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Disclaimer

I am definitely not an expert in this topic! 
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TCT

Transient Current Technique


• The whole concept is to look at the induced current on an 

electrode/cathode while charges move through the device
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TCT - signal generation

Transient Current Technique


• The whole concept is to look at the induced current on an 

electrode/cathode while charges move through the device


• Consider charge carriers within the sensor:
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The measurements were done on three p-type micro-strip detectors processed by HPK1 on
float zone silicon. Initial resistivity of the silicon was around 5 kΩ cm, resulting in a full depletion
voltage of Vfd ≈ 180V for 300±15 µm thick detectors. Detectors had 1 cm long AC coupled n+

strips with a pitch of 100 µm and implant width of 20 µm.

3 Velocity profiles of neutron irradiated sample

One of the detectors was irradiated in steps with neutrons in the TRIGA nuclear reactor of the Jožef
Stefan Institute in Ljubljana [21, 22] up to the 1MeV neutron equivalent fluence of 1016 cm−2

(steps of 1,1,3,5 ·1015 cm2). The uncertainty in the fluence scale is estimated to be less than 10%.
Between irradiation steps the detector was annealed up to the accumulated time of 80min at 60◦C
(in steps of 10, 10, 20 and 40min) — so called CERN scenario measurement. After each annealing
step Edge-TCT measurements were performed at T = −20◦C, while the measurement of a non-
irradiated detector was done at T = 20◦C. A Peltier element was used for heating and cooling, thus
allowing the detector to remain mounted in the setup also during annealing.

An infrared laser beam pulse creates electron-hole pairs along its path at a given depth y
(see figure 1). The induced current I at time t after the generation of electron-hole pairs at depth y
in the detector is given by [19]

I(y, t) = Ie(y, t)+ Ih(y, t) ≈ e0 Ne−h
1
W

[

ve(ye(t))e−t/τeff,e + vh(yh(t))e−t/τeff,h
]

, (3.1)

where y denotes the beam position, e0 elementary charge, Ne−h number of generated electron hole
pairs and ve,h the drift velocities at a given ye,h(t) (see figure 1). Note that eq. (3.1) holds only ap-
proximately as carriers close to the strips are generated in a non-uniform electric field and therefore
drift velocity terms in eq. (3.1) represent an average over the strip pitch at a given y(t). The weight-
ing field term is effectively 1/W , whereW denotes the detector thickness. This is a consequence
of uniform charge generation underneath several adjacent strips [19].

Shortly after generation of non-equilibrium carriers trapping can be neglected
(exp(−t/τeff,e,h) ≈ 1) and the induced current can be written as

I(y, t ∼ 0) ≈ e0Ne,h
ve(y)+ vh(y)

W
. (3.2)

The induced current at t ≈ 0 is therefore proportional to the sum of drift velocities at a given
depth. But the initial rise of the measured current pulse, as for example observed in figure 2a, is
limited by the transfer function of electronics, mostly by the sample capacitance and to lesser extent
by the bandwidth of the amplifier, bias-T and oscilloscope, which all result in typical peaking times
of around τpeak ≤ 1 ns. The value of the measured current for t < τpeak can however be exploited to
estimate the induced current shortly after the generation of free carriers. In fact, this value reflects a
weighted average of the velocity sum across the vicinity of y in eq. (3.1). The value of τsample = 600
ps was found as a good compromise and was used in the rest of the paper. Values obtained with
shorter intervals are less affected by spatial smearing and trapping effects at high fluences, but lead
to larger fluctuations in the velocity profile.

1Hamamatsu Photonics, Japan.
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Stefan Institute in Ljubljana [21, 22] up to the 1MeV neutron equivalent fluence of 1016 cm−2

(steps of 1,1,3,5 ·1015 cm2). The uncertainty in the fluence scale is estimated to be less than 10%.
Between irradiation steps the detector was annealed up to the accumulated time of 80min at 60◦C
(in steps of 10, 10, 20 and 40min) — so called CERN scenario measurement. After each annealing
step Edge-TCT measurements were performed at T = −20◦C, while the measurement of a non-
irradiated detector was done at T = 20◦C. A Peltier element was used for heating and cooling, thus
allowing the detector to remain mounted in the setup also during annealing.

