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Chapterr  4 

Siliconn detector  at HERMES 

MercurioMercurio gira la Ruota ad Otto Raggi, che rappresenta 
lala Grande Opera. Regge in mano il  Telum Passionis. 

(Speculum(Speculum veritatis, XVIIsec.) 

Duringg the year 2001 a new detector has been installed in the front region of the HER-
MESS spectrometer as part of a general upgrade project. A wheel-shaped array of silicon 
counterss was placed right after the target chamber and before the standard tracking detec-
tors.. The aim is to increase the detector acceptance and in particular to augment by a factor 
off  four the yield of reconstructed A-hyperons. The increase of events containing A-hyperons 
iss needed to obtain additional and qualitatively new information on the spin structure of the 
nucleonn and some other baryons. The motivation of the project is briefly summarized in 
sectionn 4.1. 
Ann increase of the A statistics is also of interest for the study of nuclear effects at HER-
MES.. As discussed in detail in chapter 6 the study of nuclear attenuation effects for different 
hadronn types, has provided evidence that baryons have longer formation times than mesons. 
Att present the only baryons for which such an evidence exists are protons and anti-protons. 
Thee possibility to extend these studies of possible meson-baryon differences with measure-
mentss on hyperon (A, £*, H) formation times is a very attractive perspective for the nearby 
future. . 
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Thee bulk of this chapter is devoted to a description of the Lambda Wheels detector system. 
Detailss on the chosen double-sided silicon strip detector are given in section 4.2, which also 
containss a description of the general working principle of silicon detectors. In section 4.3 the 
designn of the Lambda Wheels themselves is presented, whereas some results obtained with 
aa prototype of a single module which was operated in the year 2000, are the subject of the 
lastt section of this chapter. 
Itt is noted that the design, construction and commissioning of the Lambda Wheels silicon 
detectorr at HERMES is a large collaborative effort involving several institutions (NIKHEF, 
PNPI,, University of Niirnberg-Erlangen). In this chapter only those studies are presented 
whichh were carried out by the author of this thesis. Related results describing other aspects 
off  this work can be found in the PhD thesis of J. Visser [57] (Silicon test counter), D. Hees-
beenn [58] (Tracking and efficiency) and A. Reischl [59] (Commissioning). 

4.11 Physics motivation 

Thee observation of hyperons in deep-inelastic scattering gives access, due to their strangeness 
content,, to novel aspects when studying the spin structure of baryons. Moreover, experimen-
tall  evidence in the past 30 years has shown that the A-hyperon, as well as other hyperons 
(e.g.. E, £), is a self-analyzing particle [60, 61, 62]. A particle is self-analyzing when its 
polarizationn can be measured from the angular distribution of its decay products. The polar-
izationn of thee A particle can be measured from its dominant hadronic decay: A —> p+n~ and 
AA —> p + 7r+. Because of the parity-violating nature of the weak decay, the proton is pref-
erentiallyy emitted in the direction of the spin of the A. Defining 90 as the angle between the 
protonn momentum and the A-polarization vector P\, the angular distribution of the emitted 
protonss can be expressed by 

dN dN 
== N0(l + aPA cos60), (4.1) 

acosoQ acosoQ 

wheree a = 0.642  0.013 is the asymmetry parameter of the parity-violating weak decay of 
thee A-hyperon [63] and NQ is a normalization constant. 
Bothh the strangeness content and its self-analyzing nature make the A-hyperon a unique tool 
inn spin physics. It allows studies of various subjects, such as the strangeness polarization in 
thee nucleon, the polarization of the sea quarks, gluon polarization, the spin structure of the 
A-hyperon,, charm threshold production and transversity. It goes beyond the scope of this 
thesiss to discuss all these subjects. In the following subsections only two have been selected: 
transversityy and Ac threshold production. 
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4.1.11 Transversity 

