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ABSTRACT 

Characterization and applicability of a one-dimensional position sensitive semiconductor partiele 
detector (PSD) for ion scattering experiments is described in this thesis. The PSD provides 
simuiteneus measurement of the energy and the position of incidence of impinging particles onto 
the detector. 

Three pre-amplifiers were designed and built to amplify the energy and both position signals, 
before further signal and data processing is performed. A theoretica} noise analysis of the PSD 
and the pre-amplifiers is given. This analysis makes clear that the detector resistance is the main 
contri bution to the noise. Filtering with a time constant of the shaping amplifier of 'tsh=O.l flS 
leads to the lowest noise contribution in the output pulses. 

Measurements of the rise time of the detector pulses were performed to characterize the PSD. 
This characterization is done by measuring the pulse height as a function of time. The pulse rise 
time and the pulse height are determined as a function of the position of incidence. The results 
show a good qualitative agreement with the theoretica} respons. The linearity of the PSD is 
measured very accurately by directly irradiating the PSD with the microprobe. A non-linearity 
of ±0.13% of the totallenght of 30 mm of the PSD was found with shaping time constant 'tsh=3 
flS which conflicts with 't8h=0.1 flS for the lowest noise in the output voltage. 

Two experiments have been performed, as an illustration of use of the PSD in ion beam 
experiments. In the first application, the PSD is used to determine the position of scattered and 
focused particles in a CERDA-TOF experiment. The measured position was 4.2 mm to the right 
and 0.9 mm below the expected position basedon perfect alignment. 

In the second experiment, the PSD is used as a scattered a-particle detector to measure angular 
dependent kinematic effects in ion scattering experiments. It is even possible to perform an 
energy calibration using these kinematic effects. In a CERDA-experiment, it is possible to 
measure scattered a-particles at carbon and oxygen at the same time, by the large acceptance 
angle of the PSD. Identification of the elements in the foil can be done by selection on the 
scattering energy but also on the angular distibution of the scattered particles. This might be used 
to surpress accidental coincidences or to increase the recoil detector solid angle while retaining 
full element separation. 
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CHAPTERl 

INTRODUCTION 

In this chapter, an overview of the performed material analysis techniques are given. The 
techniques used in this thesis are shortly described tagether with a short introduetion to the 
position sensitive semiconductor partiele detector. 

1.1 ANAL YSIS TECHNIQUES AT THE CYCLOTRON LABO RA TORY 

At the Cyclotron Laboratory of the Eindhoven University of Technology ion beam analysis 
techniques like Rutherford Backscattering Speetrometry (RBS), Coïncident Elastic Recoil 
Detection Analysis ((C)ERDA), Partiele Induced X-ray Emission (PIXE) and channeling are 
performed. In these techniques, accelerated protons or alpha particles collide with atoms in the 
target which has to be examined. The ion accelerator, an A VF cyclotron, can accelerate the 
protons and alpha particles to an energy between 3 Me V and 30 Me V. 

pixe 

mieroprobe cyclotron 

Figure 1.1: Overview of the cyclotron, the beam guidance system and the experimental set
ups at the Jour pipes behind the switcher magnet. Experiments described in this thesis are 
performed at the set-ups indicated by rbs/erda/cerda-tof and microprobe. 

The accelerated ions are transported to the experiment set-ups with a beam transport system. The 
target chamber, where the analysis of the samples takes place, is at the end of the beam transport 
system. The beam transport system consists of dipole magnets to bend the beam and quadrupole 
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Chapter 1: Introduetion 

magnets to focus the beam. 

The analysis technique performed in this report is CERDA. For the detection and depth 
profilation of light elements, CERDA is a useful technique. The incident ions eject the light 
atoms in forward direction as recoils. Therefore the detector is placed at a forward angle in order 
to measure the forward ejected recoil atoms. Selection between the recoils and forward scattered 
projectHes is done by a coïncident measurement of the recoil and the scattered projectile. 

Detection of particles is mostly done by Passivated Irnplanted Planar Silicon detectors (PIPS). 
These PIPS detectors provide an energy signa! from an incoming particle. Angular and position 
information of an incoming partiele is only known from the position of the PIPS detector with 
respect to the target. 

In contrast to the PIPS detector, a one-dimensional position sensitive semiconductor detector 
provides an energy signal and a position signal of the incoming particle. This position signal 
provides position information of the incident partiele onto the detector. Together with the 
detector position with respect to the sample, this position signal leads to position or angular 
information of the incident particle. The position information of the incident partiele leads, for 
example, to an extra parameter for partiele identification in scatter experiments. 

A characterazation study and two applications of the one-dimensional continuous charge dividing 
position sensitive semiconductor detector are described in this thesis. In chapter two the theory 
of the one-dimensional position sensitive semiconductor detector is explained and the results of 
a literature study of the two-dimensional position sensitive semiconductor detector are discussed. 
Pre-amplifiers are necessary for amplification and conversion of the detector signals. In chapter 
three the theory of operatien and design of the pre-amplifiers is described. In chapter four 
measurements for characterization of the one-dimensional position sensitive semiconductor 
detector are discussed. In chapter five the application of the detector in focussing experiments 
and scatter experiments is discussed. Finally conclusions and recommendations will be given in 
chapter 6. 
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CHAPTER2 

POSITION SENSITIVE PARTICLE DETECTION 

In this chapter the basic theory of semiconductors and junction detectors is described which is 
necessary for the understanding of the operation of the one-dimensional continuous charge 
dividing position sensitive semiconductor detector. The one-dimensional position sensitive 
semiconductor detector is described as a continuous RC-line. Analytica[ expressions are derived 
for the charge colZeetion process in the detector. The non-linearity in the measured detector 
signals is considered. Finally an overview of two-dimensional position sensitive semiconductor 
detectors is given. 

2.1 THE BAND STRUCTURE IN SOLIDS 

Semiconductor partiele detectors are useful in ion beam experiments for several reasons. The 
dimensions can be kept small since their density is greater and thus the partiele range smaller 
than for a gas-filled detector. The ionization energy is relatively low, about 1 eV. Statistica} 
fluctuations in the number of created electron-hole-pairs are therefore less important which leads 
to a good energy resolution. There is a quick charge collection, in the order of nanoseconds, 
because of the ability to apply a high electrical field. 

Semiconductors consist of atoms which are closely packed in a lattice. The atomie levels exhibit 
a band structure, as depicted in figure 2.1. In the valenee band electrans are bound to their lattice 
atom. In the conduction band electrans are free to move around in the crystal. A forbidden energy 
range (the band gap) exists between the valenee band and the conduction band. In the band gap 
no energy states ex i st which can be occupied by the electrans of the lattice atom. The width of 
the band gap depends on the type of materiaL Typical values are Egap=O e V for metals, Egap"' 1 e V 
for semiconductors and Egapz6 eV for insulators. 

>
Cl .... 
Ql 
c: 
Ql 

L...--~--.... J conduction band 

/'\ 
I \ 

Egap-:26 eV 

\ I j 

. ·J valenee band 

metal semiconductor insuiator 

Figure 2.1: The schematic band structure in a me tal, a semiconductor and an insulator. 

An electron can be excited from the valenee band into the conduction band by actding (thermal) 
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Chapter 2: Position sensitive partiele detection 

energy to the valenee electron. The electrans are able to move in the conduction band. When a 
valenee electron is excited to the conduction band, a vacancy (a hole) is left bebind in the valenee 
band. This vacancy can be filled by an electron of a neighbouring atom which creates a new 
vacancy in this neighbouring atom. Successive filling of the vacancies causes the movement of 
positive charge (holes). 

2.2 DOPED SEMICONDUCTORS 

Consicter for example a semiconductor crystal like silicon or germanium. A semiconductor 
without impurities is an intrinsic semiconductor. Each atom has four valenee electrons, which 
bond the lattice atom to its four neighbour atoms. The bond is formed by two valenee electrons, 
one electron from each atom. 

When lattice atoms are replaced by impurity atoms, the semiconductor is doped. A pentavalent 
impurity atom (like phosphorus) has five electrans in the outer shell. This willleave one electron 
when the impurity atom replaces a semiconductor atom. This electron will occupy a state in the 
band gap just below the bottorn of the conduction band. At room temperature, this electron can 
easily be excited into the conduction band. The impurities increase the number of electrons in 
the conduction band, therefore the impurities are called donors. A semiconductor doped with 
donors is called a n-type semiconductor. The concentratien of impurities is typically one impurity 
per 109 atoms. Si nee the intrinsic concentratien of holes and electrons is about one hole and 
electron per 1012 atoms, the majority charge carriers of a n-type semiconductor are the electrans 
which determine the electrical conductivity. 

On the other hand, a lattice atom in an intrinsic semiconductor crystal can also be replaced by an 
atom with three valenee electrons, a trivalent impurity (like boron). A semiconductor doped with 
impurities with three valenee electronsis called a p-type semiconductor. The lack of one electron 
creates an acceptor level in the band gap just above the valenee band. In contrast to the n-type 
semiconductor, fora p-type semiconductor the majority carriers are holes which highly determine 
the electrical conductivity. 

For the n-type and the p-type semiconductors, the impurity concentratien can be made as high 
as one impurity per 102 atoms. These heavily doped semiconductors are called n+-type or p+-type 
semi conductors. 

2.3 JUNCTION DETECTORS 

A p-n junction is obtained in a single crystal of semiconductor material by creating a region of 
p-type and n-type semiconductor next to each other. Since the n-type material has a higher 
concentratien of electrons than the p-type, a charge concentratien gradient exists across the 
junction. Therefore electrans will diffuse from the n-type side into the p-type side and recombine 
with holes in the p-type. On the other hand, holes from the p-type material will diffuse from the 
p-type into the n-type si de under influence of the concentratien gradient for holes and recombine 
there with electrons. 
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Chapter 2: Position sensitive partiele detection 

The electron diffusion from the n-type into the p-type leaves a region of immobile donors 
depleted of its free electrons. This produces a space charge p(x), a layer of fixed positive charge 
in the n-type region next to the junction (figure 2.2). Similarly, the hole diffusion leaves a region 
of immobile acceptors, depleted of its holes, which creates a layer of fixed negative charge in the 
p-type region next to the p-n junction. These layers of immobile charge together form the 
depletion zone. The charged layers create a small contact potential and as a consequence an 
electric field across the p-n junction is formed. At equilibrium, the electrical field gradient is just 
sufficient to prevent diffusion caused by the concentration gradient. Therefore a steady-state 
charge distribution is established. 

p(x) 

V(x) 

E(x) 

n-type p-type 

I 
I 

I 
I 
I X 
I 
I 
I I 

-~ - - T -t} contact potential V
0 

I ' t 
I 
I 
I X 

; x 

I , I 

< . ) 
depletion zone 

Figure 2.2: The space charge p(x), the potential V(x) and the electricalfield E(x) created in a 
p-n junction. 

The depletion zone width can be increased by an extemally applied reverse bias voltage Vb. 
Reverse means that the p-side of the junction is made negative with respect to the n-side. The 
majority carriers of the n-side, the electrons, and the majority carriers of the p-side, the holes, are 
drifted to the outside away from the junction by the reverse bias voltage Vb. This creates a wider 
depletion zone. The depletion zone will extend almost completely into the n-type material if a 
p+-njunction, with a homogeneaus distribution of impurities, is used. Therefore a thin p+-layer 
will do since the depletion zone in the p+ -layer may be neglected. The depletion zone width d for 
silicon is then given by the relation [LE087]: 

d"'0.53v'(pn(V0 + Vb)) (2.1) 

pn: specific resistivity of the n-type silicon in Qcm. 
V0: contact potential in V. 
Vh: applied reverse bias voltage in V. 
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Chapter 2: Position sensitive partiele detection 

The operation of a solid state silicon detector is based on the loss of energy of incident charged 
particles by interaction with the detector materiaL In silicon, for light charged particles with a 
kinetic energy above several ke V, the energy loss is mainly caused by collisions of the incident 
partiele with electrans in the lattice. Ionization is caused by an energy lossofabout 3.7 eV and 
an electron-hole pair is created. The energy loss per unit of pathlength is defined by the stopping 
power. In practice is assumed that the total kinetic energy of the partiele is used to create 
electron-hole pairs. 

incident partiele 

collection rin g 
I 
I 

r'l rï ----------- ------ p•- type silicon 

I ~,, 
. 

depletion I 
I I zone I 

\ C-) I r----:=-vb L-----------t------~ 
n-type silicon 

-- n• -type silicon 

! 

metal contact for energy maasurement 

Figure 2.3: Diagram of a semiconductor detector with, schematically, the creation of free 
charge carriers. The detector is circular, perpendicular to the plane of paper. 

Pree charge carriers created by an incident partiele within the depletion zone of a detector will 
be swept out of the depletion zone by the electrical field. The charge is collected at the metal 
electrodes. The depletion zone should be wide enough since only free charge carriers created 
within the depletion zone is properly collected. As mentioned above, a wider depletion zone is 
obtained by applying an external reverse bias voltage Vh. 

