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Chapter

High Purity Germanium: From 
Gamma-Ray Detection to Dark 
Matter Subterranean Detectors
Nicolas Fourches, Magdalena Zielińska and Gabriel Charles

Abstract

High purity germanium remains the material of choice for the detection of 
photons in the range of MeV or higher, down to the hard X-ray range. Since 
the operation of HPGe-based detectors is possible only at or below the liquid 
nitrogen temperature, their advantage is mainly the resolution, which matches 
the Fano factor if appropriate cooled electronic readout is used. We focus here 
on present-day applications of HPGe detectors, which are now broader than ever 
despite the recent development of room-temperature photon detectors based 
on binary compounds. We present in particular dark matter detectors and γ-ray 
trackers as examples of the recent applications of HPGe as a detecting medium. 
More generally, we discuss the future of γ-ray detectors and the role that the 
semiconductor detectors will keep with respect to alternative detection materials. 
This chapter is an introduction to this general topic, and the reader is encouraged 
to refer to research and review articles on this subject published in the past or 
recently.

Keywords: high purity germanium, traps and defects, gamma-ray detection,  
dark matter, nuclear spectroscopy, nuclear material monitoring

1. Introduction

This chapter provides a technical overview of HPGe detectors and their applica-
tions, both in science and day-to-day life. This overview covers the applications 
of HPGe as a material for γ-ray detection and its other more recent use in particle 
physics. It represents an introduction rather than a complete and exhaustive 
description of possible detector applications of HPGe.

Since the 1970s, photon detectors (γ and X) have been developed from high 
purity germanium [1]. The reason why HPGe has remained in use for such a long 
time as high-resolution γ- and X-ray detector material is mainly because it contains 
a very low concentration of electrically active defects [2, 3] which may be lower 
than 109 cm−3. Such value is difficult to reach in compound semiconductors. Even 
for detector-grade silicon, the doping level is slightly higher. High electron density 
(Z = 32), together with low average energy, is needed for e-h pair generation. 
Above 1 keV of initial particle energy, germanium is a good choice for the detec-
tion of photon or ionizing particles. See Table 1 and Refs. [4–10] for studies, both 
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theoretical and experimental, on ionization in semiconductors. In the early days 
of germanium γ-ray detection, less purified material was used. The compensa-
tion method for net doping density reduction was based on the lithium drifting 
technique [11]. With an applied voltage bias, the drift of the interstitial Li+ ions 
through the detector is made possible leading to the neutralization of acceptors by 
the creation of Li+ acceptor pairs. However, progress in Ge purification led to the 
obsolescence of compensation techniques. Lithium is still used as a doping ion for 
the creation of n+ contacts, even though ion-implantation is now a mainstream 
technique for this purpose. Room-temperature γ-ray detection is still a challenge as 
the best candidate material exhibits higher defect concentrations and/or is difficult 
to grow into large crystals. Cadmium telluride is a material of choice for photo-
detection, and gallium arsenide is another option. However, considerable progress 
would be necessary to match the easiness of use of HPGe in its present-day applica-
tions, despite the need for cryogenic apparatus.

The main contributions to the development of high-purity germanium have 
been made already in the 1970s by the LBNL [1] and other US laboratories as well 
as industrial companies. There are presently a few corporations in Europe which 
supply such materials, without mentioning those from Eastern Europe. High-purity 
single crystals are usually grown in hydrogen atmosphere in a silica crucible [9, 12]. 
This prevents the introduction of oxygen and other electrically active impurities. 
However, this process introduces substitutional silicon, which is electrically inac-
tive, similar to carbon. These crystals exhibit high levels of interstitial hydrogen, 
which may form complexes with some metallic impurities such as copper [13]. Good 
quality crystals (despite being small) may be fabricated in University labs  
[11, 14] which show that nowadays the availability of such crystals is better than 
ever. Gamma-ray detector manufacturers usually use commercially available 
crystals, which are subsequently processed, or in some cases fabricate the material 
itself. It should be noted that except for isotopically enriched crystals (for physics 
experiments), most crystals are made of natural germanium with a proportion of 
isotopes indicated in Table 2.