Apartt from the structure functions F 2̂(x) and 01,2(2:) already introduced in chapter 2, there 
iss a third leading twist structure function hi (x) known as transversity distribution. At present 
noo data are available on /ti(x), but theoretical predictions suggest that the tensor charge 5Hq 

iss considerably larger than the longitudinal quark spin contribution AS9. This is due to the 
absencee of gluon-splitting in the transverse case, which also results in a relatively weak Q2 

dependencee of hi (x). 
Becausee of its chiral-odd nature the hi (x) structure function can be accessed in semi-inclusive 
DISS only if combined with a chiral-odd fragmentation function. The transverse spin transfer 
fromfrom a u quark to the A, öD* is such a function. 
Inn the QPM the spin of the A is entirely due to the strange quark, while the up and down 
quarkk polarizations are zero. Assuming instead SU(3) flavor symmetry, up and down quarks 
alsoo contribute to the A polarization. This is important as, due to the larger charge factor, the 
upp quark will dominate interactions in which spin is transfered to the A. 
Assumingg u-quark dominance [64] the measurement of FA with an unpolarized target and a 
longitudinallylongitudinally polarized beam gives direct information on the longitudinal spin transfer from 
aa u-quark to a A-hyperon, 

P^pP^pBBPPBBD(y)^,D(y)^, (4.2) 

wheree D(y) is the depolarization factor, PB the beam polarization, and ps the beam direc-
tion.tion. Measurements (at HERMES [65]) have shown that ^5"- » 0, but the precision of these 
dataa is still very modest. Here future LW-data will certainly contribute. 
InIn the case of unpolarized beam and transversely polarized target instead, the A polarization 
iss expressed by [64]: 

P^pAl-DW)^P^pAl-DW)^00^.^. (4.3) 

Iff  the fragmentation function  ̂ can be estimated from other sources this expression gives 
accesss to the transverse spin distribution of «-quarks in the nucleon (™), which is the domi-
nantt contribution to the transverse structure function hi(x) = 5q(x) = l(^5u(x) + ^öd(x) + 
I5s(x)). I5s(x)). 
Itt is noted that the observation of ~$- « 0 does not imply that  ̂ is small as well, since 
thee longitudinal result may well be caused by a subtle cancellation between various heavy 
hyperonss (that decay in a A) involving different gluon contributions that are absent in the 
transversee case. 
Transversee polarization data collected using the LWs will thus give access to transversity 
throughh Eq. (4.3). 
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4.1.22 Open charm production 

Inn the production of open charm the cc pair in which the virtual photon fluctuates gives 
riserise to two charmed baryons (e.g. 7*  ->  cc -»  £>~A+). The large mass of the e-quark 
setss the hard scale of the process. Therefore, it is possible to describe photo-production 
off  open charm with a perturbative expansion in the QCD framework, while the same does 
nott apply to photo-production of lighter quarks. The HERMES energy domain for charm 
photo-productionn is relatively low, and covers the threshold region. At threshold all the 
constituentt quarks of the target must act coherently, as all available energy must be used in 
thee heavy quark production process, but the precise mechanism is at present not understood. 
Iff  the dominant production mechanism of open charm production near threshold is photon-
gluonn fusion [66], this process is sensitive to the gluon polarization in the nucleon (^p) 
providedd that the measurement is performed with polarized beam and target. However, other 
mechanismss may also contribute to open charm production near threshold, such as multi-
quark,, gluonic, or hidden-color correlations in hadronic or nuclear wave functions [67]. The 
largee anticipated yield of A+ -hyperons using the Lambda Wheels at HERMES will make it 
possiblee to shed some light on its production mechanism, and possibly extract information 
onn {*§)  [58]. 

4.22 Silicon detectors: principl e of operation 

Detectionn of charged particles and electromagnetic radiation is made possible by their in-
teractionn with matter. Charged particles and electromagnetic radiation can ionize atoms and 
producee free electric charge carriers. The current induced by the drift of such carriers can be 
measured.. The application of semiconductors for the measurement of position and energy 
iss motivated by the high electron density, low ionization energy (3.6 eV compared to 30 eV 
forr AT detectors), and high mobility for both electrons and holes. All these characteristics 
ensuree a high precision and fast response in a detector. This section summarizes the basic 
semiconductorr physics, and introduces the elementary structure of semiconductor devices. 

