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Recapitulation: 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) 



The Laplace Transform 
•  Laplace Transform of f(t):                                          with complex frequency 

•  Transforms integral and differential equations into algebraic equations: 
L, R, C circuits easily solved with impedances 
 
 
 

•  Convolution becomes multiplication 

•  Fourier transform is for periodic functions, while 
Laplace transform for signals “switching on” at time t=0 :  f(t<0) = 0   

The Laplace transform

we’ll be interested in signals defined for t ≥ 0

the Laplace transform of a signal (function) f is the function F = L(f)
defined by

F (s) =
∫ ∞

0
f(t)e−st dt

for those s ∈ C for which the integral makes sense

• F is a complex-valued function of complex numbers

• s is called the (complex) frequency variable, with units sec−1; t is called
the time variable (in sec); st is unitless

• for now, we assume f contains no impulses at t = 0

common notation convention: lower case letter denotes signal; capital
letter denotes its Laplace transform, e.g., U denotes L(u), Vin denotes
L(vin), etc.

The Laplace transform 3–4
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1 Some theory

i(t) = C du(t)
dt → I(s) = C · s · U(s) or U(s)

I(s) = 1
sC

References

2

Part IB Paper 6: Information Engineering

LINEAR SYSTEMS AND CONTROL

Glenn Vinnicombe

HANDOUT 2

“Impulse responses, step responses and transfer

functions.”

G(s)

transfer function

!

g(t)

impulse response

ū(s)

u(t)

!

Laplace transform
pair

ȳ(s)= G(s)ū(s)

!

y(t)=

∫ t

0
u(τ)g(t − τ)dτ

= u(t)∗ g(t)
= g(t)∗u(t)

1



7.3 Laplace Transform Rules 257

7.3 Laplace Transform Rules

In Table 6, the basic table manipulation rules are summarized. Full
statements and proofs of the rules appear in section 7.7, page 275.

The rules are applied here to several key examples. Partial fraction
expansions do not appear here, but in section 7.4, in connection with
Heaviside’s coverup method.

Table 6. Laplace transform rules

L(f(t) + g(t)) = L(f(t)) + L(g(t)) Linearity.
The Laplace of a sum is the sum of the Laplaces.

L(cf(t)) = cL(f(t)) Linearity.
Constants move through the L-symbol.

L(y′(t)) = sL(y(t)) − y(0) The t-derivative rule.
Derivatives L(y′) are replaced in transformed equations.

L
(

∫ t
0 g(x)dx

)

=
1

s
L(g(t)) The t-integral rule.

L(tf(t)) = −
d

ds
L(f(t)) The s-differentiation rule.

Multiplying f by t applies −d/ds to the transform of f .

L(eatf(t)) = L(f(t))|s→(s−a) First shifting rule.
Multiplying f by eat replaces s by s − a.

L(f(t − a)H(t − a)) = e−asL(f(t)),
L(g(t)H(t − a)) = e−asL(g(t + a))

Second shifting rule.
First and second forms.

L(f(t)) =

∫ P
0 f(t)e−stdt

1 − e−Ps
Rule for P -periodic functions.
Assumed here is f(t + P ) = f(t).

L(f(t))L(g(t)) = L((f ∗ g)(t)) Convolution rule.
Define (f ∗ g)(t) =

∫

t

0
f(x)g(t − x)dx.

11 Example (Harmonic oscillator) Solve by Laplace’s method the initial value
problem x′′ + x = 0, x(0) = 0, x′(0) = 1.

Solution: The solution is x(t) = sin t. The details:

L(x′′) + L(x) = L(0) Apply L across the equation.

sL(x′) − x′(0) + L(x) = 0 Use the t-derivative rule.

s[sL(x) − x(0)] − x′(0) + L(x) = 0 Use again the t-derivative rule.

(s2 + 1)L(x) = 1 Use x(0) = 0, x′(0) = 1.

L(x) =
1

s2 + 1
Divide.

= L(sin t) Basic Laplace table.

x(t) = sin t Invoke Lerch’s cancellation law.

The Laplace Transform rules 



Laplace Transform lookup table 
ENGS 22 — Systems  
 

Laplace Table Page 1 
 

Laplace Transform Table 
Largely modeled on a table in D’Azzo and Houpis, Linear Control Systems Analysis and Design, 1988 

