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A computationql program is applied for analyzing of yray spectra which obtuined wirh high-pure
germanium, Hp(Ge), Spectrometers in Erpif region, The program concerns the individual peak identification
by defining the position and region of the peak that js significantly above the locul spectral background, Each
peak region, that is represented by a gaussiagn JSunction underlying u lineqr buackground, is fitted by Jollowir

Marquardt searching method 1o get the best peak parameters,

By using the coded program, relutive

intensities and energies have been calculated Jor each singlet peaks.
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Introduction

This  paper outlines a computer
program, which has been developed as an aid
in analyzing of a natural y-ray spectrum that
recorded  with Hp(Ge) detectors, The
program is designed to [ocate automatically
all the significant individual peaks and their
regions in the read-in spectrum. It is written
to include Marquardt method for fitting then
determining accurately the peak components
for computing Y-ray energies and intensities.
Every spectrum analysis by hand or with a
computer program may produce peak shape
model that depends results through the
algorithms used. The peak shapes in typical
Y-ray spectrum are normally analyzed on the
assumption that a peak shape is represented
by a Gaussian distribution. In practice,
however the peaks usually possess an
element of asymmetry and may displays
tailing [1].
The method of analyzing complex peaks
occurring in y-ray pulse high distributions is
obtained with multichannel pulse height
Spectrometers. The utilized data were taken
from radioactive natural samples
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and recorded with a high-pure  germanijum
detector, Hp(Ge)in Erbil[2].

Peak representation

The results of radiation measurements are,
in most cases, expressed as the number of
recorded counts. These counts indicate that
particles have interacted with the detector
and produced g2 pulses that has been
statistically recorded.

The physical and statistical phenomena
determining  the response  of  the
semiconductor detector to 2 monoenergetic
Y-ray is quite complex and the accurate
fundamental calculation of peak shape for
the purpose of spectrum  analysis is then
quite difficult [3]. For this reason and
because the peak shape is sensitive to small
variation in the experimental parameters, it is
described  to determine  mathematical
representation directly from the measured
data.

A wide variety peak-fitting and differeni
representation of peak shape have been
proposed in the past. However, there is no
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universally accepted vy-ray peak-fitting and
representations that can claim to be reliable
and applicable in all cases [4]. The majority
of peak The effect of the tailing can be
describedby a further gaussian which has the

of peak representations are Gaussian
functions idding on a  continuum

packground. The separation of the data into
photo-peaks and background is of paramount
if good estimating of intensities are to be
obtained, as followed by ref[3]. Since much
of the background arises from Compton
effects in the detectors, thus, the background
i any local region is related to the energies
and intensities of photopeaks [6]. Another
gaussian function is proposed to define
tatling effect in the peak boundaries.

A Lypical y-ray full energy peak having a
very low background was carefully studied
for determining an analytical expression that
would very closely represent its shape [7].
The peak can be described by Gaussian
functions and the background may be
approximated by linear function sources
within the peak interval. Thus, in such an
interval the number of counts as continuos
function of the channel number (x) is given
by:-

fox =h..

L Q-’);\‘l) +a+bx...... 2.1

chie first term in the equation is a gaussian of
height (h), centroid (xc) and standard
deviatuon (o). While the second term is a
incar  background that joins the main
gaussian and the combined function with its
' shown in the

Fig.(1).
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Gaussian function
Background line
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parameters high (hy), centroid (x.r) and

standard deviation (o7). So it can be

represented by:

. o (xv=x,)’ 55

Jr(x)=h, exp(-———) DR
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that is not fitted; but it will be added
automatically to eq.(2.1) if needed, to
remove asymmetry of the peak.

Mathematics and options in the program
Program’s description
The present study reports a computer
program, named CURFIT, which follows
Marquaedt method in the fitting technique
[8] and developed to determine requires
quantities for y-ray spectrum analysis. The
program was coded to analyze the spectrum
automatically, provided that the following
input quantities are stored in the open files or
as direct inputs:-
[-Entire spectrum includes the peak counts
in channel ranges (1-4093).
2-Energies from the library of isotope
descriptions are read in that are arranged in a
list to distinguish the peaks of the spectrum.
3-Calibration constants of energy and
efficiency.
4-The parameter step sizes that are required
in the fitting process.
The subroutines SMOOTH, FOURIRI,
REALFT, GSER and GCF and subprograms
(CRF, GAMMP and GAMMLN) were
developed in the program [9]. While the
routines CURFIT, FDERIV and MATINYV)
and programs FUNCTN were modified by
Bevington [10] to the equivalent one.
A short description of the main program and
the various subroutines and functions is
given below:-
MAIN PROGRAM: After reading and
inputting the required quantities, SMOOTH
routine is called and the individual regions in
the spectrum may be distinguished. then the
routine FIND is called,