Table 1. 
Semiconductors that may be used for the direct detection of γ rays and their average energy for electron hole 
creation Ehn and other quantities, the linear energy transfer is indicated for high-energy charged-particle 
detection (at Minimum Ionization).
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2. Gamma-ray detection and spectroscopy

In this chapter, we introduce the principle of γ-ray detection and spectroscopy. 
Most high-energy photons (100 keV–10 MeV) interact with the electrons in the 
HPGe material [15]. As the density of electrons is proportional to Z, Ge is a mate-
rial close to the optimum among well-characterized semiconductors, together with 
CdTe and GaAs. As the absorption coefficient increases along with Z, this results 
in a good detection efficiency for a given detector volume compared for instance 
with silicon. Here are the three main processes by which gamma rays lose energy in 
the detecting media: the photoelectric effect, Compton scattering, and e+e− pair 
creation. The photoelectric process [16] is dominant at low energies (<100 keV 
approximately) and is related to emission of electrons from the atomic shells. This 
process depends on the energy of the photons and the atomic number of the detect-
ing media. The energy of a photon is absorbed by an inner-shell electron and leads 
to its emission from the atom. Subsequently, the photoelectrons lose their kinetic 
energy in the semiconductor by electron-hole pair generation. This first term is the 
photoelectron energy (Ephotoelectron), and the second is the difference between the 
gamma energy (Eγ) and the electron binding energy (Ebindingenergy).

   E  photoelectron   =  E  γ   −  E  bindingenergy  ,  (1)

The electron binding energy for K-shell valence electrons is of the order of 
11 keV in Ge, compared to around 1.8 keV in silicon. Other, shallower shells may 
also be excited, contributing to the signal, which means that as the photon energy 
increases, inner shells can be excited gradually and the absorption will exhibit 
abrupt increase. This does not have a direct influence on the average number of 
electron-hole pairs generated per unit of energy deposited; we will discuss this in 
the following paragraph [8]. The absorption coefficient is proportional to:

     Z   4  ___ 
 E   3 

    (2)

This means that the contribution of the photoelectric effect vanishes at high 
energies (E), when the other two processes of interaction of gamma rays with matter 

Table 2. 
Stable isotopes found in natural germanium with the nuclear moments and abundance.
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become dominant. In the intermediate energy range, Compton effect dominates, 
hence the absorption of the photon becomes a multistep process with Compton 
electrons (<1 MeV) being absorbed after traveling a short distance, while Compton 
photons are created and absorbed in subsequent steps. One should note that some 
photons can escape the detecting medium and consequently do not contribute 
to a full-energy peak. These induce a signal background (Compton background) 
that is particularly large in low volume detectors. Techniques exist to mitigate this 
drawback using a secondary detector surrounding the primary one. This secondary 
detector is referred to as a Compton shield [17]. This anticoincidence scheme with 
these two detectors eliminates the un-absorbed photon events. This shows that 
for high detection efficiency, a relatively large volume of the detector is necessary 
for γ-ray spectroscopy. This is much different for γ-ray tracking is, when detector 
granularity is required. Time coincidence between events in neighboring detectors 
is the way to proceed to identify the particles. The probability of interaction with 
the electrons of the solid through Compton effect increases when the density of 
electrons n increases, being roughly proportional to it. If ρ is the mass density of the 
solid and A the mass number, the average electron density is proportional to ρ/A, 
which is the atomic density, multiplied by Z, the number of electrons per atom [16].

  n = Z ×   
ρ
 __ 

A
    (3)

