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Abstract: The full-energy peak efficiency of high-purity germanium well-type detector is extremely important to cal-
culate the absolute activities of natural and artificial radionuclides for samples with low radioactivity. In this work, the
efficiency transfer method in an integral form is proposed to calculate the full-energy peak efficiency and to correct the
coincidence summing effect for a high-purity germanium well-type detector. This technique is based on the calculation of
the ratio of the effective solid angles subtended by the well-type detector with cylindrical sources measured inside detector
cavity and an axial point source measured out the detector cavity including the attenuation of the photon by the absorber
system. This technique can be easily applied in establishing the efficiency calibration curves of well-type detectors. The
calculated values of the efficiency are in good agreement with the experimental calibration data obtained with a mixed 7-

ray standard source containing ®°°Co and *Y.
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1. Introduction

In the field of gamma-ray spectrometry with high-purity
germanium (HPGe) detectors, applied to measurements of
activity when the sample is small and has low radioactivity,
the well-type HPGe detectors are widely used. The cal-
culation of absolute activities of natural and artificial
radionuclides by gamma spectrometry requires reliable and
accurate determination of the detector full-energy peak
efficiency [1]. The main problem of the measurements in
the well-type detector geometry is the presence of high
coincidence summing effects in the case of multi-photon-
emitting radionuclides. True coincidence summing effects
occur when two or more photons emitted subsequently in
the same disintegration act interact in the detector in a time
interval smaller than the time required by the detection
chain to produce separate signals. In this case, a single
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global signal is produced, instead of a number of signals,
associated each with a specific photon [2]. In the case of
extended sources, particularly for small volume sources
inside 47m 7y-counting detector, the situation is difficult,
because to evaluate the coincidence summing correction
factors, it is necessary to know the spatial dependence of
the detector efficiencies within the detector volume.
Moreover, the coincidence effects are high for source—de-
tector close geometries [3]. Ignoring these effects inside a
well-type detector can lead to an error of a typical factor of
two in the determination of ®°Co and ¥Y activity, which is
used in the calibration process.

In the current work, an aqueous cylindrical radioactive
source (1 ml), filled by 70 % of its total volume, is used to
calibrate a well-type HPGe detector (p-type). The total,
full-energy peak efficiency values and the coincidence
correction factors have been calculated using numerical
integration and efficiency transfer method (ET) such as
applied successfully before for different source-to-detector
systems [4—14].
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2. Mathematical preview

The efficiency transfer technique (ET) as presented in [10]
has been applied to establish the efficiency calibration
curves of well-type detectors based on the following
equation:

Stargel == Qg ffet ref (l)
where &qpgee and &re¢ are the full-energy peak efficiencies
of the target (a volume source measured inside the
detector well) and the reference geometry (an isotropic
radiating axial point source measured out of the detector
well), respectively. While Qy,ee; and £r are the effective
solid angles subtended by the detector surface with the
volume and the reference geometry sources, respectively.
In order to use the efficiency transfer technique (ET), the
experimental reference efficiency, €., has been measured
[7].

The effective solid angle, Qgg (point-our)» i Which the
source is located outside the well-type detector, can be
calculated according to five probabilities for the photon to
enter the detector covering distances, d;, d», d3, d4 and ds
as shown in Fig. 1(a)-1(c) Considering a well-type detec-
tor of outer radius, R, internal radius, R;, base height, L,
and depth, L;, the photon path distances can be expressed
as follows:

1. The photon may enter through base-1 and exit through
base-2 of the detector, travelling distance, d;, given by:

L L 2)

~cosO  cosf
2. The photon may enter through side-1 and exit through
base-2 of the detector, travelling distance, d», given by:

L Ry h
dy = - - 3
> cosf <sin 0 cos 9) 3)
3. The photon may enter through base-1 and exit through
side-2 of the detector, travelling distance, ds, given by:

R h L,
dy = — — 4
} (sin 0 cos 0) cos 0 “)
4. The photon may enter through side-1 and exit through
side-2 of the detector, travelling distance, d,, given by:

R R,
dy = | ———
¢ (sin@ sin 0> )

5. The photon may enter through the top of the detector
and exit through side-2 of the detector, travelling
distance, ds, given by:

R h
ds = (ﬂ ~ cos 0) (6)

d

6. The photon may enter through the top of the detector
and exit through the base of the detector, travelling
distance, dg, given by:

L
= 7
%7 cos @
The polar angle, 0, takes the values:
R R
0 =tan ' ——]), 0, = tan™! !
h+L h+ L,

(3)
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In addition, there are three sub-cases given by:

1. For (0, <0, <0,), the effective solid angle, Qg point-
our» With possible different pass lengths as shown in
Fig. 1(a) is given by:

- Z?:ﬁ @ )

QEff (Point—Out)

where
0y 2n 0, 2
le//fan.fl sinf0d¢ do, sz//fan.fzsinﬁdq) do
00 9, 0
0, 2n 0, 21
ng//fan.ﬁ; sinfde do, Q4://fan.fssin0d(pd0
0, 0 0, 0

(10)

2. For (0, <0,<0,), the effective solid angle, Qgsr poin-
our» With possible different pass lengths as shown in
Fig. 1(b) is given by:

=Yg (11)

CEft (Point—Out)

where
0 2m 0, 21
QI://fm.fl sinfd¢ do, ng//ﬁm.ﬁsin@dgod@
0 0 0, 0
0 2n 0, 2n
Q3://fan.f4sin9dqod9, Q4://fan.f5$in9d(pd0
# 0 @ 0

(12)

3. For (0, <0,<0)), the effective solid angle, Qgsr poin:-

oun» With possible different pass lengths as shown in
Fig. 1(c) is given by:

=y e (13)

CEft (Point—Out)
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Fig. 1 Schematic diagram of a (a) Source (b) SOurce
well-type detector using an axial
point source measured out the h
detector cavity with possible h
different pass lengths: (a) for Top R S
0, < 0, <0, (b) for 0, <0, <0,
and (c) for 0] <@, <0, Ly "
1 Side 1 / i
Base 1] . i Ly L
‘ L Side2 /
Dead layer
/ End cap
h
L,
L
detector system is given by:
where "
fuu=e Ei:l 19 (15)
0, 2n 0, 27
Ql Z// . 1Sil’10d do 92:// . zsian do L.
Jau-f P Ju-t ? where the photon path lengths inside the absorber, J;,
00 o 0 are given by:
0, 2n 0, 2n
Q3 = //fn.fgsined(pde Q4= / /fn.fs sin d¢p df t
“ ’ ‘ 0; = ( : ) For the front absorber layers
9, 0 0 0 cos0

(14)

where f;= (1—e#%) and d; are the possible path
lengths travelled by the photon within the detector active
volume, d;, d,,...,d,, as discussed before, and the
attenuation factor, f,, for the absorber layers with
attenuation coefficients, u;.  po,....M,, and relevant
thicknesses, t, f,...,l,, between the source and

(16)

t.
0, = ( — ) For the side absorber layers
sin 6

In the case of an isotropic radiating axial point source
located inside the detector’s well, the effective solid angle,
QEfr (Point-my» €an be calculated by dividing the well-type
detector into two parts (upper and lower parts) with, outer
radius, R, inner radius, R;, base height (L + L), and depth
(L1 + L»). Therefore, there are two cases to be considered
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for the photon emitted from a point source, P, at a definite
position inside the detector cavity as shown in Fig. 2. Thus,
the effective solid angle, Qg (point-m), 1S given by:

well-type detector upper and lower parts, respectively
(covering distances, dy, d,, d3, d4, ds and dg) [14]. The
effective solid angle, Qg (upper party» Of the upper part of
the detector can be given by:

QEff (POint_In) = QEff(upperpan) + QEff(lowerpan) Where: Q i=4
= //fau (1 — e sin 0dg dO (17) Qki (upperpar) = Z Qi (18)
i=1
0 o
) ) where
where 0 and ¢ are the polar and azimuthal angles, | is the
attenuation coefficient of the detector active medium for a Os 27 Oy oy
y-ray photon with energy, E,, and d, are the possible photon Q= / / Jfa - fudedl, @, = / / Jar - fsde do,
path lengths inside the detector active volume. The factor, T 0 b0
2 3
faw 18 as identified before in Eq. (15). 0 5
The quantities (p, L) identify the position of an arbi- o
trarily positioned point source, P, the polar, 6, and the Q3 = / / Ja - fsdo dO
azimuthal, ¢, angles at the point of entrance of the con- 0s O
sidered surface define the direction of the incidence of the 05 T oup Pup
photon. The effective photons travelling through the Q= / / faee - fsd dO — / fue - fode dO
detector active volume traverse a distance, d, until it
0, Lo 0
comes out from the detector. There are six allowed 19
probabilities for the photons to enter and exit from the (19)
Dead layer End cap
Detector
Source
S
Joisel Lo | B2/ [
g : f ‘
La-(Li-ho) | . Upper ka
2 z L3 \f e A
Li-ho | AN
e h o B (1] S A [ Ly
ho" - v L
03~ 01
d’ < e Lower part
7 Ri P
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< ..................... ’
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0

Fig. 2 Geometry of the source—detector system for non-axial point and cylindrical sources
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with, 0, 2n 0 2n
fo (1 e ") sin0, i—4and5 @ = [ [ fusidoaw, &= [ [ fu-sidoaw,
For the lower part of the detector, there are two cases to 00 00
be considered according to the relation between the 2
extreme values of the photon angles, 0;. In the first case €3 = / / Jau - fadep dO
(0’2 < 0, <m/2), there are two sub-cases based on the 0, 0
relation between ', 0, and 0, as (0, <0,<0,) or T o ol -
(0, <0,<0)). In thils ca;e, the efzfective(scl)li_d einglez,)QEff Q — AN dodd i dodf
(lower pary» OF the lower part is given by: 4= S f3d@d0 = [ far - fadep
i=5 0, LO 0 i
Qggr (lower part) — Z Q; (20) b T Lo PLo 7
=1 Qs = / / Sa - firde dO — / fau - f3do dO
where 0, Lo 0 i
0, 2n 0, 2n (23)
= [ [ fufidoa0, 0= [ [ fu-ptpa, where
00 U fi= (1 —e*¥)sin0,i= 1,3 and 4
3 2n
or else
Q= Ja - fadep dO
i=6
o , 0_ , , _ QEff (lower part) — Z Q; (24)
0, | ¢L0 PLo i=1
0, = / / fuu - dd0 — / fur - fodep 0 with.
0 Lo 0 - 0 [ oto 21 ]
T 7 ] Q= / / fou - frdp O + / fur - frdep dO)
Qs = / fau - fodep dO — / fau - fad dO (21) 0, |0 oo
0, LO 0 _ LT el o 7
where Q= / / Jau - f3de dO + / Jar - fadep dO
0 |0 Lo _
fi=(1—e*d)sing, i=1,2and 4 o " i ;
In the second case (0, <0, <m/2), there are also two Qs = / / Sae - frdo dO + / Sae - odp dO + / Sate - fadp dO
sub-cases based on the relation between 0, 0, and the o |0 o, oo ]
transfer angle, Or, as (0 <0,<0r) or (0] <0,<0r). 0, T 010 oo o’
Therefore, the effective solid angle, Qgsr gower parys Of the o — / / fut - fidp dO + / fut - frdepdO + / fut - frdpdO
lower part of the detector in the two sub-cases can be given i o o o
by following Eqgs. (22)—(25), respectively. v 2 5')
where
i=5
QEff(lowerpart) = ZQI (22) ﬁ = (1 - eiu'di) sin 0, i=1,2,3and 4

i=1

where

Setting of p =0 leads to an arbitrarily positioned
isotropic radiating axial point source case, where the
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numerical evaluation of the double integrals is performed
using the trapezoidal rule. A computer program has been
developed to evaluate the effective solid angle of the well-
type detector with respect to the previous source at any
source—detector partition. The accuracy of the integration
increases by increasing the number of the intervals under
the integration, n; it has been stated that the integration
converges very well at n = 30.

