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Germanium detectors are widely used in 7-ray spectrometry. In this TFG we have performed
the energy, resolution and efficiency calibrations of a broad-energy Ge spectrometer using a set of
radioactive sources. The efficiency was also studied with Monte Carlo simulations. Furthermore, the
properties of characteristic x-rays, annihilation and escape peaks were analysed. Modelling proved
the excellent linearity and resolution of the detector, while the experimental efficiency differed some-
what from the simulation results. Parameter findings were in strong agreement with the literature
data and Doppler broadening was confirmed for the annihilation peaks.

I. INTRODUCTION

The spectrometry of y-rays and x-rays plays an impor-
tant role in nuclear and atomic physics. It is also essential
in many materials science techniques as well as in medi-
cal physics applications like radiology and radiotherapy.
Broad-energy hyperpure Germanium (BEGe) detectors
allow to work in a wide range of energies while having an
excellent energy resolution [1, 2]. The principle of opera-
tion of these devices starts with the energy deposited by
the impinging photons in the sensitive volume. The pos-
sible interaction mechanisms are photoelectric absorp-
tion, Compton scattering and electron-positron pair pro-
duction, the latter only possible above 2mec? [1, 3, 4].
The sensitive material (Ge) is connected to a bias voltage
so that the electron-hole pairs produced by the electrons
(or positrons) ejected in the fully-depleted semiconduc-
tor are pulled to the electrodes, generating an electrical
signal. The height (voltage) of each collected pulse is
proportional to the energy deposited in the sensitive ma-
terial by the incident photon. In particular, if the photon
deposits all its energy into the detector the spectrum will
display a peak named full-energy (FE) peak.

The aim of this TFG was to calibrate a BEGe spec-
trometer using the FE peaks in the spectra of various
radionuclides, and to analyse its energy resolution and
efficiency. The efficiency was also studied with the DET-
EFF software [5]. Besides, a detailed investigation of the
properties of other v-rays and x-rays was performed, in-
cluding the Doppler broadening of annihilation radiation
[6], the intensity of characteristic x-rays and the presence
of Ge K escape peaks. The original plan included the
analysis of a natural radioactive source of 2**Th present
in a sample of sand from the Guarapari beach (Brazil),
but due to the COVID-19 pandemic the data could not
be collected.

II. SPECTRA ACQUISITION

Data acquisition was carried out at the Servei d’ Analisi
Isotopica (Facultat de Quimica) using a cylindrical BEGe
detector coupled to a multi-channel analyser (4096 chan-

nels) under the guidance of Dr. Joana Tent. The equip-
ment consisted of a CANBERRA BE3830 spectrometer,
whose specifications are shown in Table I, a preampli-
fier (2002CPSL) [7] and a cryostat (7500SL). The refrig-
eration with liquid Ny avoided thermal promotions that
would otherwise happen owing to the small energy gap of
Ge [2]. The detector window was made of carbon epoxy,
a material that provides excellent transmission even at
very low energies. In fact, the BE3830 detector covers
the energy range from 3 keV to 3 MeV with high reso-
lution for both low- and high-energy photons [8]. The
detector is surrounded by a thick Pb shielding to mini-
mize unwanted background (bg) radiation.

Table I: Specifications of the BE3830 detector and exper-
imental conditions.

Value

Active volume diameter 69.56 mm

Parameter

Active volume thickness 30 mm
Window thickness
Distance from window

0.5 mm
5 mm
Source-detector distance (87 + 1) mm

5 certified point-like radioactive sources were employed
in the analysis, namely *7Cs, %°Co, #*Na, **'Am and
133Ba. The sources were positioned on the symmetry
axis of the spectrometer at a fixed distance. The ac-
quisition times were selected according to the activity of
each source and its decay constant so as to assure enough
counting statistics. Both the real and live times were
recorded.

The collected raw spectra consist of the number of
counted pulses associated to the channel n where they
had been detected. The corresponding net spectra were
obtained subtracting the rescaled background (bg) spec-
trum,

W w /b
vt =y — (/s ) uE, me[1,4096], (1)

b . . .
where ¢2% and ¢%  are the live times. An example is

shown in Fig. 1.
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Figure 1: Raw (blue) and net (green) spectra of **Na.
The rescaled bg spectrum (red) is also depicted.

