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Abstract — Vertex Locator (VELO) is a silicon micro-strip de-

tector situated around the interaction point in the LHCb spec-

trometer at the LHC. The LHCb experiment is dedicated to stud-

ying CP violation in the heavy flavor sector and rare decays of B 

mesons. The precise reconstruction of both the primary and sec-

ondary vertices, obtained by the VELO, is crucial in the selection 

of signal events containing b and c quarks and lifetime measure-

ments. VELO consists of two retractable parts that operate at 8 

mm from the interaction region. Its proximity to proton beams 

makes the LHCb VELO a place for studying radiation damage ef-

fects in silicon detectors in proton-proton and heavy ion collisions. 

The latest results from radiation damage studies and their impact 

on the operation of the LHCb VELO after the first data taking 

period (Run I) and ongoing Run II are presented in this paper. The 

main macroscopic parameters, influenced by particle fluence, are 

described along with selected methods of their monitoring. All the 

results show that VELO sustains the impact of high fluence of ra-

diation, and its performance will not change significantly until the 

end of Run II. 

Index Terms—LHCb, Vertex Locator, Silicon detector, Leakage 

current, Depletion Voltage, Effective Doping, Radiation Damage.  

 

I. INTRODUCTION 

HE LHCb detector is a single-arm forward spectrometer 

designed for studying heavy flavor physics at the Large 

Hadron Collider (LHC). The detector includes a high-precision 

tracking system containing a silicon-strip detector surrounding 

the proton-proton interaction region (Vertex Locator), one sili-

con-strip detector before the magnet (TT), and three tracking 

stations behind the magnet (T1-T3), see Fig.1. Each station 

comprises of one silicon Inner Tracker and 4 layers of gas straw 

tubes (Outer Tracker). The tracking system provides a measure-

ment of charged particle momentum with a relative uncertainty 

that varies from 0.5 to 1.0% at low momentum and 200 GeV, 

respectively. Two ring-imaging Cherenkov detectors provide 

efficient identification of charged particles with momenta up to 

100 GeV. A complete description of the LHCb spectrometer 
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can be found in [1]. 

 Up to the end of the year 2017, 7.63 fb-1 of integrated lumi-

nosity, originating from proton-proton interactions at √s= 7-13 

TeV, where 𝑠 is the square of center-of-mass energy, have been 

delivered to the LHCb detector. In addition, the LHCb collected 

data samples of ultra-relativistic proton-lead collisions at √sNN 

= 5 and 8.16 TeV and lead-lead collisions at √s= 5 TeV. The 

former sample corresponds to 32.3 nb-1 of whereas the latter to 

about 5.6 μb-1 of integrated luminosity. 

 

II. VERTEX LOCATOR  

The Vertex Locator (VELO) is a silicon micro-strip detector 

positioned around the interaction point. VELO plays the main 

role in primary and secondary vertex reconstruction, which is 

vital for discriminating heavy flavor hadrons in the High Level 
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Fig. 1.  Vertical cross section through the LHCb spectrometer. The proton-proton 

interaction point (IP) inside VELO is visible in the left part of the figure.     
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Trigger and the precise lifetime measurements [2].  

The VELO consists of two movable halves that can be re-

tracted up to 29 mm to avoid the risk of damage from the LHC 

beam during injection. Each half consists of 21 modules that 

operate at a secondary vacuum and are separated from the pri-

mary LHC vacuum by a 300 μm aluminum RF-foil (Fig.2). A 

VELO module consists of two 300 μm thick semi-circular sen-

sors with 2048 strips; they provide measurements of the radial 

coordinate (R-type sensor) and the azimuthal angle (Φ-type 

sensor). Sensor pitches vary within a range of 35 and 101 μm. 

Strips are routed via a double metal layer that carries the col-

lected signal to the front-end electronics. All but two of the 

VELO sensors, are oxygenated n+-on-n (n-type implant in an n-

type bulk with a back p-type implant); the remaining two are 

n+-on-p. Four pile-up veto modules (which contain only an R 

sensor) are located upstream of the interaction region. An evap-

orative CO2 cooling system keeps the sensors at temperatures 

below -5°C to avoid reverse annealing. The nominal operation 

temperature, maintained by the main chiller, is -30°C, and goes 

up to -6°C when the front-end electronics of the sensors is 

switched on during data taking, see Fig. 4. The flexible and easy 

to operate cooling system enables the efficient change of the 

temperature set point for dedicated scans or tests.  