An infrared laser beam pulse creates electron-hole pairs along its path at a given depth y
(see figure 1). The induced current I at time t after the generation of electron-hole pairs at depth y
in the detector is given by [19]

I(y, t) = Ie(y, t)+ Ih(y, t) ≈ e0 Ne−h
1
W

[

ve(ye(t))e−t/τeff,e + vh(yh(t))e−t/τeff,h
]

, (3.1)

where y denotes the beam position, e0 elementary charge, Ne−h number of generated electron hole
pairs and ve,h the drift velocities at a given ye,h(t) (see figure 1). Note that eq. (3.1) holds only ap-
proximately as carriers close to the strips are generated in a non-uniform electric field and therefore
drift velocity terms in eq. (3.1) represent an average over the strip pitch at a given y(t). The weight-
ing field term is effectively 1/W , whereW denotes the detector thickness. This is a consequence
of uniform charge generation underneath several adjacent strips [19].

Shortly after generation of non-equilibrium carriers trapping can be neglected
(exp(−t/τeff,e,h) ≈ 1) and the induced current can be written as

I(y, t ∼ 0) ≈ e0Ne,h
ve(y)+ vh(y)

W
. (3.2)

The induced current at t ≈ 0 is therefore proportional to the sum of drift velocities at a given
depth. But the initial rise of the measured current pulse, as for example observed in figure 2a, is
limited by the transfer function of electronics, mostly by the sample capacitance and to lesser extent
by the bandwidth of the amplifier, bias-T and oscilloscope, which all result in typical peaking times
of around τpeak ≤ 1 ns. The value of the measured current for t < τpeak can however be exploited to
estimate the induced current shortly after the generation of free carriers. In fact, this value reflects a
weighted average of the velocity sum across the vicinity of y in eq. (3.1). The value of τsample = 600
ps was found as a good compromise and was used in the rest of the paper. Values obtained with
shorter intervals are less affected by spatial smearing and trapping effects at high fluences, but lead
to larger fluctuations in the velocity profile.

1Hamamatsu Photonics, Japan.

– 3 –

Weighting field

Electron velocity Hole velocity

Proportional to Electric field 
(below saturation)



daniel.hynds@physics.ox.ac.uk6 June 2023 - https://indico.cern.ch/e/ukinst2023

TCT - signal generation

10

HV

Oscilloscope

Transient Current Technique


• Consider a typical electric field, with a sensor biased to 

around depletion

Electric field [V/m]

De
pt

h 
[m

]



daniel.hynds@physics.ox.ac.uk6 June 2023 - https://indico.cern.ch/e/ukinst2023

TCT - signal generation

11

Time [ns]

C
ur

re
nt

 [a
rb

.]

HV

Oscilloscope

Transient Current Technique


• Look at the induced signal as charge carriers are created 

at a single spatial point within the sensor
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Transient Current Technique


• In most approximations, the acceleration time of the charge carriers is ignored 

and they are considered to effectively hit their drift velocity instantaneously 


• Electron and hole velocities are different, so their current pulses look different 

(holes move a factor ~3 slower)


• Note that the charge carriers are assumed to be independent and do not see 

each other
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Transient Current Technique


• As the carriers drift, their drift velocities change with the 

local electric field - in this case the electrons are getting 

faster and the holes are getting slower


• The change in weighting field also leads to greater 

contribution to the induced current closer to the junction
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Transient Current Technique


• Carriers continue to drift until they are collected (or 

stopped via other means - see radiation damage later)

Time [ns]

C
ur

re
nt

 [a
rb

.]

HV

Oscilloscope
TCT - signal generation



daniel.hynds@physics.ox.ac.uk6 June 2023 - https://indico.cern.ch/e/ukinst2023 15

Time [ns]

C
ur

re
nt

 [a
rb

.]

HV

Oscilloscope
TCT - signal generation

Transient Current Technique


• Carriers continue to drift until they are collected (or 

stopped via other means - see radiation damage later)



daniel.hynds@physics.ox.ac.uk6 June 2023 - https://indico.cern.ch/e/ukinst2023 16

Time [ns]

C
ur

re
nt

 [a
rb

.]

HV

Oscilloscope
TCT - signal generation

Transient Current Technique


• Carriers continue to drift until they are collected (or 

stopped via other means - see radiation damage later)



daniel.hynds@physics.ox.ac.uk6 June 2023 - https://indico.cern.ch/e/ukinst2023 17

Time [ns]

C
ur

re
nt

 [a
rb

.]