ITI. RESULTS AND DISCUSSION
A. Energy-channel relation

The energy calibration procedure began with the iden-
tification of 8 intense, isolated «-ray peaks and their mod-
elling adopting a Gaussian for the peak shape and a linear
function for the continuous component of the spectrum,

=),

1
2702 P < 202

C(n) =co+ cin.

G(n)=N

(2)

The continuous component interpolation was immediate.
But to obtain the parameters p, o and N that define
the Gaussian, a merit function was determined and min-
imized to adjust a parabola to the peak,

Z {ln[ net —C(n)] —(a+,6’n+'yn2)}2,

n€eROI
3)

where ROI is the region of interest around the peak and
InG(n) = a + Bn + yn?. The relationship between the
Gaussian parameters in the two representations is

o= 1 __5 N = T ex (a 'B2>
= M= Ty ,/77 p -

(4)
The minimization was done adopting the least-squares
methodology with two different procedures to assure re-
sult consistency which included manual programming
of the partial derivatives with respect to «, f and =,
equalling them zero and then solving the obtained 3 x 3
system using Python, and the fitting models available in
Gnuplot which provided the uncertainties associated to
the fitted parameters. Figure 2 displays the ROI of one
of the v-ray peaks of '**Ba together with the fit.

Qa,B,7v) =
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Figure 2: ROI in the spectrum of **Ba pertaining to the
276.4 keV ~-ray. The circles are the experimental data
and the curve is the fitted model.

Energy calibration consists in finding the parameters
that suit the model E(n) = ag+ain. The same procedure
of minimization was applied using the merit function

= [Ei-

J

Q(ag, a1) (a0 + apy)]”, (5)

being p; the centroid of the Gaussian that fits the j-th
peak, whose energy Ej; is extracted from the nucleide
database [9]. The linear energy-channel relation showed
an impressive Pearson correlation coefficient of r =
0.999999998, and the fitted parameters were ag =
2.18(3) keV (offset) and a; = 0.464 304(13) keV /channel
(gain). The experimental values and first-order fit are
represented in Fig. 3.
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Figure 3: Energy calibration. Symbols are experimental
data for each radionuclide and the straight line corre-
sponds to the linear fit.

B. Energy resolution

The peaks in the spectra have a finite width due to sta-
tistical fluctuations in the number of produced electron-
hole pairs (Gaussian) and the natural width of the elec-
tromagnetic transitions (Lorentzian), the former being

Barcelona, June 2020



Characterization of a broad-energy Germanium spectrometer

Queralt Martin Saladich

predominant. The variance of the Gaussian broadening
is the sum of the following contributions [1]. i) Statisti-
cal fluctuations in the number of produced electron-hole
pairs, 0% o E. ii) Incomplete charge collection; how-
ever, o.. =~ 0 because the detector is not thick enough
for charge-carrier trapping effects to be relevant. iii) The
variance o2 of the electronic noise introduced by the am-
plification chain. The final energy-dependent standard
deviation is the combination in quadrature

U(E) =V bQ + blE (6)

The same minimization process as in the previous sub-
section was followed but now with the merit function

Q(bo,b1) =Y _ [0%(E;) — (bo + b1 Ej)]

J

2

(7)

The fit delivered by = 0.259(13) keV? and by = 4.46(17)x
10~* keV with a Pearson correlation coefficient r = 0.996.
Other fitting functions have been proposed. For instance,
CANBERRA'’s Genie 2000 Basic Spectroscopy Software
implements the empirical relation o(E) = py + p1vVE
[10, 11]. Adjusting this model to the data yields pg =
0.43(2) keV and p; = 0.0131(8) keV'/2 with r = 0.984.

Instead of ¢ it is customary to use the full width at half
maximum FWHM = 2v2In2 ¢ to quantify the energy
resolution. The FWHM of the BEGe spectrometer is
shown in Fig. 4 along with the two considered resolution
functions. The FWHM measured by the manufacturer
when the detector was purchased nearly 20 years ago are
smaller. This worsening of the resolution is partly due to
the ageing of the detector.
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Figure 4: FWHM vs photon energy. Experimental data
(black), detector specification values (blue) and Doppler-
broadened annihilation peak of **Na (magenta). Eq. (6)
and the empirical model adopted by Genie are shown as
continuous and dashed curves, respectively.

