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SUMMARY The objective of this work is to determine the relative gamma-ray detection
efficiency for an HPGe detector with the uncertainty approaching 0.1%. We used some
nuclides which emit at least two gamma-rays with energies from 700 to 1400 keV for which the
relative emission probabilities are known with uncertainties much smaller than 0.1%. This
work also shows that accurate determination of the relative gamma-ray emission probabilities
for other nuclides can be possible by using the determined highly accurate detection efficiency
curve.

1. INTRODUCTION

When quantitative measurements of y -
rays using high purity germanium (HPGe)
detectors are made for a large variety of
applications, accurate knowledge of Y-ray
detection efficiency is required. There are
two kinds of y-ray detection efficiency,
total efficiency and full energy peak
efficiency (peak efficiency), and the peak
efficiency is usually important in various
measurements. The peak efficiency is
classified into the absolute peak efficiency
and the relative one.

If the absolute peak efficiency is
calibrated, the emission rates of y -rays from
sources can be determined quickly. The
absolute peak efficiencies are determined
from measuring standard sources with
known disintegration rates. The

uncertainties of the absolute peak
efficiencies depend mainly on the
uncertainties of the disintegration rates, and
it is difficult to obtain sources with
certainties better than 1%. Therefore, the
absolute peak efficiencies have the
uncertainties more than 1%.

On the other hand, the relative peak
efficiencies are used for the determination of
intensity ratios for plural samples and for
comparison to the standard source. The
relative peak efficiencies are determined
from measurements of the sources emitting
multi-y rays with accurately known
emission probabilities. In this case, the
uncertainties of them depend mainly on the
uncertainties of the emission probabilities
and the uncertainties are almost about 1% or
more except for some particular nuclides.
Therefore, the relative peak efficiencies also



show usually the uncertainties more than
1%. One method to improve the certainties
of relative peak efficiencies is to obtain
many data points using many sources.
Another method is to measure certain
nuclides that emit Y-rays with intensity
ratios of much better than 0.1% [1].

2. METHOD TO DETERMINE
RELATIVE PEAK DETECTION
EFFICIENCY WITH HIGH ACCURACY

The method used in this paper is to
calibrate using sources with highly accurate
emission probabilities. Therefore,
requirements for the nuclides are following.
(1) Two or more y -rays are emitted.
(2) The y-ray emission probabilities are
very close to unity.
(3) The internal conversion coefficients are
negligibly small.
(4) The energy interval of two Y-rays is
proper.
Namely, the emission probabilities of
almost unity assure very small uncertainties
for those, and the negligible internal
conversion coefficients certify the Y-ray
emission probabilities of almost unity.
Considering various conditions, the small
energy interval of two y -rays gives small
uncertainties of the corrections, but too
short energy interval shows large
uncertainty of slope of the detection
efficiency line that is determined from the
peak intensity ratio and energy ratio.

When the measurements are carried out
using nuclides satisfying these conditions,
good certainties must be obtained from the
small difference of correction for both y-
rays. The corrections are necessary for the
differences of. emission probability, self-
absorption and cascade summing. However,
the chance coincidence is very nearly equal
for both Y-rays, because the random
summing resolving time is statistically equal
for both. The cascade summing depends on

the total detection efficiency, so the
measurements must be carried out at a large
distance between the source and detector for
small correction. Small correction for self-
absorption is attained for effectively thin
source considering Y-ray energy. Namely,
measurements must be carried out at an
enough large source-detector distance using
thin sources.

It is widely used to obtain peak intensity
that the measured data in a peak region are
fitted with an analytical function assumed
for the calculation of the peak area. On the
other hand, summation method is easy in
evaluation and gives the area with enough
certainty for the well-resolved peak with
high signal-to-noise ratio and a slowly
varying continuum. The spectral analysis
described by Helmer [2] was introduced in
this study.