HV

Oscilloscope
TCT - signal generation

Transient Current Technique


• Carriers continue to drift until they are collected (or 

stopped via other means - see radiation damage later)



daniel.hynds@physics.ox.ac.uk6 June 2023 - https://indico.cern.ch/e/ukinst2023 18

Time [ns]

C
ur

re
nt

 [a
rb

.]

HV

Oscilloscope
TCT - signal generation

Transient Current Technique


• Carriers continue to drift until they are collected (or 

stopped via other means - see radiation damage later)



daniel.hynds@physics.ox.ac.uk6 June 2023 - https://indico.cern.ch/e/ukinst2023 19

Time [ns]

C
ur

re
nt

 [a
rb

.]

HV

Oscilloscope
TCT - signal generation

Transient Current Technique


• Carriers continue to drift until they are collected (or 

stopped via other means - see radiation damage later)



daniel.hynds@physics.ox.ac.uk6 June 2023 - https://indico.cern.ch/e/ukinst2023 20

Time [ns]

C
ur

re
nt

 [a
rb

.]

HV

Oscilloscope
TCT - signal generation

Transient Current Technique


• Carriers continue to drift until they are collected (or 

stopped via other means - see radiation damage later)



daniel.hynds@physics.ox.ac.uk6 June 2023 - https://indico.cern.ch/e/ukinst2023 21

Time [ns]

C
ur

re
nt

 [a
rb

.]

HV

Oscilloscope
TCT - signal generation

Transient Current Technique


• Carriers continue to drift until they are collected (or 

stopped via other means - see radiation damage later)



daniel.hynds@physics.ox.ac.uk6 June 2023 - https://indico.cern.ch/e/ukinst2023 22

HV

Oscilloscope
TCT - signal generation
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• Finally we have our total current pulse from a single set of 

generated charge carriers
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Pulse analysis
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The main use of TCT is to map the electric field profile inside the sensor


• Analysing the full pulse can be complex given the varying electric 

field, weighting field and combination of charge carrier movement


• In principle we can simply take the initial current at the injection 

position to give us the field at that point in space


To account for finite response time of amplifiers, etc. the current is usually 

taken at a fixed point after the start, and this is plotted versus the stepped 

laser position/depth


• Note that in many cases the gain of the amplifiers etc. are not 

quantified, and this is left as “arb. units”
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TCT - charge generation

TCT is most commonly used with light sources, to better control 

the amount of deposited charge. Several options are possible:


• Red laser - absorption within a few microns, typically 

used for 2D scans from the front/back side of a sensor


• Infrared laser - exponential distribution of charge 

carriers along the path of the beam, typically used side-on 

to do depth measurements


Note that laser light will not penetrate metal contacts, and that 

these can lead to reflections and more complicated analysis

24
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TCT - real data

Will illustrate this with some measurements described in G. Kramberger et al, 2014 JINST 9 P10016


• https://iopscience.iop.org/article/10.1088/1748-0221/9/10/P10016


Edge TCT with IR laser on 300 um thick silicon strip sensors, with 180 V depletion voltage


• 1 cm long strips, with 100 um pitch and 20 um implant width
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Figure 1. Schematic view of the Edge-TCT technique. Three neighbouring Al strips on each side of the
readout Al strip were also connected to the same potential as implants.

The transient current technique (TCT) is a widely used tool for investigation of the electric
field profile in semiconductor detectors [15]. The current induced in the readout electrodes after
generation of free carriers by a light pulse is monitored by a fast current amplifier. The induced
current is proportional to the velocity of charge carriers, hence the electric field profile can be
extracted from its time evolution. At fluences in the HL-LHC range the trapping distance becomes
so short [16–18] that it is impossible to probe the electric field in the detector bulk from the pulse
shape, when charge carriers are generated close to the surface (top-TCT). However if the edge of
the detector is illuminated with a focused IR laser beam — so called Edge-TCT [19] — the electric
field can be probed also in the presence of high trapping. This technique was used in this work to
establish the electric field profile in float zone n+-on-p detectors at different fluences. Preliminary
results of modeling, obtained after neutron irradiation [20], were finalized and extended with the
analysis after pion and mixed irradiations and during long term annealing. Finally, parameters
describing the electric field profiles were used to simulate the Edge-TCT measurements.