C. Efficiency

The FE peak efficiency, epg, is defined as the probabil-
ity that a photon emitted isotropically from the source

Treball de Fi de Grau

enters the detector’s active volume, interacts there, and
the ensuing energy deposition gives rise to a count in the
FE peak of the spectrum. The theoretical expression is

erp(E) = (Q/47) T(E) £(E), (8)

where /47 is the fraction of solid angle subtended by the
detector (related to the source-detector distance and the
detector diameter), T(E) = e #+(F)f the transmission
through the window (¢, is the thickness of the carbon
epoxy window and u(FE) is the linear attenuation coeffi-
cient of this material), and e(E) the intrinsic efficiency,
which is a complicated function of the detector geometry.

The experimental FE peak efficiency can be deter-
mined as

N;

P (E) = ——1—|
FE ( ]) A] Ijtreal,j

(9)
where N; is the net area of peak j, A; is the activity
of the radioactive source, I; is the yield (average num-
ber of photons emitted per decay), and tyea1,; is the real
acquisition time. The activity is calculated from the ini-
tial activity, the decay constant [9], and the time elapsed
between the certification date (March 1, 1997) and the
experiment (February 17, 2020) by means of the well-
known expression A; = Ao j e NAL

The FE peak efficiency curve was also evaluated us-
ing the DETEFF software, a simple user-friendly Monte
Carlo code [12]. The program needs as input the geom-
etry of the source/detector configuration as well as the
energy of the emitted photons and the number of his-
tories to be simulated. The precision of DETEFF was
checked comparing its predictions to the values tabu-
lated in Ref. [13] for a similar BEGe spectrometer and
setup. Advisor J.M. Ferndndez-Varea computed the
ere(E) curve using the PENELOPE /penEasy program
to reassure the consistency of the obtained results.

The epp (E;) values are systematically some 10% be-
low the Monte Carlo curve for low-energy peaks. The ob-
served discrepancy may be related to one or more causes
[14]. i) The effect of the carbon epoxy window was eval-
uated doing simulations with and without this layer but
no consequence on the results was found (T(E) ~ 1
above 10 keV [8]). ii) True coincidence summing reduces
the counts in the FE peaks, especially when the source-
detector distance is small (as in the present setup) and
the source emits low-energy y-rays and x-rays, e.g. >*Ba
and **'Am [15]. iii) The thickness of the Ge sensitive
medium might differ up to 1.5 mm from the nominal
value [16, 17]. iv) The measured source-detector dis-
tance had an uncertainty of 1 mm, yielding a relative
uncertainty of 2.3% in the efficiency. v) The presence of
a thick Ge front dead layer, to be expected in aged de-
tectors, would reduce the efficiency at low energies [18].
Addressing items ii-v is well beyond the present possi-
bilities. It would require a better geometrical arrange-
ment, additional radioactive sources and a multichannel
analiser with more than 4096 channels.
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Figure 5: FE peak efficiency vs photon energy. The sym-
bols are experimental data and the curve is the prediction
of DETEFF. Uncertainties are one standard deviation.

D. Further peak analysis

Further analysis focused on the identification of other
~v-rays, the FWHM of annihilation peaks, the intensity
ratios of characteristic x-rays, and the presence of Ge K
escape peaks. The energies of these additional peaks were
computed using the linear energy-channel relation and
compared to reference values [9, 19], see Table II.

Table II: Experimental and reference energies [9, 19] of
the extra vy-rays, annihilation peaks, characteristic x-rays
and Ge K escape peaks.

Nuclide FEoxp (keV) Erer (keV) Type
133Ba 53.21(5) 53.162 v
bg “°K 1460.60(8) 1460.822 ~
2Na  510.91(5)  510.999 annihilation
bg 510.70(8)  510.999 annihilation
13384 30.86(3) 30973  55Cs Ka
1338, 35.12(5) 34.987  55Cs KB
137Cs 32.06(4) 32.193  s6Ba Ko
137Cs 36.53(8) 36.378  s6Ba Kp3
24 Am 13.91(4) 13.944  o93Np La
133Ba 20.92(5) 21.087 Ge K escape
137Cs 22.14(11) 22.307 Ge K escape

1) ~-rays were identified in the decay of ***Ba and as-
signed to the initial and final nuclear levels of the daugh-
ter nucleus. The bg spectrum displayed a prominent peak
due to *°K, confirming the presence of this radionuclide
in the environment, along with the peaks of radioactive
nuclei belonging to the uranium series.

2) The FWHM of the 511 keV peak in the spectrum of
%2Na, 2.923 keV, is much larger than that predicted by
the resolution curve, see Fig. 4. The broadening is caused
by the motion of the electrons in the encapsulation of
the source before they annihilate with the slowed-down
positron created by the f+ disintegration of **Na [10].