After obtaining peak intensities, the
relative peak efficiencies are expressed as a
function of energy, and the function allows
the estimation of the peak efficiency at
energy where measured point are absent. In
the energy range 300 to 3000 keV the
logarithms of the peak efficiencies are
linearly related to the logarithms of their
corresponding energies. We have been
using the polynomial function for both
logarithms of energy and peak efficiency
[3]-

3. EXPERIMENT

Four nuclides satisfying the
requirements described in section 2 were
measured in-this experiment. They are<46Sc,
48Sc, 60Co and 94Nb, and Table 1 shows the
energies and Y-ray emission probabilities.
These decay data are obtained from IAEA
report [4] except for 48Sc of which the data
are described in Nuclear Data Sheets [5].
Using these nuclides, the energy range
covered extends from 702 keV for 94Nb to
1333 keV for 60Co.
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Table 1 The energies and y -ray emission
probabilities of the nuclides used in
the present experiment.

Nuclide

"So

<8Sc

"Co

"Nb

Half-life
(day)

83.79(4)

2.0279

1925.5(5)

73(9) X10*

Energy
(keV)
8893
1120.5
983.5
1312.1
1173.2
1332.5
702.6
871.1

Emission
probability

0.999844(16)
0.999874(11)

1.0011(58)
1.0011(71)

0.99857(22)
0.99983(6)
0.9979(5)
0.9986(5)

Table 2 The results of intensities for 46Sc,
60Co and 94Nb and the intensity
ratios.

Run

number
<sSc

1

2

3

4

5

Mean

Weighted mean

Peak area (a)

889.3 keV

19.029(21)

18.929(21)

18.854(21)

18.715(21)

18.712(21)

18.8478(94)

11205 keV

16.397(19)

16.332(19)

16.264(19)

16.158(18)

16.115(18)

16.2532(83)

Intensity

ratio(0)

1.1605(19)

1.1590(19)

1.1592(19)

1.1583(18)

1.1612(18)

1.1596(6)

1.1596(8)

"Co

1

2
3

Mean

Weighted mean

1173.2 keV

25.415(22)

25.414(22)

38.964(26)

29.931(14)

13325 keV

23.365(20)

23.379(20)

35.862(25)

27535(13)

1.0878(13)

1.0870(13)

1.0865(10)

1.0871(4)

1.0870(7)

MNb

1

2

3

4

Mean

Weighted mean

702.6 keV

2.3380(33)

5.8883(83)

5.8695(83)

5.8846(83)

4.2511(30)

871.1 keV

2.0377(30)

5.1266(76)

5.1212(76)

5.1269(76)

3.7048(27)

1.1474(23)

1.1486(24)

1.1461(23)

1.1478(23)

1.1475(6)

1.1475(12)

Sources of 46Sc, 48Sc and 60Co were-
prepared by irradiation in the Ford Nuclear
Reactor at the University of Michigan and
94Nb sources were prepared by irradiation
in the NIST reactor.. The reactions are
4SSc(n,Y)46Sc, s:V(n,a)48Sc, S9Co(n,Y)
60Co and 93Nb(n,Y)94Nb. Only V2O5

powder sample was irradiated at in-core
position for the availability of the maximum

fast neutrons. The disintegration rates of the
sources were appropriately distributed from
10 to 150 kBq. The typical source was a
thin metal foil with a diameter of about 2
mm and a thickness of 0.025-0.13 mm
sandwiched by polyester films with a
thickness of 7.3 mg-cm"2. The source of
48Sc was sandwiched with the same films
after precipitation on a filter paper with a
diameter of 6 mm by vacuum suction.

The sources were measured using a
closed-end coaxial HPGe detector
(Canberra model GC 7020) mounted ultra
low-background cryostat. The detector head
locates in a lead shield box with thickness
of 15 cm, but measurements were carried
out in a condition of no top shield because
of under-construction. The sources were
placed in an open-end lucite disk which was
positioned in a lucite holder and measured at
a distance of 40 cm referred to the detector
end cap and along the central axis of the
detector. The detector was operated with a
high voltage of 4.5 kV and the signals from
the detector were treated by a shaping time
of 6 M-s. The pulse heights of amplified
signals were analysed by APTEC
PCMCAAVIN soft loaded on a GATEWAY
2000 Work Station.