 
F (s) f (t)     t0  
1.      1 )(t                unit impulse at t = 0 

2.   
s
1  1 or )(tu         unit step starting at t = 0 

3.   2

1
s     )(tut   or t           ramp function 

4.   ns
1

 
1

)!1(
1 nt
n        n = positive integer 

5.   
ase

s
1

 
)( atu            unit step starting at t = a 

6.   )1(
1 ase
s  

)()( atutu     rectangular pulse 

7.   as
1

 
ate                 exponential decay 

8.   nas )(
1

 
atn et

n
1

)!1(
1

   n = positive integer 

9.   )(
1
ass  )1(

1 ate
a  

10.  ))((
1

bsass   )1(
1 btat e

ab
ae

ab
b

ab  

11.  ))(( bsass
s

 ]
)()(

[
1 btat e

ab
bae

ab
ab

ab  

12.  ))((
1

bsas  )(
1 btat ee
ab  

13.  ))(( bsas
s

 )(
1 btat beae
ba  

…or use mathematica or similar 



AC small signal equivalent scheme… 
•  Analog electronics schemes can be separated in  

a DC scheme + AC small signal equivalent scheme 

•  The DC scheme serves to properly bias all the components 
•  only DC currents and potentials are regarded 
•  AC current / potential sources are taken out 

•  The AC scheme equivalent for small signal perturbations 
•  DC bias values are used to define a linearization of non-linear elements 
•  DC current / potential sources are taken out 

•  (Superposition principle) the solution for the whole circuit = 
The small signal solution superposed on the DC bias values.  



AC equivalent scheme… example 
• EXAMPLE: Noise analysis of a detector. 

•  (Convention: use capital letters for DC 
quantities,small letters for AC quantities) 

•  Cb =  HV filter 

•  Rb = HV load resistor (1G ohm) 

•  Cc = HV coupling capacitor (1000 pF) 

•  Rs = any resistivity betw. det and preamp 
(e.g. resistivity wires, det. Electrodes,..) 

•  i,e = AC current / voltage noise sources 
(leave out if you don’t want to study noise) 



1) DC scheme 
• Reduction to DC equivalent scheme 

Consider: 
 
•  Capacities as open circuit, 

inductances as short circuit. 

•  AC current sources as open circuit,  
AC voltage sources as short circuit 

•  Remark: a DC coupled preamp would 
remain in the scheme. It can be used  
to monitor the leakage current 

 

✗

✗

✗

✗



1) DC scheme 
• Solution: 

•  DC leakage current Id found by  
analysis of “load line” 

•  In reality: take a HV module  
with current readout   

•  For AGATA detector, Id = 100 pA 
(not measureable with HV module) 

•  Id known, Potential drop over Rb is: 
Vdrop = 10-10A X 109Ω = 0.1V 
(here negligible, but not always…) 

 

Figure 3: I-V characteristics of the symmetric AGATA detector
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Figure 4: Circuit diagram of the detector from the viewpoint of the
core preamplifier (see text). The detector model shown in Fig. 1 is
substituted with the total detector capacitance Cdet and series resis-
tivity Rdet as indicated with the ≡ symbol. Stray capacitances Cstray
produce an offset between the core pulser line position and the sum of
the segment pulser line positions.

available HV modules. However, these modules pro-130

duced considerably larger fluctuations in the current off-131

set, implying larger errors at very low voltages.132

From the values shown in Fig. 3 the total parallel detec-133

tor resistance was calculated. The differential resistivity134

is given as ∂U
∂I |Vbias . Above 10V this resistance is already135

in the region of TΩ, and therefore its contribution will136

be completely negligible at all bias voltages of interest.137

3. Principle of the pulser method138

A built-in programmable pulser is installed on the core139

preamplifier board [14]. Different from standard pulser140

inputs, the pulser signal is injected at the source pin of141

the core contact FET which is connected to ground level142

via a 1.8Ω resistor. A schematic drawing of the detec-143

tor electronics is shown in Fig. 4. In order to extract144

capacitance values with the pulser signal the exact rela-145

tionship between pulser line positions and capacitance146

is mandatory [17]. The preamplifier’s transfer function147

for pulser input signals is derived based on the circuitry148

in Fig. 4. The measured pulser positions in the spectra149

are compared to values from a γ-ray calibration source.150

The response to currents Iγ induced by gamma radiation151

is also derived. In the calculations, the two 1GΩ resis-152

tors of Fig. 4 can be neglected: In the feedback loop, the153

time constant τ f b = CfbR fb is 1ms. Therefore Rfb is154

only relevant for effects on a timescale larger than 1ms.155

For similar reasons, the 1GΩ protection resistor can be156

neglected.157

3.1. The pulser transfer function158

In the case where a rectangular pulse is injected at the
noninverting input of the preamplifier, this potential is
‘copied’ into the inverting input of the preamplifier:

Vin = Vpulser (1)

This behavior is caused by the large open loop gain159

A " 105: if the output is not saturated – implying160

Vout = A(V+ − V−) < 1V – the potential difference at161

the input nodes is smaller than the thermal noise. If no162

pulser signal is applied, the preamplifier input is acting163

as a virtual ground. This concept is already indicated164

in Fig. 4. Here the segments are considered as virtually165

grounded.166

Evaluating the current flow at the node Vin, the pulser
transfer function is obtained to be:

Vin
Zdet
=
Vout − Vin

Z fb
⇒

Vout
Vpulser

= 1 +
Zfb
Zdet

(2)

The second term Zf b
Zdet

can be rewritten as the Laplace
transform of an exponential decaying function:

a1,2
1 + sτ1,2

= a1,2 L
−1
[

e−t/τ1,2
τ1,2

]

(3)

with167

a1 =
CdetCac

C fb(Cdet +Cac)
(4)

τ1 = Rdet
CdetCac
Cdet +Cac

(5)

τ2 and a2 will be used later in the equations (10) and
(11). The time constant τ1 represents the additional rise
time added to the pulser signal at the core preamp out-
put. If τ1 is sufficiently small with respect to the typical

3

Leakage current of an AGATA detector 
Birkenbach, et al. NIM A Vol.40, Iss. 1 (2011), p.176 
 



2) AC equivalent scheme 
• Reduction to AC equivalent scheme. 

•  Consider: 
DC current sources as open circuit, 
DC potential sources as short connected 

•  Replace nonlinear elements by their 
small signal equivalent (parameters depend 
on DC bias values) 

•  Small signal equivalent of a detector: 

•  Series resistance 
(if detector not fully depleted) 

•  Detector Capacitance 

•  Parallel resistance 
(allows leakage current) 
(AGATA: > 1TΩ : leave out) 

•  Series resistance and Capacitance measured 
by manufacturer as function of Vbias 
AGATA:  Rs = 0,    C~46pF at full depletion 

è 
(depleted 
detector) 



2) AC equivalent scheme 
• Solution: 

•  “White” noise sources 
•  Remark: in AC scheme, Rb becomes in parallel with the detector !! 
•  Presence of Cd makes the white noise frequency dependent at the output 
•  Traditional calculation ends here:  

noise sources are statistical and amplitudes add quadratically !!! 
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Figure 28.11: Equivalent circuit for noise analysis.

i2nd = 2eId ,

i2nb =
4kT

Rb
,

e2
ns = 4kTRs , (28.23)

where e is the electronic charge, Id the detector bias current, k the Boltzmann constant
and T the temperature. Typical amplifier noise parameters ena and ina are of order
nV/

√
Hz and pA/

√
Hz. Trapping and detrapping processes in resistors, dielectrics and

semiconductors can introduce additional fluctuations whose noise power frequently
exhibits a 1/f spectrum. The spectral density of the 1/f noise voltage is

e2
nf =

Af

f
, (28.24)

where the noise coefficient Af is device specific and of order 10−10–10−12 V2.
A fraction of the noise current flows through the detector capacitance, resulting in a

frequency-dependent noise voltage in/(ωCd), which is added to the noise voltage in the
input circuit. Since the individual noise contributions are random and uncorrelated, they
add in quadrature. The total noise at the output of the pulse shaper is obtained by
integrating over the full bandwidth of the system. Superimposed on repetitive detector
signal pulses of constant magnitude, purely random noise produces a Gaussian signal
distribution.

Since radiation detectors typically convert the deposited energy into charge, the
system’s noise level is conveniently expressed as an equivalent noise charge Qn, which is
equal to the detector signal that yields a signal-to-noise ratio of one. The equivalent noise
charge is commonly expressed in Coulombs, the corresponding number of electrons, or
the equivalent deposited energy (eV). For a capacitive sensor

Q2
n = i2nFiTS + e2

nFv
C2

TS
+ FvfAfC2 , (28.25)
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fully by a combination of voltage and current sources at its input, shown as ena

and ina.
Shot noise and thermal noise have a “white” frequency distribution, i.e. the

spectral densities are constant with the magnitudes

i2nd = 2eId

i2nb = 4kT/Rb

e2
ns = 4kTRs

where e is the electronic charge, Id the detector bias current, k the Boltzmann
constant, and T the temperature. Typical amplifier noise parameters ena and ina

are of order nV/
√

Hz and fA to pA/
√

Hz. Trapping and detrapping processes
in resistors, dielectrics and semiconductors can introduce additional fluctuations
whose noise power frequently exhibits a 1/f spectrum. The spectral density of
the 1/f noise voltage is

e2
nf =

Af

f
, (1.31)

where the noise coefficient Af is device specific and of order 1010 – 1012 V2.
A portion of the noise currents flows through the detector capacitance, re-

sulting in a frequency-dependent noise voltage in/ωCd, which is added to the
noise voltages in the input circuit. Since the individual noise contributions are
random and uncorrelated, they add in quadrature. The total noise at the output
of the pulse shaper is obtained by integrating over the full bandwidth of the
system.