4.2.11 Basic semiconductor  physics 

Thee physical principle applied in a semiconductor detector is the fact that a charged parti-
clee traversing a material ionizes and produces electron-hole pairs along its track, in number 
proportionall  to the energy loss. If an electric field is present in the ionization region the 
producedd charges are separated before they recombine and they drift in opposite directions 
towardss the electrodes where they are collected. The collected charge produces a current 
pulsee of a few ns on the electrode, the integral of this pulse signal equals the total charge 
generatedd by the incident particles. 
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Inn a silicon detector the p+n diode is reversed-biased by a high voltage V applied to the junc-
tionn side of a silicon layer of thickness d, such that an active area of thickness I is depleted 
off  all mobile charge carriers. In the depleted region an electric field E is present which has 
itss maximum at the junction side and it linearly decreases to zero at the ohmic contact. The 

p(n) ) electricc field determines the speed of the positive (negative) electric charges vv
t̂ in a given 

material.. The basic structure of a silicon detector is shown in Fig. 4.1. The readout electron-
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Figuree 4.1: Schematic representation of the basic operation of a silicon detector. The electron-
holehole pair created in the depleted region is collected and converted into a signal by 
thethe readout electronic. 

icss consist of a charge integrating amplifier followed by a shaping amplifier. 
Threee parameters can be optimized when choosing a semiconductor: the average ionization 
energyy Eion necessary to produce one electron hole pair, the mobility of charges in the ma-
teriall  fjP^E = Vfrl} t, and the size of the region where the electric field E can be generated 
II  < d. Silicon is considered to be a good semiconductor, with low average Eion = 3.6 eV and 
aa mobility of the same order for electrons and holes (fin = 1350 cm2A's, p? > 480 cm2A's). 
Thee number of collected charges depends on the thickness I of the depleted region, which 
needss to be maximized for a better performance of the detector. The size of the depleted 
regionn is a function of the bias voltage [68], 

l(V)l(V) = 
VV + Vo 

VdepVdep + V0 

1/2 2 

vv < vrfcp 

VV > V*p 

(4.4) ) 

(4.5) ) 
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withh Vo the contact potential and V  ̂ the depletion voltage for which I = d. In general, the 
biass voltage and depletion voltage are much larger than the contact potential and the approx-
imationn Vo « 0 can be used. In this approximation the size of the depletion is proportional 
too \/V\ A bias voltage smaller than the depletion voltage causes a reduction of the signal. 
Iff  the signal becomes too small with respect to the noise of the electronics the operation of 
thee detector becomes impossible. Hence, an important parameter in the construction and 
operationn of a silicon detector is the ratio of the signal to noise amplitudes. The amount 
off  noise is related to the detector capacitance, the readout amplifier, and the leakage current 
generatedd in the silicon layer under the influence of the bias potential. An increase of leakage 
currentt and capacitance generally implies an increase of noise. Attention should be given to 
thee design of a detector in order to minimize the noise level of the electronic circuit. More-
over,, during the operation of the detector the optimal value for the bias voltage and working 
temperaturee need to be chosen. 

Characterizationn of silicon 

Thee characterization of silicon detectors consists of three basic measurements: backplane 
capacitance,, interstrip capacitance, and leakage current. First the detector capacitances are 
addressed. . 
Thee total capacitance of a detector is given by the sum of backplane and interstrip capaci-
tance.. The interstrip capacitance is larger, and it is found to be a linear function of the strip 
widthh and pitch [69]. The capacitance of the metal strip to the backplane is discussed in 
moree detail since it is the dominant contribution in describing the voltage dependence of the 
totall  capacitance in the range of interest for die operation of the detector. Assuming a plane 
capacitorr with parallel electrodes of area A, the backplane capacitance is defined as: 

Cback{V)Cback{V) = frfOjT^, (4.6) 

wheree er = 11.9 is the permittivity of silicon. For large bias voltages one has CW^V) oc 
\j\/V.\j\/V. As illustrated in Fig. 4.2 the relation between the capacitance and the voltage is 
linear.. For V > V^p the thickness of the depleted region becomes constant and therefore 
alsoo the capacitance. Small additional contributions can cause a deviation from the constant 
behaviorr which are not addressed here (see for instance Ref. [68]). While for V = 0 the 
valuee of the capacitance is determined by the contact potential. 

