
42430
17.30
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TABLE

-

- ——

1507CPZ COMNCENTRATION FCR CASE MUMBER )

- . e e e e

o 222 T oot i T e ] e e

EXPECTED ERRDR

ISOTCPE

SM-153
CE=lsl
SE-T5
CR=-51
HF-181
Ba=3131
CS=-134
T2-160
SC-46
Rg~-86
{0=-60

TA-182

COMCEMTRATION

1.29
l5.82
J.840
5435
1.48
199,09
QeZ 6

Celb

*/=
+/=
+/=-
+/ =
+/=
*/-
+f-
+/=-
+/ -

+/=

Ge22
2415
Ce42
0.77
Qel8

5400

PPM
PPN
PPM
PPM
PPM
pAM
LI
ppu
PR Y
pPA
ppM

PPM

(le.82)
(12.63)
{524%)
{14.4%)
(12.13)
(27.132)
(2B.32)
{5Ce 13)
[ .73}
{20.5%)
{10.24)
(224351

(29, 54)
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TABLE ISUTCPE CONCEMTRATICH FCR CASE MUMBER 2

ISCTCRE  CONCENTRATION EXPECTZD ERROR
SM=-153 1.09 +/= 0.26 PPHM (264,13)
CE=141 3,56 +/ = l.25 PPM [lae 6F)
SE-TS 2201 +/= Ce73 PPM (26.373)
CR-51 18,56 +/= 153 PPM I 9.5%)
HF=181 0447 +/- Q.11 PPM [23.4%)
EA-131 43.59 +/= 244 T4 PPM (5643%)
CS-134 0.8C = .18 FPPM {22.3%)
T8=160 Oel4s = e Q.0 FPM {664 9%)
SC-4¢ 2438 +/= 0.23 FPH { 9.7%]
pB8=86& 10042 +/- 308 FPPM {2F.£3)
CO-6C 2.38 +/= De13 PP { 8.23)
TA-182 12 +/= Jea G5 PPM [~1.23)
$3-124 Qa34 +/= Gala PPM (23« 03}
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TABLE

ISCTCPZ CCNCENTRATICN FCR CASE NUMBER 2

e = - o S - S .

e LT SR RS SR ———

150TCPE CCHCENTRATIONM

C5-134
TB-160
SC-s6
£3-86
£o-60
Ta-182

$8-lz=+

Del6

5420

+/-

+/ -

/-

-

-

+-

/-

Ce 74
0.09

1.03

PPM
ppM
PPM
pp U
PPH
PR
PP
PEM
PPM

PO

EXPECTED ERQGR

(33.7%)
{ 3.5%
{16, 231
(35.43)
({19.3%)
(61.031)
{ 9.7%)
[22.43)
( &.iZI
(26415}

(13.5%)
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TAELE

ISDTGPE

CONCEMTRATIGN FCR CASE MUMAER 4

—— T . ] 1 . i o e . S o .

[soTOoPE

-

CONCENTRATICN

EXPECTED

SRRACR

- 58 S o g o D i S A o

SM=-153

CE=141

iy =
+f-
+/=
+/ -
+/=
+/=-
+/ -
+/-
+/ -

.

0.35
let4
.33
0.77

POM
PPM
PPM
PPM
PPM
PPN
PPM
P2M
pPM
PpM
poy

PPM

129.23)
113.9%)
(69.8%)
{16s 6%)
{17.531
(264 9%)
{ .03}

(5746%)

| J.04)

{22+ 94}
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TABLE ISOTOPE CONCEMTRATIOM FOR CAST MUMBER 5

i . o o —

IS0TCPE CONCIHTRATIGN EXPECTED ERROR
SM=-153 24387 /= Q.76 PPY {28453)
CE-141 24.32 +/= 2,30 PPM (1Z.62)
SE-75 0.88 +/=- 0«58 PPM 16577}
CR=-51 10.82 +/= 1435 PPM {12.4%)
HF =181 0.57 +/ - JelZ PPM 122.1%)
BA-131 25313 +/= Tlaal PP1 (28.27%)
Ce-134 097 /- Ge2l PPH (Z1.8%)
T8=-1863 0.25 +/= Q.13 PPM (50 3%)
SC-4%6 2433 +/= D.23 PPM { 5.3%)
RB-8& Jekl *yflm .44 OPM {43.82%)
Co=-60 2040 +/= D.21 PPM ( 3.8%)
TA-1€2 Gaic +/ = Js086 PP [45.73)
Sg-124 Q.37 +/= J. 13 PRM (26423)
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ABSTRACT

The procedures are developed for using the analysis technique of
instrumental neutron activation, INAA, to determine the minor and trace
element composition of bituminous coals and fly ashes. These procedures
are to be used by a technician with minimal experience with INAA but with
some background in radiation physics and detection. The procedures
require the use of a National Bureau of Standards Bituminous Coal, SRM
1632a, as a reference material and twenty-eight elements can be
quantatively identified relative to this coal.

The accuracy of the procedure was determined by analyzing a sample
of the reference and comparing the results with the given concentrations.
Nineteen elements were measured within 10 percent of the expected
concentration and all twenty-eight were measured within 30 percent.

The elemental concentrations of 5 different coals used in Kansas for
electrical generation were determined. Also, the composition was
measured for an NBS Fly Ash, SRM 1633a, as well as a fly ash from Mr. A.

Anderson of Purdue University.