Fig.(1): A linear buckground  underlying

the camma-rav nhoto neak.
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In the program the following subroutines and
subprograms are called:

SMOOTH: It is called in the main program
to define the smooth data, that is calls
routines REALFT and FOURIERI to do
discrete Fourier transformations with input
spectrum.

FIND: Its called from the main program, for
searching the peaks then finding the channel

boundaries and the initial values of
pararceters in the distinguished smoothed
region.

CURFIT: Its called frcm FIND routine for
fiiting the peak data by using marquardt
method after initializing parameters.

- FDERIV: This routine calculates first
_ derivatives of the gaussian function with
‘respect to the parameters (amplitude,

 centroid and width), it is called by CURFIT.
FUNCTN: It is the program that is used from
CURFIT routine for calculating the value of
the fitting function fo: the peaks at each
point of the spectrum.
INVI: It determines the inverse of the
curvafure matrix (Hessian matrix), it is called
from CURFIT.
ERF: It is called from subroutine FIND to
use CAMMP (that is also uses GCF and
GAMMLN) for calculating error functions to
evaluate the tailing contributions.

Smoothing and peak searching

The peak-search routine uses smoothed
spectrum obtained so that the process of data
smoothing based on the inspection of the
frequencies in the Fouriers transformed
spectrum [11,12].
To perform an automatic analysis of y-ray
peaks one must provide the program with an
algorithm like data smoothing that attempts
to define the ranges of channels (it divides
the spectrum into many regions) in the
spectrum which lie significantly above the
background to simplify the process of peak
fitting, see Fig.(2).
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Fig.(2): A part of Hp(Ge) spectrum with its

associated smoothed spectrum among the channel
ranges (1000-2000).

Since any y-ray photo peak is superimposed
on a fluctuation background, another
important role of data smoothing is to avoid
the spurious (noise peaks) due to statistical
fluctuations [13].

The automatic identifications of peaks is
usually based on the behavior of the first
differences [14].

The process of peak finding is done by
calling Subroutine (FIND), so it
searches for peaks by locating adjacent
channels such that the derivative (the
differences) in the left-hand number (left
side of the peak) of the pair of channels is
positive, i.e., when the peak begins to rise
from the bottom up to the top of the peak and
the successive counts satisfy condition (y7>y;.
1), (j and j-1 are successive channels) but; in
the right-hand number (right side of the
peak) is negative or zero, i.e., where the peak
begins to go down from top to the bottom of
the peak and the successive counts satisfy
(yi<vj1) [15]. As a result of the searching
process, the boundaries for each peak
(starting channel and final channel) with
their corresponding counts are determined.
To neglect the weak peaks (noise peaks)
through the peak searching, peak-to-




background ratio (PB) is proposed such that
(PB>=1) [16].

Parameter initialization

Any routine for automatic identification
of peaks in a y-ray spectrum mud have the
ability to provide reliable initial parameters
before starting the fitting. This will assure
convergence of the direction and will save
computer time.
The parameters needed initially are the
gaussian parameters (peak position, peak
amplitude and standard deviation) and the
background parameters.
An approximation position for each peak is
evaluated from three values of closest counts
yx to the peak position.

Yia ™V

I =
£ 2R

where j. is the peak position and (R) takes
the values:

Ray ‘=3, a0l ¥ o By, i 332

R= grieg [ POl g, RN 333
Peak position determined in this way differ
from the exact values by less than 0.15
channels in most cases.