Leakagee current 

Thee total current generated in a detector is the sum of various contributions. Because of 
thee large depletion volume usually tlie largest current source is the generation of electron-
holee pairs in absence of an ionizing particle traversing the active volume. Defects close to me 



Siliconn detector at HERMES 47 7 

1/CC i 11 Depletion / ' 
i i 

ii  I 

00 ^  tv 

Figuree 4.2: Schematic view of the voltage dependence of capacitance (solid line) and leakage 
currentcurrent (dot-dashed line). 

middlee of the band gap are efficient electron-hole generation centers. The volume component 
off  the leakage current can be expressed as a function of voltage and temperature [68]: 

Iva(V,T)Iva(V,T) = qoAm1^- (4.7) 

withh T9 and lg(V) the generation lifetime and width respectively. In general the generation 
widthh is not equal to the whole depletion width, only for high voltages they approach each 
other:: lg(V) « 1{V) and therefore IVoi °< W, as shown in Fig. 4.2. There is a limit for 
thee increase of the bias voltage above depletion which is defined as the breakdown voltage. 
Whenn the bias voltage gets close to the breakdown voltage the slope of the leakage current 
curvee becomes steeper. Normally it is preferable to operate a detector below this point. 
Thee intrinsic carrier concentration n̂  is proportional to the effective density of states in the 
conductionn (Nc) and in the valence (Nv) bands, and to the band gap energy, Eg, defined to be 
thee minimum energy needed to excite an electron from the valence into the conduction band. 
Inn the literature, [70], values for the band gap energy are given at room temperature (20°C) 
wheree £^=1.12 eV. It is seen that the leakage current increases with the silicon temperature 
accordingg to the exponential term in Eq. (4.8). 

4.2.22 Basic detector  structure 

Thee basic detector configuration was already presented in Fig. 4.1. The diode consists of a 
highlyy doped p+ region, connected to a very low-doped n" one and a highly doped n+ layer 
whichh gives the possibility to create a metallic contact with the electrode. The semicon-
ductorr is sandwiched between two aluminum electrodes and the whole detector is operated 
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inn reverse bias mode. The electron-hole pairs generated by charged particles or radiation 
passingg through the depleted region are separated by the electric field, and drift towards the 
electrodes. . 

Figuree 4.3: Basic structure of a DC p-n junction detector, of which the junction side is split up 
inin strips. 

Stripp detectors 

Semiconductorss play an important role in modern high precision tracking measurements. To 
obtainn information on the track of a single particle passing the detector the p side of a p-n 
junctionn detector as the one described above can be divided into narrow strips. The width of 
eachh strip can vary between 20 and 5000 //ra. In the case of the HERMES Lambda Wheels 
detectorr a strip width of 160 /im was chosen, and each strip has a separate analogue read out. 
Inn a detector with strips of this size the position of the particle's track can be determined by 
interpolatingg the signals deposited in adjacent strips. A schematic view of a widely used sil-
iconn micro-strip detector is given in Fig. 4.3. This type of detector only uses the information 
off  the p-strips for position determination. If also the n+-doped backside of the detector is 
equippedd with a strip shaped read out, a second coordinate can be obtained by interpolating 
alsoo the signal induced on the ohmic side. A p-doped conductor (called a p-stop, not shown) 
iss needed to separate two adjacent n+-strips which would otherwise be short-circuited by the 
electronn accumulation. 
AA further improvement in the 2D position reconstruction can be obtained by using pixel de-



Siliconn detector at HERMES 49 9 

tectors.. As an example the ATLAS pixel detector will have pixel sizes of 50 x 300 /im2 [71]. 
Thiss configuration resolves the ambiguities that occurs in double sided strip detectors when 
moree than one track per event hits the same detector. 