This shows that as the Z/A ratio is constant, it is reasonable to use very dense 
media. Hence, it proves that germanium is a better choice than silicon for this pur-
pose, as would be CdTe or GaAs, if the defect concentration could be reduced to an 
acceptable level. We will discuss the problem of defects in the following paragraph. 
Present-day experiments benefit from simulation codes such as GEANT4 or others 
[18] for their design. HPGe γ-ray detectors are no exception. The other process that 
becomes important at higher photon energy is the electron-positron pair creation, 
which may appear at energies above 1022 keV. This kind of interaction is related 
to γ-nuclear coupling, where the γ-photon interacts with the nucleus resulting in a 
creation of a e−/e+ pair with a total kinetic energy equal to Ek = Eγ − 1.022 MeV  
(Ek is the kinetic energy of the e = e− pair, and Eγ is the energy of the incident 
gamma photon). Subsequently, the positron may annihilate with an electron in the 
material, which leads to the production of two γ-rays of 511 keV that may (but not 
have to) be absorbed in the detecting material through Compton or photoelectric 
effect processes. As one or both 511-keV photons may escape from the detector with 
no energy deposition, satellite peaks appear in the measured energy spectrum, called 
escape peaks and separated from the total absorption peak by a 511 keV energy 
difference (or 1022 keV for double escape). Again, some discrimination is possible to 
avoid this effect, although one should be interested in visualizing the different peaks 
to investigate how the incident particle has interacted with the detector medium. The 
e + e- pair creation is most important at energies above 10 MeV [16], which shows 
that HPGe is not a good choice for very energetic photons such as cosmic radiation or 
those generated by high-energy accelerators (~1 GeV) since huge monocrystals would 
be required to provide a significant detection efficiency. This is hardly possible, with 
the largest commercially available HPGe crystals weighing 1–2 kg (larger crystals have 
been grown for specific applications) and having a diameter of a few centimeters. 
If we consider photofission [19], it has been reported that it occurs in natural lead 
for 10 MeV range photons. However, as the dependence on the fissility parameter 
is sublinear in logarithmic scale, it should be considered as being very weak for a 
germanium nucleus. Let us compare with lead, the fissility parameters read:

    Z   2 ⁄ A  = 32.5 for Pb   Z   2 ⁄ A  = 14 for Ge   (4)
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Hence, according to these figures, photofission should be much lower for natural 
Ge than for natural Pb. We therefore can consider this contribution as negligible 
in the energy range a few tens of MeV for the photons that are usually analyzed 
using HPGe spectrometers. This is the case in nuclear sciences for radioisotope 
identification and monitoring. Hence, for nuclear physics, HPGe is an adequate 
choice and widely used for detection of low energy and medium energy photons. In 
high-energy physics experiments, electromagnetic calorimeters are mostly based on 
dense liquids or solids and exhibit some granularity [20], while the energy resolu-
tion at high energy is not as good as for HPGe at low energies. Up to now, no high 
energy physics experiment has ever introduced HPGe as a semiconductor detector 
in calorimeters. Instead, silicon cells with absorbers are used in calorimeters and 
are proposed for several future detectors with the advantage of operation at room 
temperature, which is possible with semiconductors exhibiting a larger band gap, 
such as silicon.

3.  Technology, material, geometry, and performance of HPGe  
gamma-ray detectors

Focusing on photon energy resolution criterion, HPGe still provides one of the 
best results. With a good quality material, the energy resolution is very close to 
the Fano limit [21, 22]. To obtain this, the readout electronics must be low noise. 
Historically, the front-end transistor was a JFET cooled to the temperature of the 
detector (77 K, liquid nitrogen temperature) [9, 23]. This reduced the energy reso-
lution to less than 1 keV for 1 MeV photons. It would now be possible to use very 
low-noise room temperature CMOS μ electronic circuits [24] to match the low-noise 
specifications required for γ-ray spectrometry. The front-end readout electron-
ics for these detectors is usually a charge-sensitive device, which is necessary for 
spectrometric measurements for which the generated charge is proportional to the 
energy deposited in the detectors. These CSA (charge-sensitive amplifiers) have an 
integrating pole followed by filtering stage (usually based on derivation-integration 
schemes for optimal filtering). This is done by a so-called shaper in order to opti-
mize the signal/noise ratio and to reduce event pile up through fast operation. This 
channel is however slow (a few μs), so it may be supplemented by a fast current-
sensitive channel, for coincidence, veto (anticoincidence) or timing purposes.

Because a typical size of a HPGe detector is not optimum for timing measure-
ments, the resolution obtained with a CFD (Constant Fraction Discriminator) is 
close to 400 ps [25], which is a high value compared with other fast detectors  
(PM or APD). In fact, this value was measured for a planar germanium detector of a 
volume of a few cubic centimeters, and it would be even higher for standard coaxial 
HPGe detectors.