4. RESULTS OF RELATIVE PEAK
DETECTION EFFICIENCY

Table 2 shows the results for 46Sc, 60Co
and 94Nb. For 48Sc measurements of thirty
times of 10000 sec were carried out, so the
results were not shown in Table 2 but
shown in Fig. 1.- The mean value and
standard deviation of the intensity ratios
was 1.2064+0.0036 and the uncertainty of
each run was distributed from 0.0036 to
0.0067, then the uncertainty of each
measurement seems to be evaluated
correctly. Final intensity ratios corrected for
the self-absorption, cascade summing and
Y-ray emission probabilities are listed in



Table 3. Figure 2 shows the slope to energy
relation and the linear relation is recognised
at least up to the 1121 keV point. Beyond
this energy the slope changes slowly and
these results show that the third-order
polynomial function is proper.
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Fig. 1 The results of intensities for Sc
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Fig. 2 The slope to energy relation
expressed in both logarithmic
scales. The linear relation is
recognised at least up to the 1121
keV.

First, the data of 46Sc and 94Nb were
fitted linearly on both logarithmic scales by
the least squares method, and the data of
983.5 keV Y -rays for 48Sc was normalised
on the line. Next, the parameters of a third-
order polynomial function were determined
using these data and those of 60Co by the
least squares method. The results of the
fitting and the deviation of the data from the
fitting function are presented in Fig. 3.
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Fig. 3 The results of the fitting and the
deviation from the fitting function.

5. EMISSION PROBABILITIES OF THE
1038 AND 1213 KEV y-RAYS FOR ^Sc

As the relative peak efficiency can be

Table 3 Final intensities corrected for self-absorption, cascade summing and Y -ray emission
probabilities.

Nuclide

Eyi

EY2 (keV)

Peak area ratio

Total correction factor

Relative efficiency

LOR(IY1/IY2)

LoK(lYl/lY2)/Log(EYl/BY2)

<6Sc

889.277(3)

1120.545(4)

1.15964(82)

1.00009

1.15974(82)

0.06436(31)

-0.6411(31)

MSc

983.526(12)

1312.120(12)

1.20684(86)

1.00067

1.20765(86)

0.08194(31)

-0.6545(25)

MCo

1173.238(4)

1332.502(5)

1.08700(70)^

1.00126

1.08837(701

0.03678(28)

-0.6653(50)

"Nb

702.645(6)

871.119(4)

1.14748(123)

1.00075

1.148342(123)

0.06007(47)

-0.6436(50)
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Fig. 4 The intensity ratios of the 1037.5
and 1212.9 keV Y-rays to the
983.5 keVy-rays.

precisely obtained from the fitting function,
the emission probabilities of the 1037.5 and
1212.9 keV Y-rays were determined with
very high accuracy as an example of
application. In this case, those for the 983.5
and 1312.1 keV Y-rays are assumed to be
determined accurately. Figure 4 shows the
intensity ratios of the 1037.5 and 1212.9
keV Y -rays to the 983.5 keV Y -rays. The
final results obtained from these intensities
are shown in Table 3, and the emission
probabilities of the 1037.5 and 1212.9 keV
Y-rays are 0.97770 + 0.00079 and 0.02345
±0.00017, respectively.