4.33 Detector  description 

Thee Lambda Wheels are a detector system for minimum ionizing particles, with the main 
purposee of reconstructing tracks of decay products of slowly decaying particles through the 
determinationn of the secondary vertex of processes like A0 —> pn~ or KQ

a -)  7r+7r". 
Thee wheels are located inside the same vacuum vessel as the beam, just downstream of the 
targett chamber, as presented in Fig. 4.4. The beam (going from left to right in the figure) is 
separatedd from the main volume by the target cell, the target extension-piece, the Wake-Field 
SuppressorSuppressor (WFS) and the beam-pipe. The pumping holes in the WFS are covered by a fine-
meshh gauze, and the pumping cross is separated from the target chamber by a similar screen. 
Twoo detector layers are placed at z = 45 cm and z = 50 cm from the center of the target. The 
overalll  acceptance of the HERMES spectrometer is increased such that now 75-80% of all A 
particless resulting from the decay of a A+-particle, for instance have a decay pion traversing 
thee Lambda Wheels. 
Siliconn counters were chosen because their size, granularity and vacuum properties match 
thee requirements for this detector. The particular shape of the wheels and the design as an 
assemblyy of identical modules is meant to fit the pre-existing pumping cross chamber. The 
thicknesss of the silicon is chosen to be 300 pm. All electronic and mechanical structures are 
locatedd on the outside periphery, out of the acceptance of the rest of the spectrometer. The 
availablee radius for the silicon detectors was limited to about 17 cm. The inner radius of 4.5 
cmm is fixed by the size of the silicon wafers from which the detectors are cut (6 inches). 
Inn Fig. 4.5, the Lambda Wheels acceptance is compared with the box acceptance of the spec-
trometerr calculated at different z values starting from the beginning to the end of the target 
cell.. The increase in acceptance achieved with the installation of the new silicon detector 
shiftss the limit of the vertical opening angle from 9y < 140 mrad to 9y < 270 mrad. 
Thee silicon is cut in a trapezoidal shape, with an apex of 30°, a base of 85.3 mm, and a top of 
23.22 mm. This detector is cut out of a 6 inch n-type silicon wafer. Both sides of the detector 
havee a strip pitch of 160 pm and the strips are oriented parallel to the oblique sides of the 
trapezoid.. This configuration was chosen so that all the strips could be electrically connected 
fromm the outside ring, with the disadvantage that it causes a littl e variation in position reso-
lutionn across the detector surface. The strips on the front and back of one detector cross each 
otherr under the angle of 30°, creating a grid for the position reconstruction of a track. The 
stripss are biased via 2 Mfi resistors and 499 strips per side are AC-coupled to the read-out 
electronics,, creating a total active area of 93%. The strips on the n-side are isolated from 
eachh other by p-stops around each strip individually, and a single p-strip around all strips. 
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Figuree 4.4: Schematic diagram showing the position of the Lambda Wheels detector in the 
HERMESHERMES target area. On the bottom of the figure the cross-sections of the parts 
closestclosest to the beam are shown on the same scale. 

Thee finished detector was passivated with a 2 /im thick silicon-oxide layer. 

4.3.11 Cooling system 

Thee cooling system for the silicon detector is located in a secondary vacuum and connected 
too the ultra-high vacuum of the accelerator. It is capable of removing up to 100 W of heat 
fromm the LW detector at a temperature of -35°C. The system consists of two loops. The 
firstfirst one is a closed internal loop which cools the detectors and front-end electronics. In this 
loop,, which crosses the vacuum envelope, alcohol is flowing, cooled by an open external 
loopp which uses a water cooling line. The flow of alcohol is maintained by a rotary pump 
positionedd at the top of the closed loop. The heat pump between the internal loop operating 
att low temperature, and the external one which is operating just below 10°C, consists of a set 
off  Peltier modules. The cooling power of these modules is controlled by the current passed 
throughh them, which gives the possibility to stabilize the temperature of the detector. The 
Peltierr modules are housed in a secondary vacuum to reduce the dispersion of heat due to 
thee contact with the environment. A schematic diagram of the cooling system is presented 
inn Fig. 4.6. 
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Figuree 4.5: Comparison of the size of the Lambda Wheels detector at z=45 cm, with the stan-
darddard HERMES acceptance. Solid box: acceptance from the center of the target 
(z=0(z=0 cm), dashed box: from the upstream end of the target (z=-20 cm), and dotted 
box:box: from the downstream end of the target (z=20 cm). The target density drops 
linearlylinearly to zero from the center of the target to z=20 cm. The ellipse in the center 
showsshows the size of the target extension-piece at z=45 cm. 