Treball de Fi de Grau

Choosing the positive z axis pointing from the source to-
wards the detector, energy and linear momentum conser-
vation for a stationary positron implies that the energy of
the detected photon is mec? — %Ui + 5p=, where p, is the
z component of the linear momentum of the electron im-
mediately before annihilating and U; the binding energy
of the electron’s atomic (sub)shell. The photon energy
experiences a fixed shift downwards plus a variable shift
that depends on whether the electron was approaching
to or receding from the detector just before annihilation.
Taking into account the isotropic velocity distribution of
the electrons we have (p.) = 0. However, (p?) # 0, which
adds a contribution 0% = (¢/2)% (p?) to the variance,
and therefore to the FWHM. The corresponding aver-
age kinetic energy of the electron is (T') = 3(p?)/2m, ~
12 eV. An even larger Doppler broadening (FWHM =
3.257 keV) was found for the annihilation peak in the bg
spectrum, indicating a broader velocity distribution of
the electrons in the atoms located near the bg radionu-
clides that decay by 8% disintegration. Moreover, (T') &
17 eV. Since the *?Na positrons annihilate in a low-Z
surrounding (the source encapsulation is made of H, C
and O), the shift and broadening are smaller than the
corresponding values of the annihilation peak in the bg
spectrum.
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Figure 6: Characteristic K and L x-rays, and Ge K escape
peaks for (a)'**Ba, (b) '*"Cs and (c) **'Am.

3) The nuclear processes of electron capture and inter-
nal conversion produce vacancies in the inner (sub)shells
of the daughter atom, often in the K shell. This happens
in the case of **Ba and '3Cs, whose spectra (Figs. 6a
and 6b) display Ka (KL 3) and KB (KMag 3) character-
istic x-rays that are emitted in the subsequent atomic
relaxation. These doublets were fitted with Gaussian
functions to get their net peak areas. The correspond-
ing ratios, corrected for the relative efficiency, were com-
pared to the theoretical ratios of Ref. [20]. The ratios are
[KB/Kaexp = 0.234(7) and [KB/Ka]wm = 0.2240 for 55Cs
and [KB/Kaexp = 0.226(7) and [K8/Kaly = 0.2273
for s¢Ba. Similarly, in the spectrum of **'Am (Fig. 6c)

Barcelona, June 2020



Characterization of a broad-energy Germanium spectrometer

Queralt Martin Saladich

we observed the Np Lo (LsMy 5) doublet as well as the
Np LS and Ly multiplets. The severe peak overlapping
of lines in the multiplets precluded a detailed analysis.

4) Low-energy ~-rays undergo photoelectric absorp-
tion by the K-shell of Ge close to the frontal surface of
the detector [2]. Ge Ka and Kf x-rays can then be emit-
ted, which have a non-zero probability to escape from the
detector and produce escape peaks displaced to the left
by Eceka = 9.886 keV and Egckg = 10.982 keV. The
presence of these peaks was corroborated in the spectra
of 3Ba and ®"Cs, Figs. 6a and 6b. The probability
of Ge Kf emission is smaller than that of Ge Ka, this
explains the asymmetry of the escape peaks.

IV. CONCLUSIONS

The energy calibration confirmed the linearity of the
BEGe spectrometer. The resolution analysis yielded
parameters that matched those proposed in the liter-
ature and FWHM values displayed small peak widths
meaning the detector was able to successfully resolve
energy peaks with well-defined slim bell-shaped curves.
Experimental efficiency values exhibited discrepancies
with DETEFF simulations for low-energy peaks due to
coincidence-summing phenomena. ~-ray energies were in

good agreement with reference values. Doppler broad-
ening was quantified in the annihilation peaks, showing
wider FWHM values than expected. The x-ray mod-
elling was consistent with atomic data tabulations when
comparing K-shell peak areas. Ge K escape peaks were
found for **Ba and '*"Cs and their energies matched the
literature data.

The ability of BEGe spectrometers to perform accurate
measurements is the reason for their successful use in
many research areas. For instance, the excellent energy
resolution makes them suitable to solve some limitations
encountered in SPECT/CT medical imaging. And they
are employed in proton-beam radiotherapy to measure
secondary ~y radiation emitted from the patient so as to
provide precise in vivo information on the dose delivery.
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