3.1 Starting material

In order to reach optimum resolution of semiconductor detectors, the crystal 
defect density should be decreased, in particular for those that are electrically 
active. This has become possible when defect and impurity control in the process 
of crystal growth has reached a sufficient level of reliability. In addition to point 
defects and impurities, dislocations play a major role as they behave like a sink for 
impurities [1, 9, 12]. They can currently be revealed by chemical crystal etching. 
The pits observed using optical microscopes are related to dislocations, which 
allows determining the etch-pit density. These dislocations induce a broad DLTS 
signal in n-type high purity material [3]. These are moderately deep donor states 
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with carrier capture cross section of the order of 10−13 cm−2 or more. The peak is at 
50–60 K for a large emission rate window (56 s−1) [3]. This means that at 77 K, the 
emission rate is large enough to have no marked effect on carrier trapping as the 
electrons are released with a time constant that is low compared with the drift time. 
With σn higher than 10−13 cm−2, which is the case with a filling pulse shorter than 
1 ms in duration (with a 1010 cm−3 carrier concentration, and 106 cm s−1 of thermal 
velocity at 50 K, in our DLTS measurements), the emission rate at 77 K exceeds the 
capture rate for an activation energy of 100 meV. The other fact is that the DLTS 
signal fades away above 65 K, so the contribution of the dislocation band should be 
low as long as the concentration remains at a reasonable level. This gives a rule of 
thumb [2] for the dislocation density that should not exceed 104 cm−2 and should 
be above 102 cm−2 for detector-grade material, at least for the material used in the 
1980s–1990s. If the dislocation density is too low, the deep impurities such as those 
related with copper (substitutional or bound with hydrogen) will be higher, as they 
cannot precipitate onto the dislocation lines and have a higher density than isolated 
impurities. They give rise to deep hole traps that affect greatly the hole transport 
even at 77 K. These traps have an activation energy higher than 0.160 eV and 
capture cross sections above 10−13 cm−2, (similar to coulombic/attractive centers) 
with concentrations reaching 109 cm−3.

3.2 Geometry and process

The structures that have been used from the early days of Ge detectors are 
p+n−n+ and p+p−n+, usually with a Li-diffused n+ contact and a boron-implanted 
p+ contact, and a thin metallization of sputtered aluminum or electrolytically 
plated gold in old detectors. Following an appropriate surface treatment (etching 
with CP4 mixture after cleaning with solvents such as acetone) and rinsing with a 
slightly oxidizing mixture, the detectors are placed in secondary vacuum, and after 
surface desorbing, the leakage current can be stabilized at low values. The leakage 
dark current at 77 K with a reverse bias of 1 kV or more for large coaxial detectors 
can be reduced to the order of a few pA or less. Usually a thermal treatment above 
room temperature will allow surface desorbing, and consequently impurities on 
the surface will be eliminated. The question of passivation is still open, as germa-
nium does not have the self-passivation properties of silicon, for which oxygen 
creates a stable oxide layer of a few nm at room temperature. Germanium oxides 
are not stable [26–29] and react with water. More recent passivation methods are 
based on amorphous layer deposition such as a-Ge-H (amorphous hydrogenated 
germanium). These constitute a coating, rather than standard passivating layers. In 
spite of this, their effect is to stabilize leakage currents at 77 K at reasonable values. 
However, these values are higher than those for bare Ge material in vacuum.