Peltierr  elements 

Peltierr elements consist of two different materials through which an electric current is passed. 
Inn this circuit heat is absorbed or generated at the contact area of the two unlike materials, 
dependingg on the direction of the electric current. This phenomenon is known as the Peltier 
effect.. Depending on the relative directions of the electric and heat currents a small amount 
off  heat is absorbed (electric current parallel to heat flow) or generated (anti-parallel). This 
secondd effect is known under the name Thomson effect. Both effects are proportional to 
thee current. Finally, the electric resistance of the materials causes the generation of Joule 
heat,, which is proportional to the square of the current. The Peltier effect removes heat from 
onee end of the module, which is used to cool the internal loop. The same amount of heat 
iss produced at the other side which is cooled by the cooling water line. The amount of heat 
removedd is 11.5 WA" 1 for a single Peltier module. Part of this cooling is used to compensate 
thee Joule heating, which is divided almost equally between the hot and cold ends of the 
module,, and the heat conducted through the module when a temperature difference between 
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Figuree 4.6: General layout of the cooling system. The two vacuum volumes are shown, the 
ultra-highultra-high vacuum connected to the pump cross chamber and the secondary vac-
uumuum where the rotary pump (P) and Peltier elements (PM) are located. 

thee two sides is maintained. The conductance is about 0.42 WK _ 1, and the electric resistance 
off  the module about 2.6 fl. In the operating conditions about 25 W of cooling power (at -
10°C)) per Peltier module is available. In that case 160 W of power must be removed by the 
coolingg water. This requires a flow of about 0.35 m3hr_1 for a temperature rise of 4 K (for a 
totall  of ten Peltier elements). 

4.44 Detector studies 

Inn the year 2000 a prototype Lambda Wheels module was installed in the HERMES vacuum 
vessel.. The performance of this module was studied with the aim of extracting information 



Siliconn detector at HERMES 5 3 

 Module current at T = 24 C 
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Figuree 4.7: Leakage current versus square root of bias voltage, for one (prototype) silicon 
module.module. The lines represents linear fits to the data below and above the depletion 
voltage,voltage, and below the breakdown voltage. 

onn the properties of the silicon wafer. The results of a limited number of studies are pre-
sentedd in separate subsections below. From the dependence of the leakage current and the 
detectorr capacitance on the bias voltage the depletion voltage is extracted. Also reported is 
thee dependence of the leakage current on the module temperature. The radiation damage 
off  the silicon is discussed in terms of an increase of leakage current with time. In the last 
subsectionn a measurement of the signal to noise ratio is given. 

4.4.11 Capacitance and leakage current measurements 

Thee expected dependence of the leakage current on the bias voltage below depletion is ex-
pressedd by Eq. (4.7). On the prototype module the leakage current is measured as a function 
off  the square root of the bias voltage at a fixed temperature of 24°C. The resulting data are 
plottedd in Fig. 4.7. The change in slope at about 30 V shows the transition to the fully de-
pletedd zone. By raising the bias voltage above this value another transition can be seen as a 
secondd change of the slope of the data above 50 V. This is a hint of the breakdown voltage. 
Thee precise value of the depletion voltage of a detector can be extracted from the dependence 
off  the measured capacitance on the bias voltage (see Fig. 4.2). Such a measurement was per-
formedd on the two silicon wafers constituting one module. The highest of the two measured 
valuess of the depletion voltage was used for the entire module. An example of the extracted 
dataa for one wafer is given in Fig. 4.8 where the depletion voltage is found at 38.6 V. 
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Figuree 4.8: Backplane capacitance versus bias voltage for one wafer of the prototype silicon 
module.module. The lines represent linear fits to the data below and above the depletion 
voltage.voltage. The measured depletion voltage is represented by the crossing point of 
theftsthefts at 38.6 V. 