Depending on eq.(2.1), starting value of the
standard deviation (c) can be evaluated from
the following formula [17]:

B e e

1—- ,(/,— :]‘2
5

Where (§) represent the channel numbers (jc

is the centroid channel) and the value of (r) is
calculated by the equation:-

Rl o ?z(j—jc.) : 445

) et =1y

and f(j) and f'(j) are the first and second

derivatives respectively, which are

determined numerically by using the

differences. The background parameters (a)

and (b) in eq.(2.1) are found from the slope of
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the background line for first and the last
channel [18], or

LA L M€ S 3.3.6
(U, =J)
and
i=J%)

such that (j;, and jr) are symbolized to the
first and the last channels, while; y; and yr
are their respective counts for each peak.

Peak fitting

In this analysis it is assumed that the
data points in any portion of the
experimental spectrum (peak) can be
represented by a function y(j,p;) which
depends on a set parameters (px). Then the
Margquardt method, which combines the best
feature of the gradient search method and
linearization [8], is followed to fit the data.
The purpose of the fit is to find the values of
the parameters, which minimize the sum of
the squares (reduced chi-squares) of the data
from the fitted function, that is for n-data
points which are given by:

: 1 n . 5
x-:;zw[(yl.—y(J,pk))' ......... 34.1
/)

Where (v) is symbolized to degree of
freedom that is the difference between
number of data points (n) and the number of
Gaussian parameters (m=5) and y; are the
experimental data pints (observed points or
counts). While; w; are the weights associated
with y; that can be evaluated from:

1

W= —
Yi

But y(j) are symbolized to the estimated
data points calculated from the function used
to represent the data that is approximated to
a Gaussian ridding on a linear background,
or eq.(2.1) is rewritten as:
y(J)=p exm——(f—’-———fﬁ—)—
2p

3

+p,+psj..3.4.3
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Since y(j) is a function which is nonlinearly
dependent of the parameters, (p;, p; and p;)
for the Gaussian and (ps and ps) for the
background, it makes (x’) a nonlinear
function also. Therefore, to apply linear least
square in eq.(3.4.1), y(j) in eq.(3.4.3) must
be linearized by taking its linear expansion
(Taylor series) for number of parameters
(m=3), i.e., by neglecting all terms above the
first derivative so it becomes:

NOESANEDY % &,
T OD;

that the function y(j) becomes a linearized in
the parameter increments and the method of
linear least squared is used in the fitting,
such that eq.(3.4.1) is changed to:

x*zzz w.(y, —yc.(j)—zg&@pk)z ...345
; k=1 OPy

In order that the parameters take the best
values x” (which is a scale of difference
between the observed data and estimated
data) must have local minimum values [18].
Fixing the starting values for the fitting
procedure required some experience, because
as a whole, several relative minama of the
reduced chi-square exist besides the absolute
minimum  [20]. Thus, a necessary and
sufficient condition for the chi-square in the
above equation to be a local minimum (as a
function of p), is

dx"” iy
dop, H
hold simultaneously for all values of
k, then it requires:-

.. 344

Pnltten 2Rl frmeehue e 3.4.6

n m oy, oy
0=-2Ywi[y; - yp()- ¥ —Ldp,1—0 347
k=1 517[ Py
To get a new step length in parameters (5p),
one must solve a system of m-simultaneous

equations that arranged as below:
3

B, = zévkau
k=1

where the matrix elements By and oy
{(curvature matrix) are calculated from:-
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The first derivative are assumed to be
calculated at starting point (yq) from:-

Yy _ ol i +8p) = v, (s Py — AD,)] 3
2Ap, '

I,
4.10
by taking into account that Apy are the step sizes
in the local minimum point that take the values
(1, 0.1 and 0.01) for the Gaussian parameters
(height, centroid and width) respectively and
(0.05 and 0.01) for background parameters for (a
and b) respectively, see eq.(2.1).

Following Marquardt method in fitting, it
requires to increase the diagonal elements of
curvature matrix (o) by a factor A which
controls the interpolation of the algorithm
between the two extremes (local minimum
points). Thus eq.(3.4.8) becomes:

B = ngka'k/
k=1

where the new curvature matrix (o) is given

by:

: a,(1+4) Jor k=1
o =
"' &y Jor k=l

wew Db L2

The solution of the parameter increments
(step length, 8p) is calculate from:

I, = Z 16’/(0(’;@1
k=1

Thus, for k™ iteration the new values of the

parameters are determined from:
k+1

P =p/ +p/
and the error estimation in the parameters
(opy) are evaluated from the inverse of the
diagonal elements of o [9], or

(P )=y s 34.15
Finally, the step recipes of the coded
Marquardt method can be abbreviated as:
Compute xz(p).