2.4 THE ONE-DIMENSIONAL POSITION SENSITIVE SEMICONDUCTOR 
DETECTOR 

The junction detector described in the paragraph 2.3 only provides an energy signal. The one
dimensional position sensitive semiconductor detector provides an energy measurement as well 
as a measurement of the position of incidence on the detector of the incoming particle. When 
refering to the PSD in the rest of this thesis,. the one-dimensional continuous resistive charge 
dividing position sensitive semiconductor detector is meant unless indicated otherwise. The PSD 
is depicted in figure 2.4. 
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left position contact 

o/1 

depletiet 
zone 

vb 

energy contact 

incident partiele 

right position contact 

I o, 
resistive layer 
p•- type silicon 

n-type silicon 

n•-type silicon 

Figure 2.4: The structure ofthe PSD with the resistive p+ -layer as charge divider. The PSD 
is rectangular, perpendicular to the plane of paper. 

A PSD is a junction detector but has, compared to the junction detector described in paragraph 
2.3, two position cantacts at both ends of the p+-layer. Due to the reverse bias voltage Vb, 
electrans and holes liberated in the depletion layer by an incident charged partiele drift to the 
back electrode (n+ -layer) and the front electrode (p+ -layer) respectively. The chargecollectedat 
the resistive p+-layer will flow towards the position cantacts at the outerendsof the p+-layer. A 
relation exists between the collected charge at the position cantacts and the position of incidence 
as will be seen later in this paragraph. The total collected charge at the energy contact is 
proportional to the kinetic energy of the incident particle, like in junction detectors. 

The combination of a resistive p+-layer with total resistance Rd and the detector capacitance Cd 
across the junction forms an RC-line (figure 2.5) with a homogeneously distributed capacitance 
and resistance along the detector where '[aR=Rd and '[aC=Cd. The completeprocessof charge 
collection for the position cantacts is equivalent to instant discharging a capacitance at a 
particular position and next, the collection of charge, via the resistances aR at the position 
cantacts Q1 and Qr The charge collection has a time dependenee determined by the time constant 
r:d=RdCjrr.2 of the RC-line. 

Ql 
aR aR aR aR aR aR 

Tc Tc Tc T~--- Tc Tc Tc Tc 
QE 

Figure 2.5: The electrical equivalent of a PSD with the homogeneously distributed resistance 
Rd= })JR and capacitance Cd= })7C. 

Three assumptions conceming the charge collection process have to be made, to be able to obtain 
an expression for the distri bution of the collected charge at the three cantacts [KAL67]. 
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Chapter 2: Position sensitive partiele detection 

1 The initia! ionized region of an incident partiele is restricted to an area of several 
micrometers in diameter (about 10 flm fora 10 Me V a-partiele [KAL67]). The lateral 
spread in spatial distri bution of the charge may be neglected for protons and a-partieles 
in silicon [LAE79]. Hence the diameter of the ionized area is neglected compared with 
the distance L between the two position cantacts (typically several tens of mm). 

2 The local capacitance ac is instantly discharged from the electron-hole pairs created by 
an incident partiele. In practice, the charge collection time 'tcon (typically 10 ns) in the 
depletion zone is much faster than the charge collection time 'td (typically 0.1 flS) across 
the resistive layer [JON93]. 

3 Both position cantacts are grounded. In practice, the pre-amplifiers connected to the 
cantacts must have a low input impedance compared to the resistance Rd of the detector. 

The physical process of charge collection at the cantacts is described by the differential equation 
(2.2) [KAL67]: 

au L 2 a2u -=--·--
at RdCd ax 2 

(2.2) 

where: 
U(X,x,t): voltage in the resistive p+-layer which is a function of position X and timet, in V 
t: time after an incoming event in s 
Rd: total resistance backlayer in Q 
Cd: total capacitance detector junction in F 
L: detector length in m 
X: the coordinate from right to left at the surface with respect to the right contact. 
x: position of incidence in m 

The initial conditions are: U(X=x)=oo and U(X *X)=O with X *O,L and for t=O, which corresponds 
toa Ö-pulse of charge containing a total charge Q0 at X=x and t=O. 
The boundary conditions are: U(X=O)=O, t~O and U(X=L)=O, t~O which corresponds to virtually 
grounded position contacts. 

The salution of equation (2.2) then becomes [KRE88]: 

2Qo ~ nnX nnx n 2n 2t 
U(X,x,t) =(-) L sin(-)·sin(-)·exp( ---) (2.3) 

Cd n=l L L RdCd 

The voltage distribution U(X,x,t) across the resistive p+-layer is shown in figure 2.6 as a function 
of XIL at several values of time t for partiele incidence at x=0.3L. 
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Chapter 2: Position sensitive partiele detection 

0.3 XIL 

Figure 2.6: The voltage distribution U(X,x,t) across the RC-line from a charged partiele 
incident at XIL=0.3. 

The collected charge Q at time t at the position contacts is derived from substitution of 
i=(URd)*(2U/2X) in Q =of i(z)dz, where 2U/2X is obtained by differentiating equation (2.3) 
with respect to X and setting X=O or X=L respectively. The collected charge at the energy contact 
is the sum of the chargecollectedat both position contacts, Qt=-(Q,+Q1). The minus sign corrects 
for the opposite charges collected at the energy contact and the position contacts. 

The three expressions for Q,, Q1 and QE become: 

2Qo "" nrr.x ( -n 2rr.2t) 
Q (x,t)=(-)L n -lsin(-)"[1-exp ] 

r rr. n=l L RdCd 

2Qo ~ -I . nrr.x ( -n 2rr.2t) 
Q1(x,t)=( --)L,; n sm(-)·cos(nrr.)·[l-exp ] 

rr. n=l L RdCd 

2Qo ~ nrr.x ( -n 2rr.2t) 
Qix,t)=( --)L; n -1sin(-)·(l-cos(nrr.))·[l-exp ] 

rr. n=l L RdCd 

In the limit of t-oothese equations simplify to: 

Q (x) =(I-~ )Qo 
r L 

Q(x)=~Q 
1 L o 

Qix)=-Qo 

(2.4) 

(2.5) 

(2.6) 

(2.7) 

(2.8) 

(2.9) 

These equations show that for large charge coneetion times, the PSD acts like a linear charge 
divider for the charge, collected at the position contacts. Furthermore, the charge collected at the 
energy contact is, as expected, independent of the position of incidence. The time dependenee 
of the collected charge at the energy contact and the right position contact for various positions 
of incidence is shown in figure 2.7. 
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Figure 2. 7: The collected charge at the right position contact (left) and the energy contact 
( right) as a function of normalized time for various positions of incidence. 

2.5 THE BALLISTIC DEFICIT 

The charge collected at the three contacts will be processed by a charge sensitive pre-amplifier 
and a shaping amplifier (figure 2.8) successively. The shaping amplifier has to carry out shaping 
and filtering to improve the signal-to-noise ratio. The pre-amplifiers will be described in more 
detail in chapter 3. In the ideal case, the charge is collected infinitely quick and therefore the 
pulse can be regarded as a step function. Neglecting the RC (integrating) effect of the pre
amplifiers, this step function is the input signal to the shaping amplifiers. The purpose of the 
shaping amplifiers is filtering and shaping the input pulse into a gaussian pulse. Therefore the 
shaping amplifier consists of a differentiator (CR) and an integrator (RC) circuit with the same 
time constants r".h=R.,.hcsh· 

ldeal~ signal s 

___/\__ 
haped output s1gnal 

~ pre-amplifier 
....... 

shaping amplifier 
....... 

", ", 

Figure 2.8: Schematic view of the signa/ processing chain with the idealized pre-amplifier 
and the idealized input signa[. 

The input signa!, descended ofthe right (figure 2.7) or left position contact, is nota step function 
when the partiele hits the PSD at X*Ü or x*L respectively. The resulting finite risetime causes a 
pulse height loss after shaping by the main amplifier, the so-called ballistic deficit. The ballistic 
deficit is defined as the difference between the output voltage amplitudes from input charge 
pulses with finite risetime and with a step function. Both input pulses carry the same amount of 
charge. The ballistic deficit in the normalized pulse height reaches its maximum in the case of 
x=Y2L for both energy and position measurements (figure 2.9). 
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~ 

·~o.s 
:I: 
Q) 

"' :; 
a. 

energy information 

risetime finitely small 

step tunetion respons 

0.5 x/ L 1 

Figure 2.9: The relation between the normalized pulse height (after the shaping amplifier) 
and the position of incidence for bath the energy signa[ and the right position signal. 

The characteristics (the re lation between pulse height and position of incidence) of the PSD may 
be considered linear if the ballistic deficit in the energy measurement, at x=Y2L, is less than 1% 
of the pulse height measurement at x=O and x=L. This condition results in a minimum of the 
shaping time constant -rsh [DOE68]: 

RdCd 
't"sh~5.26-2- (2.10) 

1t 

In chapter 3 it will be shown that the time constant -rd=RdCjn2 of the PSD is about 0.35 f..lS. 
Therefore, the minimum the shaping time constant -rsh is about 1.75 f..lS for linear response. 

2.6 THE TWO-DIMENSIONAL POSITION SENSITIVE 
SEMICONDUCTOR DETECTOR 

A general overview ofthe two-dimensional position sensitive semiconductor detector ( called 2D
PSD hereafter) is given for future experiments. A 2D-PSD has the ability to obtain both x and 
y information. Therefore, more spatial information from ion beam experiments can be obtained. 
A distinction is made between the 2D-PSD with one square resistive layer (type I) and the 2D
PSD with a square resistive layer (type ll) on either side, in which charge division takes place. 

A 2D-PSD of type I is equiped with four position cantacts at the corners of the resistive layer. 
A fifth electrode is the common electrode for providing the reverse bias voltage. The base 
material is n-type silicon into which boron is implanted in the top layer [Y AN89]. The boron 
implanted top layer forms a p-n junction with the silicon substrate and it serves as the resistive 
layer for the charge division process. 
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2L 
x 

2L 

Figure 2.10: Type I ofthe 2D-PSD withfour corner contactsjor position measurement. The 
back electrode for energy measurement is not shown. 

An analytica! solution for the charge collection processis not reported yet for 2D-PSD of type 
I. As an approximation, the position information is obtained from an expansion of the one
dimensional charge division process [YAN89]: 
x (Q3+Q4)-(Ql+Q2) 

L 
(2.11) 

y (Q 1 +Q3) -(Qz +Q4) 

L Ql+Qz+Q3+Q4 
(2.12) 

A 2D-PSD of type II has two resistive layers, one at the front and one at the backside of the 
detector body. Each resistive layer has a pair of parallel electrodes, the front side electrades lie 
perpendicular to the backside electrades (figure 2.11). 

resitive layers 

a. 

a, 
Figure 2.11: Type II of the two-dimensional PSD with two resistive layers. 

The detector has a body of n-type silicon with boron implanted at the front side and phosporus 
at the back side. The boron implanted layer serves 'as a resistive layer and it forms a p-n junction 
with the n-type substrate of the detector. The phosporus implanted layer forms a resistive layer 
at the backside [LIN91]. 

Again, for 2D-PSD of type II an analytica! solution is not available. Instead the x and y 
information is obtained from the expansion of the one dimensional charge di vision process. 
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y- Q3-Q4 

L Q3+Q4 

The energy signa! is obtained from either the total front charge or the total back charge. 

(2.13) 

(2.14) 

Figure 2.12 schematically shows the measured position linearity for both types of 2D-PSDs. The 
non-linearity of the 2D-PSD of type I is increasing from the centre to the edges, in contrast to 
PSD of type II which shows a very good position linearity. 

-~~~ïu:+l ~H :-:--;-> -: 
- ~~---,--, .,_.··. ;·;-·: . '-'! ' ' '' I , - -,- Tï ,. I 1--.-·-: : 

j i ---r-, :- ;-; -i 
- -r-1~--+T I i : I -- -= ..!::-.t:~t-: .. 1 --- -- ·j· ., i i : ! : ; 
- ·-- --,- - - ,. !-· r 1 ; 

- -,-- ,-, . /··· ' : i ' --=~-- r r- ' .. j. '.' ' ' I I I. . . I • 
-· I l · j I • ! : : j 

. • J ! • 0 : • ~ • • : : ! ~ 

, Figure 2.12: The two-dimensional patternfor incident radiation atfixed intervals along the x 
and y direction obtainedfrom 2D-PSD of type I(left) and 2D-PSD of type ll(right)[YAM85]. 

As can be seen from equation (2.1 0) and (2.11 ), each of the four electrodes contributes to the x 
and yinformation in the 2D-PSD of type I because the four electrades are located on one resistive 
layer. Therefore, the 2D-PSD of type I is more sensitive to edge effects than the 2D-PSD of type 
II and this leads to the non-linearity shown in figure 2.12. In the 2D-PSD of type II, each pair 
of electrades provides either x or yinformation (see equation 2.12 and 2.13) because the charges 
are divided seperately on the front and back surface. The 2D-PSD of type II is thus superiour in 
position linearity. Several analytica! [BRU92] and empirica! [MOR87] [LIS94] methods have 
been reported in order to correct for the two dimensional pattem measured with the 2D-PSD of 
type I. 