2 Experiment and samples

The basic principle of the Edge-TCT technique is shown in figure 1. A carefully polished edge of
the detector is illuminated with a narrow laser beam of infrared light (λ = 1064 nm, ≈ 40 ps pulse
width, 200 Hz repetition rate). Electron-hole pairs are created almost uniformly along the beam in
a similar way as for minimum ionizing particles. The beam position, and by that the depth at which
the carriers are generated, is controlled by moving stages with sub-micron precision. The carriers
start to drift in the electric field and induce a signal, read out by the current amplifier (MITEQ
AM-1309, 10 kHz–1 GHz) connected to one of the Al strips. An average of 400 pulses is recorded
by a 1.5 GHz oscilloscope at each scan position. The detailed description of the setup and the
measurement technique can be found in ref. [19].

– 2 –
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Individual current pulses shown for several bias voltages


• Clearly see the different contributions from electrons (until ~ 2 ns) and holes (continues afterwards)


• The hole current drops sharply to 0 within a few nanoseconds once the sensor is over-depleted, showing 

full collection 


• The total width of the pulse narrows as the field increases

Real data - individual pulses
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Figure 2. (a) Measured current pulses in a non-irradiated detector after generation of free carriers at y= 50
µm and T = 20◦C. The initial part up to ∼ 2ns is due to drift of electrons and holes and the long tail due
to drift of holes only. The dashed vertical line denotes τsample used for determining the velocity profile. (b)
Velocity profiles measured at different bias voltages (finalized from [20]).
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Figure 3. Dependence of velocity profile on the interval [0,τsample] for a detector irradiated to Φeq = 5 ·
1015 cm−2, annealed for 80min and biased to 300V. All plots are normalized to τsample = 200 ps.

An example of measured current pulses at y = 50 µm for different bias voltages in an non-
irradiated detector is given in figure 2a. A scan across the detector depth was made to produce the
velocity profile in the detector. For a non-irradiated detector (figure 2b.) it can be clearly seen that
the velocity of charges injected in non-depleted bulk vanishes. The difference in doping at the p+

contact (back side of the detector) results in appearance of electric field at the back even at voltages
below Vfd ∼ 180V. At V > Vfd the velocity starts to saturate and there is little difference between
profiles at 300 V and 500V.

At very high fluences the effective trapping times become comparable with τsample and conse-
quently the choice of τsample could influence the extracted velocity profiles. Analysis with different
τsample were done for a heavily irradiated detector and yielded comparable drift velocity profiles up
to τsample = 1 ns as demonstrated in figure 3.
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Figure 1. Schematic view of the Edge-TCT technique. Three neighbouring Al strips on each side of the
readout Al strip were also connected to the same potential as implants.

The transient current technique (TCT) is a widely used tool for investigation of the electric
field profile in semiconductor detectors [15]. The current induced in the readout electrodes after
generation of free carriers by a light pulse is monitored by a fast current amplifier. The induced
current is proportional to the velocity of charge carriers, hence the electric field profile can be
extracted from its time evolution. At fluences in the HL-LHC range the trapping distance becomes
so short [16–18] that it is impossible to probe the electric field in the detector bulk from the pulse
shape, when charge carriers are generated close to the surface (top-TCT). However if the edge of
the detector is illuminated with a focused IR laser beam — so called Edge-TCT [19] — the electric
field can be probed also in the presence of high trapping. This technique was used in this work to
establish the electric field profile in float zone n+-on-p detectors at different fluences. Preliminary
results of modeling, obtained after neutron irradiation [20], were finalized and extended with the
analysis after pion and mixed irradiations and during long term annealing. Finally, parameters
describing the electric field profiles were used to simulate the Edge-TCT measurements.

2 Experiment and samples

The basic principle of the Edge-TCT technique is shown in figure 1. A carefully polished edge of
the detector is illuminated with a narrow laser beam of infrared light (λ = 1064 nm, ≈ 40 ps pulse
width, 200 Hz repetition rate). Electron-hole pairs are created almost uniformly along the beam in
a similar way as for minimum ionizing particles. The beam position, and by that the depth at which
the carriers are generated, is controlled by moving stages with sub-micron precision. The carriers
start to drift in the electric field and induce a signal, read out by the current amplifier (MITEQ
AM-1309, 10 kHz–1 GHz) connected to one of the Al strips. An average of 400 pulses is recorded
by a 1.5 GHz oscilloscope at each scan position. The detailed description of the setup and the
measurement technique can be found in ref. [19].
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Real data - velocity/electric field profiles