As the presence of defects mainly alters the transport of holes, efforts were 
made to reduce the mean-drift length of holes by an adequate electrode configura-
tion [30]. For coaxial detectors, the hole-collecting electrode can be placed at 
the outer surface of the detectors. This is usually a p+ outside implant, which is 
shallower than the n+ electrode, which is placed on the axis of the detector. Holes 
have a shorter drift distance than the electrons, the p+ electrode being negatively 
biased. This configuration is less sensitive to cumulative nonionizing radiation 
effects. N-type material is used contrary to p-type material with opposite electrode 
configuration in the conventional detectors. The same is true for planar detec-
tors, for which the collecting length is reduced to values well below 1 cm. The 
cumulative radiation effects are mainly deep defects introduced by irradiation by 
nonionizing particles, such as hadrons (particularly neutrons and protons), but 
also energetic electrons. These particles, particularly at energies in the MeV range, 
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induce displacement cascades in the detecting crystalline material and therefore 
produce defects of various nature, point-like or clusters. The temperature of 
operation and irradiation has a great influence on the outcome [25]. The result is 
a degradation of the energy resolution, which can be observed as a broadening 
of the photo-peaks, with a tail at low energy giving them an asymmetric aspect. 
As the detector can be compared to an ionization chamber with two electrodes 
polarized at different potentials, the current integrated by the readout electronics 
is a displacement current. The total charge collection is achieved when all holes and 
electrons are collected by the n+ (positively biased) and p+ (negatively biased) 
electrodes (cathode and anode). If carriers become trapped during the transport 
process, a loss of charge occurs leading to a peak tail at low energy. The collected 
charge is lower than the photo generated charge. Statistically, there is a certain 
charge deficit in the signal corresponding to one event, so the high-energy side 
of the peaks is not much affected [30], contrary to the low energy side. This leads 
to a loss of energy resolution. The charge loss is often followed by charge reemis-
sion with a large time constant, which has no real influence of the spectrum. An 
analytical model of radiation-induced defects has been proposed in Ref. [25] and 
developed in later papers.

3.3 Defects

The radiation-induced effects have been widely studied in HPGe detectors 
[30, 25, 31], and, in the beginning, without a quantitative relation to crystalline 
defects introduced by irradiation in HPGe. Since these effects result in resolution 
degradation, their characterization is of utmost importance. We can cite a few 
extensive works on this subject, mostly using electrical measurements [12, 13]. 
A powerful characterization technique called photoelectric spectroscopy [32] or 
alternatively photo-thermal ionization spectroscopy (PTIS) has been successfully 
applied to HPGe, but this technique is limited to shallow hydrogenoid levels with 
low concentration and not operation-detrimental deep levels. It applies a two-step 
process, phonon + photon (far infrared) and requires low temperature operation 
(LHe) below the ionization temperature of impurities and dopants. No overlap-
ping of the bound electron wavefunction is required, so it can only be used when 
the impurities have a low concentration. For deep-defects, deep level transient 
spectroscopy (DLTS) became the technique of choice. In particular, it helped to 
establish that deep traps that are created by a temperature increase above 77 K are 
more detrimental to detector operation than the primary defects that are created 
by irradiation at low temperature [3]. Neutron-induced defects are thought to be 
vacancy and interstitial related at 77 K. After annealing above this temperature, 
divacancies and impurity-vacancy defects are the most numerous centers observed 
that are electrically active. They give rise to numerous deep hole-traps with capture 
cross sections of the order of 10−13 cm−2. They only anneal out above 420–470 K, 
where less electrically active defects are created. The stable defects at 100 K and 
less are disordered regions containing a large concentration of vacancies and inter-
stitials. These act as hole-traps but are less effective in degrading resolution than 
secondary defects observed at room temperature. Numerous studies have been 
devoted to the degradation of the resolution, and most of them identify the causes 
as being related to the defects with capture cross sections of the order of 10−11 cm−2 
[2]. We know from experiments and simulations that these are due to zones with 
a high local defect density, which enhances capture probability [33] through an 
electrostatic effect.

Street [34] has found that the presence of disorders in amorphous silicon 
enhances the cross section for the capture of carriers by the defects. Later, an 
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analytical model has been developed that clearly explains this effect using simple 
assumptions [33]. This mitigates the direct role of disordered regions as being the 
sole origin of carrier capture at 77 K. The sizes of these disordered regions areof 
the order of the range of primary recoil atoms (Figure 1). Isolated defects should 
contribute greatly to the trapping process. The recoil of an atom is induced by the 
collision with the impinging particle. SRIM simulations show that its range is of the 
order of 10 nm at 10–30 keV, with around a few hundred vacancies being created on 
its trajectory. The recoil energy has been computed for neutrons in the MeV energy 
range, see Figure 1. In most cases, a thermal treatment above room temperature is 
used to remove radiation damage. In Ref. [31], recombination-enhanced anneal-
ing using minority-carrier injection was applied but with no significant results, at 
least at room temperature. At low temperature, when the defects are not stable, no 
improvement could be observed with this method. However, a strong dependence 
of the annealing stages on the material type (p or n) was observed in Refs. [3, 25] 
and other detector studies.