For the 2D-PSD of type I, the back side of the silicon does not have a resistive layer. The back 
side is often a heavily doped phosphorus layer. Crystal defects or heavy metals included in the 
silicon can be absorbed in this heavily doped region. This so-called gettering effect reduces the 
leakage current. The 2D-PSD of type II is formed with a resitive layer on the back si de making 
gettering somewhat difficult. This leads to a large leakage current which worsens the energy 
resolution for the 2D-PSD of type I. 

From the arguments mentioned above one can conclude that the importance of position linearity 
and the energy resolution have to be weighted in order to choose the type of 2D-PSD. 

13 



CHAPTER3 

THE CHARGE SENSITIVE PRE-AMPLIFIER IN 
THEORY AND PRACTICE 

A charge sensitive pre-amplifier is used for amplification and conversion of charge pulses of 
detectors into voltage pulses. Lineair pulse amplification and a low input impedance are 
demanded to the pre-amplifier. Thermal noise and shot noise arising in the detector and pre
amplifier circuit are discussed. A charge sensitive pre-amplifier for the PSD is designed. A time 
constant r_,h of the shaping amplifiers is derived from the output voltage noise for the best signal
to-noise ratio for bath energy and position signals. 

3.1 GENERAL DEMANDS TO THE PRE-AMPLIFIER 

The amount of charge released in the PSD by an incident particle, typically 106 electrons, 
generates a small charge pulse at the PSD contacts. This charge pulse has to be converted into 
an enlarged voltage pulse by a pre-amplifier for further signal processing (figure 2.8). The pre
amplifier has to fulfil a few general demands. First of all, the pre-amplifier has to provide lineair 
pulse amplification. Therefore, the risetime of the output pulse has to be as short as possible, 
camparabie to the charge collection time (typically 10·7s) in the PSD. The fall time has to be quite 
large so full charge collection can take place [KN079]. The second demand is total charge 
collection and virtually grounded cantacts of the PSD. In practice, the charge sensitive pre
amplifier (see paragraph 3.2) fulfils these demands of by a low input impedance. 

A low-noise outputsignalis preferabie fora good energy and position resolution. Noise with a 
frequency lying in the bandwidth of the shaping amplifier, will be amplified along with the signal 
and cause a worsening of the energy and position resolution. A low input capacitance impraves 
the signal-to-noise ratio, as will beseen in paragraph 3.4.3. The input capacitance consists of 
three components, the capacitance Cd of the PSD, the input capacitance Copamp of the opamp and 
the capacitance Ccabte of the connecting cables between the PSD and the pre-amplifier. The 
detector capacitance Cd reduces if an external bias voltage Vh is applied. The cable capacitance 
is minimized by placing the pre-amplifiers as close as possible to the PSD, since the cables have 
a capacitance of approximately 100 pF/m [KN079]. The capacitance Copamp should be as low as 
possible. 

3.2 THEORY OF THE CHARGE SENSITIVE PRE-AMPLIFIER 

A charge sensitive pre-amplifier is used for amplification and conversion of charge pulses of the 
PSD into voltage pulses at the pre-amplifier output (figure 3.1). The current Jin• representing the 
charge pulse, is the input signal to the pre-amplifier, which would normally charge the input 
capacitance Cin =Cd+Copamp +Ccabte. However, the condition for correct functioning of charge 
sensitive pre-amplifiers is that, by feedback, the open loop gain A of the opamp is much greater 
than Ci,/C1 (A0>>(Ci/C1 )) (see appendix A). With this condition, the voltage~ is kept small 
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(virtually grounded). Since V_"' V+ =0 V, the input capacitance Cin is hardly charged at all. Instead, 
the feedback capacitance C1 is charged by the input current (n and the output voltage of the pre
amplifier ~Jut is proportional to the total collected charge {2o (V,,u1={2o!CJ) and independent of 
the input capacitance Cin (see appendix A). 

c, 

Figure 3.1: The charge sensitive configuration fora pre-amplifier. 

After several charge pulses, the feedback capacitance C1 would be saturated and the pre-amplifier 
would no longer be able to respond to incoming charge pulses anymore. Therefore a feedback 
resistance R1 is placed parallel to the feedback capacitance C1 in order to discharge it. For com
plete charge collection however, the time constant -r.r=R1C1 has to be large compared to the charge 
collection time of the PSD (typically 10·7s) and the time constant 'tsh of the shaping amplifiers 
(typically 10"6s). 

The reverse bias voltage Vh is applied via a terminal on the pre-amplifier housing for reasons of 
convenience (figure 3.2). A resistance Rh and a capacitance Ch forma high-pass filter, toward 
the pre-amplifier. The high-pass filter isolates the reverse bias voltage Vh from the pre-amplifier 
since IZchl=oo fora de-voltage and thus the bias voltage V bis applied to the PSD only. The charge 
pul se of the PSD will be passed through eb if I ZRb I>> I Zcb I for the charge pul se. 

v,... 
,--
1 

high-pass filter : 

R, 

c, 

Figure 3.2:The high-passfilter isolates the bias voltagefrom the PSD signa!. 
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3.3 NOISE THEORY 

In order to improve the signal-to-noise ratio and hence the energy and position resolution, it is 
necessary to analyse the three noise types which can occur. In section 3.3.1 thermal noise is 
treated and in section 3.3.2 shot noise is treated. Flicker noise and the neglection of flicker noise 
is discussed in section 3.3.3. 

3.3.1 THERMAL NOISE 

The first type of noise is thermal or Johnson noise. Thermal noise arises in resistances, even in 
the absence of current. Thermal noise is due to the Brownian motion of electrons. Since the 
motion is random in any direction, no average voltage v is expected. However, a mean square 
voltagevis measured. The square speetral voltage density Sv, i.e., the mean square voltage d(v2

) 

in a frequency interval dj, is given by: 

(3.1) 

where kis Boltzmann's constant, T the absolute temperature and dfthe frequency interval. The 
thermal noise can also be expressed in a corresponding square speetral current density S;: 

S.= 4kT [A 2s] 
I R (3.2) 

The frequency spectrum of this noise is very broad compared to the frequency spectrum of the 
signal and the bandwidth of the pre-amplifier. Por analytica! purposes the noise frequency 
spectrum is assumed to be 'white' or uniformly distributed [NIC74]. The resistance R, in which 
the thermal noise occurs, can be regarded as a resistance R;deat without noise, togehter with a 
voltage noise souree Vnoise in series or with a current souree inoi.<e in parallel (figure 3.3). 

R R 

-CJ-- -CJ--
Rideal 

--B-CJ--

Figure 3.3: A resistance R with thermal noise replaced by anideal resistor with a voltage 
noise souree in series (left) or a current noise souree in parallel (right). 

3.3.2 SHOT NOISE 

Shot noise originates form the fluctuations in the number of charge carriers in a current. These 
fluctuations are inherent to the discrete character of current flow and hence shot noise arises in 
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every device which carries a current. The square speetral current density is given by: 

(3.3) 

with I the average current and e the charge of one electron. Shot noise also has a 'white' 
frequency spectrum, analog to the thermal noise. 

3.3.3 FLICKER NOISE 

Flicker noise or 1/f noise does not have a 'white' frequency spectrum, but a speetral density 
proportional to 1/f. lt arises in a wide variety of devices but no single mechanism can explain the 
presence of flicker noise. Flicker noise is dominant at low frequency signals. For high frequency 
signals, flicker noise can be neglected compared toother noise sourees [NIC74], which will be 
done in the rest of this chapter si nee charge pulses generally have a frequency f> 10 kHz. 

3.4 NOISE SOURCES IN THE PSD AND THE PRE-AMPLIFIER 
CIRCUIT 

Thermal noise and shot noise arise in the PSD and in several devices of the pre-amplifier circuit. 
lt will be shown that all noise sourees except one, can be considered as current noise sourees at 
the inverting input of the pre-amplifier. The exception is the voltage noise of the opamp which 
occurs as a voltage souree at the non-inverting input of the opamp. 

3.4.1 APPROXIMATION OF THE RC-LINE OF THE PSD 

For a total noise calculation it is necessary to know the impedances of the PSD as seen from the 
pre-amplifier. A continuously distributed RC-line, like the PSD, is equivalent to a transmission 
line without inductivity [KAL67]. The continuous RC-line consist of a complex impedance 
ZP=ZrJanh(yL) for the position channel and a complex impedance ZE=0.5*Z0coth(yL/2) for the 
energy channel [HAR63]. Zo=v(Rj(jwCd) is the characteristic impedance ofthe transmission line 
and y L=v(jwRdCd) where y is the propagation coefficient of the RC-line in m·', L the length of 
the RC-line in m and w is the angular frequency in s·'. 

Calculations of the noise arising from the detector resistance Rd , using the expressions for ZP and 
ZE as mentioned are complicated. Therefore an approximation is used with 1~=1/~+jwCd/3 
and ZE=Rj12+ 1/jwCd (see appendix E). This corresponds for the position contact to the detector 
resistance Rd in parallel with one third of the detector capacitance C j3 and for the energy contact 
to the detector capacitance Cd in series with one twelfth of the detector resistance Rd /12 (figure 
3.4). 
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c, c, 

Figure 3.4: The equivalent PSD impedancefor the position contact (left) and the energy 
contact (right) as seenfrom the pre-amplifier. The high-passfilter is not depicted. 

3.4.2 CDRRENT NOISE IN THE PRE-AMPLIFIER CIRCUIT WITH PSD 

The following current noise sourees with their square speetral voltage densities occur in the pre
amplifier circuit and in the PSD: 

• Thermal noise from the virtual detector resistance Rd 112 as seen from the energy contact 
gives: 

12 
S.dE=4kT- [A 2s] 

t,, R 
d 

(3.4) 

where the indices i, d and E denote the current, the detector and the energy contact 
respecti vel y. 

• Thermal noise from the detector resistance Rd as seen fromthe position contact gives: 

S = 
4

kT [A 2s] (3.5) 
i,d,p R 

d 

where the index p denotes the position contacts. 

• Shot noise from the leakage current 11 in the PSD gives: 

Si,1=2ll [A 2s] (3.6) 

• Thermal noise from the bias resistance Rh : 

S = 4kT [A zs] 
i,b R 

b 
(3.7) 

• Thermal noise from the resistance R1 : 

S. = 4kT [A zs] 
tf,T R 

f 
(3.8) 

• Current noise from the opamp at the inverting input terminal: 

Si- [A 2s] (3.9) 

The value Si,- is given by the datasheet of the opamp. 

All current noise sourees id (= id,E or id,p' depending on the position or energy contact of the PSD), 
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i[, ib, if' i_ are combined toa total current noise souree itot= f(i/+ i/+ i/+ i/+ e). 

In appendix B it is shown that the charge sensitive pre-amplifier with an input current at the 
inverting input of the opamp, has an equivalent circuit in which the feedback impedance zf is 
replaced by an equivalent input impedance Z;n= Zj(A(w)+ 1) (figure 3.5). 

Figure 3.5: The equivalent input impedance Z;n, represented by Z1!(A( w)+ 1) and the current 
noise sourees at the input of the opamp. 

The square speetral voltage noise Svout at the output of the pre-amplifier due to current noise at 
the input, is calculated from the total equivalent charge sensitive configuration: 

A2 
S =IA(w)I 2S. IZ. 12=( 0 

)S. IZ. 12 (3.10) 
vout 1in In 1 2 2 1in In +w 'to 

In the frequency range of interest, 10 kHz<w<l 0 Mhz, the absolute value of the input impedance 
IZ;nl "'1:of(A0C1), as will beseen insection 3.5. The open loop gain A(w) of the opamp is a 
function of the frequency w: 

Ao Ao 
A(w)- - (3.11) 

1 +jw1:0 jw1:0 

where in the right hand si de is assumed that w> 1/1:0 ("' 100 Hz). He nee the current noise causes 
a square speetral voltage noise at the output of the pre-amplifier, connected to the energy contact, 
which is given by: 

s = ( Ao )2(4kT~ + 211e + 4kT + 4kT)"(~)2 
vour,current noi..-e,E W't"O Rd Rb Rf A

0
C

1 
(3.12) 

The square speetral voltage density at output of the pre-amplifier, connected to a position contact 
is given by: 

Sv = ( Ao )2(4kT + 21l + 4kT + 4kT)"(~)2 
our,currenr noi.•·e,P W't"O Rd Rb Rf A

0
Cf 

(3.13) 

The current noise ofthe opamp is typically 10-30 A2s and therefore it is neglected compared to the 
other noise sourees as will be seen in section 3.6. 
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3.4.3 VOLTAGE NOISE IN THE PRE-AMPLIFIER 

An opamp also has an intemal noise souree which is represented by a voltage noise souree at the 
non-inverting input [ANA92]. 