III. RADIATION ENVIRONMENT 

The innermost region of the active silicon is 8.2 mm from the 

LHC beam. The VELO sensors are subjected to extremely high 

fluence – up to  10.1×1013 1MeV neq/cm2 per 1fb-1, see Fig.3. It 

means that up to the end of 2017, the inner part of the sensors 

was irradiated to about 4.0×1014 1MeV neq/cm2. The flux of par-

ticles is highly non-uniform with a strong dependence on both 

the radius and z position of a station. Because of the proximity 

of VELO to the interaction point, the main origin of the particle 

radiation is the prompt production of hadrons (pions, protons, 

and neutrons) in proton or ion collisions.  

The impact of the incident particles on the silicon lattice 

properties pertains to the creation of deep-level defects, whose 

concentration can greatly exceed the shallow dopants. Thus, af-

ter irradiation, the electrical properties of silicon change signif-

icantly [4]. New energy levels created in the silicon band gap 

play the roles of either generation or recombination centers in 

the depletion region. Charge carriers created by a traversing 

particle may also be trapped in the trapping centers created by 

defects, causing a delay in the signals collected by the elec-

trodes. In general, the degrading influence of the particle radia-

tion manifests itself in three important ways: increasing leakage 

current, changing the effective doping concentration in silicon 

(which has an impact on the operation voltage needed for total 

depletion), and losing charge collection efficiency [3].   

The radiation-induced effects accumulate over time and 

cause progressive degradation in the detector. Hence, regular 

monitoring of radiation damage to the VELO sensors is essen-

tial to ensure the proper running conditions of the detector. In 

addition, the bias voltage needs to be adjusted to guarantee ex-

cellent performance in the whole data-taking period. Since the 

VELO sensors cannot be taken out of the LHCb spectrometer, 

three methods of monitoring are regularly performed: current-

voltage (IV) scans, current-temperature (IT) scans, and charge-

collection efficiency (CCE) scans. 

IV. MEASUREMENT OF THE SENSOR CURRENTS 

Leakage current in an irradiated silicon sensor is caused 

mainly by electron-hole generation centers lying close to the 

Fig. 2.  Schematic representation of VELO sensors along the z direction. Red 

(solid) and blue (dotted) line represents the R and Φ-type sensors respectively. 

The measure of the horizontal size (𝜎) of the interaction region is shown. 

 
Fig. 3.  Predicted radial dependence of fluence in selected VELO sensors. The 

sensors’ position along the beam line is show in the inset. Plots correspond to  

the integrated luminosity of 1 fb-1, fluence is simulated for protons colliding at 

center of mass energy √𝑠 = 13 TeV. 

 

 
 

Fig. 4.  Leakage current for the VELO sensors as function of time (bottom), 

delivered luminosity (middle), and sensor temperatures (top). The VELO sen-

sors operate at -30°C when the front-end electronics is off and at -8°C during 

data taking. Some occasional warmings during assembly time are also present. 
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mid-gap, where an electron is excited to the conduction band 

through the intermediate level created by the defects. Since the 

concentration of defects rises with the fluence, the leakage cur-

rent also increases. The sensor leakage current may be also 

caused by charge deposits on the surface or defects in the bulk 

of the detector. The former can arise in the production stage 

(from scratches, non-uniformities in the cut edges, etc.)  and 

disappear after the sensor is exposed to high particle fluence 

[3].  

The increase of leakage current in the bulk of the sensor rises 

linearly with the equivalent fluence. This dependency for the 

VELO sensors is shown in Fig. 4. The change in the leakage 

currents of all VELO sensors are found to evolve proportionally 

to the delivered luminosity, whereas it is relatively flat during 

the long breaks between data-taking periods. A typical increase 

is about 1.9 A per 0.1 fb-1 of the delivered luminosity.  

Since the bulk generation current is mainly the result of ther-

mal excitation, it varies exponentially with temperature:  

𝐼(𝑇) ∝ 𝑇2𝑒𝑥𝑝 (
𝐸𝑔 𝑒𝑓𝑓

2𝑘𝐵𝑇
), (1) 

where 𝑇 stands for the absolute temperature, 𝐸𝑔 𝑒𝑓𝑓=1.21 eV is 

the silicon effective energy gap, and 𝑘𝐵 is the Boltzmann con-

stant. This feature is exploited during the measurements of the 

current as a function of the sensor temperature (IT scans). Such 

tests may be done only during LHC shutdowns, without colli-

sions. From the exponential behavior of the IT scans, (see Fig. 

5), the silicon effective gap can be determined. The first study 

showed a value of 𝐸𝑔 𝑒𝑓𝑓= 1.16 ± 0.06 eV [3], which is statisti-

cally in agreement with the literature value 1.21 eV [5]. It is 

worth noting, that effective energy gap value decreases after ir-

radiation [6]. The study whether this tendency is also observed 

in the VELO sensors is ongoing.   