3.4 Alternatives to HPGe

For a long time, materials alternative to HPGe have been proposed, and cor-
responding detectors were fabricated. GaAs is one example (mostly for X-ray 
detection), and, more importantly, CdTe. The goal was to eliminate the need for 
cryogenic operation by the use of large band gap semi-insulating material (dia-
mond is also considered). Many difficulties still exist, mostly related to the defect 
density that is much higher in binary materials [9]. The other drawback is the 
possibility to grow large crystals, which proves to be more difficult for alternative 
materials. Large diamond single crystals with a low nitrogen content are difficult to 
grow as they need high-pressure processing. However, some CdTe photon detec-
tors using segmented crystals for photon identification have been successfully 
implemented on space missions (INTEGRAL) [24]. Segmentation allows reducing 
drift length and therefore trapping, so that the resolution can be maintained at an 
acceptable level.

Figure 1. 
SRIM simulation showing the vacancy distribution for a Ge recoil of 30 keV.
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3.5 Particle identification

Particle identification through pulse shape discrimination is one of the devel-
opments that are used mainly in nuclear physics [35]. These techniques can be 
adequately used to determine the region of the detector where the interaction 
took place. There have been early reports for methods of particle identification in 
germanium and silicon detectors [36, 37]. The detection of photons is basically 
through ionization, and there is no important interaction with the nucleus, which 
could transfer momentum to the nucleus. If we consider other particles with a 
significant mass, their interaction with the nucleus may induce the recoil, which in 
turn is slowed down in the detector material. The slowing-down process results in 
ionization (electron-hole pair generation), defect creation (vacancies and intersti-
tials), and phonon creation. One should note that according to SRIM simulations, in 
the typical energy range for the recoil (20–30 keV), the most important contribu-
tion (73%) is from phonon emission. The energy used for vacancy creation is of the 
order of 3%, which indicates that defect monitoring [38] could provide an alterna-
tive way to estimate the total integrated flux of interacting particles, since when 
stable defects are created, their concentration is proportional to the total number of 
interacting particles in a given time interval, which can be very long. The rest of the 
energy is used for ionization (25%). This result is close to the experimental result 
obtained for cryogenic detectors, as it will be discussed in the paragraph on dark 
matter detection.

3.6 Simulation

Simulations of the interaction of photons with matter have been given a certain 
attention. Monte Carlo codes have been developed. Recently, the NWEGRIM code 
[18] from Pacific Northwest laboratories has been used to simulate the interaction 
of photons in silicon, but these simulations could also be applied to germanium. 
GEANT4 has been used for simulation of charged particles interacting with 
germanium [39].

4. Gamma-ray tracking arrays

High-purity germanium γ-ray tracking arrays, such as AGATA (Advanced 
GAmma Tracking Array) [40] and GRETINA/GRETA (Gamma Ray Energy 
Tracking Array) [41] represent the state-of-the-art in high-resolution γ-ray spec-
troscopy for nuclear physics experiments. These spectrometers are composed of 
highly segmented large-volume HPGe crystals. Pulse-shape analysis, applied to the 
recorded signals from the segments, yields three-dimensional interaction positions 
with a typical precision of about 2 mm [40, 41]. Subsequently, a γ-ray tracking algo-
rithm is applied to the determined interaction points in order to group and order 
them in sequences corresponding to individual γ-rays. In this procedure, the geo-
metrical criteria and the Compton scattering formula are used, and the full energy 
of a γ-ray is determined as the sum of the energies of the interactions ascribed to the 
same trajectory.