Figure 3. 7: The voltage noise of the opamp is represented by a voltage souree at the non
inverring input 

The corresponding square speetral voltage noise at the output of the pre-amplier is calculated 
from the transfer function fora non-inverting amplifier (see appendix C). The square speetral 
voltage density for the energy contact, is then given by: 

't c 
1 +ui(_!!... )2·( t )2 

C +C 12 C +C 
S =S lH (w)I 2 =S CC d 1)2

• d 1 ) (3.14) 
vout,voltage noise,E vin E vin c "t 2 

t 1 +w2( _!!...) 
12 

The square speetral voltage density for the position contacts, is then given by: 
C +Cj3 1 

S =S lH (w) I2 =S (( 1 )2 + ) 
vout,voltage noi.l·e,p vin p V;n Cf ( wRdCf)2 (3.15) 

3.4.4 THE TOTAL SQUARE VOLTAGE NOISE AT THE SHAPING AMPLIFIER 
OUTPUT 

The output signa! of the pre-amplifier is shaped by a shaping amplifier. Generally, the shaping 
amplifier has one CR-filter (differentiator) and one RC-filter (integrator) with equal time 
constants -r.,.11 • The transfer function Hs11(w) of the shaping amplifiers is given by: 

jw-r 
H (w) sh 

sh ( 1 . )2 
+jW'tsh 

The total noise after filtering by the shaping amplifier outputthen becomes: 

V 
2 

out= f (Svout,,·urrent noi.<e +Svout,vo/tage noi.,)·l H( W )sh 1
2

dj 
0 

2 2 

J 
W 'tsh 

= (S +S )· dj 
O Vout,current noi.<e Vout,voltage noi.<e ( 1 +W2't;h)2 

(3.16) 

(3.17) 

where w=2nf and hence dJ=dw/2n. Substituting equation (3.13) and (3.15) in (3.17), the total 
square voltage output noise Your after the shaping amplifier, for the position contact, is given by 
[KEM96]: 
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(3.18) 

Solving the integral in equation (3.18) with the formulae given in appendix F, the solution 
becomes: 

v 2 =-1-(4kT +2! + 4kT + 4kT + Svin)._!.-r +S (C1+Cj3)
2
._1_ 

out C2 R f! R R R 2 8 sh vin C2 8-r (3.19) 
f d b f d · f sh 

Analog, the total square voltage output noise t?out after the shaping amplifier, connected to the 
energy contact, is given by [KEM96]: 

vz =foo[(4kTE+2Ie+4kT+4kT)·( 1 )+ 
out R I R R ( ze 2) 

0 d b f w f 
-r c 

1 +w2C_:!_fc 1 f 2 
Cd+CJ. z 12 Cd+Cf wz-rsh s ( ) . ]- dj 

vin Cf 1 +w2( _2!!_ )2 ( 1 +w2-r;h)2 
12 

(3.20) 

The solution of equation (3.20) for the total mean square voltage for the energy contact is (see 
appendix F): 

B C 
-+-

v2 =-1-(4kT E+2! e+ 4kT + 4kT)·-1-+S ( Cd+C1)2[_1 + 2 4] 
out C 2 R I R R 8-r vin C 'r 'r f d b f sh f d sh 

(3.21) 

B and Care a function of -rsh and B and Care given in appendix F. 

3.5 DESIGN OF THE SELF-MADE PRE-AMPLIFIERS 

The design of the charge sensitive pre-amplifiers has to fulfil a few demands. The first demand 
concerns the absolute value of the input impedance I Zin I of the pre-amplifier which has to be 
small compared to the detector resistance Rd in the frequency range of interest (10 kHz<w<10 
MHz). Otherwise, the condition that both position contacts are grounded (see paragraph 2.4) does 
not hold and the charge is not completely collected on the feedback capacitance. In appendix B 
it is shown that the input impedance zin of the pre-amplifier is given by equation (3.22): 
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Figure 3.8: The input impedance ofthe pre-amplifier in thefreq. range of JO Hz to JGHz. 

R
1 

1 +jw-r0 z =-· ----
in Ao + 1 1 +jw-rf . 'to 

1+jW-
A0+ 1 

(3.22) 

where -rf is the time constant of the feedback capacitance and -r0 the time constant of the opamp. 

The behaviour of I Zin I is different for four intervals into which the frequency range w can be 
divided. 

1 w<ll'to ("' 100Hz), the absolute value of the input impedance I Zin I"' 10 n and indepen
dent of w. 

2 1h0<w<ll-rf ("'10kHz), I Zin I is mainly determined by the impedance of the coil L. 

3 1h6W<(Ao+ 1 )/'to ("' 100 Mhz), I zin I is constant. 

4 W>(Ao+ 1 )ho' I zin I is determined by the open loop gain behaviour of the opamp. 

Log I zin I is plotted as a function of the frequency w in figure 3.8 with typ ie al val u es 1Q"' 1 0"2 
S, 

'tf"' 104 s andA 0"' 106
• IZinl is constant in the frequency range 10 kHz<w<lOO Mhz which overlaps 

with the demanded frequency interval of 10 kHz<w<lOO Mhz. 

The used opamp (OPA637) has A0=106 and -r0=12.5 ms [BUR94] corresponding to the values 
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mentioned above. I Z;n I in the frequency range of interest, is determined by Rj(A0+ 1) and it has 
to be a small compared to the detector resistance Rd. Therefore R1 has to be as small as possible. 
However, for a large pre-amplifier output voltage Vour (see paragraph 3.2), the feedback 
capacitance C1 has to be decreased but r:r~ 0 is typically 104 s and hence R_r has to increase. 
An optimum is found for Rr=IO MQ and C..rl5 pF. Then I Zin I "'800 n which is about 1.5% of the 
detector resistance Rd. The discharge time r: r=R p r-0.15 ms which is large compared to the charge 
collection time in the detector (typically w-7s). 

The second demand is made with respect to the detector resistance Rd and the capacitance G 
(figure 3.9). The capacitances Cb are connected toeach other via the resistive p+-Jayer. Aftera 
charge pulse, the charge on both capacitances Cb can be balanced by a current through the 
resistive p+-layer. This current affects the total collected charge on C1 and thus the position signal. 
To avoid this non-linearity, the characteristic time C~d has to be much larger than the shaping 
time r:sh (typically 1 f..1S)_ Tomeet this condition, C bis chosen to be 10 nF and hence C ~dis about 
I ms. 

Charge 
sensitive 
amplifier 

c. 

Charge 
sensltlve 
amplifier 

_I 

~~ ~'-! __ R=.P•=_R_.,_d _ _J 

L___ __ ____cj lJ R. PS D 

c. 
~--·----, 

I 

Charge 
sensitive 
amplifier 

Figure 3.9:The PSD with three pre-amplifiersjor the two position cantacts and one energy 
contact. 

The final scheme of the build pre-amplifiers is depicted in appendix D. 

3.6 THE OPTIMUM SHAPING TIME FORTHEBEST SIGNAL-TO
NOISERATIO 

The output voltage noise vour at the position contact can be calculated from equation (3.19) using 
the following values: 

T=300K 
k= 1.38* w-23 JIK 
e= 1.6* w-'9 c 
R1=10 MQ 
Rd =60 kQ [SIM96] 
Rb=IO MQ 
Cr15 pF 
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Cd=60 pF [SIM96] 
11=20 nA [WES94] 
Sv;n=20.25*10"18 V2/Hz [BUR94] 

The main contribution to the total noise is caused by the detector resistance Rd. The total noise 
vout for the position contact is obtained by substitution of the values above in equation (3.19) and 

d(v 2 ) 
it is about 1.5* 10·9 V2 with 't

5
h= 1 f-LS. The voltage noise reaches a minimum when out 0. 

d'tsh 

Differentiating equation (3.19) with respect to 'tsh and substituting the values mentioned above, 
the lowest noise is found when filtering with a time constant -rsh =0.3 fl s. From condition (2.1 0) 
it is seen that this value of 'tsh =0.3 flS for a minimum of noise conflicts with the demand of 'tsh 

~ 1.75 f-LS fora ballistic deficit of less than 1%. 
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CHAPTER4 

CHARACTERIZATION OF THE PSD 

In this chapter measurements and their results to characterize the PSD are presented. The rise 
times of the PSD signals are determined and the linearity of the position signals are measured. 
The characteristics ofthe PSD are obtainedfrom these rise time measurements. The linearity of 
the position signals after shaping and amplification by the shaping amplifier is determined by 
irradiation of the PSD at a well-known position of incidence. Finally, the sum of the position 
signals is compared to direct measurement of the energy signa!. 

4.1 RISE TIME MEASUREMENT 

The theoretica} response of the PSD to an incoming partiele is a function of time t and the 
position of incidence x, as given by the equations (2.4), (2.5), (2.6). The practical response was 
measured by irradiating the PSD with 5.486 Me V and 5.806 Me V cx-particles from an AmCm 
source. The thin AmCm souree is one centimeter in diameter and fixed on a bolder. The AmCm 
souree was placed at a distance of (150 ±1) mm with respect to the PSD. A metal grid containing 
equidistant slits was placed (2 ±0.05) mm in front of the active surface of the PSD and the centre 
of the first slit corresponds to x=O mm. The centre-to-centre di stance between two successive slits 
is (4 ±0.005) mm, the width of one slit is (1 ±0.005) mm. The charge pulses at the PSD contacts 
were amplified by the pre-amplifiers and offered to a Tektronix TDS320 storage osilloscope. The 
trigger signal for the oscilloscope was obtained from the energy signal after amplification by a 
shaping amplifier. 

OE 
pre-amplifier shaping - amplifier 

x=30 mm x=Omm 
lelt contact 1....- I trigge 

1 ...... input 

I J PSD 

-~ --"" I 
\ ~-~-"'\",' pre-amplifier 

storage 

V o, ~\a, oscilloscope 

150 m !TI \ 
me tal right contact 

\ I 
grid 

H AmCm souree 

10mm 

pre-amplifier 

Figure 4.1: A schematic overview of the experimental set-up to me as ure the risetime of the 
PSD signals. 

The charge at the contacts of the PSD is measured as a function of the time with the set-up 
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schematically depicted in figure 4.1. The three signals Q1, Q" and G are measured with an 
irradiation through only one slit by covering the other slits by a metal plate. Therefore, the 
measured signal at the pre-amplifier output corresponds to a known position of incidence with 
an error caused by the slit width and the divergence of the incoming particle, which will be 
analyzed further on. The grid did not cover the whole PSD length of 30 mm with slits and 
therefore only measurements in the range of .x=O mm to x=24 mm are available . 

The energy signal at the pre-amplifier output as measured with the osilloscope, is shown in figure 
4.2. The position signals show the simular behaviour. 

> 
É. 
Ql 

15 

~ 10 
~ 
0 
> 

5 

time 

Figure 4.2: The energy signa[ as measured with the oscilloscope at the pre-amplifier output. 

A fit'through the measured signal has to be made for clarity and further calculations. A fit of the 
function V(t)=a(x)(l-exp(-th(x))), obtained using the least squares method, is chosen as a first 
order approximation of equations (2.4), (2.5) and (2.6). The fitparameters a(x) and -r(x) are a 
function of the position of incidence x. A succesful fitting procedure is obtained when only the 
measured signal for t>O is fitted. Time t=O is defined as the time where the pul se starts to rise. 
However, it is difficult to determine t=O because of the noise fluctuations, superimposed on the 
signal pulse, which occur on the sametiming scale (5 ns) as the demanded accuracy of the deter
mination of t=O. Figure 4.3 shows the measured signal in the box with the dasbed lines in figure 
4.2 which is around t=O. It is clear that the starting point t=O lies in an interval of 25 ns. 

The starting point t=O is chosen to lie in the middle of the interval of 25 ns and hence all the data 
points for t<O are not considered in the fit procedure. Therefore, the data points set for the fit 
procedure is notcomplete when the real t=O is smaller then the chosen t=O. As a consequence, 
the fit is calculated from an incomplete set of data points. 

The average voltage for t<O (caused by an early trigger signal) is the offset voltage and is 
determined by fitting a horizontal line through the data points for t<O. It is assumed that the 
offset voltage is superimposed on the pulse and hence the end value of the signal also contains 
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this offset voltage. Differences up to 0.37 m V in the offset voltage between the successive 
measurements (for different positions of incidence) were observed which lead to a different 
measured energy. 
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Figure 4.3: The measured energy signal, corresponding to the box with the dashed lines in 
figure 4.2. 

For the position signal, the differences lead to a non-linearity in the relation between the 
measured pulse height and the position of incidence. In figure 4.4 only the fit functions of the 
energy signa! are shown because of clarity since the end values of the pulses are all the same for 
one energy. The fit functions of the position signals at the pre-amplifier output are shown in 
figure 4.5 and 4.6. 

lt is observed that for t>2.0 J..lS the charge Q1, Q,, and QE has reached its asymptotic end value. 
The pulse height for t>2.0 J..lS is a function of the position of incidence for Q1 and Q. and a 
function of the energy for QE as expected from theory. For t<2.0 J..lS the collected charge Q1, Q,, 
and QE is a function of timet, depending on the intrinsic time constant r:jrr.2 ( =0.35 J..lS) for the 
PSD and the position of incidence x. The risetime of the signal is defined as the time needed for 
the signa! to rise from 10% to 90% of the asymptotic end value of the pulse. The energy signals 
for x=20 mm and x=24 mm are not shown in figure 4.4 for clarity but the fits for these signals 
have been calculated. The risetimes of the signals for x=20 mm and x=24 mm decrease, 
compared to the signal for x=16 mm as expected, as will heseen in figure 4.9. 

The asymptotic value of the energy signals corresponds to an energy of 5.806 MeV. The 
measurements with incoming particles with an energy of 5.486 MeV are not shown. The 
maximum difference between the end values ofthe fits is 0.375 mV for the signal with x=12 mm 
and the signa! with x= 16 mm. This difference is caused by the determination of the offset voltage, 
the start point of the pulse, the slit width and the divergence of the incoming particles, as will he 
seen. 