In the case of an isotropically irradiating volume source,
not all emitted from its radioactive nuclei photons exit the
source volume with the same energy, a part of them is
absorbed in the source itself [15]. This self-absorption
factor St is defined by:

Sp= e, (26)

where p is the source medium attenuation coefficient, d,,
the distance travelled by the photon within the source
substance, is a function of the polar 0 and azimuthal ¢
angles, where angles (0s—0g) are the extreme polar angles
of the source [14].

The radioactive cylindrical source can be considered as
a volume source as shown in Fig. 2 consisting of a group of
point sources, P, uniformly distributed, each having an
effective solid angle, Qg (poini-in), and then, the effective
solid angle, Qg (cy1-m). Of the well-type detector in case of
using a volume source inside is given by:

J [ [ St Qe (point—m) pdp docdh

h op

QEff (Cyl-n) = (27)

TESZL3
where V is the volume of the radioactive source. For any
element of volume,dV = pdpdoadh displaced a lateral
distance, p, from the detector axis, with angular coordinate,
o; then, the Eq. (27) can be rewritten as:

S [ [ St Qese (point—1m) pdp docdh
h op

QEfr (Cyl-tn) = (28)

RSQL3
Thus, the effective solid angle, Qg (cy1-1my Of the well-type
detector in case of using a cylindrical source of radius, S,
and height, L3, can be expressed by:

efficiency using a point source, located outside the well-
type detector cavity by the following formula:
QEfr (Cyl-Tn)

&(Cyl-In) =
QF_ff (Point—Out)

&(Point—Out) (30)

where &cy1-m) and &poin—ouw) are the full-energy peak
efficiency for using a cylindrical radioactive source and
point source, located outside the well-type detector as a
reference  geometry, respectively, Qg (cyl-m) and

e roim_owy 1€ the effective solid angles subtended by the
detector surface with the cylindrical source and the refer-
ence geometry, respectively.

To establish the idea of the correction for the coinci-
dence summing effects when using a volume source with
homogeneously distributed activity [16], one can examine
some simple cascade transitions as in ®°Co and **Y. It is
required to know the spatial dependence of the detector
efficiencies within the detector volume. The correction
factors for the gamma lines vy, y19 and y,(, corresponding
to the transitions between the energy states (1 and 0, 2 and
1), are given by:

—1
Cio= (1 — Py - S(Cylfln)ZlT)
-1

Co1 = (1= Pio - &cyl-mmyior) (31)
PioP>r1 gcyl— . -1
Cy = <1 4 10f21 HCyl-In)10P * B(Cyl In)21P>
Py €(Cyl—In)20P

where Py, P, and Py, are the emission probabilities of y-
lines 10, 721 and 729, while &cyi-m)ioprs &(cyl-m)21p and
&cyl-mpop are the full-energy peak efficiencies with
respect to the these lines. Besides ¢cyi—m)yor and
&cyl-mpir are the total efficiencies which reduce the
counts under the peaks y;9 and y,, and can be calculated
based on Ref. [15]. In Eq. (31), it is assumed that for a
volume source of 1 ml the effective total efficiencies [17]
are practically equal to the usual total efficiencies.

In the well-type detector geometry, the coincidence
summing effects are high and make the determination of
the full-energy peak efficiency difficult with standard cal-
ibration point sources. The efficiency calibration procedure
that is performed with usual mixed gamma-ray standard

hotLy /21m S 2n S
(f fo : QEff (upperpfm)pdpdOC + f fo . QEff (lower part) pddeC) dh
ho 00 00
QEfr (Cyl-tn) = T

(29)

The full-energy peak efficiency of the well-type detec-
tor, using cylindrical radioactive sources, can be calculated
based on the reference measured full-energy peak

source cannot provide a correct efficiency calibration
curve, because there are important coincidence losses
involved when counting the lines of %Co and 88Y, which
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leads to a biased calibration curve in the high-energy range.
Besides, there is no practical nuclide emitting only one
gamma-quantum that would extend the calibration curve
up to ~2000 keV.