The γ-ray tracking arrays provide improved energy resolution for in-beam 
nuclear physics studies, thanks to much reduced Doppler broadening as compared 
to standard γ-ray spectrometers. The use of γ-ray tracking also eliminates the need 
for Compton-suppression shields, commonly used with HPGe crystals in order 
to improve the peak-to-total ratio. Consequently, the entire 4π solid angle can 
be surrounded with Ge crystals, which leads to significantly increased detection 
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efficiency. The resolving power of a 4π γ-ray tracking array is estimated to be up 
to two orders of magnitude better than that of the existing conventional γ-ray 
spectrometers, depending on the physics case [41]. This is particularly important 
for studies of very exotic nuclei far from stability, employing weak radioactive-ion 
beams at intermediate energies (up to several hundred MeV/u), which leads to 
recoil velocities that may exceed 30% of the speed of light [42].

5. Dark matter direct detection and related studies

The last two decades have seen an important effort devoted to search for dark 
matter, using underground direct detection apparatus [36, 37, 43–47]. The first 
stage was to design a detector that is able to discriminate between particles in order 
to identify the so-called weakly interacting massive particles that are thought to 
be a constituent of dark matter. The developed detectors include two channels: a 
“thermal” channel which is based on the thermalization of phonons and a ioniza-
tion channel which is proportional to the number of carriers collected. In reality, 
the so-called Luke-Neganov effect [48, 49] affects the properties of the detector. 
The Luke-Neganov effect consists in the amplification of the phonon signal by the 
electron (carrier) drift [50].

The charge signal may be expressed as:

   s  c   =   E __ 
ε
   q,  (5)

where E is the average energy for electron-hole pair creation, and

   s  T   =   E __ 
ε
   qV + E  (6)

The ST term is proportional to the charge multiplied by the voltage drop, so we 
can write that if t is the time necessary for the charge to be collected,

  I = Sc / t  (7)

First term:  ItV , which is a Joule-like term. Energy = power × time = current × 
voltage × time = charge × voltage.

These relations indicate the need to operate at weak field to achieve a reduction 
in the contribution of the phonon signal. At high fields, the phonon signal tends 
to grow linearly with the applied voltage. Of course, the heat signal can only be 
detected if the calorific capacity is low enough, and so the operating temperature 
should be very low. Germanium detectors are also good cryogenic (mK range) 
bolometers. Another reason for the choice germanium is that its nucleus is 
nucleon rich (for instance compared with silicon). This should enhance interac-
tion cross sections of WIMPS with the detecting medium. If we consider the 
interaction of fast neutrons with germanium (in the MeV range) as an example, 
the elastic-scattering cross section is much higher than the inelastic cross section 
[31] and is of the order of 3 barns [5]. Hence, the mean free path of these fast 
neutrons is close to a few centimeters. The recoil nucleus with an energy of a few 
tens of keV dissipates 25% of its energy into ionization, which amounts to a few 
keV (5 keV). The ionization channel monitors this fraction of energy. A similar 
phenomenon was observed, but not published, in planar HPGe 77 K detectors, 
exposed to neutrons, in the MeV range [51]. The heat channel monitors almost 
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entire energy deposited by the recoils, except for the fraction needed for vacancy-
interstitial (defect) creation. If a neutron is fully absorbed in the bolometer 
following multiple scattering, the total energy of all recoils matches the initial 
energy of the impinging neutron, and therefore the heat channel signal reflects 
the total energy deposited.

The calibration runs yielded the ratio of the ionization signal to the phonon 
energy equal to 30%. This is very close to the value of 25%/73% = 0.35 determined 
in a SRIM simulation. When the particle interacts with matter purely via ionization, 
as it is the case for photons, the ratio of ionizing energy to the total energy is close 
to one, if no Luke-Neganov amplifying occurs. Therefore, this configuration can be 
used for particle discrimination [46]. For the WIMPS experiments, if we consider 
that these particles interact with the nuclei of the detecting media, this provides a 
way of discriminating the photons from other events. At this cryogenic energy (a 
few mK), the shallow and deep levels may disturb the charge transport through the 
detector (Figure 2). This is the reason why the detector is saturated with photo-
generated carriers prior to data acquisition. In spite of this, more detailed defect 
studies on the starting material should be made [52]. In particular, as very shallow 
levels may have an impact, the nonthermal carrier emission or capture should be 
studied. Additionally, a method using alternately biased electrodes on each surface 
of the detectors, including the sides, has enabled the measurement of volume-only 
events, eliminating near-surface events related to low-energy particles strongly 
interacting with the medium [46]. Other techniques have been developed [53] to 
solve this problem.

