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Overview 
•  Intro on AGATA & Tracking 
• AGATA Detector Library « ADL 3.0» 

• Weighting potential 
- Ramo Theorem 
- Time dependent weighting potentials  

• Mobilities in Germanium 

• Correction for neutron damage 
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The Advanced γ Tracking Array “AGATA” 



Asymmetric AGATA Tripel Cryostat 
-integration of 111 high resolution spectroscopy channels 

-cold FET technology for all signals 

 
Challenges: 
-mechanical precision 
-microphonics 
-noise, high frequencies 
-LN2 consumption 

- A. Wiens et al. NIM A 618 (2010) 223–233 
- D. Lersch et al. NIM A 640(2011) 133–138 



AGATA & TRACKING 

Pulse Shape Analysis 
to decompose 

recorded waves  
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Pulse Shape Analysis Concept 
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Library	  genera,on	  
	  

Different	  codes	  
ADL	  (C)	  

JASS	  (Java)	  
MGS	  (Matlab)	  
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11th AGATA week - Darmstadt, Germany
ADL 3
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Good News:  	 All of this is already done for AGATA
Charge Mobility:  	 Bruyneel et al. NIM A 569
	 	 	 Bruyneel et al. NIM A 569
Crosstalk: 	 	 Bruyneel et al. NIM A 599
	 	 	 Bruyneel et. al. NIM A 608
Crystal Axis: 	 Bruyneel et al. LNL Report 2010
Space Charge: 	 Birkenbach et al. NIM A 640
	 	 	 Bruyneel et al. NIM A 641
	 	 	 Birkenbach et. al. LNL Report 2010
Trapping:	 	 Bruyneel et. al. LNL Report 2010

AGATA Detector Library “ADL” 

•  Library written in C 
•  Solver compatible with SIMION3D 

Download ADL 3.0 here: http://www.ikp.uni-koeln.de/agata/ 



AGATA Detector Library “ADL” 

11th AGATA week - Darmstadt, Germany
ADL 3

Howto - Program

Example Program

Just 28 lines of code to calculate an interaction at a given 
point and save the result into a file.

EXAMPLE PROGRAM 



Examples: AGATA 
•  Signal shapes from AGATA detector  

as function of position 
•  Simulation using ADL 
•  (Steepest slope not always clear) 
•  (remark: segment preamps are inverting) 

Characterisation,of,AGATA,detectors
B.,Birkenbach,,B.,Bruyneel,,J.,Eberth,,H.,Hess,,D.,Lersch,,G.,Pascovici,,P.,Reiter,,A.,Wiens
Institut'für'Kernphysik'der'Universität'zu'Köln,'Zülpicher'Straße'77,'50937'Köln,'Deutschland

17th,Euroschool,on,exotic,beams,2010,I,Santiago,de,Compostela,,Spain
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WEIGHTING POTENTIALS 
Bart Bruyneel 
CEA Saclay, France 



Principle of Signal induction 
•  A point charge q at distance z0 

above a grounded metal plate 
induces an image charge 

 
•  If the plate is segmented, 

The movement of charge q 
induces a current 

•  To calculate Induced charge: 
 - Solve Field for position of q 
 - Integrate Field over surface 

     …for each position of q…        
 



Shockley – Ramo theorem 

10 … 90% 
1   … 9% 
0.1 … 0.9% 

Example - 6x segm. coaxial detector: 
 weighting potential for  
this electrode 

Weighting potentials dont change 
with the position of q… 

The induced charge Qqi on electrode i  
by a point charge q located at x0 is 
 

 
With weighting potential      defined by 

 



SIMION 8.0 
http://simion.com/ 

•  Tool for Ion beam line development 
•  Used for visualisation in ADL  
•  import geometries e.g. from CAD files 

 Example: clover detector  
(Itemba Labs – South Africa) 



Examples: ADL + GERDA 

BEGe Broad Energy Ge detector:  
•  have a very local weighting potential  
•  Identification of multiple hits via steepest slope method 
•  Very small capacity èlow serial noise 

Charge signal 

Derivative 
(steepest slope) 

Computational studies of BEGe detectors

Presented by Marco Salathe, marco.salathe@mpi-hd.mpg.de

Max Planck Institute for Nuclear Physics, Heidelberg

DPG-Frühjahrstagung, March 4, 2013

Marco Salathe (MPIK) Computational studies of BEGe detectors DPG-Frühjahrstagung, March 4, 2013 1 / 10

M. Salathe, MPI Heidelberg 

Introduction









• BEGe: Broad Energy Germanium detector
• Produced by Canberra Industries, Olen, Belgium