As expected (see section 2.4), the signal with the largest measured risetime is the one at x=16 mm 
since this position is almost in the middle of the PSD. The energy signals have a smaller risetime 
when the position of incidence is nearer to the edges of the PSD. 
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Figure 4.4: Fits ofthe pulse height at the pre-amplifier output connected to the PSD energy 
contact, as function of time t for several positions of incidence x. 
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Figure 4.5: The measured pulse heights andfit results at the right position contact as a 
function of time t for different positions of incidence x. 

Theoretically, a step function for x=O mm is expected for both the energy signal and the right 
position signal. In practice, a signal with a risetime of (105 ±5) ns for the energy contact and a 
risetime of (60 ±5) ns for the right position contact is measured. This can be caused by the 
integrating effect of the opamp which becomes significant for w> 10 MHz (see figure 3.8). 
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Figure 4.6: The measured pulse heights andfit results at the left position contact as a 
function of time t for different positions of incidence x. 

A systematic error in the position of incidence for each incoming partiele is caused by the slit 
width and the divergence of the incoming particle. The slit width is 1 mm and hence the error in 
the position of incidence is ±0.5 mm. Furthermore, the error in the position of incidence is 
enlarged by the divergence of the incoming partiele because the grid was placed 2 mm in front 
of the PSD. Therefore, the position of incidence for an incoming partiele not-perpendicular to 
the PSD does not correspond to the position of the slit (figure 4.7). The maximum error in the 
position of incidence due to not-perpendicular incoming particles is the largest for a partiele 
impinging onto the PSD at a maximum angle emax with respect to the normal of the PSD. A 
partiele coming from the outer edge of the AmCm souree and going through the second slit (.x=4 
mm) has the maximum angle emax. Strictly speaking, a partiele coming from the outer edge of 
the AmCm souree and going through the first slit (.x=O mm) has an angle 8>8max but the partiele 
does not imping on the PSD but at the right side of the right position contact. Although the 
divergence error for other particles is smaller, it is assumed that this maximum error arises for 
every incoming particle. Therefore the maximum divergence error is ±0.22 mm. 
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Hence the total maximum error in the position of incidence is ±0.72 mm and this about ±2.5% 
of the PSD length. This maximum error corresponds to ±0.33 m V in the end value for the right 
position signal and ±0.38 m V in the endvalue for the left signal (the conversion of the error in 
mm to an error in m V is calculated from the end values in figure 4.5 and figure 4.6 which 
correspond toa position of incidence). A reduction of the error in the position of incidence can 
be achieved by a larger distance between the PSD and AmCm source. The error can also be 
reduced by a grid with smaller slits. Halving the slit width to 0.5 mm leads to an absolute error 
of ±0.47 mm and a relative error of ±1.6%. Insection 4.3, a more accurate position calibration 
with the microbeam will be discussed. 
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Figure 4. 7: An incoming partiele has a maximum error of 0.23 mm in the position of 
incidence due to a not perpendicular angle of incidence. 

The risetime as a function of position of incidence should theoretically show the behaviour, as 
depicted in figure 4.8. The risetime is calculated from the fit functions V(t)=a(x) (1-exp( -th(x))) 
and the results areplottedas a function of the position of incidence in figure 4.9 for the energy 
signal and in figure 4.10 for both position signals. The horizontal error bars are obtained from 
the error in position of incidence due to the divergence of the incoming partiele and the slit 
width, the vertical error bars are obtained from the error in the calculated fit parameter 't'(x). 
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Figure 4.8: The theoretica[ risetime as ajunetion ofposition ofincidence x [KAL67]. 
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Figure 4.9: The risetime ofthe measured energy signa! as ajunetion ofthe position of 
incidence. 

The risetime ofthe energy signa} has a measured maximum of0.6711s for x=16 mm. The risetime 
for the right and left position signalis at a maximum of 0.741-ls for x=24 mm and 0.8211s for x=4 
mm, respectively. It is likely that the risetime maxima of both position signals are somewhat 
higher since measurement points of positions of incidence x=O mm and x=30 mm are not 
available for the right and left position signal, respectively. A fit of the function c(l-exp( -x/Tr)) 
through the data points of the right position signal in figure 4.10 leads to a maximum risetime 
of 0.76 11s for x=L. Analog, a maximum risetime of 0.88 11s for the left position signal is obtained 
from a function c(2-exp(x/T1)). The measured rise time at x=16 mm for the right position signal 
is bigger than expected. The reason is that the data points of the rise time measurements for x= 16 
mm lie below the calculated fit, as shown in figure 4.5, probably due to an error in the 
determination of the starting point t=O. 

With a PSD time constant of about 0.35 11s, the maximum risetime -cr,max can be written as about 
2.2-cjrr.2 for the right position signal, 2.5-c jn 2 for the left position signa} and 1.9-c l,n Zfor the ener-
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gy signal. This is in good agreement with the value for the maximum risetime of about 2.4't'/1t2 

for the position signals and 2.2't'/1t2 for the energy signal, as reported elsewhere [KAL67]. 
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Figure 4.10: The measured risetime of the right and left position contact as a function of the 
position of incidence. 

4.2 PULSE HEIGHT LINEARITY 

From the end values of the measured pulses, the position linearity of both position signals of the 
PSD can be determined. Therefore, the measured pulse heights at t>2.0 f.lS are plotted as a 
function of x. Theoretically, the pulse heights at t>2.0 f.lS and the position of incidence should 
show a linear dependence. A linear fit, using the least squares method, which also is shown in 
the plot by the solid line, was calculated from the datapoints (figure 4.11). 
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Figure 4.11: The linearity, of bath position signals of the PSD at t>2 f.JS( =6 rjli ). 

The non-linearity in the position signal is defined as the deviation from the measured position 
signal with respect to a linear fit function (figure 4.11 ). The non-linearityin the measured signal 
is ±1.4 % and ±0.7% (figure 4.12) of the PSD length for the right and left position signa!, 
respectively, which corresponds to ±0.42 mm and ±0.21 mm. The non-linearity appears 
uncorrelated to the position of incidence. This measured deviation from linearity can be reduced 
by improving the measurement of the position of incidence, as will be seen in section 4.4. 
Therefore one can assume that the calculated deviation of ±1.4% and ±0.7% is mainly due to the 
uncertainty in the position of incidence because of the slit width of the grid. However, a position 
calibration with an accuracy of ±1.5% of the PSD length can be obtained with this method. 

34 



Chapter 4: Characterization o(the PSD 

L 

0 
Q) 

c 

1.5 

0.5 

c -0.5 
0 
c 

-1.5 
0 5 

left position contact 

right position contact 

10 15 20 25 
position [mm] 

30 

Figure 4.12: The non-linearityin the pulse height of both position signals ofthe PSD. 

4.3 THE PSD CHARACTERISTICS 

The relations between time, position of incidence and pulse height of the measured signals, are 
the so-called characteristics of the PSD. Measurements of these characteristics are shown in 
figure 4.13, 4.14 and 4.15. These characteristics are derived from the fits in figure 4.4, 4.5 and 
4.6. For each fit, the pulse height is determined for fixed time t and position of incidence x. The 
pulse height measured at the right position contact for each x is normalised to the pulse height 
mea~ured for position of incidence x=O because, normally, incoming particles at the edge x=O 
should create a step function as charge pulse which is the ideal response. However, a step 
function for x=O mm was not measured as mentioned in section 4.1. Therefore, the measured 
pulses are normalised to the measured pulse heights for x=O mm and t>0.35 J...lS for the energy 
contact and t>0.15 J...lS for the right position contact. Analog, the left position signalis normalised 
to the expected pulse from an incoming partiele at x=L. This expected pulse height is determined 
by extrapolation of the linear fit for the left position contact in figure 4.11. 

The ideal characteristics are represented by the dasbed lines in the diagram for the position 
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signals and the line V(x)IV(x=O)=l for the energy signal. 
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Figure 4.13: The normalised pulse heights of the energy signa[ as a function of the 
normalised position of incidence at several times t 

The curves show that there is a considerable deviation from the ideal characteristics for t<l 11s 
( Q<3-r/n:2

). Theoretically, the deviations increase toa maximum for x=Y2L for the energy and 
position signals. Unfortunately, pulse measurements with exactly x=Y2L are not available, which 
makes it difficult to determine the deviation in this point. However, the trend of the data points 
show a maximum of deviation in the middle of the PSD, as expected. This deviation causes a 
ballistic deficit in the output signal of the main amplifier when the shaping time constant -rsh is 
comparable to or smaller than the intrinsic risetime -r/n:2 of the PSD. From this measurements, 
one can estimate a shaping time constant -rsh of about 2 11s, to avoid a considerable ballistic 
deficit. 
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Figure 4. I 5: The normalised pulse height at the left position contact as a function of the 
normalised position of incidence at several times t. 

4.4 PSD LINEARITY MEASUREMENTS 

In the mieroprobe set-up, it is possible to create a beam of several hundreds of pico amperes with 
a spot size of several micrometers in diameter [MUT95]. With this so-called microbeam, 
experiments have been performed to determine the linearity in the position signals of the PSD. 
After a short introduction, the results of the linearity measurements will be discussed. 

4.4.1 IRRADIATION OF THE PSD WITH THE MICROBRAM 

A more accurate metbod to determine the non-linearity of the PSD, is by irradiating it with the 
microbeam insteadof an AmCm souree with a grid in front of the PSD. The accuracy is achieved 
by the small spot size of the beam compared to the length of the PSD and the possibility to 
position the beam accurately with respect to the PSD. In the mieroprobe set-up, the PSD is placed 
in a target holder in the target wheel which can move vertically and horizontally with stepper 
motors with a step size and accuracy of 2 11m [MUT95]. Furthermore, the microbeam can move 
with respect to a fixed position on the target by use of a scanning magnet 

The linearity of the PSD, after shaping, is determined by measuring the PSD signals for different 
positions of incidence x. Therefore, the PSD is moved in step sizes of 2.5 mm with respect to a 
microbeam of 4 Me V a-particles. After each step of 2.5 mm, the microbeam scans a square 
pattem of 16*16 points by the scanning magnet with scan stepsize of 4.935 11m. Each point of 
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the square pattem has a unique Position Identification Number (PIN) which is recorded in 
coindidence with each of the PSD signal events. Hence the position within the scan pattem and 
thus on the PSD is known for each event. 

A position calibration of the microbeam with respect to the PSD can be made since the stepper 
motors can move the target holder with the PSD to a position where the microbeam can irradiate 
the left edge of the PSD. Hence the position x=L=30 mm is known and the measured position 
and energy signals are known as a function of the position of incidence by moving the PSD with 
respect to the beam. The PSD signals are amplified by the pre-amplifier and shaped and 
amplified by shaping amplifiers with equal gains and shaping time constants 't

5
h=3 f..lS to fulfill 

condition (2.9). Theoretically, the position signals have to show a linear dependenee on the 
position of incidence because the mean microbeam energy is constant (figure 4.16). Therefore, 
it is possible to measure the linearity between the pulse height of the position signals and position 
of incidence x. 
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Figure 4.16: The energy spectrum of the microbeam, as measured with the directly irradiated 
PSD. 

4.4.2 THE POSITION LINEARITY OF THE PSD 

The measured position spectra after shaping are drawn in figure 4.17. The peak numbers in each 
spectrum correspond to each other and peak number 1 corresponds to position of incidence x=5 
mm, peak number 2 corresponds to x=7.5 mm etc .. 
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Figure 4.17: The measured right (upper) and left (lower) position spectrum. 

The relation between the position of incidence and the measured pulse height is depicted in figure 
4.18 by the open and filled circles for the right and left position signal, respectively. The 
measured non-linearity, obtained from figure 4.18, is shown in figure 4.19. The non-linearity of 
the right position signal shows a quadratic behaviour. Therefore, the data points of the position 
of incidence and the measured pulse height of the position signal arealso quadratically fitted. The 
quadratic fit through the data points hardly deviates from the lineair fit and hence is not shown 
in figure 4.18. The deviation of the data points to the quadratic fit is also shown in figure 4.19. 
For the right position signal, the deviation decreases from about ±40 11m for the linear fit to ±20 
11m for the quadratic fit. The deviation of the left position signal is less since the left position 
signal already showed a more linear dependenee on the position of incidence x. 
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Figure 4.19: The absolute non-linearity with respect to the linear and quadratic fit for the left 
and right position signal. 

The quadratic behaviour is probably caused by a combination of inhomogeneities in the resistive 
layer and the ballistic deficit. The relative ballistic deficit is small because condition (2.10) is 
abundantly fulfilled with shaping time -rsh=3flS. Hence the maximum expected relative ballistic 
deficit is 1% of the pulse height which corresponds to a non-linearity of 300 flm. Since the 
measured maximum non-linearity is ±40 11m, one can conclude that the ballistic deficit is 
neglectible when -rsh=3 flS. The other contribution to the non-linearity are inhomogeneities in the 
resistive layer. Por non-linearities smaller then 1%, the influence of inhomogeneities is 
significant [MEL68]. 