Start initially with 2=0.001.

vairesdite 1D
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Compute 8p and x*(p+8p) with this choice of
A.

If X*(p+8p)> x(p), decrease A by a factor of
(10) then repeat step (3).

If xz(p+8p)< x*(p), decrease A by a factor of
(10), consider (p'=p+8p) to be a new starting
point, then return to step (3) substituting p’
for p.

Peak analysis

After fitting process to estimate best
values of the parameters and their
uncertainties, for peak analysis, these steps
are followed:
A) By subtracting underlying background
function from the curve of eq.(2.1), the net
Gaussian is formed, for which the peak area
(A) can be computed by the following
analytical method using the Gaussian
parameters, height (h) and standard deviation

(@ [19):__
A= rhi sy WOy G Bl i 4.1

and determining its uncertainty o(A) from:

VA+2xSB

o(A)=165x——"—— . 4.2
(4) y

where (SB) is the summation of the count on
the background.

B) By transforming peak position to the energy
from energy calibration constants, then by
transforming the peak energy to the efficiency
from efficiency calibration constants, the peak
energy (E) and efficiency (Er) can be evaluated
respectively:-

E=w +waXx+ws+x> ... 43

it uacertainty o(E) is given by:-

o) =Wy +2° WX x; ... 4.4
where w;, w, and ws are energy calibration
constants, while;

Bty oo mlh onodl Deshwglove ol 4.5

30

where z; and z, are efficiency calibration
constants.

C) Since the intensity of the y-ray lines is
characterized by the corresponding peak
area, then the intensity of a particular line is
the ratio of the peak area to the efficiency

[18]:
ol iior Racgaivsolgen v o 18 4.6
/
and
pie Tl - N T 4.7
E

=y
The relative intensity (R;), where intensities
are normalized to (100), can be written as:-

B B 48
1,

s

where (I;) represents intensity of the standard
line. Then its uncertainty is:

o(l)
= . .9
o(R) ¥ 4

F

Results and discussion

After data smoothing, the process of peak
identification and fitting were performed
successfully for each singlet y-ray line to
determine a group of parameters that give the
lines the best Gaussian shapes (of minimum
chi-squared). In the fitting technique, getting
the best Gaussian parameters is depended on
the chi-squares (differences between the
estimated and observed data points), if the
statistics of the measured spectrum (weights)
is not considerable. Arrival to those best
parameters is depended on whenever their
starting values may be chosen, such that for
the quickly degree of this arrival, number of
iterations (IT) is indicated (i.e., small IT
means quickly arrival and large IT for slowly
arrival), as observed in Table (1).
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Table (1): Some of the calculated results taken Jrom the output of the run program.

Z° Enerii; \(/Ev) M = Gaussian parameters : Peak area. +9 wles| ca |
eight (h)| position (x,)| Width (o) €ITO!
1 [238.58+ .004 |17475.2+140.0 [329.4+ 006 |75+ 006 |32674 8% 1.4 10.001/6.1 |15.04 |9
2 |258.83+ .052 |717.2+59.6 358.0+ 074 |78+ 078 |1404.5+ 189 |0.004|13 [5.19 |7
3 |295.20+ 004 |19680.2+131.6 [409.5+ 005 |82+ .005 |40615.1% L1 |0 10.310.23 |8
4 |33831+ 013 |3160.6+64.5 [470.5+ 018 |85t 020 |67073< 40 10.002|3 |0.71 |6
5 |351.92+ .003 [30910.4+156.4 [489.8+ .004 |86+ .003 |66328.6 0.8 0 2471847 |6
6 1454.69+ .158 [214.7+ 58.6 35.2+ 223 |1.22+ .321 [656.6+ 23.8 0.05 1.1 [0.02 |64
7 _{562.74+ 203 [133.0+ 741 788.2+ 288 11.07+ .404 |355.1+ 37.4 0018(1.3 {232 |13
8 1609.46+ .003 [18753.8+112.7 854.3+ 005 .97+ .004 [45366.2+ 9 |0 56.7{104 |9
9 (703.02+ 138 ]152.1+27.4 926.7+ 196 |1.11+.283 |422.4+ 33.9 0.018/1.4 [0.32 |8
{10 1904.04+ 123 Ti00.5+ 21.1 12712+ 17482+ 218 [219.3+ 44.1 0.002(1.4 [0.22 |10
{11 1911.09+ 015 |2270.1£40.2 12812+ .018|1.07% 017 |6113.6¢ 2.9 0 9.8 |2 7
12 |1460.84=.010 32235+ 41.1 [2059.5£ 014|129+ 012 110397.4+¢ 18 {0 27.914.28 |12
113 (1620.61+.207 |44.0+ 8.0 2285.7+ 293 |1.48+.356 |162.8+ 38.7 0 1.8 076 |7
14 11729.56 636 [340.1+ 14.0 2440.0+ 052 |1.34+.049 [1143.7+ 67 |0 10.1]1.44 |5
15 [1764.63+.015 [1538.4+26.2 [248).7+ .021 |1.45+ .022 |5602.4= 23 0.001]31.3 1641 |24
116 12213.05+.433 [19.2+11.6 31247 613 [1.65+.206 |79.5+ 353 0.02911.7 10.58 |10