1.10.2 Amplitude measurements
Since radiation detectors are typically used to measure charge, the system’s noise
level is conveniently expressed as an equivalent noise charge Qn, which is equal
to the detector signal that yields a signal-to-noise ratio of one. The equivalent
noise charge is commonly expressed in Coulombs, the corresponding number of
electrons, or the equivalent deposited energy (eV). For a capacitive sensor

Q2
n = i2nFiTS + e2

nFv
C2

TS
+ Fvf AfC2 , (1.32)

where C is the sum of all capacitances shunting the input. Note that the voltage
noise contributions increase with capacitance. The shape factors Fi, Fv , and Fvf

depend on the shape of the pulse determined by the shaper. TS is a characteristic
time, for example the peaking time of a semi-Gaussian pulse (Figure 1.3) or the
prefilter integration time in a correlated double sampler (discussed in Chapter
4). The shape factors Fi, Fv are easily calculated,

Fi =
1

2TS

∞∫

−∞

[W (t)]2 dt and Fv =
TS

2

∞∫

−∞

[
dW (t)

dt

]2

dt , (1.33)

where for time invariant pulse shaping W (t) is simply the system’s impulse re-
sponse (the output signal seen on an oscilloscope) with the peak output signal



Noise analysis 
•  Analysis of noise using an CR-RC shaper (time constant  Ts ): 

 
•        =        current noise      + voltage noise       + 1/f noise 
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Figure 28.12: Equivalent noise charge vs shaping time. Changing the voltage or
current noise contribution shifts the noise minimum. Increased voltage noise is
shown as an example.

The noise parameters of the amplifier depend primarily on the input device. In field
effect transistors, the noise current contribution is very small, so reducing the detector
leakage current and increasing the bias resistance will allow long shaping times with
correspondingly lower noise. In bipolar transistors, the base current sets a lower bound on
the noise current, so these devices are best at short shaping times. In special cases where
the noise of a transistor scales with geometry, i.e., decreasing noise voltage with increasing
input capacitance, the lowest noise is obtained when the input capacitance of the
transistor is equal to the detector capacitance, albeit at the expense of power dissipation.
Capacitive matching is useful with field-effect transistors, but not bipolar transistors. In
bipolar transistors, the minimum obtainable noise is independent of shaping time, but
only at the optimum collector current IC , which does depend on shaping time.

Q2
n,min = 4kT

C√
βDC

√
FiFv at Ic =

kT

e
C

√
βDC

√
Fv

Fi

1
TS

, (28.29)

where βDC is the DC current gain. For a CR–RC shaper and βDC = 100,

Qn,min/e ≈ 250
√

C/pF . (28.30)

Practical noise levels range from ∼ 1e for CCDs at long shaping times to ∼ 104 e
in high-capacitance liquid argon calorimeters. Silicon strip detectors typically operate
at ∼ 103 e electrons, whereas pixel detectors with fast readout provide noise of several
hundred electrons.
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Fig. 1.29. Equivalent noise charge vs. shaping time of a typical detector system.

normalized to unity. For more details see the papers by Goulding (1972), Radeka
(1968, 1974), and Goulding and Landis (1982).

A pulse shaper formed by a single differentiator and integrator with equal
time constants τd = τi = τ ≡ TS as in Figure 1.5 has Fi = Fv = 0.9 and
Fvf = 4, independent of the shaping time constant. The overall noise bandwidth,
however, depends on the time constant, i.e. the characteristic time TS . The
contribution from noise currents increases with shaping time, i.e. pulse duration,
whereas the voltage noise decreases with increasing shaping time. Noise with a
1/f spectrum depends only on the ratio of upper to lower cutoff frequencies
(integrator to differentiator time constants), so for a given shaper topology the
1/f contribution to Qn is independent of TS . Increased detector capacitance
shifts the voltage noise contribution upward and the noise minimum to longer
shaping times. Pulse shapers can be designed to reduce the effect of current noise,
e.g. mitigate radiation damage. Increasing pulse symmetry tends to decrease Fi

and increase Fv (e.g. to 0.45 and 1.0 for a shaper with one CR differentiator and
four cascaded integrators).

For the circuit shown in Figures 1.27 and 1.28

Q2
n =

(
2eId +

4kT

Rb
+ i2na

)
FiTS +

(
4kTRs + e2

na

)
Fv

C2
d

TS
+ Fvf AfC2

d . (1.34)

As the shaping time TS is changed, the total noise goes through a minimum,
where the current and voltage contributions are equal. Figure 1.29 shows a typical
example. At short shaping times the voltage noise dominates, whereas at long
shaping times the current noise takes over. The noise minimum is flattened by
the presence of 1/f noise. Increasing the detector capacitance will increase the
voltage noise and shift the noise minimum to longer shaping times (Figure 4.29).
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Fig. 1.29. Equivalent noise charge vs. shaping time of a typical detector system.

normalized to unity. For more details see the papers by Goulding (1972), Radeka
(1968, 1974), and Goulding and Landis (1982).