The dashed line is used as the point from which to calculate the velocity profiles/electric field


• No normalisation performed, no calibration of the gain, no calculation of the absolute field strength


• This number (proportional to E) plotted versus the laser position


• Evolution of the depletion clearly visible
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Figure 2. (a) Measured current pulses in a non-irradiated detector after generation of free carriers at y= 50
µm and T = 20◦C. The initial part up to ∼ 2ns is due to drift of electrons and holes and the long tail due
to drift of holes only. The dashed vertical line denotes τsample used for determining the velocity profile. (b)
Velocity profiles measured at different bias voltages (finalized from [20]).
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Figure 3. Dependence of velocity profile on the interval [0,τsample] for a detector irradiated to Φeq = 5 ·
1015 cm−2, annealed for 80min and biased to 300V. All plots are normalized to τsample = 200 ps.

An example of measured current pulses at y = 50 µm for different bias voltages in an non-
irradiated detector is given in figure 2a. A scan across the detector depth was made to produce the
velocity profile in the detector. For a non-irradiated detector (figure 2b.) it can be clearly seen that
the velocity of charges injected in non-depleted bulk vanishes. The difference in doping at the p+

contact (back side of the detector) results in appearance of electric field at the back even at voltages
below Vfd ∼ 180V. At V > Vfd the velocity starts to saturate and there is little difference between
profiles at 300 V and 500V.

At very high fluences the effective trapping times become comparable with τsample and conse-
quently the choice of τsample could influence the extracted velocity profiles. Analysis with different
τsample were done for a heavily irradiated detector and yielded comparable drift velocity profiles up
to τsample = 1 ns as demonstrated in figure 3.
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Figure 3. Dependence of velocity profile on the interval [0,τsample] for a detector irradiated to Φeq = 5 ·
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An example of measured current pulses at y = 50 µm for different bias voltages in an non-
irradiated detector is given in figure 2a. A scan across the detector depth was made to produce the
velocity profile in the detector. For a non-irradiated detector (figure 2b.) it can be clearly seen that
the velocity of charges injected in non-depleted bulk vanishes. The difference in doping at the p+

contact (back side of the detector) results in appearance of electric field at the back even at voltages
below Vfd ∼ 180V. At V > Vfd the velocity starts to saturate and there is little difference between
profiles at 300 V and 500V.

At very high fluences the effective trapping times become comparable with τsample and conse-
quently the choice of τsample could influence the extracted velocity profiles. Analysis with different
τsample were done for a heavily irradiated detector and yielded comparable drift velocity profiles up
to τsample = 1 ns as demonstrated in figure 3.
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Real data - irradiated sampling time

Moving from unirradiated to irradiated samples brings new complications


• The sampling time used is now of the same order of magnitude as the effective carrier lifetime due to trapping
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Figure 3. Dependence of velocity profile on the interval [0,τsample] for a detector irradiated to Φeq = 5 ·
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An example of measured current pulses at y = 50 µm for different bias voltages in an non-
irradiated detector is given in figure 2a. A scan across the detector depth was made to produce the
velocity profile in the detector. For a non-irradiated detector (figure 2b.) it can be clearly seen that
the velocity of charges injected in non-depleted bulk vanishes. The difference in doping at the p+

contact (back side of the detector) results in appearance of electric field at the back even at voltages
below Vfd ∼ 180V. At V > Vfd the velocity starts to saturate and there is little difference between
profiles at 300 V and 500V.

At very high fluences the effective trapping times become comparable with τsample and conse-
quently the choice of τsample could influence the extracted velocity profiles. Analysis with different
τsample were done for a heavily irradiated detector and yielded comparable drift velocity profiles up
to τsample = 1 ns as demonstrated in figure 3.
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Real data - irradiated sampling time

Moving from unirradiated to irradiated samples brings new complications


• The sampling time used is now of the same order of magnitude as the effective carrier lifetime due to trapping


• Repeat the same electric field profile extraction for different sampling times and compare… (spoiler, they stick 

to 600 ps)
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Figure 3. Dependence of velocity profile on the interval [0,τsample] for a detector irradiated to Φeq = 5 ·
1015 cm−2, annealed for 80min and biased to 300V. All plots are normalized to τsample = 200 ps.