S/N 06013

=

endcop @ 95.2
Window Electrode

ystal Holder
|-——Outer Clectrode

|-—Geo Crystot
[—tnuulator
|~High Voltage Contoct

[~~Teflon Insulator

=

Ge Crystal Details
Outer Electrode Thickness: 0.7 mm(estimated)

Inner Electrode Thickness: 0.3 rn( . Ge)
dow Electrode Thickness: O. m:ao-llmotoo)
Crystol D 75 mm

lometer:
Crystol Length: 76.6 mm
Cor

@ Hole or: 23 mm
Core Hole Depth:

35 mm

Detector Chamber Material Details
Cryostat Window Materiol: Al Thickness: 1 mm

Endcop Materiol: Al Thickness: 1.5 mm
Crystol Holder Material: Cu

Fig. 3 Industrial drawing of the detector provided by the Canberra
company

3. Experimental setup

The full-energy peak efficiency values were measured in
laboratory for y-ray spectrometry of the Belgium Nuclear
Research Center (SCK.CEN), MOL, Belgium, for the
p-type HPGe well-type detector (Model GCW6023-Can-
berra) of 300 cm? active volume, with relative efficiency at
1.33 MeV equal to 68.2 %. The manufacturer parameters
are shown in Fig. 3, and the SCK.CEN electronics setup
values for this detector are shown in Table 1. The activity
standards in the form of point sources were used for the
calibration of gamma-spectrometers. The radioactive sub-
stance was a very thin, circular deposit with about 5 mm in
diameter, in the middle of two polyethylene foils, each
having a mass per unit area of (21.3 #+ 1.8) mg cm 2. By
heating under pressure, the two foils were welded together
over the whole area so that they were leaked-proofed. To
facilitate handling, the foil 26 mm diameter in diameter
was mounted in a circular aluminium ring (outer diameter:
30 mm, height: 3 mm) from which it could easily be
removed if and when required. These point sources
(241Am, 137Cs, 133Ba and 152Eu) were purchased from the
Physikalisch-Technische Bundesanstalt (PTB) in Braun-
schweig and Berlin, which is the German metrology
institute and the highest technical authority of the Federal
Republic of Germany in the field of metrology and certain

Table 1 Setup values of the well-type HPGe detector and the source at SCK.CEN

Detector Details Volume sources description Volume
Manufacturer Canberra
Serial number b 06013 (HDPE) I ml filled (70%)
Thickness
Detector model GCW6023 Geometries (cm) | Diameter Height -
Bottom | Side
Geometry Co-axial open end lem3 0.93 1.37 006 | 0.07
Mounting Vertical
Relative efficiency (%) 68.2 Volumes and Activities (Bq)
. IPL Nuclide Ref. Date Uncertainty %
P/C ratio 70.2 21100 1ml (k=36)y
Active volume (cm3) 300 241Am 239 3.0
Resolution at 133.5 keV 1.98 keV 109Cd 2119 3.1
Voltage bias (V) (+) 4500 57Co 80 3.1
Amplifier ICB 9615 123mTe 105 3.1
ADC ICB 9633 51Cr 2006-05-1 2755 3.0
MCA and range AIM 556 (8192) 113Sn 429 3.0
Shaping time (us) 4 85Sr 518 3.0
Shaping mode Gaussian 137Cs 362 3.0
Detector type HPGe (P-type) 60Co 433 3.0
Correction for dead time LFC- ND 599 88Y 815 3.0
i o,
Nuclide Activities (Bq) R]e ;'I;)O%te Unc;:lr('t__aslz;y % Company
Point source's 2 Am 194.4E+3 1.5
description 152Eu 306.0E+3 1994-5-1 2 PTB
'3Ba 141.8E+3 1.5
131Cs 155.4E+3 1994-7-1 1.5
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sectors of safety engineering. The sources were measured
at 26 cm from the surface of the cavity of well-type
detector, where 0.1-cm-thick Plexiglas cover was used.