In determining of relative 1 :nsities, the
processions are gencrally limited by the
ability to define and compute consistent peak
areas. According to the listed values of the
areas and peak-to- background ratio (PB) in
Table (1), the peak area evaluation concerns
strongly with the base line (background)
height and the percentage error in the peak
area goes up as (PB) decreases because the
statistical fluctuations are more poorer.
Consequently, the detection of the weak
peaks (small PB) in the spectrum is
complicated because of the appearance of
fraudulent peaks which are nearly noise and
the fitting of those peaks are very sensitive to
the height of the background under the line
as a result of the great area contribution of
the background in the photo peak. The
asymmetry of the peaks was removed by
adding a tailing function to one of the peak
sides (especially for the low energy side)
such that the percentage area contribution of
the tailing function (TP) must be restricted so
that situates between (0-5%) of the total peak
area, Table (1).

It is clear from the analysis that the

3

whole spectrum, as shown in Fig.(3),
includes about (56) singlet y-ray lines for
(seven) radionuclides with energy ranges
between (128-2614 keV) as shown in Table
(2).

The emission rates (relative intensities),
that obtained from the present work, are
compared with the results of Nuclewr data
sheets (N.D.S.)[21,22,23,24,25].

The comparison in Table (2) shows that the
present results (relative intensities and their
corresponding uncertainties) are in
agreement with those of (N.D.S.), specially
for the strong lines, because the results of
(N.D.S.) are obtained for the spectra of
radionuclide sources not samples. In the
spectrum the line with energy (1460.84 keV)
from K* nuclide is clearly observed and
assigned qualitatively due to its non-serious
radioactive origin.

tis worth mentioning that in the spectrum

o attention was paid to peaks below (100
keV) since these were likely to correspond to

X ray or y-X interference, and because- of
the low (PB) ratio of these lines.
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In addition; and through the spectrum,
about (nine) common y-ray lines were

counts

identified by
- the program without resolving their
components, but instead, their detection was
) done by comparing their relative intensities

with the ones of (N.D.S.), so they had a great
relative intensities in comparison with ones
of (N.D.S.) because they have more than one
nuclide contribution, as shown in Table (3).

| 1 e Table(3):Unresolved common lines in
deidiibii the used
0 30 10 50 0 A0 am 0 40

spectrum that are detected by
comparing their

Fig.(3):The analyzed whole spectrum in the e L P
8.(9) e B relative intensities with those of (N.D.S.)

present study in the channel

© ~ o |Relative intensities (I,)
o N 'S 80 ‘= i s 5
Conclusion Rt in comparison
Throughout this study, it is assumed |9 g L,E = Present work [N.D.S.
that every peak is distributed about a pulse - -
height location corresponding to the energy l mTh 15400 : 4.83+ 0019 . 2.77
of the primary y-ray according to the normal 24 T LIEI05, W0k D00, L0
4 bl.’l.t e df i S (3] "Bi [24189 | 213003 [20.13
probability * (gaussian - distribution). 4| Th | 270.06 | 32.68+0.1 | 12.9
computer program was designed to search 5T 2850 757087 | 30.61 <0.032 | 22.8
for peaks automatically by 'lpcatﬂing ?djacel1t 6 T 2L 72743 | 233520126 | 2.4
channels such that the derivative in the left [ 2%p 78603 | 3.43+0216 | 0.68
side of the peak 1s positi\/e and negative for 8 328Th 839.45 12.69 + 0.281 3.53
the right side of the peak. Then Marquardt [o | 2%py | 964.63 | 3.65+0273 | 0.83

method was followed by the program to fit
the data point for getting most probable
gaussian parameters.