• GERDA: GERmanium Detector Array
• Tues, 17:15, HSZ-401, GERDA status report, Mark Heisel
• Thu, 16:45, WIL-A317, Gerda status report, Matteo Agostini
• GERDA Collaboration, Ackermann, K.-H., Agostini, M., et al. 2012, arXiv:1212.4067

• HEROICA: Hades Experimental Research Of Intrinsic Crystal Appliances
• Tues, 16:45, HSZ-101, HEROICA: a test facility for the characterization of BEGe

detectors for the Gerda experiment, Raphael Falkenstein
• Andreotti, E., Garfagnini, A., Maneschg, W., et al. 2013, arXiv:1302.4277

Marco Salathe (MPIK) Computational studies of BEGe detectors DPG-Frühjahrstagung, March 4, 2013 1 / 10

Pulse Shape Simulation

1) Calculate electric potential �E and weighting potential �W :
• Initial condition: potential on electrodes, detector dimensions, impurity gradient

2) Calculate the trajectory of the charge ~
xe/h, which depends on:

• the point of charge deposition
• the electric field ~

E defining the drift velocity
• specific mobility parameters for crystal axes

3) Calculate the induced charge at the electrode:
• Shockley–Ramo theorem : Q(t) = �Q0 · [�W (~xh(t))� �W (~xe(t))]

Marco Salathe (MPIK) Computational studies of BEGe detectors DPG-Frühjahrstagung, March 4, 2013 2 / 10



Depletion of a HPGe detector 

•  Test 

Depletion of a HPGe detector 
 
A: Bare HPGe germanium crystal 
     symmetric AGATA detector 
 
B: Geometry in simulation 
    The HV contact is colored yellow 
 
C-G: Undepleted volume 
       as function of HV. 
       

(assumption: 1010 impurities / cm3)  

                                       B                  C: HV = 10V            D: HV = 100V 

                                E: HV = 1kV           F: HV = 2kV           G: HV = 3kV 



Impurity from C-V measurements 
Reconstruction of impurity profile: 

• C(V) gives depletion boundary R1: 

• C(V), dC/dV give impurity concentration at R1 

HV 

C
ap

ac
ita

nc
e 

[p
F]

 



Extended Ramo theorem 
•  Describes detectors in a realistic electronic network. 

•  In 3 steps: 
•  1) Apply the Ramo theorem: 

Calculate the induced currents in each electrode 

•  2) Equivalent electronics scheme: 
Proof: see Gatti and Padivini, NIM 193 (1982) 651-653 
-Determine the capacitances of your detector, 
-Add the current sources found from 1) 

 
•  3) Realistic electronics scheme: 

Change the above simplified scheme 
into a realistic model 

 
•  Result = realistic signals 

1) 

2) 

3) 



80% 70% 
50% 

30% 
10% 

(90%) 

60% 
40% 

20% 

Time dependent weighting potentials 

•  Homogeneous dielectric medium: 

•  Inhomogeneous medium: 

•  Including resistivity : 

    = Time dependent weighting potential 
  

Equation to solve: 

f(t) =
1
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⇤(x, t) (10)

(11)

1

Laplace Transform 

(for details on theory see e.g.  W. Riegler,  NIM A 491 (2002) 258 / NIM A 535 (2004) 287) 

Micromegas  
« CLAS12 » 
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Exact	  Solu,on	  

Simula,on	  

   Ex: Astrobox 
a= ⌅1⌅2d3 + ⌅2⌅3d1 + ⌅3⌅1d2 (14)

b= ⌅3⇥2d1 + ⌅1⇥2d3 (15)

c(x)= ⌅1⌅2x/a (16)

⇤2 = ⌅2/⇥2 (17)

⇤ = a/b (18)

(19)

V3(x, s)= c(x)
s+ 1/⇤2
s+ 1/⇤

(20)

(21)

V3(x, t)= c(x) [�t + (1/⇤2 � 1/⇤) exp(�t/⇤)] (22)

(23)

2

Astrobox	   d	  [μm]	   εr	   σ	  [1/Ωm]	  
layer	  3	   80	   1	   0	  
layer	  2	   25	   4.5	   0.5	  
layer	  1	   75	   4	   0	  

T=0 

w.- field for t>0 

T=500ps 
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Anisotropic Mobility 

•  At high fields, radial anisotropy is observed 
•  Radial anisotropy induces tangential anisotropy:  

a drift component towards the faster axis  
•  For fields along symmetry axis, no tangential drift components can exist: 

Crystal + E field are then invariant under certain rotations; so must be the drift 

Radial anisotropy,               Tangential anisotropy,         except for E // symmetry axis 
  