The radioactive source container was high-density
polyethylene (HDPE) plastic standard vials supplied by the
Department for Fine Mechanics of the Biological Labora-
tory of the Free University of Amsterdam and containing
an aqueous solution of volume 0.7 ml. The several
radionuclides (241Am, 109Cd, 57Co, 123mTe, “3Sn, 85Sr,
137Cs, 5 lCr, 88y and 60Co) were mixed in the water matrix
from Eckert and Ziegler Isotope Products Laboratories
(IPL) USA—Source No. 1160-56, reference date: 2006-05-
01(21HO00). The source dimensions plus source activities
and uncertainties are given in Table 1. All the volume
sources were measured and placed directly inside the well-
type detector cavity on the entrance window, so the source-
to-detector separations were taken to be very small in order
to neglect the angular correlation effects.

The practical measurements were taken using a multi-
channel analyser (MCA) to obtain statistically significant
main peaks in the amplitude spectra, which were recorded
and processed by ISO 9001 Genie 2000 data acquisition
and analysis software made by Canberra [18]. The acqui-
sition time was as long as necessary to get at least 20,000
counts under the full-energy peak, which gave a statistical
uncertainty of less than 1 %. The peak fitting was per-
formed using a Gaussian function without a low-energy tail
(for HPGe detectors) [19]. The activity of the each
radionuclide source was kept low to avoid high counting
rates when measuring at a small distance [15], in order to
minimize dead time and pile-up effects.

The peak areas, live time, real time and starting time for
each spectrum were entered in the spreadsheet used to
calculate the efficiency curves. Then, the efficiency transfer
method (ET) was used to calculate the coincidence sum-
ming factors, to correct the measured full-energy peak
efficiencies and to obtain the true efficiency.

4. Results and discussion

The true full-energy peak efficiency values, as a function of
the gamma-ray energy [8], for the HPGe well-type detector
(p-type) with radioactive point sources and plastic vial source
of volumes 1 ml, are determined by the following equation:

H C; (32)

where: N (E) is the number of counts in the full-energy
peak, as calculated by Genie 2000 software, T is the live
time (in seconds), P(E) is the intensity of gamma-ray with
energy E, Ag is the radionuclide activity, C; are the
correction factors taking into account the radionuclide

o(E) =7 AS

decay and coincidence summing. The decay correction C,
for the calibration source from the reference time to the
acquisition time is given by equation:

C, = ei»AT (33)

where / is the decay constant, AT is the time interval over
which the source decays. The main source of uncertainty in
the efficiency calculations is the uncertainties in the
activities of the standard source solutions. Coincidence
summing effects are negligible in the reference
measurement geometries due to the large source—detector
distance. Once the efficiencies have been fixed by applying
the correction factors, the overall efficiency curve is
obtained by fitting a polynomial logarithmic function of
fifth order to the experimental points using a nonlinear least
square fit, based on the following equations:

2
log(e) = Za, log(E)", log(‘) (E) .2 and W,

(%)2 o4

where a; are the coefficients to be determined by the
calculations, ¢ is the full-energy peak efficiency at energy
E, 010g(,) 1s the variance of log(e), W; is the weighting factor
of ith experimental data point. In this way, the correlation
between data points of the same calibration source has been
included to avoid the overestimation of the experimental
efficiency uncertainties. The overall uncertainty for the
full-energy peak efficiency o, is given by the equation:

SR ENOENCRNE

where 64, op and oy are the uncertainties associated with
the quantities Ag, P(E) and N(E), respectively, assuming

Log (g)
&
rI

®  Measured [Point-Out (26cm)]
Fitting [Polynomial of oder 5]

Log (E)