An example of measured current pulses at y = 50 µm for different bias voltages in an non-
irradiated detector is given in figure 2a. A scan across the detector depth was made to produce the
velocity profile in the detector. For a non-irradiated detector (figure 2b.) it can be clearly seen that
the velocity of charges injected in non-depleted bulk vanishes. The difference in doping at the p+

contact (back side of the detector) results in appearance of electric field at the back even at voltages
below Vfd ∼ 180V. At V > Vfd the velocity starts to saturate and there is little difference between
profiles at 300 V and 500V.

At very high fluences the effective trapping times become comparable with τsample and conse-
quently the choice of τsample could influence the extracted velocity profiles. Analysis with different
τsample were done for a heavily irradiated detector and yielded comparable drift velocity profiles up
to τsample = 1 ns as demonstrated in figure 3.
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Real data - irradiated sampling time

Moving from unirradiated to irradiated samples brings new complications


• The sampling time used is now of the same order of magnitude as the effective carrier lifetime due to trapping


• Repeat the same electric field profile extraction for different sampling times and compare… (spoiler, they stick 

to 600 ps)
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Figure 3. Dependence of velocity profile on the interval [0,τsample] for a detector irradiated to Φeq = 5 ·
1015 cm−2, annealed for 80min and biased to 300V. All plots are normalized to τsample = 200 ps.

An example of measured current pulses at y = 50 µm for different bias voltages in an non-
irradiated detector is given in figure 2a. A scan across the detector depth was made to produce the
velocity profile in the detector. For a non-irradiated detector (figure 2b.) it can be clearly seen that
the velocity of charges injected in non-depleted bulk vanishes. The difference in doping at the p+

contact (back side of the detector) results in appearance of electric field at the back even at voltages
below Vfd ∼ 180V. At V > Vfd the velocity starts to saturate and there is little difference between
profiles at 300 V and 500V.

At very high fluences the effective trapping times become comparable with τsample and conse-
quently the choice of τsample could influence the extracted velocity profiles. Analysis with different
τsample were done for a heavily irradiated detector and yielded comparable drift velocity profiles up
to τsample = 1 ns as demonstrated in figure 3.
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Figure 3. Dependence of velocity profile on the interval [0,τsample] for a detector irradiated to Φeq = 5 ·
1015 cm−2, annealed for 80min and biased to 300V. All plots are normalized to τsample = 200 ps.

An example of measured current pulses at y = 50 µm for different bias voltages in an non-
irradiated detector is given in figure 2a. A scan across the detector depth was made to produce the
velocity profile in the detector. For a non-irradiated detector (figure 2b.) it can be clearly seen that
the velocity of charges injected in non-depleted bulk vanishes. The difference in doping at the p+

contact (back side of the detector) results in appearance of electric field at the back even at voltages
below Vfd ∼ 180V. At V > Vfd the velocity starts to saturate and there is little difference between
profiles at 300 V and 500V.

At very high fluences the effective trapping times become comparable with τsample and conse-
quently the choice of τsample could influence the extracted velocity profiles. Analysis with different
τsample were done for a heavily irradiated detector and yielded comparable drift velocity profiles up
to τsample = 1 ns as demonstrated in figure 3.
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The paper then goes on to look at the electric field profile in 

depth for progressively more irradiated samples. A couple of 

effects are visible


• The bulk becomes more p-type with increasing fluence, 

and is therefore harder to deplete


• The total amount of collected charge is lower due to 

trapping

Real data - irradiated field profiles
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Figure 4. Velocity profiles at different bias voltages for irradiated detector at different fluence steps: (a)
1 · 1015 cm−2, (b) 2 · 1015 cm−2, (c) 5 · 1015 cm−2 and (d) 1 · 1016 cm−2. The profiles were measured after
80min annealing at each irradiation fraction (finalized from [20]).

Effective trapping times extrapolated from the measurements in p-type detectors at lower flu-
ences are around 500 ps [18] for electrons and holes at Φeq = 5 · 1015 cm2. Although τsample is
comparable to the extrapolated effective trapping times it seems that choice of a shorter time inter-
val does not change the measured velocity profile significantly. This indicates that for t < 600 ps
the response of the amplifier is mainly due to the motion of the carriers on time scale substantially
shorter than the effective trapping times at this fluence.