6. DISCUSSION

The results obtained in the present
measurement show that the relative peak
efficiencies are obtainable with uncertainties
less than 0.1% as seen in Fig. 3. One of the
reason to have been obtained the very
highly accurate relative peak efficiency is
use of the nuclides with the Y -ray emission
probabilities of near unity and the other is

the method to accurately calculate the peak
area. Particularly in the case of the nuclides
satisfying the conditions mentioned in
section 2, the uncertainties for Y-ray
emission probabilities can be reduced to be
less than 0.01%. Four nuclides used in this
measurement satisfy the above conditions.
The present method of the peak area
evaluation shows smaller systematic
uncertainty than the method attached to
APTEC PCMCA. In the latter method, the
left and right boundaries of a peak are
defined and a linear continuum is estimated
under the peak. Assumption of the linear
continuum gives no serious effect for peak
area determination with an uncertainty of
1% order in the case of slowly varying
continuum, but affects for evaluation with
uncertainty of 0.1% order, particularly in
the case that a large slope exists on the
continuum.

As the chance coincidence is equal for
both Y-rays, the effect to the relative
intensity determination is negligible. The
effect of the cascade summing was avoided
by the large source-detector distance
location. The correction for self-absorption
of 48Sc attained absolutely about 0.5% for
983.5 keV Y-rays, but the relative
correction factor was less than 0.1%.

As shown in Table 3, when the
emission probability of the 983.5 keV Y-
rays is assumed to be 0.999876 under
consideration of the internal conversion
coefficient of 1.24X 10"4, the total transition
probability of the 1312.1 keVis given to be
1.00002+0.00082. This value shows the
accuracy of the relative peak efficiency.
Furthermore, the sum of the 1037.5 and
1212.9 keV transitions is 1.00125 +
0.00080, and that this value agrees with
unity within the uncertainty shows also the
appropriateness of the results.

The emission probabilities of the 1037.5
and 1212.9 keV Y -rays are shown with the
evaluated values in Table 4. The evaluated
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values in Nuclear Data Sheets are based on
the results by Meyer and his group [8-10],
and the recent values for the 1037.5 and
1212.9 keV Y-rays are 0.976+0.005 and
0.0238+0.0004, respectively. Comparing
his relative detection efficiency curves to the
present one, the high accuracy of the
present results is reasonable.

Table 4 The measured and evaluated emission
rays for 48Sc.

within the uncertainty which means that the
certainties of the results are high and the
accuracy have been improved considerably.
To expand the energy region of highly
accurate detection efficiency curve is future
subject and the expansion to higher and
lower energy region will lead to further
wide applications.

probabilities of the 1037.5 and 1212.9 keV y -

Gamma-ray energy
(keV)

Nuclear Data Sheets
(1978) [7]

Nuclear Data Sheets
(1985) [6]

Nuclear Data Sheets
(1993) rSl
Present work

(1996)

1037.5

0.975(3)

0.975(5)

0.976(5)

0.9777(8)

1212.9

0.0238(2)

0.0238(4)

0.0238(4)

0.0235(2)

Reference

Jackson, Henry, Meyer
J. Inorg. Nucl. Chem. (1976) [81
Meyer
Priv. Comm. (1978) [9]
Meyer
Fizika (Zagreb) (1990) [101

7. CONCLUSION

The relative full energy peak detection
efficiencies were given very accurately as a
function in the energy range from 702 keV
of 94Nb to 1333 keV of 60Co. This result
was obtained from the measurements of the
nuclides emitting two Y -rays with the
emission probabilities of almost unity, 46Sc,
48Sc, 60Co and 94Nb. It is important in the
measurement that various corrections are
small. A third-order polynomial function on
both logarithmic scales of energy and
efficiency was fitted to the data, and the
peak efficiency predicted at certain energy
from covariance matrix showed the
uncertainty less than 0.05% except for near
700 keV.

As an application, the emission
probabilities of the 1037.5 and 1212.9 keV
Y -rays were determined using the function
of the highly precise relative peak efficiency.
Those were 0.97770 ± 0.00079 and
0.02345 + 0.00017 for the 1037.5 and
1212.9 keV Y-rays, respectively. The sum
of these probabilities is very close to unity
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