4.4.22 Temperature dependence of the leakage current 

Thee temperature dependence of the leakage current can be used to extract the value of the en-
ergyy gap Eg in the silicon. If the leakage current is plotted versus temperature at a fixed bias 
voltagee (see left panel in Fig. 4.9), an exponential fit  using Eq. (4.8) allows to extract values 
forr the band gap energy Eg and the leakage current at infinite temperature, I0 = qoA-*—-. 
Thee values of Eg extracted from temperature scans of the leakage current on the prototype 
modulee are shown in the right panel of Fig. 4.9 for various values of the bias voltage. The 
extrapolatedd value at VBias — 0 V is Eg = 1.02 eV. Once the parameters for the temperature 
dependencee are fixed, the leakage currents can be evaluated at a reference temperature and 
thee voltage dependence at that fixed temperature can be used to extract the generation life-
timee Tg using to the voltage dependence given by Eq. (4.7). An example is given in the left 
panell  of Fig. 4.10 for T = 0 °C. The slope of the line represents the ratio q0Ani/Tg, which 
iss reported in the right panel for various values of temperature. The typical exponential de-
pendencee on the temperature is shown by the data in the right panel of Fig. 4.10. 
Thee generation lifetime is the average time between the production of two subsequent electron-
holee pairs from one defect in the silicon, and is defined as rg — rii/G  where m is the intrinsic 
carrierr concentration and G is the generation rate of electron-hole pairs in a region com-
pletelyy depleted of carriers (such as a depletion region under reverse bias)1. The higher the 

rr gg has some relation with, but is usually quite different from, the recombination lifetime. 
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Figuree 4.9: Extraction of the band gap energy Eg from the temperature dependence of the 
leakageleakage current at a fixed value of the bias voltage (left panel). The curve is an 
exponentialexponential fit to the data using Eq. (4.8). In the right panel, the values of Eg 

extractedextracted at various values ofVsias are fitted with a line to obtain the extrapolated 
valuevalue of Eg at zero Vsias-
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Figuree 4.10: Left panel: extraction of 'rg from the voltage dependence of the leakage current 
evolvedevolved at a fixed value of temperature using Eg and IQ as obtained from Fig. 4.9. 
RightRight panel: various values of the ratio qoArii/Tg extracted from the linear fit to 
thethe voltage dependence at different temperatures. 

electron-holee pair production rate the higher is the leakage current, which means that com-
paringg different silicon wafers, the ones with larger T9 should be chosen for the detector 
construction. . 
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Figuree 4.11: Leakage current measured as a function of bias voltage of the prototype module, 

rightright after an involuntarily loss of the HERA positron beam in the vicinity of the 
HERMESHERMES target cell (April 13, 2000) and, a few days later (April 25, 2000). 

4.4.33 Radiation damage 

Thee high radiation dose received by a semiconductor detector operated in the vicinity of a 
high-energyy electron beam may alter the characteristics of the silicon. Two types of radia-
tionn damage can be distinguished [72]: displacement effects and long-term ionization effects. 
Thee first kind occurs when atoms in the crystal lattice are displaced from their normal sites 
byy radiation. This may cause long-lived changes of some of the semiconductor properties, 
whichh may disappear again after some time if the silicon is kept at a higher temperature (an-
nealing).. Long-term ionization effects are provoked by radiation on insulating material, e.g. 
SiC>22 used as the dielectric in the coupling capacitor. Radiation can cause electron-hole pairs 
too be trapped changing the state of the material permanently. These mutations can affect the 
electricc properties of the semiconductor adjacent to the insulator through the modification of 
thee electric field. 
Ass mentioned in section 4.2 the leakage current defines the limits of the performance of the 
detector.. An increase of the leakage current due to collected radiation on the silicon would 
reducee the signal to noise ratio of a silicon counter depleted with a fixed bias voltage. In 
orderr to estimate the time evolution of this kind of radiation damage, measurements of the 
leakagee current were performed on the prototype module during its time of operation. As a 
resultt of these studies it was noticed that a high dose of radiation concentrated in a short time 
(i.e.. an accidental beam loss in the HERMES target area) causes an increase of the leakage 
currentt which recovers within a few days. Fig. 4.11 shows one example of such an event. 
Thee beam was lost in the vicinity of the target cell on April 13th. The leakage current was 
measuredd right after the beam loss event, and the current was found to be higher than normal. 
Afterr a few days the leakage current was back to the nominal values as shown by the data 