The velocity profiles of a detector, irradiated with neutrons to different fluences are shown
in figure 4. For high bias voltages the velocity appears almost saturated at the strip side for all
fluences, except the highest. For all the profiles the same detector and laser setting were used so
that the velocity profiles for different fluences can be compared to within ≈ 10%. A slightly lower
value of saturated velocity for the non-irradiated detector (see figure 2b) can be attributed to the
larger T = 20◦C and consequently larger absorption of light in non-active part of the sensor in front
of the strips as well as reduced mobility at the higher temperature. Velocity profiles close to the
strips, however, exhibit a non-negligible increase at highest voltages for Φeq = 1016 cm−2, which
can be attributed to charge multiplication; i.e. increase of Ne−h in eq. (3.2). The lower value at
intermediate voltages as compared to lower fluences is a consequence of trapping.

It is important to observe that the drift velocity increases also at the back. Such a profile is
known as “double peak electric field profile” [14], but it is for the first time that it is observed at
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Figure 4. Velocity profiles at different bias voltages for irradiated detector at different fluence steps: (a)
1 · 1015 cm−2, (b) 2 · 1015 cm−2, (c) 5 · 1015 cm−2 and (d) 1 · 1016 cm−2. The profiles were measured after
80min annealing at each irradiation fraction (finalized from [20]).

Effective trapping times extrapolated from the measurements in p-type detectors at lower flu-
ences are around 500 ps [18] for electrons and holes at Φeq = 5 · 1015 cm2. Although τsample is
comparable to the extrapolated effective trapping times it seems that choice of a shorter time inter-
val does not change the measured velocity profile significantly. This indicates that for t < 600 ps
the response of the amplifier is mainly due to the motion of the carriers on time scale substantially
shorter than the effective trapping times at this fluence.

The velocity profiles of a detector, irradiated with neutrons to different fluences are shown
in figure 4. For high bias voltages the velocity appears almost saturated at the strip side for all
fluences, except the highest. For all the profiles the same detector and laser setting were used so
that the velocity profiles for different fluences can be compared to within ≈ 10%. A slightly lower
value of saturated velocity for the non-irradiated detector (see figure 2b) can be attributed to the
larger T = 20◦C and consequently larger absorption of light in non-active part of the sensor in front
of the strips as well as reduced mobility at the higher temperature. Velocity profiles close to the
strips, however, exhibit a non-negligible increase at highest voltages for Φeq = 1016 cm−2, which
can be attributed to charge multiplication; i.e. increase of Ne−h in eq. (3.2). The lower value at
intermediate voltages as compared to lower fluences is a consequence of trapping.

It is important to observe that the drift velocity increases also at the back. Such a profile is
known as “double peak electric field profile” [14], but it is for the first time that it is observed at
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Real data - irradiated field profiles
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Effective trapping times extrapolated from the measurements in p-type detectors at lower flu-
ences are around 500 ps [18] for electrons and holes at Φeq = 5 · 1015 cm2. Although τsample is
comparable to the extrapolated effective trapping times it seems that choice of a shorter time inter-
val does not change the measured velocity profile significantly. This indicates that for t < 600 ps
the response of the amplifier is mainly due to the motion of the carriers on time scale substantially
shorter than the effective trapping times at this fluence.

The velocity profiles of a detector, irradiated with neutrons to different fluences are shown
in figure 4. For high bias voltages the velocity appears almost saturated at the strip side for all
fluences, except the highest. For all the profiles the same detector and laser setting were used so
that the velocity profiles for different fluences can be compared to within ≈ 10%. A slightly lower
value of saturated velocity for the non-irradiated detector (see figure 2b) can be attributed to the
larger T = 20◦C and consequently larger absorption of light in non-active part of the sensor in front
of the strips as well as reduced mobility at the higher temperature. Velocity profiles close to the
strips, however, exhibit a non-negligible increase at highest voltages for Φeq = 1016 cm−2, which
can be attributed to charge multiplication; i.e. increase of Ne−h in eq. (3.2). The lower value at
intermediate voltages as compared to lower fluences is a consequence of trapping.

It is important to observe that the drift velocity increases also at the back. Such a profile is
known as “double peak electric field profile” [14], but it is for the first time that it is observed at
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ences are around 500 ps [18] for electrons and holes at Φeq = 5 · 1015 cm2. Although τsample is
comparable to the extrapolated effective trapping times it seems that choice of a shorter time inter-
val does not change the measured velocity profile significantly. This indicates that for t < 600 ps
the response of the amplifier is mainly due to the motion of the carriers on time scale substantially
shorter than the effective trapping times at this fluence.