A steady increase in measured leakage currents for the VELO 

sensors is expected as a result of accumulated particle fluence. 

The mean leakage current measured for three selected inte-

grated luminosities of 0.8 fb-1, 3.1 fb-1 and 6.5 fb-1 respectively, 

scaled to 0°C is shown in Fig. 6. Apart from the increase in 

value one can also note a significant variation of the currents 

depending on a sensor location along the beam. This is a con-

sequence of the fact that the fluences seen by the sensors close 

to the luminous region are much higher than for the ones located 

further downstream. The difference in measured currents can be 

as high as 50%. The increase in value and spread between meas-

ured currents can also be seen in Fig. 5.  

Sensor currents are also studied as a function of voltage. Cur-

rent-voltage (IV) scans are taken with an automated procedure 

on a weekly basis, during periods between fills. The main aim 

is to monitor whether the sensor is fully depleted (the reverse-

bias current saturates at high bias voltages) and to look for a 

sudden rise preceding the breakdown. An example of IV scans 

taken during the Run II data-taking is presented in Fig. 7. The 

increase of currents due to radiation damage in the sensor bulk 

is clearly visible. 

 
Fig. 5.  Leakage currents measured across selected VELO sensors plotted as a 

function of their temperature. The results were obtained using IT scans taken in 

2011 and 2017 and correspond to the delivered luminosities of 0.8 fb-1 and 6.5 
fb-1 respectively. The lines represent results of the procedure where the model 

described in (1) was fitted to data points collected during respective IT scans.  

 
 

Fig. 7.  IV scans of selected VELO sensors taken during Run II. Black lines    

show the currents as a function of applied voltage for both type of sensors at 
the end of the year 2015 and delivered luminosity of 3.56 fb-1, whereas  blue 

and red lines correspond to the R-type and Φ-type sensors respectively, meas-

ured at the end of the year 2016 (5.7 fb-1).   

 
Fig. 6.  The mean leakage currents measured across VELO sensors plotted 
as a function of their position along the beam line (z-axis in the LHCb coor-

dinate system). The currents are scaled to 0°C. Two sets of points (blue tri-

angles and green squares) represent data taken during Run I and correspond 
to the delivered luminosities of 0.8 fb-1 and 3.1 fb-1 respectively. The third 

one (red circles) represent data taken in Run II and correspond to the deliv-

ered luminosity of 6.5 fb-1. 
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V. EFFECTIVE DEPLETION VOLTAGE 

 The bias voltage that is necessary to fully deplete each sensor 

is proportional to the effective doping concentration 𝑁𝑒𝑓𝑓  (the 

difference between the donor and acceptor concentration): 

𝑉 =
𝑒

2𝜀
|𝑁𝑒𝑓𝑓|𝑑2, (2) 

where d is the sensor thickness, e the elementary charge, 𝜀 the 

permittivity constant.   

After irradiation, the silicon dopant (phosphorus) may be 

captured by defects, losing its original function as donor or ac-

ceptor. In n-type sensors, the formation of vacancy-phosphorus 

defects causes the removal of donors, a lack of negative carri-

ers, and a decrease in the positive space charge. In addition, the 

ionized defects may emit electrons to the conduction band, be-

come positive acceptors, and form an additional negative space 

charge [7]. Operationally, a change in the space charge works 

like a change in a doping concentration; thus, it influences the 

carrier transport in the depleted layer. So, the bias voltage must 

be raised proportionally to the increase of the space charge to 

ensure that the charge deposited by the traversing particle is 

fully collected. 

 The depletion voltage of the VELO sensors was determined 

before the assembly of the whole detector by measuring the de-

pendency of the sensor capacitance on the voltage. At present, 

a different method has been implemented. A dedicated scan, 

whose aim is to verify whether the applied voltage is sufficient 

to full depletion and to determine the cluster finding efficiency, 

is performed. During the data-taking periods (5-6 times a year), 

special data are taken, and charge collection efficiency (CCE) 

scans are carried out [3]. A sensor under test has its bias voltage 

scanned from zero to the maximum predicted value and is ex-

cluded from the track-fit procedure. A particle track is extrapo-

lated to the test sensor using hits in the adjacent sensors which 

play the role of a telescope. The deposited charge is measured 

in the strips of the test sensor at the interpolated region. The 

Most Probable Value (MPV) of the ADC charge distribution is 

determined and plotted as a function of the increasing reverse 

voltage. When it reaches the plateau, it means that the sensor 

has become fully depleted. Thus, the effective depletion voltage 

(EDV) is established as the bias voltage that correspond to 80% 

of the maximum MPV obtained during a voltage scan. Having 

done such a scan regularly, one can monitor which sensor is 

fully depleted and adjust the voltage as necessary. An example 

of one of the Run I CCE scans is shown in Fig. 8.  