A quadratic fit in the plot of the measured position as function of the position of incidence, shows 
a better correlation in the data points then a linear fit. However, the deviation does not increase 
dramatically when a (theoretically expected) linear fit is calculated. In the worst case (a linear fit 
for the right position signa!), the linearity in the measured position signa! at the right and left 
contact is better than ±40 11m which is ±0.13% of the PSD length fora linear fit. The position 
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non-linearity, according to the specifications of the PSD [SIT89] is given as ±0.2% of the PSD 
length. 

4.4.3 THE MEASURED ENERGY SIGNAL 

Theoretically, the pulse height of the energy signals, due to equal energetic particles, has to be 
independent of the position of incidence x for t-co. In the microbeam experiments, the energy 
pulse height is measured as function of the position of incidence x with time constant 't"sh=3 f..lS. 
The sum of the position pulse heights should also provide an energy measurement and it can be 
compared to the direct energy pulse measurement. The results of the energy pulse height 
measurements and the summation of the position pul se height measurements are shown in figure 
4.20. As expected, the energy signal is practically constant over the whole PSD length. The 
maximum difference between the pulse heights of the energy signal is 4 channels, which is about 
0.25% of the measured energy signal. The very small decrease of the pulse height to the middle 
of the PSD is probably caused by the ballistic deficit and inhomogeinities in the resistive layer 
of the PSD, as mentioned for the position signals. 

The sum of the position signals shows in general the same behaviour as the energy signal. The 
energy signal is 3 to 5 channels lower then the summed position pulses, probably due to a little 
mismatch in gains of the shaping amplifiers. However, an energy calibration can correct for this 
mismatch and since the behaviour is the same, summation of the position signals provide a 
usefull energy measurement. 

,---, 1765 
([) 

c 
c 
0 1763 

_c 
u 

:ë 1761 
CJ"l 
([) 

..c 
([) 
(/) 

:::J 

1759 

0. 175 7 

1755 
0 

sum position signals 1 

5 10 15 20 25 30 
position x [mm] 

Figure 4.20: The measured pulse heigth of the energy signa[ and the summation of bath 
position signals which also provide a good energy measurement. 
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CHAPTER5 

THE PSD IN FOCUSING AND SCATTERING 
EXPERIMENTS 

The binary colfision theory is described prior to two performed applications with the PSD as a 
partiele detector. As afirst application, the PSD is used to delermine the position ofthe spot of 
scattereda-particles that have beenfocused onto the TOF-detector in the CERDA-TOF set-up. 
As a second application, the PSD is used as a detector of a-particles that have been scattered 
coincidently with recoils in a CERDA -experiment. 

5.1 ION SCATTERING AND THE KINEMATIC FACTOR 

The geometry of a binary collision is drawn in figure 5.1. 

Incident 
Target 

Lab. angles: 8, (jJ 
C.M. angles: Be, f/Jc 

Lab.: M2 at rest 
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Figure 5.1: The colfision between an incident particle, the projectile, and the target atom 
befare and after the colfision with the scattering angle fJ and recoil angle f/J [RAD95 ]. 

The kinetic energy of the projectile after the collision is calculated from the kinematic factor 
which is defined as K.fC=E/E0, where E0 and E1 denote the kinetic energy of the projectile before 
and after the collision, respectively. The kinematic factor can be calculated from energy and 
momenturn conservation [DU92]: 
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(5.1) 

where Q is the energy that is transferred to the nucleus in an inelastic collision (Q>O) and 
~=m/m1 • In an analog way, the kinematic factor 1\.ec for the energy of the recoil is defined as 
Krec=E/E0 , with E2 the kinetic energy of the recoil after the collision. 

(5.2) 

Inherent to the collision theory is the kinematic spread dK/d8 of an elastic scattered particle: 

(5.3) 

The recoil angle <I> and the scattering angle 8 for an elastic binary collision are given by the 
relation: 

tan8= ~sin(2<j>) 
1-~cos(2<j>) 

(5.4) 

An ion which moves through matter loses energy due to interaction with electrons and nuclei. 
As mentioned in chapter 2, the energy loss per unit path length is defined as the stopping power 
S: 

S=-dE 
dx 

(5.5) 

The stopping power is dominated by the interaction of the ion with electrons when the ion 
velocity large compared to the orbital velocity. Electronic stopping is approximately inversely 
proportional to the partiele kinetic energy. At low energies, the nuclear stopping power becomes 
significant and in this region the stopping power increases with the partiele kinetic energy. 

5.2 FOCUSING IN CERDA-TOF EXPERIMENTS 

In Coïncident Elastic Recoil Detection Analysis (CERDA) experiments, particles (recoils) are 
ejected by incident projectiles. The relation between the recoil and scattering angle is given by 
equation (5.1). The energy of the recoils and the coincidently scattered projectHes is measured 
and depth information is obtained from the energy loss of the recoils due to in the sample. 

In CERDA-Time-Of-Flight (CERDA-TOF) experiments the flight time tof recoils is measured, 
together with their energy. The flight time is the time between the start signal, generated by the 
coincidently scattered partiele in the start detector, and the stop signal, generated by the 
corresponding recoils in the stop detector, at the end of the fight pipe. The kinetic energy of the 
recoils is obtained from E=Y2m(Lit)2

, with m the mass of the recoil and L the travelled distance 
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of the recoil. To minimize the error in the measured flight time, the start detector is placed as 
close to the target as possible. To improve the depth resolution, the stop detector is placed a few 
meters away from the target at the end of the TOF-pipe. 

Because of the large distance between sample and stop detector, the effective solid angle of the 
stop detector becomes very small which decreases the countrate and thus the sensitivity. To 
improve the countrate and hence decrease the duration of the measurement and damage to the 
sample, the effective solid angle of the detector has to be enlarged. This is done by focusing the 
charged recoils from a large solid angle onto the detector by means of a quadrupale doublet, 
placed around the TOF-pipe. The increased yield obtained by the use of the qua-drupoles is 
shown in figure 5.2. In both spectra, the focusing action is on scattered a-particles which 
simulate the recoil behaviour, as will be seen in section 5.2.2. The spectra are obtained from a 
scatter experiment of 12.1 MeV a-particles on a Ni-sample, placed at 15° with respect to the 
beam, with a scattering angle 8=30°. The right flanksin the spectra area-particles scatteredat 
the surface of the Ni-sample, the flat continuurn in the unfocused spectrum consistsof a-particles 
scatteredat depth in the sample. In the focused spectrum, the quadrupale doublet focuses 5.1 
Me V scattered a-particles which improves the yield in the energy range around 5.1 Me V . 
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Figure 5.2: The increased yield in the focused spectrum compared to the unfocused spectrum 
obtained from a-particles scatteredat nickel. The two peaks originate from an Am Cm source, 
placed close to the detector, used to calibrate the spectrum [RAD95]. 

5.2.1 THE MAGNETIC RIGIDITY AND FOCAL DISTANCE OF QUADRUPOLES 

A partiele with charge state q and velocity v will experience a magnetic Lorentz force F1 when 
moving in a magnetic field B: 

(5.6) 
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The partiele behaviour in magnetic fieldis described by the magnetic rigidity. By definition, the 
magnetic rigidity is the product of the magnetic field and the radius p of the curvature of the 
trajectory of the partiele in the magnetic field. Since the magnetic Lorentz force IF11 in a 
homogenie magnetic field B equals the centrifugal force IFc I, the following relation for the 
magnetic rigidity can be derived: 

mv 2 mv J2mE qvB=- = Bp=-= (5.7) 
p q q 

where mis the mass of the particle. From equation (5.1) it is seen that two particles with different 
mass, velocity and charge state cart have the same magnetic rigidity and hence show the same 
behaviour in a magnetic field. Quadrupoles give rise to a focusing action in either the horizontal 
or vertical plane and a defocusing action in the perpendicular direction. With two quadrupoles, 
placed bebind each other, it is possible to attain a situation in which the net result is a focusing 
action in both planes [RAD95]. The focal distance in proportional to the magnetic rigidity Bp. 
Hence particles with identical location and direction passing through the same magnetic field, 
will follow the same path and will be focused at the same place if they have the same magnetic 
rigidity. The behaviour of a partiele in and bebind the quadrupoles can be determined by studying 
another partiele with the same magnetic rigidity. Since the countrate of carbon recoils of thin 
foils is very low the behaviour of 6.810 Me V C4

+ in the quadrupales can be studied by using 5.1 
Me V o:-particles, obtained from scattering at a nickel sample with higher countrate. 

5.2.2 RESOLUTION CONSERV A TI ON 

Recoils with equal energy lie on a cone centered on the incident ion beam, with the top at the 
location of the collision. The change of energy is neglectible for small qisplacements in the ver
tical plane tange~t to the cone. Therefore, focusing in the vertical direction hardly deteriorates 
the resolution, it only increases the yield of particles on the stop detector. Focusing in the 
horizontal plane leads to a worsening of the resolution since the kinematic spread in the 
horizontal plane is considerable. The stop detector is tilted in the reaction plane to compensate 
for the kinematic spread [RAD95] and focusing in the horizontal direction disturbs this 
compensation. 

5.2.3 CALIBRA TION OF THE QUADRUPOLES 

The quadrupales have been calibrated: a relation is known between the measured voltages over 
shunts in the power supply of the quadrupoles and the focusing action on cx-particles. The ratio 
V JV1, between the voltages over the shunts of the first and second quadrupole, for point -to-point 
focusing is V JV1=3.23 and V/V1=2.12 for point-to-vertical focusing [RAD95]. However, a co
mparison between focusing experiments of 5.1 Me V a:-particles and computer simulations of 
these experiments shows a discrepancy in the gain of the measured energy spectrum and the 
simulated spectrum which is 33% higher. The main cause of this discrepancy is probably a 
misalignment in the quadrupoles which causes a displacement of the expected position of the 
focusing spot [RAD95]. 

The PSD is an ideal detector to determine the position of the focus spot and the corresponding 
energy in the plane of the stop detector. Therefore, several measurements with the PSD have been 
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performed to check the position and moreover, the ratios V/V1 for point-to-point focusing and 
point-to-vertical focusing by varying V1• 

5.2.4 POSITION CALIBRATION 

The position of the spot is determined in the two dimensional stop detector frame perpendicular 
to the TOF-pipe. The origin of this frame corresponds to the centre of the TOF-pipe. The 
quadrupoles should focus particles with the right magnetic rigidity on the origin of the stop 
detector frame. The position of the PSD with respect to the stop detector frame is depicted in 
figure 5.3. The position of incidence of an incoming partiele with respect to the horizontally 
placed PSD is denoted with x, the position of an incoming partiele with respect to the vertically 
placed PSD is denoted with y. The right position contact of the PSD corresponds to x=O mm or 
y=O mm, respectively. 

The vertical position of the PSD in the stop detector frame is determined from the pos1t10n 
spectrum of unfocused scattered a-particles at Ni with the upper slit, placed at the end of the 
TOF-pipe, tumed down to Yfi"ame=O mm. lt is assumed that the upper slit is correctly aligned with 
respect to the TOF-pipe. For the horizontal alignment of the PSD it is assumed that the centre of 
the PSD (x=15 mm) corresponds to the centre of the TOF-pipe (xframe=O mm). 

left contact 
x tram. 

right contact 

right contact 

left contact --

Figure 5.3: The position ofthe PSD inthestop detector frame xframe-Yframe as viewedfrom an 
incoming particle. x=O mm corresponds to x1r~me=15 mm and y=20.1 mm corresponds to 

Ytrame=O mm. 

A position calibration has to be made first before the results of position measurements can be 
interpreted. Unfortunately, a good position measurement with a grid to calibrate the position of 
incidence onto the PSD was not made. Instead, the position is made from the unfocused 
scattering spectrum of 12.1 Me V a-particles at Ni. In this scattering experiment, the PSD was 
placed horizontally and it was bombarded over the whole length with scattered a-particles. In the 
measured spectra, the position of the edges of the PSD can be determined and a position 
calibration can be made. The pulse heights in the position spectra were corrected for a small 
difference in gain of the shaping amplifiers, which were connected to the position centacts via 
the pre-amplifiers. The position of incidence x is determined from the mean value of both 
measured position signals. 
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5.2.5 RESULTS OF THE FOCUSING MEASUREMENTS 

The first measurements were performed with a ratio V/V1=3.23 and focusing on 5.1 Me V cx
particles. The PSD was placed vertically and hence the position of the focusing spot in the y
direction is determined. In figure 5.4, the smoothed position spectrum for point-to-point focusing 
is shown. The position spectrum reaches its maximum for y=21.0 mm. The position y=20.1 mm 
corresponds to the middle of the TOF-pipe (yframe=O mm) and hence the place of the spot is 
Ytrame=-0.9 mm. Small variations (±0.2) of the ratio V JV1 does not influence the yield or the posi
tion of the peak. 
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Figure 5.4: The position spectrumfor point-to-pointfocusing of 5.1 Me V a-particles with the 
PSD placed in the y-direction. 