A pulse shaper formed by a single differentiator and integrator with equal
time constants τd = τi = τ ≡ TS as in Figure 1.5 has Fi = Fv = 0.9 and
Fvf = 4, independent of the shaping time constant. The overall noise bandwidth,
however, depends on the time constant, i.e. the characteristic time TS . The
contribution from noise currents increases with shaping time, i.e. pulse duration,
whereas the voltage noise decreases with increasing shaping time. Noise with a
1/f spectrum depends only on the ratio of upper to lower cutoff frequencies
(integrator to differentiator time constants), so for a given shaper topology the
1/f contribution to Qn is independent of TS . Increased detector capacitance
shifts the voltage noise contribution upward and the noise minimum to longer
shaping times. Pulse shapers can be designed to reduce the effect of current noise,
e.g. mitigate radiation damage. Increasing pulse symmetry tends to decrease Fi

and increase Fv (e.g. to 0.45 and 1.0 for a shaper with one CR differentiator and
four cascaded integrators).

For the circuit shown in Figures 1.27 and 1.28

Q2
n =

(
2eId +

4kT

Rb
+ i2na

)
FiTS +

(
4kTRs + e2

na

)
Fv

C2
d

TS
+ Fvf AfC2

d . (1.34)

As the shaping time TS is changed, the total noise goes through a minimum,
where the current and voltage contributions are equal. Figure 1.29 shows a typical
example. At short shaping times the voltage noise dominates, whereas at long
shaping times the current noise takes over. The noise minimum is flattened by
the presence of 1/f noise. Increasing the detector capacitance will increase the
voltage noise and shift the noise minimum to longer shaping times (Figure 4.29).

H. Spieler – “Semiconductor detector systems” 

AGATA: normal = 6us shaping 
 

If leakage current increases, 
optimum shaping time  moves 

to left 
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Marking code: 2Ap.

QUICK REFERENCE DATA

SYMBOL PARAMETER CONDITIONS MIN. TYP. MAX. UNIT

VDS drain-source voltage 20 V
VGSoff gate-source cut-off voltage 0.3 0.8 1.2 V
IDSS drain-source current 10 25 mA
Ptot total power dissipation Ts 90 C 300 mW
yfs transfer admittance 35 45 mS

Tj junction temperature 150 C

CAUTION

This product is supplied in anti-static packing to prevent damage caused by electrostatic discharge during transport 
and handling.
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•  Surface effect conduction 
under control of gate potential: 

 
•  W/L=transistor aspect ratio 
•  Ko=f(mobility, gate capacitance, T, …) 
•  Vt=f(dopant, gate capacitance, fixed charges 

•  Transconductance “gm” 

  

  

Id 

Vgs 



The FET small signal equivalent 

•  gm ≈ 45 mS (BF862) 
•  r0 = 50k – 1M, often omitted 
•  Sometimes also Cgs  
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vout
iin

= −−ZFB · Aeff

1 + Aeff
≈ −ZFB =

Rfb

1 + sRFBCFB
(14)

(15)

(16)

vout(t) = iin(t) �
1

CFB
·
�
e−t/τ

�
with τ = RFBCFB = 1ms (17)

(18)

(19)

Aeff =
gm
ZFB

· [ZFB//ZL] · [ZFB//Zin] (20)

(21)

(22)

(23)
vout
vin

= −gm [ZFB//ZL] (24)

(25)

Zeq =
vtest
itest

≈ ZFB

gm [ZFB//ZL]
(26)

vout =−Avin (27)

iin =(vin − vout)/ZFB (28)

(29)

vout =
−AZFB

1 + A
iin (30)

(31)

ZFB = 1/sCFB (32)
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Realistic Preamplifiers Model 

Ideal Opamps 
 
•  Open loop gain A is very high (105 ~ ∞) 

negative Feed-back prevents saturation 

•  If output is not saturated, then difference  
between “+” and “-” must be nihil 
if “+” is ground, then “-” is a virtual ground 

•  Input impedance is very high 
no current flows into preamp 

•  We use preamps with only the inverting input 
this allows to reduce the noise by  

vin vout 

1 Some theory

i(t) = C du(t)
dt → I(s) = C · s · U(s) or U(s)

I(s) = 1
sC

√
2

Table 1
default

X ZX(s)

R R

C 1/sC

L sL
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Or 
 
 
 
for ideal CSP: 

vout
iin

= −−ZFB · Aeff

1 + Aeff
≈ −ZFB =

Rfb

1 + sRFBCFB
(14)