 In n-type sensors, the original space charge in the depleted 

region is positive; however, after irradiation, the contribution of 

acceptor-like defects is eventually higher than the positive 

space charge created by the donors. As a result, the electrical 

behavior of an n-type sensor changes towards a p-type and the 

EDV declines. This phenomenon (called type inversion) was 

expected in the VELO sensors and occurred in the n+-on-n sen-

sors at the fluence of the order of 1013 1MeV neq/cm2 [8]. After 

the type inversion, the detector acts as a p-type; 𝑁𝑒𝑓𝑓  and the 

effective depletion voltage rises linearly with the fluence. This 

behavior is clearly visible in Fig. 9; in the case of the n+-on-n 

sensors, EDV originally decreases and then, after type inver-

sion, goes up.  EDV of the two n+-on-p sensors rise proportion-

ally to the fluence, without type inversion, as predicted [3]. It is 

visible that this increase started at lower fluences than in n+-on-

n sensors and the rise is faster.  

 If a sensor is not fully depleted, the charge collection effi-

ciency is reduced; thus the reverse bias of a sensor must be risen 

to compensate for this effect. Before installation, a depletion 

voltage below 70 V was sufficient for full depletion; during Run 

I, the sensors were biased up to 150 V, whereas 250 V was ap-

plied in 2016 to the most-irradiated sensors close to the interac-

tion point. In 2017 the bias voltage was set to 300 V for all sen-

sors.  

The gradual increasing of the bias voltage according to the ob-

tained values from the CCE scans is necessarily to avoid oper-

ation in overdepletion region what may cause the smaller 

charge sharing and reduce the detector resolution.   

 The need to increase the voltage necessary for full depletion 

of the whole sensor has become a challenge for VELO in the 

ongoing Run II data-taking period. The LHCb delivered lumi-

nosity may exceed 9 fb-1 by the end of 2018. This means that 

 
 

Fig 8.  MPV curves for n-on-n and n-on-p type sensor as function of bias volt-
age, before and after irradiation. In case of n-bulk sensor, for a given MPV, 

the depletion voltage decreases after type-inversion. This effect is not ob-

served in p-bulk sensors, which are not type-inverted [3]. 

 
Fig. 9.  Change in EDV of VELO sensors with fluence. Different colors cor-

respond to sensor radius mentioned in inset. The two n+-on-p sensors (indi-
cated in rectangle) has the highest EDV value. Data was taken during the 

Run II data taking period, in the year 2017 and corresponds to the approxi-

mately 5.6 fb-1 of luminosity. 
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the fluence accumulated by the inner part of the sensors would 

be above 5×1014 1MeV neq/cm2 by that time.  

The change of the bias voltage was done according to the CCE 

scans and prediction of the evolution of EDV based on the 

Hamburg model [8]. It assumes that the effective doping con-

centration varies with annealing time, temperature, and the 

equivalent fluence. The parametrization of both the beneficial 

and reverse annealing has been adjusted to the VELO opera-

tional temperature. The fluence was calculated based on simu-

lation and the LHCb luminosity measurement. In Fig. 10 the 

prediction of the EDV increase up to the year 2018 are pre-

sented. The VELO was designed to withstand 8 fb-1 of inte-

grated luminosity at the center-of-mass energy √𝑠=14 TeV [1]. 

The Hamburg model prediction, and simulation of fluence ex-

pected for the actual LHC parameters, shows that the opera-

tional bias voltage will have to be increased to 450 V, which 

still is below the hardware limit.  

VI. CLUSTER FINDING EFFICIENCY 

 The CCE scans described in the previous section can also be 

used to monitor the efficiency of finding and reconstructing the 

charge clusters. A cluster is understood as the one or several 

neighboring strips with charge above a particular threshold. The 

Cluster Finding Efficiency (CFE) is defined as a fraction of the 

tracks that left charge clusters in the test sensors in the position 

that is predicted by the interception of the hits from adjacent 

sensors [3]. These measurements are performed during the data-

taking period, with full operational condition; i.e., nominal bias 

voltage. While analyzing the CCE scans, one can search for 

charge clusters in the selected strips; therefore, this data can 

also be used to study the CFE in different regions of the sensor. 