Finally, the used spectrum was resolved to
it’s components about (56) lines and the
present results were in conformity with those
of (N.D.S.).

32
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Table (2): A comparison between the present results and those obtained by
(N.D.S.) [20,21,22,23,24]

No. Peak Boundary Nucli Energy (E,) in Relative intensities (,) in comparison
dféS keV Present work N.D.S.
1 171-177 B 128.92+ 052 9.05% 006 2.2
) 192199 A 43,74 034 18.95
3 219227 A HOE02. | e 8.6
] 280-285 A 0543 113 8.6
5 285-292 B 209.25% 026 431 014 146
3 327332 E 238.58% 004 100.00% 002 100
7 356-361 € 358,85 052 1585 037 1485
3 382-388 ¥ 277,38 062 6.21% 046 .6
9 406413 C 285,20+ 004 5170 003 51.72
BT 313319 E ; 299..5% 028 7.38= 034 7.99
i 353460 B 33I07E A TLO9% 044 T
z 167473 B 33851 013 227% 013 23
13 i € 351,92 03 100.00£ 003 100
T D T TSR0 07e BIE 146 X3}
15 B ‘T 409.52+ 651 7.59+ 088 7.28
13 D 154,69 158 109% 138 .69
] B 162592036 16.78% 069 167
- 18 678656 487.024 166 1.46x 168 L8
IE] TR6-791 [ 56274 303 365+ 327 327
20 814821 F 583.25% 009 86.09x 023 85.2
21 849-860 D é 6 6t (03 100,00 009 100
T 931-936 ) S Ys) 354E 03 33
23 981-989 ; 138 107+ 456 102
24 1009-1014 53 13 1.05% 378 0.87
25 1059-1064 B £ 072 1.09% 556 378
26 ’ 1074-1083 D 768.49% 019 10.71 072 10.59
7 [TEEETH] B 7504 023 16.17% 207 16.3
T j 11271138 D 306.38% 307 233 267
25 L 1205-1214 F 86056 041 12.74% 298 1253
30 - 1269-1274 B 904.04x 123 3.56 961 294
3 1277-1286 B 91L.09= 013 100.00% 064 100
= 1309-1317 D 13 029 6.67% 148 686
33 1360-1367 B 569.01x 016 60.57% 102 60.8
3 1572-1582 D 1120.29% 011 244 076 3262
35 16231630 D 1155055 064 3.98% 382 367
36 17401749 D 1238142 021 12,72+ .I88 12.84
37 1800-1809 D 128100+ 068 3.21% 606 31
38 1937-1947 D 1377725 30 B.84E 292 w72
» 1950-1956 D 2 1652 1029 1.68
40 1970-1980 D 1401.65% .063 3.36x .662 30
a 1980-1989 D 30807 040 587 403 537
12 21252132 D 1509.32% 047 177% 332 375
3 21742180 D 1543.64% 139 T02E2.502 0.76
] 22362243 B 1588.37% 030 12372 1.032 123
iy 22802290 G 1620.61% 207 19.86% 2.599 19.86
G 22962305 B 1630.58% 113 6.62£1.677 6.72
) 23392347 D 1661.39% 069 2.32% 1028 249
8 24342445 D 172956 036 G.BE 507
3 2485.2494 B e 1764.68% 015 34375 184 3454
N 2590-2598 i 183840 256 9% 2,781 0.83
51 264032612 v 1847.65% 047 I84E 712 16
532 2985.2995 D 218,665 072 270+ 1,556 762
53 3106-3120 ) 2204.33% 033 11.05% 648 10.83
53 32353242 2293.29% 261 L00=3.727 0.7
55 3451-3463 2448.03% 063 383 1478 337
56 3687-3711 2614.952 025 o000+ 577 100

3

*A: ¥'Th, B: **Bi, D: *"Po, E: *Bi, F

.....u! indicates those nuclides that their vel

R

sities have not found.
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