Por point-to vertical focusing, the result is shown in figure 5.5. The maximum yield corresponds 
also to a position y=21.0 mm which is Ytrame=-0.9 mm in the stop detector frame below the middle 
of the TOF-pipe. Again, small variations of the ratio V/V1 does not influence the position 
spectra. In both cases, point-to-point and point-to-vertical focusing, the most symmetrie peak in 
the energy spectrum was observed for the ratio V/V1=3.1 (figure 5.6). 
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Figure 5.5: The smoothed position spectrumfor point-to-vertically focusing of 5.1 Me V a
particles with the PSD placed in the y-direction. 
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Figure 5.6: The smoothed energy spectrum ofpoint-to-pointfocusing at 5.1 Me V a-particles 
with V.jV1=3.1. The slit in the top is probably caused by misalingnments. 

The place of the focusing spot in the x-direction is determined with the PSD placed horizontally. 
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From figure 5.4 it is seen that the maximum for point-to-point focusing is reached at .x=10.8 mm. 
This corresponds to a position 4.2 mm to the right with respect to the TOF-pipe axis. The point
to-vertical focusing measurements do not give extra position information because the PSD is 
irridiated homogeneously over its whole length. 
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Figure 5. 7: The position spectrum for point-ta-point focusing of 5.1 Me V a-particles with the 
PSD placed in the x-direction. 

One can conclude that 5.1 Me V ct-particles are not focused at the expected place, but 4.2 mm to 
the right and 0.9 mm below the expected place, as viewed from an incoming particle. These 
results are in good agreement with floating wire experimentsin the quadrupales [MAA96]. The 
result of these measurements was a position of the focusing spot at xframe=(5±1) mm. The vertical 
position is not available because the gravity influenced the floating wire experiment too much. 
As mentioned in section 5.2.3, the deviation of the focusing spot is probably due to 
misalignments in the quadrupoles. 

5.3 SCATTER EXPERIMENTS WITH THE PSD 

The relation between the geometry and the energy of particles involved in scatter experiments, 
can be examined with the PSD. Furthermore, this position information can lead to an extra 
parameter in order to identify different recoiled particles in these coïncident experiments. In the 
first part of this section, a forward scatter experiment in order to measure the kinematic spread 
of scattered ct-particles of 13.4 Me V at a carbon foil is described and discussed. In the second 
part, a CERDA-experiment of 13.4 Me V ct-particles at a carbon foil and a Mylar (C10H80 4) foil 
is described and discussed. 

5.3.1 POSITION AND ENERGY CALIBRA TION 

Before the actual scatter experiments can be performed, an energy and position calibration has 
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to be made from scattered ct-particles at nickel and carbon. The PSD as an ct-particle detector 
gives the possibility to measure the kinematic spread, which is observed for thin samples almost 
without energy loss from ct-particles due to stopping or for surface scattering at thick samples. 
This kinematic spread gives extra datapoints for an energy calibration, since energy spectra of 
small angular intervals within the angular acceptance of the PSD can be obtained by selection 
on that particular angular interval. This in contradietien to a PIPS-detector which provides only 
an energy signa!. From this signal an energy spectrum is obtained from all scattered particles 
within the angular accepetance of the PIPS-detector. The energy calibration of the PSD signals 
can be made by fitting the centroid channel of the measured energy pul se to the expected energy 
for that scattering angle 8. 

The scattering angle 8 is known from an angular calibration of the measured pulse heights at the 
position contacts of the PSD. Therefore, a grid with seven slits, 1 mm wide and a centre-to-centre 
distance of 4 mm (see section 4.1) was placed 10 mm in front of the PSD. The PSD was placed 
at 147 mm and hence it has an acceptance angle Ll8=11.6°. The centered slit corresponds toa 
scattering angle 8=82° and to x=YzL=15 mm at the PSD. The angular range of the PSD is 
8=[76.2°;87.8°] and hence LlE1=1.05 Me V for carbon and LlE r0.47,MeV for nickel. The sample 
is placed at 45° with respect to the incoming beam. The experimentalset-up is shown in figure 
5.8. Furthermore, datapoints for the energy calibration are obtained from directly irradiating the 
PSD with an AmCm-source with well known energies. 
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Figure 5.8: The experimentalset-up to measure the kinematic spread of a-particles scattered 
at a carbon and nickel sample. 

The measured energy spread of scattered ct-particles at a carbon and nickel is obtained from 
figure 5.9 which shows a two-dimensional scatterplot of the yield as a function of the energy E1 

and the scattering angle 8. The upper scatterplot shows the scatterevents at a thin carbon foil 
with a grid in front of the PSD. The elastically and inelastically scattered ct-particles lie in the 
interval [7;8] Me V and [3.5;4.5] Me V, respectively. Since a foil is used, the path length through 
the foil is smalland energy loss due tostopping in the carbon does not occur, in contradietien to 
ct-particles scattered at depth in the thick nickel sample. Therefore, only surface scattered ct-
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particles at nickel are used for the energy calibration. The measured energy pulse heights in small 
angular intervals are fitted linearly to the expected energies with the least squares method and 
the result is shown in the calibration graphic in figure 5.9. 
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Figure 5.9: The calibration graphic, obtainedfrom the energy spectra of scattered a
particles for several scattering angles 8 and the energy spectrum of an AmCm-source. 

The scatterplots with the yield as a function of the scattering angle 8 and the energy of the cx
particles are shown in figure 5.10. The solid lines are the expected energies, as calculated from 
the kinematic factor K.,c· The calculated energy and the measured energy show good agreement. 
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Figure 5.10: Ea-8 scatterplot of 13.4 MeV«-particles scatteredat carbon (upper scatterplot) 
and nickel (lower scatterplot). 

5.3.2 EXPERIMENT AL SET -UP OF THE CERDA-EXPERIMENTS 

As an mustration of how the PSD can be used in scattering experiments, two CERDA
experiments are performed. In the first measurement, a carbon foil of 50 flg/Cm2 was bombarded 
with 13.4 Me V a-particles. In the second measurement, the carbon foil was replaced by a 3 fliD 
Mylar foil, which contains oxygen next to carbon. 
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With a PSD used as scatter detector, the scattered particles and the recoils in CERDA
experiments can be identified in the conventional way by the energy of the recoils and the 
scattered particles, but also by the angular relation (5.4) between the recoil and the corresponding 
scatter. Therefore, the angular acceptance of the PSD has to cover all the scattering angles of the 
different scattered particles. 

The experimental set-up is shown in figure 5.11. The recoil detector is a PIPS detector placed at 
a distance of 143 mm where the beam hits the target, with a recoil angle of <1>=30°. The angular 
acceptance of the recoil detector is determined by a slit with a width of 1 mm which corresponds 
to 0.4°. The PSD is placed at 147 mm with scattering angle 8=103° and the angular acceptance 
angle is 11.6°. Hence, the calculated scattering angle from equation 5.4 for recoil angle <1>=30°, 
is 80 =106.1° and 8c=100.9° for et-particles scatteredat oxygen and carbon respectively, which 
fall within the angular acceptance of the detector. The target is placed at 15° with respect to the 
incoming beam of 13.4 Me V et-particles, to avoid energy loss of surface recoils by traveling 
through the sample. The energy signa! of the PIPS-detector was amplified by a Silena CATSA 
82 pre-amplifier and the PSD signals were amplified by the self-made pre-amplifiers. The pre
amplifier output signals were amplified and shaped by ORTEC-572 main amplifiers. The trigger 
signa! to register events was obtained from the energy signal of the PSD. 
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Figure 5.11: The experimentalset-up ofthe CERDA experiment with the PSD as alpha 
detector. 

5.3.3 CERDA ON A CARBON FOIL WITH THE PSD 

A thin carbon foil of 50 flg/cm2 was bombarded with 13.4 Me Vet-particles with the sample at 
15° with respect to the incoming beam. The geometry of the experiment is shown in figure 5.11. 
The experimental result is shown in a scatterplot of the recoil energy versus the scattered et
particle energy, which is shown in figure 5.12. Coincidences have been determined from all 
events having both a valid PSD-energy signa! and a valid PIPS-energy signa!. 
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Figure 5.12: Erec-Ea scatterplot of a CERDA-experiment with 13.4 MeVa-particles scattered 
at a carbonfoil, ifr-30°, Bc=l00.9° and 80 =106.1° 

The coincidently scattered events of o:-particles on C-atoms are observed but also two small 
groups of scatterevents occur. due to a little oxidatio~ layer at both si des of the sample. From this 
scatterplot, identification of the particles is possible. Projection on the y-axis gives the energy 
spectrum ofthe recoils (figure 5.13 left) and projection on the·x-axis gives the energy spectrum 
of the o:-particles (figure 5.13 right). 
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Figure 5.13: The recoil (right) and scattered a-particle (left) spectrum obtained by 
bombarding a carbon foil with 13.4 Me V a-particles, f/r-30°, Be= 100.9° and B0 = 106. JO. 

Identification of the particles can also be performed by the angular distribution since the 
measured scattering angle can lead to partiele identification from the relation between masses, 
scattering angle and recoil angle. The scatterplot of the scattering angle 8 versus the a-particle 
energy is shown in figure 5.14. The scatterevents obtained from scattering at carbon or oxygen 
can be distinguished in the scatterplot The scatter events of oxygen lie in the interval 
8=[ 103 o; 1 07°] and the scatter events at carbon lie in the interval 8=[98 o; 101 °]. The low yield 
is inherent to the low thickness of the C-foil and the low cross section for scattering but still a 
seperation between a-particles scattered at oxygen and a-particles scattered at carbon is clearly 
seen. The contributions to the angular spread of the scattered a-particles are the position non
linearity of ±0.13% which corresponds to O.ozo, the resolution of the PSD (~8=0.04 °), the recoil 
detector acceptance angle of 0.4 o which corresponds to ~8=0.9°, the beam divergence (~8=0.37° 
[JON93]), the beam spot size (~8=0.ZZ0 [ JON93]) and multiple scattering (~8=1.7° for carbon 
and A8=Z.3° for oxygen [JON93]). Hence the total angular spread for carbon is about zo and Z.5° 
for oxygen. The observed angular spread in the position spectrum is hard to determine because 
of the low yield and the fini te angular acceptance of the PSD. Therefore, the a-particles scattered 
at carbon with 8<98° are nót measured. An estimation of the angular spread in the angular 
spectrum (not shown) of the oxygen peak leads to about ~8=Z0 which corresponds to the 
expected angular spread of zo. 
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Figure 5.14: Position-Ea scatterplot of a CERDA-experiment with 13.4 Me V «-particles 
scatteredat a carbonfoil, f/1=30°, 8c=100.9° and 80 =106.1°. 

5.3.4 CERDA ON A MYLAR FOIL WITH THE PSD 

A Mylar foil of 3 J..lffi was bombarded with 13.4 Me V a-particles in the experimentalset-up of 
figure 5.11. The measured recoil energy versus scattered a-energy scatterplot is shown in figure . 
5.15. The energy loss llE0 and !lEe of the recoils is considerably larger than the energy loss 
llEa..c and llEa.,c of the a-particles. This is caused by the difference in stopping power of carbon 
and oxygen in mylar, compared to the stopping power of a-particles in mylar. In the used 
geometry, the energy of a-particles justafter an elastically scatter event, is 6.97 Me V and 6.43 
Me V forscattering at oxygen or carbon respectively. Forthese energies and lower, the stopping 
power of a-particles and oxygen in mylar is about 0.1 MeV/J..lm and 1.5 MeV/J..lm, respectively. 
The same holds for a carbon partiele and hence the energy loss of the recoils, compared to a
particles in mylar is larger. 
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Figure 5.15: Position-E a scatterplot of a CERDA -experiment with 13.4 Me V a-particles 
scattered at a carbonfoil, f/>=30°, Bc=l00.9° and 80 =106.JO. 

Scattered a-particles, impinging on the PSD, generate a trigger signal for the coincidence 
measurement. However, the coincidently ejected recoil can miss the recoil detector due to its 
small angular acceptance angle but small signals like noise, can be measured as an coïncident 
recoil since the trigger signal is generated. These low recoil energy events are marked with noise 
in the scatterplot of figure 5.15. 

The recoil energy spectrum is obtained from the projection on the y-axis of the Ea.-Erec scatterplot 
By selection on the a-energy, recoils can be identified in the recoil spectrum as can beseen in 
figure 5.16. 
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Figure 5.16: The recoil energy spectrum of carbon and oxygen recoils from a mylar foil. The 
separation is achieved by selection on the corresponding a-energy. 

Identification of the recoils can also be done in the 8-Ea scatterplot (figure 5.17) since events of 
a-particles scattered at carbon and oxygen are fully seperated. A projection on the x-axis gives 
the angular distribution. The separation of a-particles scattered at carbon and oxygen is achieved 
by selection on the a-energy in the 8-Ea. scatterplot The angular spread of the scattered a
particles occurs for the same reason as mentioned in section 5.3 .1. 

By the large angular acceptance of the PSD, it is possible to measure all types of scattered a
particles at the same time. A circular PIPS-detector at the same distance should have a sensitive 
area of 700 mm2

, to have the same angular acceptance as the PSD which has a sensitive area of 
300 mm2

• The PIPS-detectors have a typical sensitive area of 100 mm2 which doesnotcover the 
scattering angles of a-particles scatteredat carbon (8=106.1 °) and oxygen (8=100.9°) when the 
PIPS-detector is placed at 147 mm of the sample. Thus the angular acceptance of the PSD is 
always larger than the angular acceptance of the PIPS-detector, placed at the same distance and 
it covers a larger angular range of several types of scattered particles. Placing the PIPS-detector 
closer to the sample obtains a simular angular range as the PSD, but increases the overall 
countrate on the PIPS-detector. 