Fig. 4 Relation between the Log(e) and Log(E) with the associated
uncertainties for using point sources (241Am,137Cs,133Ba and 152Eu)
measured at 26 cm from the surface of the cavity of well-type
detector beside the fitting curve using polynomial of order 5
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that the only correction made is due to the source activity
decay [20]. The coincidence correction factors for 50Co and
8Y have been calculated from Eq. (32) and used to
determine the true full-energy peak efficiency. The relation
between the log(¢) and log(E) with the associated uncer-
tainties using point sources (241Am,137Cs,133Ba and 152Eu)
measured at 26 cm from the surface of the cavity of well-
type detector with the fitting curve using a polynomial of
order 5 is shown in Fig. 4. The fourteen fitting full-energy
peak efficiency values of using point source [Point-out]
which it measured at 26 cm as a function of the gamma-ray
energy based on the volume source energies have been

1E-3 o a -

Full-energy peak efficiency
>

4 14 Fitting Vules [Point-out] based
on the volumetric source energy

100 1000
Photon energy (keV)

Fig. 5 Fourteen fitting full-energy peak efficiency values for using
point source (Point-out) at 26 cm as a function of the photon energy
based on the volume source energy

LJ v LJ
! kK ® Oo g4 3
3 o 3
> ® e
2 0.1 ® e ®
'g 15 ®e 1
= ] ®
v L
=<
s 0.01 1 1
- 3
> 1 ]
oy h ] " "oeg -
2 1E-3 " omg 1
l) a4 = [ |
B
L L
2 1E4 1 m  Fitting [Point-Out (26cm)] 1
= E ® Measured [1 ml] 3
1E-5 — v ettt
100 1000
Photon energy (keV)

Fig. 6 Measured full-energy peak efficiency values for using volume
source (1 ml) measured inside the cavity of the well-type detector and
the fitting full-energy peak efficiency values for using point source
(Point-out) at 26 cm as a function of the photon energy

extracted using the polynomial function from Fig. 4 and
exemplified in Fig. 5. The measured full-energy peak
efficiency values with the associated uncertainties for
volume sources (1 ml) measured inside the cavity of the
well-type detector and the fitting full-energy peak effi-
ciency values for point source [Point-out] at 26 cm as a
function of the photon energy are shown in Fig. 6. The
calculated ET based on Eq. (31) and measured full-energy
peak efficiency values with the associated uncertainties as a
function of the photon energy in the energy range 60 up to
1836 keV for a cylindrical geometry are displayed in
Fig. 7. The ratio of the effective solid angles subtended by

0.1 i K

®  Measured [1 ml]
Calculated [ET]

True full-energy peak efficiency
]

0.01 PREPEEr . | A A A A PREP R |
100 1000

Photon energy (keV)

Fig. 7 True full-energy peak efficiency for calculated (ET) and
measured values with the associated uncertainties as a function of the
photon energy for (1 ml) geometry
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Fig. 8 Ratio of the effective solid angle as a function of the photon
energy between the solid angle of the volume source (1 ml) inside the
cavity of the well-type detector and the solid angle of the point source
(Point-out) at 26 cm subtended with the detector
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the detector between the volume source measured inside
the cavity and the point source at 26 cm as a function of the
energy is represented in Fig. 8.

The relative differences between the calculated and the
measured true full-energy peak efficiency values [6] are
given by the following equation:

A% _ Ecalculated — €measured % 100 (36)

Ecalculated

By comparison, the percentage differences are being
around 8 %, using the efficiency transfer method (ET) in
integral form.

5. Conclusions

The efficiency transfer method (ET) in an integral form has
been used successfully with relative differences being
around 5 % to produce the full-energy peak efficiency
curve for the p-type HPGe well-type detector calibrated
with radioactive point sources measured out the well-type
detector cavity and the volume cylindrical source fitted
inside the well-type detector cavity. In addition, the source
self-absorption factors and the coincidence correction fac-
tors for using volume sources have been calculated using
the efficiency transfer method (ET) to correct the efficiency
values.
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