Siliconn detector at HERMES 57 7 

:: i T i * I_5J L.J i i i ! _ 
3 > o > a ) o > a > o > o o o o o oo o 3 > a > 0 3 0 > a > a > o o o o o oo o 

Figuree 4.12: Collected radiation dose in the vicinity of the Lambda Wheel prototype module 
accumulatedaccumulated over one year of data taking at HERMES. 

obtainedd from measurements on April 25th at the same module temperature. 
Thee radiation dose collected in the vicinity of die prototype module was monitored for a pe-
riodd of one year using glass dosimeters sensitive to photons and neutrons. A set of dosimeters 
wass left in the beam area for about 1-2 months. Fig. 4.12 shows the integrated radiation dose 
collectedd by each set in units of Gy/week as a function of time. An almost constant dose of 
aboutt 0.5 Gy/week is seen in the whole period apart from one event where a very high dose 
wass collected in a short period of time (mid September 1999). This high dose was related to 
severall  subsequent beam losses in the HERMES area. Unfortunately the high dose collected 
duringg the April beam loss is not visible, since the radiation dose was averaged over a much 
longerr period of time (from the beginning of March to the end of May) due to the impossi-
bilityy to access me experimental area and collect the dosimeters. 
Too prevent accidental losses of the beam a system was developed, which triggers a controlled 
dumpp of the beam in case of equipment failures or high induced radiation levels due to an 
unexpectedd beam loss. The Beam Loss Monitor (BLM) [73] is a set of ionization chambers 
whichh measure radiation in the vicinity of the LW detector. If the signal exceeds a fixed 
threshold,, a trigger is transmitted to the dump-kicker, which is located in the West-area of 
thee HERA ring, and the beam is dumped. The operation of the BLM and dump kicker pre-
ventss most accidental beam losses which otherwise could have caused a high radiation level 
leadingg to (reversible) radiation damage, and enhanced noise levels. The long-term (or per-
manent)) radiation damage due to the constant dose of radiation collected over time during 
normall  data taking cannot be prevented. This radiation determines the life time of the de-
tectorr (which is presently estimated to be larger than the duration of the HERMES run II 
(2002-2006)). . 
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Figuree 4.13: Left: pulse height spectrum of the LW prototype detector. The solid line is a fit 

usingusing an exponential shape for the background and a Landau curve for the high 
ADCADC data. Only data from the long strips have been used. Right: measured 
signal-to-noisesignal-to-noise ratio for the LW prototype detector. The data are plotted versus 
thethe strip number. Higher strip numbers correspond to short strip lengths. 

4AA4AA Signal to noise ratio 

Usingg the ADC data collected with the prototype module the pulse height distribution con-
tainingg both signal and noise events is illustrated in the left panel of Fig. 4.13. The noise 
off  the system has been measured calculating the RMS value of the signal using a random 
triggerr instead of the physics trigger. In that case the readout is triggered during the period 
nott in coincidence with the time slots in which the beam is colliding with the gas stored in 
thee target cell. The resulting signal-to-noise ratio is shown as a function of strip number in 
thee right panel of Fig. 4.13. On average the signal-to-noise ratio is consistent with 10 which 
iss in accordance with the design specifications. The rise of the signal-to-noise ratio with 
increasingg strip number is related to the decrease of the strip length (and hence a decreasing 
capacitance)) across the module. 

4.55 Outlook 

Inn parallel with the test of the prototype module the construction of the remaining 12 mod-
uless (plus 2 spares) for the complete LW detector was completed in the year 2001. At the 
beginningg of 2002 the complete array of modules was installed at HERMES together with 
thee BLM . Since then the commissioning of the detector has continued with the development 
off  the tracking and slow-control software. The full scale data taking is expected to begin in 
thee year 2003. 
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