(15)

(16)

vout(t) = iin(t) �
1

CFB
·
�
e−t/τ

�
with τ = RFBCFB = 1ms (17)

(18)

(19)

Aeff =
gm
ZFB

· [ZFB//ZL] · [ZFB//Zin] (20)

(21)

(22)

(23)
vout
vin

= −gm [ZFB//ZL] (24)

(25)

Zeq =
vtest
itest

≈ ZFB

gm [ZFB//ZL]
(26)

vout =−Avin (27)

iin =(vin − vout)/ZFB (28)

(29)

vout =
−AZFB

1 + A
iin (30)

(31)

ZFB = 1/sCFB (32)
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Developed preamplifiers 

Triple segment preamp         
on FR4 substrate  

Mod. “PACAGA5A” – GANIL 
B. Cahan et al. 

Triple segment preamp         
on alumina substrate 

Mod. “PB-B1 MI” – Milano 
A. Pullia et al. 

Core preamplifier & built-in pulser    
on FR4 substrate 

Mod. “AGATA core-pulser” – Koeln 
G. Pascovici et al. 

Top view 

Bottom view 

Top view 

Bottom view 

1 Channel 
version 

A. Pullia, G. Pascovici, B. Cahan, D. Weisshaar, C. Boiano, R. Bassini, M. Petcu, F. Zocca, “The AGATA charge-sensitive 
preamplifiers with built-in pulser and active-reset device”, Proc. Nucl. Sci. Symp., October 16-22, 2004, Rome, Italy 

PACAGA5A 
(GANIL) 

PB-B1- MI 
(Milano) 

AGATA_ 
core-pulser 
(Koeln) 

PZ trimmers 

PZ 
trimmers 

New version: “Dual Core“ 



Realistic Preamplifiers Model 

More realistic preamps 
 
•  FET small equivalent with load impedance 

ZL = RL // CL  (Zin = Cgs) 

•  Open loop gain is now frequency dependent 
Signals will have realistic rise times. 

•  Cut off frequency  
limited by Nyquist theorem 

ê 

vout 

vin 

vin 

vout 

1 Some theory

i(t) = C du(t)
dt → I(s) = C · s · U(s) or U(s)

I(s) = 1
sC

√
2

Table 1
default

X ZX(s)

R R

C 1/sC

L sL

fg =
1

2πRLCL
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1 Some theory

i(t) = C du(t)
dt → I(s) = C · s · U(s) or U(s)

I(s) = 1
sC

√
2

A(s)=
vout
vin

= −gmZL (1)

=−gm
1

1/Rl + sCL
=

−gmRL

1 + sCLRL
(2)

(3)

Table 1
default

X ZX(s)

R R

C 1/sC

L sL

fg =
1

2πRLCL
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Realistic Preamplifiers Model 

More realistic preamps 
 
•  FET small equivalent with load impedance 

ZL = RL // CL  (Zin = 1/sCgs) 

•  Open loop gain is now frequency dependent 
Signals will have realistic rise times. 

•  Cut off frequency  
limited by Nyquist theorem 

1 Some theory
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i(t) = C du(t)
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vout
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=−gm
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Realistic Preamplifiers Model 
Charge Sensitive Preamp 
 
•  iin    = current from Ramo Theorem 
•  Zin  = Cd // Cgs // Rb    ~ 50pF // 1G 

•  ZL   = RL // CL                       

•  Zfb  = Cfb // Rfb          =1pF // 1G 

Nodal network: 
 vin vout 

ê

(Virtual ground) 

1 Some theory

i(t) = C du(t)
dt → I(s) = C · s · U(s) or U(s)

I(s) = 1
sC

√
2

A(s)=
vout
vin

= −gmZL (1)

=−gm
1

1/Rl + sCL
=

−gmRL

1 + sCLRL
(2)

(3)

Table 1
default

X ZX(s)

R R

C 1/sC

L sL

fg =
1

2πRLCL

iL = iFB + gmvin or (4)

−vout
ZL

=
vout − vin

ZFB
+ gmvin (5)

≈ vout
ZFB

+ gmvin (6)

(7)

iin =
vout − vin

ZFB
+

vin
Zin

(8)

References

2



Realistic Preamplifiers Model 
SOLUTION: (Compare with ideal integrator)  
 
 
 
Looking this function up in the list yields: 
 
 
The output voltage is a convolution with a near-step function.  
 