E vr 
[010] 

[001] 

[010] 

[001] 
  E//[sym] 

⇓ 
Vd//[sym] 

[100], [110], [111] 

E 

vd 

[010] 

[001] 

1 Some theory
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Anisotropy in mobility 

•  Longitudinal and 
tangential components of 
drift velocity as function 
of orientation of the field 
(1200 V/cm) 

•  Electrons vr mainly 
slower near [111],  

•  Holes vr mainly faster 
near [100] 

•  Tangential components: 
-0 along symmetry axes 
-pointing towards nearest 
[100] axis 
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8.4 Comparison with the electron mobility model 62
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Figure 8.3: Experimental data on the drift velocity along the three crystal
symmetry axis as taken from [60]. The longitudinal velocity component is
clearly anisotropic. The solid lines to the v100 and v111 data correspond to
the optimum fit obtained using Eq. 6.2. The values obtained by the fit are
listed in Table 6.1. The solid line through the v110 data is the prediction by
our model and using the v100 and v111 fitted curves.

Example: Hole trajectories 

<100> 

<100> 

<110> 

<110> 

Hole Drift Velocity:  

6.2 Modeling the Mobility 46

on the k-axis correspond to the symmetry points indicated in Fig. 6.3a.
Even for high external fields, interactions with the lattice vibrations

(phonons) will prevent that energy levels can be reached far from equilib-
rium. In Fig. 6.3b, only the band structure in the close vicinity of the energy
gap is of importance (locations where free electrons and holes are situated are
indicated). The particular shape of these energy bands near these extrema
predict preferential directions in which the electrons and holes are easier to
accelerate by external fields through e�ective masses [54, p.228, 568]. It is
the dependency of these e�ective masses upon the lattice orientation which
forms the basis for the observed anisotropic mobilities.

For a fixed electrical field strength, both the projection of the drift veloc-
ity in the field direction and the drift component perpendicular to the field
is depending on the field orientation with respect to the crystal lattice. The
drift velocity anisotropy in both components are referred to as longitudinal
anisotropy and transverse anisotropy respectively.

Due to the crystal lattice symmetry in germanium, in three directions –
the crystallographic ⇥100⇤, ⇥110⇤ and ⇥111⇤ directions – the mobility however
always has to be aligned with the electrical field: If the electrical field is
oriented along a symmetry axis, the crystal plus field becomes invariant
under a specific rotation. Therefore, the drift velocity necessarily also has
to show this invariance. Consequently, the drift velocity has to be aligned
with the symmetry axis.

Along symmetry directions, we therefore obtain direct information on the
longitudinal anisotropy. Experimental data on the longitudinal anisotropy
vl in these specific directions can be found in literature. This mobility data
can be well fitted in any principal crystallographic direction l with the para-
metrization reported by Knoll [31, p.423]:

vl =
µ0E

(1 + ( E
E0

)�)
1
�

� µnE (6.2)

At low fields, the mobility becomes isotropic and therefore the mobility fit
parameter µ0 is expected to become independent of the crystallographic
direction. For hot electrons, the departure from a linear vl � E relation
is modeled through the parameters E0 and �. At high fields, Mihailescu
et al. [58] have added the term µnE to account for the Gunn e�ect that
was observed by Ottaviani et al. [59] for field strengths above 3 kV/cm at
80K. However, this e�ect is insignificant in our detector operating with
field strengths (0.1-3 kV/cm) below the critical field strength as seen from
Fig. 6.1. Therefore, this term is not necessary. Parametrization values on
experimental longitudinal anisotropy data are summarized in Table 6.1.

The parametrization given in Table 6.1 does not only fix the mobility in
two distinct directions of the electrical field but it determines the mobility
in any direction. The anisotropy in the general case is related to the longi-
tudinal anisotropy in the ⇥111⇤ and ⇥100⇤ direction and is in fact completely

⇤k� = �1/2
i

⇤k

�i
⇤E = �0Ex⇤ex

⇥(E) = ⇥0 + ⇥1 logE/E0 + ⇥2(logE/E0)2

⇤k0// ⇤E

v100, v111

References

3

Hole trajectories for homogeneous starting positions 
around the core electrode. Every 25ns a point was 
plotted on the trajectory 



Measuring the crystal axis 
• 400kBq Am source + 

• Lead Collimator: ∅ 1.5mm X 1cm 

• Front Scan at ∅ 4.7cm: 300 cts/s  

• Fitfunction Risetime(θ) =  

A.[1+R4cos(θ- θ4)].[1+R2cos(θ- θ2)] 
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NEUTRON DAMAGE,  
TRAPPING AND CORRECTION 
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The 1332 keV peak as a function of crystal depth (z) 
for interactions at r = 15mm 

The charge loss due to neutron damage is proportional to 
the path length to the electrodes. This is provided by the 
PSA, which is barely affected by the amplitude loss. 