The measured angular distribution of the scattered a-particles leads to an extra parameter for 
selection on scattering events to identify the recoils. This might be used to surpress accidental 
coincidences more effectively or to increase the angular acceptance of the recoil detector while 
keeping full seperation of the elements. An increase of the angular acceptance of the recoil 
detector improves the countrate of recoils which increases the sensitivity and hence decreases 
measurement time and damage to the sample. 
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Figure 5.17: 8-Ea scatterplot of a CERDA -experiment with 13.4 Me Ver-particles scatteredat 
a mylar foil, r/J=30°, Bc=100.9° and 80 =106.1°. 
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CHAPTER6 

CONCLUSIONS AND RECOMMENDATIONS 

Three pre-amplifiers to amplify the PSD signals have been build. Based on a theoretica} 
calculation, the generated noise in these pre-amplifiers and the PSD is minimized by filtering the 
pre-amplifier output signals with a time constant of the shaping amplifiers of 't"sh=0.1 f..l.S. 
However, a relative ballistic deficit of less than 1% demands a shaping time 't"sh> 1.75 f..l.S. 

The rise times of the PSD pulses are several tentbs of micro seconds which supports, 
qualitatively, the demand of 't"sh> 1.75 f..l.S. The non-linearityin the measured position signals is 
±0.13% fora shaping time constant of 't"sh=3 f..l.S, measured using the microprobe. 

In the CERDA-TOF set-up, the position of scattered particles focused by the quadrupales around 
the TOF-pipe, lies 4.2 mm to the right and 0.9 mm below the expected position, as seen from a 
focused particle. This deviation is thought to be due to misalignments of the quadrupales in the 
TOF-pipe [RAD95]. 

An energy and position calibration in a scatter experiment with the PSD, can be made from a 
simp Ie scattering experiment: First, a grid with vertical slits has to be placed in front of the PSD 
with well-known position with respect to the PSD. The position signals have to be fitted to slit 
position. Secondly, the measured energy pulse heights fora scattering angle 8 have to be fitted 
to the energy for that particular scattering angle 8 as calulated from kinematics. 

In a CERDA experiment, it is possible to measure scattered a:-particles at carbon and oxygen of 
a (Mylar) foil at the sametime because of the enlarged acceptance angle of the a-detector (PSD). 
Identification of elementsin a recoil spectrum can be achieved by selection on the scatter energy, 
but also by selection within the measured angular distribution of the scattered particles. 1t might 
be necessary to use the latter, when overlap occurs in the energy of the different a-particles. 
Research should be done to see if it is possible to identify elements in the recoil spectrum 
obtained from a recoil detector with larger angular acceptance. This can improve the sensitivity 
of the measurement and hence reduce measurement time and damage to the sample. 

Depth resolution in RBS measurements is improved by enlarging the effective path length of the 
scattered partiele through the sample. This enlarged path length might be achieved by measuring 
the scattered partiele at glancing scattering angles with respect to sample surface. Since the 
change in energy is very angle dependent, usually a slit is used in front of the PIPS-detector, to 
limit the solid angle. This is difficult to reproduce and reduces countrate. However, when using 
a PSD, the complete set of glancing angles can be measured at once, after which selection of an 
angular interval is possible. An 8-Esc scatterplot can be be used to determine the best angular 
interval. 
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APPENDIX A 

THE CHARGE SENSITIVE AMPLIFIER 
CONFIGURA TION 

The basic configuration of the charge sensitive pre-amplifier is shown in figure Al where Cin 
and C1 have been replaced by the general impedances Zin and Zf' 

,", 

v", 
0---....L...--"T'"'"---l 

z, t, 

Figure A. i: The equivalent configuration of the charge sensitive pre-amplifier. 

From the circuit depicted in figure Al it is obvious that: 
V V -V 

(n =[Zin +[f => [in= Z.- + - Z out 
m '! 

(Al) 

The output voltage Vout of an opamp with open loop gain and a grounded non-inverting input 
terminal, is given by: 

V =-A(w)·V out - (A2) 

Substitution of equation (A2) in (Al) gives: 

[. =- vout 
m A(w)Z. 

m 

Vout +V 
A(w) out 1 1 1 
----'---'-----V (---+ +-) 

Z out A(w)Z. A( )Z Z 
'! m W '! '! 

(A3) 

lf zf and zin are chosen such that in the frequency range of interest, IA( w) I>> I Z// zin I equation 
(A.3) leads to: 

V 
I. =-~=-V ··wc m z out} f 

'! 

(A4) 

A1 



Appendix A 

where the feedback impedance ~- has been replaced by a capacitanc<; C with impedance 
Z.r=ll(jwC1) as in the charge sensitive pre-amplifier. However, equation (A.4) is valid in the w
domain. The time-dependenee of the input current is found by inverse Fourier-transformation. 
This leads to: 

/. (t) = dQ =- dVout C (A.5) 
m dt dt f 

The total charge at the capacitance C1 and thus the output voltage Vout after one charge pulse, is 
found by integrating equation (5) from 0 to T where T is the pulse duration. This gives the output 
voltage vout after one charge pulse with total charge Qo: 

V =- Qo 
out C 

f 

(A.6) 

lt follows that, for the given conditions, the output voltage vout is independent of the input 
capacitance cin and linear to the collected charge Qo. 
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APPENDIXB 

THE EQUIVALENT INPUT IMPEDANCE OF A 
FEEDBACK AMPLIFIER 

For the charge sensitive pre-amplifier with a current at the inverting input of the opamp, an 
equivalent circuit can be calculated . From figure B.l it follows that: 

V. -V 
m out =I 
z f 

'! 
(B.l) 

An opamp with open loop gain A( w) has an output voltage Vour which is given by: 

(B.2) 

since V+ is grounded and V_= V;"· 

Substituting (B.l) in (B.2) gives: 

V;"A(w)+Vin =I = 

z f 
f 

z 
V. =I '! 

m 1A(w)+l (B.3) 

From figure B.l is seen that the feedback impedance Z1 can be replaced by an equivalent input 
impedance Z/(A(w)+l). 

z, 

Z,I(A(w)+ 1) 

Figure B.l: The opamp withfeedback impedance (left) and its equivalent input impedance 
(right). 

The open loop gain A( w) of an opamp is given by: 

A 
A(w)- 0 

1 +jwr:0 

(B.4) 

A feedback resistance R1 has an equivalent input impedance Z;",R: 

B.l 



z Z = 'f,R 

in,R 1 +A(w) Ao 
1+---

1 +jwr:0 

AppendixB 

(B.5) 

The input impedance Zin•R can be written as a parallel conneetion of a resistancy R and an 
impedance caused by the opamp. 

_1 __ 1 +A(w) =_!__+_!__. Ao 

zin,R zf,R Rf Rf 1 +jwr:o 
(B.6) 

The second term can be written as a series conneetion of resistance RL and a coil L (figure B.2). 

The equivalent input impedance zin.C of a feedback capacitance Cr is given by: 
1 

z = ZJ,c = jwC1 
in,C 1 +A(w) Ao 

1+---
1 +jwr:0 

(B.7) 

(B.S) 

This can be written as a parallel conneetion of a capacitance Cf and an impedance caused by the 
opamp: 

(B.9) 

The second term is a series conneetion of a capacitance CR and a resistance Re (figure B.2): 

1 r:o 
---+--
jwCfo Cfo 

(B.lO) 

The input capacitance and the input resistance of the opamp are neglected compared to the 
detector capacitance Cf and the feedback resistance Rf' 

B.2 
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Hence from (B.6) and (B.9) the total input impedance is calculated. 
Rf 1 +jwr:o 1 z =-·--------

in Ao + 1 1 +jwr:f r: 
1 +jw--0 -

A0+1 

R, c, A(w) 

Figure B.2: The input impedance ofthe equivalent pre-amplifier circuit, caused by the 
feedback impedance and the open loop gain behaviour. 

(B.ll) 

B.3 



APPENDIXC 

TRANSFER FUNCTION OF THE NON-INVERTING 
AMPLIFIER 

The output voltage for the charge sensitive pre-amplifier with a voltage at the non-inverting input 
of the opamp, can be calculated from the transfer function vou!Vin . 

z, 

-
Figure C.J :The non-inverting amplier. 

V -V V 
Si nee I - out=--- and Vour=A( w )(V+-V_)=A( w )(Vin-V), it follows by substitution that: 

zf zin 

V 
V +~-V. 

out A(w) m 

zt 

V. _ Vout 
111 A(w) 

zin 

1 1 zt zt 
= V (1+--+--·-)=V (-+1) 

out A(w) A(w) z. in z. 
m 111 

(C.l) 

lf Z;n and Z1are chosen such that for w> 10kHz IA(w) I »IZ/7 inl andA»l, the expression simplifies 
to: 

V Z. +Z 
H(w)=......!!!!!.= 111 '! 

v. z. 
111 m 

(C.2) 

For the parallel conneetion of Cj3 and ~ of the detector impedance (figure 3.5), the input 
impedance zin and z/ becomes: 

Rd 1 Z=
C ' '! jwC

1 1 +jwRd_!!_ 
3 

(C.3) 

where the feedback resistance R1 is neglected in Z1 for high frequency signals ( w> 10 kHz). The 
transfer function Hp( w) then becomes: 

C.1 
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(C.4) 

For the series conneetion Rj12 and Ç of the PSD impedance and the input impedanc~ Z 
becomes: 

(C.5) 

The transer function He(w) for the non-inverting amplifier, with the energy contact connected is: 
-cd 

1+jw-
12 1 . -cd Cd . -cd Cf 

---+-- 1+jW-+- 1+jW-'--'--
jwCd jwC1 _ 12 C1 _ Cd+Cf. 12 Cd+C1 

-cd 
1 +jw-

12 

jwCd 

-cd Cf -cd 
1~w- 1~w-

12 12 

(C.6) 
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APPENDIXD 

THE PRE-AMPLIFIER SCHEME 

The final scheme of the pre-amplifier is depicted in figure D.l 
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Figure D.l: The scheme of the designed and built pre-amplifier. 

------------~ ,•.:1_1 

. ·- c . ~ 

D.l 



APPENDIXE 

APPROXIMATION OF THE PSD IMPEDANCE 

To obtain a simple expression for the PSD impedance ZP=Z0tanh(yL) as seen from the position 
contact, the Taylor expansion of ex and e-x equation (E.2) is substituted in equation (E.l ). 

ex-e-x 
tanh(x) 

ex+e -x 
(E.1) 

e x=l +x+-1 x 2+_!_x 3 + .... 
2! 3! 

e -x=l-x+-1 x2 __ 1 x3+ .... 
(E.1) 

2! 3! 

This leads to: 

2(x+-1 x3+_1 xs .... ) 
x -x 31 51 

t h( ) 
e -e . . an x - =-------

x+ -x 1 1 
e e 20 +-x2+-x4 .... ) 

2! 4! 

(E.2) 

Substituting x=yL=v'(jwRdCd) gives an expression for 1/ZP, with l!Z0 = v'(jwCjRd): 

jwRdCd 

~ 
1+-----

1 jwCd 1 jwCd 1 2! 1 jwRdCd 
-- . - -· ---------(1 + ) 

ZP- R. tanh(JjwRdCd) Rd JjwRdCd 
1 

)wRdCd Rd 3 
(E.3) 

3! 
Equation (E.4) shows the approximation for the PSD impedance as seen from the position 
contact where second order terms and higher are neglected. Analog to the position contact, an 
approximation for the PSD impedance as seen from the energy contact leads to: 

Rd 1 
Z""-+-

E 12 jwCd 
(E.4) 
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APPENDIXF 

THE SPECTRAL NOISE VOLTAGE DENSITY 
FOR THE ENERGY CONTACT CONNECTION 

The solution of the speetral voltage output noise is obtained from the solution of the two integrals 
given by equation (F.l) and (F.2): 

(F.l) 

(.a.)2't'2 1 oe oe 2W't' 
---)dw=-r2(-aretan(w't')I-0.5Jw't' dw)= 
(1 +W2't'2f 't' 0 0 (1 +W21'2f 

oe oe oe aretan( uH) I 

1'2( laretan( uH) I +0.5 w I -o.5J 
1 

dw) =0.51'2· 0 =.2:1' 
't' 0 1 +W2't'20 0 (1 +W2't'2) 't' 4 

(F.2) 

The speetral voltage noise output (3.20) is partially solved with help of equation (F.1): 

F.l 



The remaining integral is written in separated terms before solving it: 
't c 

1 +w2( _!!_ f( f )2 
Cd+Cr 2~~ 12 Cd+C1. s ( . ) . 

vin C 't 
f o 1 +w2( _!!_ )2 

12 

The salution of the remaining integral becomes: 

Appendix F 

(F.3) 

(F.4) 

(F.5) 
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(F.6) 

Hence the total speetral voltage output noise at the energy contact becomes: 

(F.7) 

F.3 