Figure 2. 
Diagram showing the energy of the trapping level in Ge band gap versus temperature, using a simple 
Boltzmann factor. This is valid at high temperature for thermal emission with a time constant Tau. The region 
investigated by DLTS is delimited by the upper square on the right. The purple arrow shows the operation of 
DM cryogenic experiments such as EDELWEISS.
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6. Applications in industry and daily life

As many particle detectors, HPGe detectors are now also used for other pur-
poses than fundamental research. HPGe detectors can now be found in different 
industries such as environment control, medical imaging, and of course radioactive 
material control.

One of the most common uses of HPGe is the monitoring of atmospheric 
radiations. Stations around the world check the air quality and collect air content 
samples or solid samples, such as rocks, water, or plants. The samples are then ana-
lyzed in a laboratory. Thanks to their excellent resolution and low background once 
placed in a suitable environment, and the radio-elements contained in the samples 
can be determined. It is, for example, possible to detect radio-elements with con-
centrations down to 0.1–1 Bq/kg in solids and 0.1 Bq/L in water. The system can be 
improved by adding scintillator array around the germanium detectors to eliminate 
signals from cosmic rays. Such system is, for example, used to obtain a sensitivity of 
millibecquerels per cubic meter of an air sample.

Another practical example of use of HPGe to study radioactivity of liquids can 
be found in the study of old wines. Take a 1928 vintage bottle of Bordeaux wine; its 
cost can approach $10,000. However, how sure is the buyer that this bottle is really 
from 1928? To check this, the bottle was placed in an array of germanium detectors. 
The analysis immediately showed that the bottle contained traces of Cs137. Cs137 
is a radioactive element presents in the atmosphere due to nuclear bombs…, which 
means that it cannot be found in a bottle of 1928. The quantification of Cs137 is now 
used to date wine produced after 1950 without opening the bottle.

So far, HPGe detectors for medical purposes were mainly used for nuclear waste 
control produced by hospital. Here, the procedure is the same than for any nuclear 
waste collected from a nuclear power plant for example. The contaminated volume 
is placed near the detector. The analysis of the spectrum will reveal radioactive 
elements present and their quantity. The cost and mechanical constraints related to 
the use of liquid nitrogen limited the deployment of HPGe in hospitals for medical 
imaging. However, novel imaging methods, combining HPGe and silicon detectors 
are envisioned for future scanners such as ProSPECTus. Such system could reduce 
the dose to the patient, improve image quality, and be faster to acquire.

The list of industrial applications of HPGe will become longer as we progress 
toward more reliable, easier to use, and cheaper detectors. Originally only pushed 
by fundamental research, the development of new HPGe is now also driven by 
the needs of companies using them. New applications, not yet considered, will 
then emerge.

7. Conclusions

The future of HPGe detectors depends on the availability of other materials that 
would match the resolution performance of HPGe at 77 K, while operating at room 
temperature. Segmentation of the detectors provides a way to reduce carrier col-
lection lengths and hence to mitigate the effects of electrically active deep defects. 
With integrated microelectronics, the noise can be as low as a few tens of electrons. 
With on detectors CMOS chips and low capacitance detectors, the electronic noise 
can be reduced to less than 100 e-h pairs. With ε equal to 4.5 eV (GaAs, CdTe), this 
corresponds to a resolution of the order of 450 eV. This could also be applied to 
HPGe detectors that are being used for double beta decay or dark matter experi-
ments. The multielectrode scheme that is implemented in EDELWEISS III [46] is a 
first step toward a time-projection chamber HPGe detector, allowing an improved 
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discrimination ability. Each electrode could be a separate channel, which would 
be easy for the detector operated at low field and low voltage. It seems clear that 
the use in more routine applications such as, for instance, high-precision radioac-
tive material characterization and radioactive material tracing to avoid nuclear 
dissemination will remain a field where HPGe is the most competitive despite the 
need for LN2 cryogenic installations. Development of cryogenic cooling fridges will 
eliminate this specific constraint. In scientific applications, HPGe, being one of the 
chemically purest materials ever fabricated, will remain needed.
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