 
For the approximation, this “effective” open loop gain should be still large  
 
Another result, of importance for dynamic input impedance calculations – see next slide: 
 

 

vout
iin

= −−ZFB · Aeff

1 + Aeff
≈ −ZFB =

Rfb

1 + sRFBCFB
(14)

(15)

(16)

vout(t) = iin(t) �
1

CFB
·
�
e−t/τ

�
with τ = RFBCFB = 1ms (17)

(18)

(19)

Aeff =
gm
ZFB

· [ZFB//ZL] · [ZFB//Zin] (20)

(21)

(22)

(23)
vout
vin

= −gm [ZFB//ZL] (24)

(25)

Zeq =
vtest
itest

≈ ZFB

gm [ZFB//ZL]
(26)
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Dynamic input impedance of CSP 
•  Apply a test current to the CSP, 

from previous results: 
 
 
 
 

•  The dynamic input impedance is: 
 
 
 
or 

   Zeq = Miller equiv. + noiseless Req 

vout
iin

= −−ZFB · Aeff

1 + Aeff
≈ −ZFB =

Rfb

1 + sRFBCFB
(14)

(15)

(16)

vout(t) = iin(t) �
1

CFB
·
�
e−t/τ

�
with τ = RFBCFB = 1ms (17)

(18)

(19)

Aeff =
gm
ZFB

· [ZFB//ZL] · [ZFB//Zin] (20)

(21)

(22)

(23)
vout
vin

= −gm [ZFB//ZL] (24)

(25)

vout =−Avin (26)

iin =(vin − vout)/ZFB (27)

(28)

vout =
−AZFB

1 + A
iin (29)

(30)

ZFB = 1/sCFB (31)

vout =−ZFB itest (32)

vout =−gm [ZFB//ZL] vtest (33)

(34)

(35)

Zeq =
vtest
itest

=
ZFB

gm [ZFB//ZL]
(36)

(37)

Zeq =
ZFB

gmRL
+

CFB + CL

gmCFB
(38)

(39)

Zeq ≈
1

sACfb
+Req (40)
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A numerical simulation (Multisim) 
Model “HeKo” 

(Miniball) 
 

“Multisim” preamp simulation

1.E+0

1.E+1

1.E+2

1.E+3

1.E+4

1.E+5

1.E+6

1.E+7

1.E+8

1.E+9

1.E+10

1.E+0 1.E+1 1.E+2 1.E+3 1.E+4 1.E+5 1.E+6 1.E+7 1.E+8 1.E+9

frequency [Hz]

|Im
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e|
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]

Zin
ZfbVout/Iin = Zfb 

Zin = Vin/Iin 

Zin = Zfb/A + “R” 



Preamp rise time •  Consider an undepleted detector 
with coupling capacitor Cc 

•  Calculation simplifies by using a 
Norton equivalent in, Zn 

•  In the Norton equivalent scheme: 

 
•  The current divider term equals: 

ê 

Zn =Rs + 1/sCd + 1/sCc (41)

in =
1/sCd

Zn
iramo (42)

(43)

vout =−ZFB · iin (44)

=−ZFB · Zn

Zn + Zeq
· in (45)

(46)

vout =−ZFB · 1/sCd

Zn + Zeq
iramo (47)

=−ZFB · 1

1 + Cd
Cc

+ Cd
ACFB

· 1

1 + sCd(Rs +Req)
iramo (48)

(49)

vout ∝
1

1 + Cd
Cc

+ Cd
ACFB

· 1

1 + sCd(Rs +Req)
(50)
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Undepleted detector = amplitude drop and rise time increase 

vout =−ZFB · iin (41)

=−ZFB · Zn

Zn + Zeq
· in (42)

(43)
Zn

Zn + Zeq
=

1

1 + Cd
Cc

+ Cd
ACFB

· 1

1 + sCd(Rs +Req)
(44)

vout ∝
1

1 + Cd
Cc

+ Cd
ACFB

· 1

1 + sCd(Rs +Req)
(45)
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Zn =Rs + 1/sCd + 1/sCc (41)

in =
1/sCd

Zn
iramo (42)

(43)

vout =−ZFB · iin (44)

=−ZFB · Zn

Zn + Zeq
· in (45)

(46)
Zn

Zn + Zeq
=

1

1 + Cd
Cc

+ Cd
ACFB

· 1

1 + sCd(Rs +Req)
(47)

vout ∝
1

1 + Cd
Cc

+ Cd
ACFB

· 1

1 + sCd(Rs +Req)
(48)
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Preamp rise time 

•  Variation of Am peak position  
with bias voltage  

•  Segments shift less  
due to DC coupling 

•  Allows determination of depletion 
voltage and impurity concentration 

•  Error bars in graph correspond to  
FWHM of the energy peak 

•  Error bars increase with increased  
capacity and serial resistivity 
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Figure 6: Variation of the Am peak position with detector bias voltage.
The error bars indicate the FWHM of the energy peak. They do not
represent an uncertainty.

efficients:223

a2 =

[

1 +
Cdet
Cac
+
Cdet
AC fb

]−1

(10)