 Before irradiation, the CCE was greater than 99%; but soon 

afterwards, it turned out that it dropped to as far as 94%. It was 

surprising that the largest changes occurred in the outer regions 

of those sensors that are most-distant from the collision point 

(and the only R types). This degradation was observed over the 

whole data-taking period; it finally dropped to 90% in the outer 

sensor regions. A map of the CFE taken after the Run I data 

period was over is shown in Fig.11.  

 The detailed study showed that the decrease of the CCE was 

caused by the so-called second metal layer effect [3]. In the 

VELO sensors, the signal induced in a strip by a passing particle 

is transferred to the amplifier by a routing line (RL). In the case 

of R-type sensors, the RLs are perpendicular to the strips (see 

Fig. 12). The strips in the outer sensor region are more than 

three times wider than in the inner part, while the routing line’s 

width remains constant. Also, the strip pitch in the outer region 

is twice as big as in the inner one. So, the released charge is 

shared between the adjacent strip and the RL. When the dis-

tance to the RL is shorter than to the strip, more charge is in-

duced in the RL (causing a loss of signal charge in the strip). 

The CFE as a function of distance to the RL for different places 

of the released charges is presented in Fig. 13. The most-serious 

 
 

Fig. 13.  Cluster Finding Efficiency as function of distance to RL. Different 

colors mark increasing distances to nearest strip.  

 
 
Fig. 10. Hamburg model prediction of change in EDV of VELO.  Lines corre-

spond to different sensors.  

 
 

Fig. 11.  CFE map of one of the downstream VELO R-type sensors. Position of 

straight dark red lines agrees with routing lines, and radial colored regions repre-

sent decrease of Cluster Finding Efficiency. 

 
.  
 

Fig. 12.  a)  Layout of Second Metal Layer in R-type VELO sensor [3]. b)  

Location of RL and strip. Red dot represents position of traversing particle, d 

is distance to the nearest strip, whereas RL dist – to RL 
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drop occurs when the distance to the RL is much smaller than 

the distance to the closest strip. In the Φ-type sensors where 

RLs are over the strips, a loss of CFE was not observed. Instead, 

it was noticed that, in R-type sensors, the amount of charge col-

lected is lower than in Φ-type sensors, and the cluster size is 

bigger. It has been observed that the decrease of CCE is stronger 

when the sensors were more severely irradiated [2]. The expla-

nation of the connection between second metal layer effect and 

irradiation is not straightforward and is being investigated.  

 The lower CFE can potentially have an adverse impact on the 

overall tracking efficiency and pose a serious problem for phys-

ics analyses that rely on acceptance corrections, such as the ab-

solute cross section measurements. Appropriate corrections 

have been therefore introduced in both tracking and simulation 

software. The signal to noise ratio, S/N, is monitored and the 

results and predictions show that until the end of the current 

data taking period (Run II) it will be well above of a value of 

10, which is conventionally regarded as the minimum for the 

operation of a silicon detector [2]. 

VII. RADIATION DAMAGE DUE TO ION RUNS 

 In 2015, the LHCb experiment collected data during LHC ion 

runs. For the VELO detector, the biggest concern was that the 

multiplicity of events in lead collisions would be much higher 

than during proton-proton ones. In fact, in the very central col-

lision, up to 35×103 particles may be produced; however, in the 

VELO acceptance, this number is twice as small. Simulations 

show that the accumulated dose obtained during the ion’s runs 

would be equivalent to about 25 nb-1 of proton-proton interac-

tion; thus, it does not cause significant additional radiation dam-

age [9]. Due to the large density of the particles, the currents in 

the VELO sensor could at the most increase by 4 µA.  

VIII. SUMMARY 

 Precise vertex reconstruction, tracking and fast response are 

the main features of the VELO silicon micro-strip detector. The 

silicon sensitivity to radiation is a main challenge for operation 

in dense environment of particles at LHC.  Thus, the impact of 

fluence on the VELO silicon sensors is monitored during whole 

data-taking period using dedicated scans. All changes (such as 
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increase of leakage currents, change in the effective depletion 

voltage and decrease of the cluster finding efficiency) are ex-

amined. Appropriate precautions are taken to mitigate the dam-

aging effects (i.e. cooling of the sensors) and maximize the per-

formance. The detailed study of the implications of the second 

metal layer effects that impacts the track reconstruction effi-

ciency is ongoing. All radiation damage effects are within ex-

pectations, and the prediction shows that VELO will perform 

without major degradation until the end of Run II period, col-

lecting data that is equivalent to 10 fb-1 of integrated luminosity. 
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