Knowing the interaction position,  
the charge trapping can be modeled and corrected away 

Core 
r=15mm 

Seg 
r=15mm 

New detector… 

Core 
r=15mm 

Seg 
r=15mm 

after neutron damage 

D
ep

th
 (z

) 

energy 



• Trapping rate of electrons / holes “q”: σ  : trapping cross section 
v   : microscopic velocity 
<.>: average over ensemble 
Nt  : density of trapping centers 

• Collection efficiency (position dependent) of electrons / holes for electrode “i”: 

=        Integral [ current to seg i  per unit charge ] 
=        total recorded charge by e/h after collection 

x0   : interaction position in detector 
φi    : weighting potential of segment i 
ve,h  : drift velocity of electrons / holes 
te : collection time 

• Total collection efficiency allows reconstruction of original energy: 

T.W. Raudorf, R. H. Pehl – NIM A 255 (1987) 538-551 
     Bruyneel et al. – EPJ A (2013) 49:61 

 

Collection Efficiency 



Neutron Damage Correction 
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Neutron Damage Correction 

Core%
Sum$of$15$spectra$

Segments%
Sum$of$15x36=540$spectra$

FWHM%%%5.5%keV%%!%2.9%keV%
FWTM%%15.5%keV%!%6.8%keV%

FWHM%%%3.2%keV%!%2.8%keV%
FWTM%%%7.2%keV%!%5.6%keV%

Eγ$(keV)$

4.0e5<$
$

3.0e5<$
$

2.0e5<$
$

1.0e5<$

4.0e5<$
$

3.0e5<$
$

2.0e5<$
$

1.0e5<$

$$$$1310$$$$$$$1315$$$$$$$1320$$$$$$$1325$$$$$$$1330$$$$$$$1335$

Line shape at the end of the 
AGATA @ LNL beam campaign 
 
•  Red = without correction 

Blue = with correction 

•  summed core line shape: 
Core is rather insensitive to 
neutron damage 

 

•  Summed segments line shape: 
Segments are more sensitive  
to neutron damage than core. 

Bruyneel et al. Eur. Phys. J. A (2013) 49:61 
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Time dependent weighting potentials 
An example: 
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•  Infinite short times: 
directly induced charges, 
time independent fraction of weighting potential 

•  q also charges the interface at z=0 : 
indirectly induces charges 
time evolution of the charges at interface   

 
•  Total Weighting potential 

•  Time integrated charge:          
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Equivalent 
scheme 
for decay 
constant 
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Example: Astrobox 

Astrobox	   d	  [μm]	   εr	   σ	  [1/Ωm]	  
layer	  3	   80	   1	   0	  
layer	  2	   25	   4.5	   0.5	  
layer	  1	   75	   4	   0	  

x 

Explicit solution for x<d3: 
see e.g.  W. Riegler,  NIM A 491 (2002) 258  
define 

a= ⌅1⌅2d3 + ⌅2⌅3d1 + ⌅3⌅1d2 (14)

b= ⌅3⇥2d1 + ⌅1⇥2d3 (15)

c(x)= ⌅1⌅2x/a (16)

⇤2 = ⌅2/⇥2 (17)

⇤ = a/b (18)

(19)

V3(x, s)= c(x)
s+ 1/⇤2
s+ 1/⇤

(20)

(21)

V3(x, t)= c(x) [�t + (1/⇤2 � 1/⇤) exp(�t/⇤)] (22)

(23)
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Germanium Band structure 
first Brillouin zone: 
•  Electrons populate minimum  

of conduction band 
•  Holes populate maximum  

of valence band 

Holes 

Electrons 

1 Some theory

a⇥k
2� =
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Trapping rate (per hole): 
 

L. S. Darken et al. NIM 171 (1980)  

rmax 

Q 

Defect 
cluster 
∼200Å 

Assumptions: 
•  Trapping only by disordered regions 
•  Macroscopic model: drift velocity! 
 Q ∼ 100e   equilibrium charge state 
  rmax∼ 2 µm  cross section (E=2kV/cm) 
  le ∼ 0.2 µm  dist. betw. optical phonon emission 

Cross section from field line disturbance: 
Balance between E field and Coulomb force: 

Trapping cross section 
Damage by fast neutrons: 
 



Reconstructed Impurity Profile 
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Values from Canberra: 0.5 till 1.8 

B. Birkenbach et al. Nim (2011) 