τ2 = Cdet [Rrise + Rdet] (11)

The rise time τ2 is mainly the intrinsic rise timeCdetRrise224

of the preamplifier. The preamplifier reaches a rise time225

at full depletion which is increased by the depletion226

voltage dependent fraction CdetRdet (see eq. 11). The227

latter information, unfortunately, can in reality not be228

used to measure Rdet as the currents induced from γ-229

rays themselves are not ideally peaked, but have a finite230

position dependent width.231

The calibration peak positions are expected to shift as a232

function of bias voltage. The experimentally observed233

shift in peak position of core and segment for the 60 keV234

Am line is shown in Fig. 6. The core energy posi-235

tion varies strongly with bias voltage according to equa-236

tion 10, while segments are nearly unaffected. Remark237

that this behavior is different than for pulser induced238

signals: the amplitude for pulser induced signals grows239

linearly with load capacitance as shown in Fig. 5, while240

the amplitude for gamma-induced currents is decreasing241

with load capacitance.242

At low bias voltages, the line width grows drastically243

due to the increased detector capacitance. The reduced244

energy resolution is indicated by the FWHM value of245

the peak in Fig. 6 (size of error bars).246

4. Capacitance-VoltageMeasurements247

For the pulser based capacitance measurement the sym-248

metric AGATA detector S002 was mounted in a stan-249

dard single test cryostat. A space charge distribution250
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Figure 9: Capacitances of sector A at different voltages. The first seg-
ment A1 is located at the hexagonal front side of the detector shape.
Segment A6 is at the end of the detector, where the detector has a
cylindrical shape.

of 0.5 (back) to 1.8 (front) ×1010cm−3 is given by the251

manufacturer [15], for more details about the AGATA252

detectors see [16]. The 36 segments and core pream-253

plifier signals were digitized using ten XIA DGF-4C254

modules. The gain and the offset of the preamplifiers255

were matched at full voltage of 5000V using the 1.3256

MeV line from a 60Co source. The pulser amplitude257

in all segments and the core were measured at differ-258

ent high voltages. The pulser signal of the core ampli-259

tude was normalized to the total detector bulk capaci-260

tance of 46.5 pF, as provided by the manufacturer. The261

capacitance values were corrected for the coupling ca-262

pacitor of Cac = 875 pF and the stray capacitance of263

Cstray = 8 pF.264

The results for the total capacitance as measured from265

the core pulser signals is shown in Fig. 7. The indi-266

vidual core to segment capacitances Ci are shown in267

Fig. 8. In the graphs the geometrical identical segments268

are grouped together ringwise.269

To illustrate the difference between the capacitance val-270

ues for the segmentation in depth along the detector271

axis, the capacitances for the six segments in sector A272

are shown in Fig. 9 as function of the measured bias273

voltages. The measured capacitances reflect the detec-274

tor geometry. The lowest capacitance value of segment275

A2 is caused by the smallest surface area of the second276

ring of segments (see Tab. 1 for numbers) with respect277

to all other segments. The peculiar cross talk behavior278

of the second ring segments [11] is also caused by the279

smallest geometrical surface and resulting capacitance.280

In order to cross check and validate the pulser measure-281

ments the capacitance of the whole detector was also282

measured independently in a direct way with a stan-283

5

vout =−ZFB · iin (41)

=−ZFB · Zn

Zn + Zeq
· iramo (42)

(43)
Zn

Zn + Zeq
=

1

1 + Cd
Cc

+ Cd
ACFB

· 1

1 + sCd(Rs +Req)
(44)

vout ∝
1

1 + Cd
Cc

+ Cd
ACFB

· 1

1 + sCd(Rs +Req)
(45)
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Origin of cross talk 
Proportional Xtalk (50µs decay) → Energy 

Differential Xtalk (only during risetime) → PSA 
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With Zin = 1/sACfb + (1/sCac) + Req 

Xtalk = Zin / (Z01+Zin) ~ Zin / Z01  

          ~ C01/ACfb + (C01/Cac) + s . Req C01 

          =      Proportional        + Differential Xtalk 

 Proportional and Differential Xtalk are related by same C01 



Proportional Cross talk 
For any 1406keV single event in the detector:
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Derivative cross talk is correlated 
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Summary G. Pascovici – “Front-End 
Electronics for Large Arrays of 
HP-Ge”, MSU, Sept. 2006 

•  AC equivalent schemes is all we need 

•  Charge sensitive preamp: 
 

 vout = -ZFB iin 

•  CSP’s dynamic input impedace Zeq 
is source of all evil 

•  You should now be able to understand 

•  Ramo’s extended theorem yields crosstalk 



References 
Rivista Del Nuovo Cimento  
Vol 9 nr 1 (1986) 