The velocity profiles of a detector, irradiated with neutrons to different fluences are shown
in figure 4. For high bias voltages the velocity appears almost saturated at the strip side for all
fluences, except the highest. For all the profiles the same detector and laser setting were used so
that the velocity profiles for different fluences can be compared to within ≈ 10%. A slightly lower
value of saturated velocity for the non-irradiated detector (see figure 2b) can be attributed to the
larger T = 20◦C and consequently larger absorption of light in non-active part of the sensor in front
of the strips as well as reduced mobility at the higher temperature. Velocity profiles close to the
strips, however, exhibit a non-negligible increase at highest voltages for Φeq = 1016 cm−2, which
can be attributed to charge multiplication; i.e. increase of Ne−h in eq. (3.2). The lower value at
intermediate voltages as compared to lower fluences is a consequence of trapping.

It is important to observe that the drift velocity increases also at the back. Such a profile is
known as “double peak electric field profile” [14], but it is for the first time that it is observed at
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The paper then goes on to look at the electric field profile in 

depth for progressively more irradiated samples. A couple of 

effects are visible


• The bulk becomes more p-type with increasing fluence, 

and is therefore harder to deplete


• The total amount of collected charge is lower due to 

trapping


• At even higher fluences, a double-junction electric field 

profile can be seen, due to space charge accumulating in 

radiation-induced defect sites


• The paper also references charge multiplication onset… 
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TCT - weighting field effects

The next few slides taken from DT training seminar 


• M. Fernández & S. Otero Ugobono – The Transient Current Technique – 30th Nov 2017 


• https://indico.cern.ch/event/684193


Weighting fields for segmented detectors are quite radically different from diodes (“parallel plates”)


• Important to understand or simulate in order to properly convert current measurements into field strength! 
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https://indico.cern.ch/event/684193


daniel.hynds@physics.ox.ac.uk6 June 2023 - https://indico.cern.ch/e/ukinst2023

More interesting TCT - LGADs
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Study of the gain suppression mechanism with TCT IR-laser

Neil Moffat - VERTEX 202130/09/2021

https://arxiv.org/abs/2107.10022https://indico.cern.ch/event/1029124/contributions/4411287/

Space charge effects

48
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Note that when we starting multiplying the number of charge 

carriers, the assumption that they are independent starts to fail


• Space charge from generated carriers can start to distort 

the local electric field, suppressing further multiplication


• Full details: https://arxiv.org/abs/2107.10022

Red
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TCT in the flesh
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Two Photon Absorption 

Plots taken from M. Wiehe et al, IEEE Transactions on Nuclear 

Science, Vol. 68, No. 2, Feb 2021


Issue with 3D mapping inside silicon detectors for complex 

geometries


• Photon interactions either generate charge carriers close to 

surface or in a straight line along the laser path (Red vs. IR)


• Solution? Photons with energy below the pair creation 

energy! Rare two-photon processes may occur at focal 

point
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Fig. 1. Room-temperature absorption spectrum of silicon in the visible and
near-infrared region. Data from [13].

propagating through a semiconductor device will be absorbed,
depending on the material properties and wavelength of the
laser. The changes of pulse irradiance I and phase ! along
the propagation direction z are described by

d I (r, z, t)
dz

= −α I (r, z, t) − β2 I 2(r, z, t) − σex N I (r, z, t)

(1)
d!(r, z, t)

dz
= β1 I (r, z, t) − γ1 N(r, z, t) (2)

with r being the distance to the beam axis [8]. α and β2 are
the linear (SPA) and nonlinear (TPA) absorption coefficients,
respectively. β1 and β2 are proportional to the real and imagi-
nary part of the absorbing material’s third-order susceptibility
χ (3). σex and N are the cross section for free-carrier absorption
and the number of free charge carriers. The second term in (2)
describes the refraction due to free carriers.

The wavelength-dependent absorption spectrum of silicon is
shown in Fig. 1. The absorption of photons with a wavelength
larger than the silicon bandgap, Eγ (1.1 µm) = hc/λ ≈
1.12 eV, is strongly suppressed. For light with longer wave-
lengths (Eγ < 1.12 eV), the first term in (1) can be neglected.
For short pulses also, the contribution from free-carrier absorp-
tion can be neglected [14]. The remaining second term in (1)
describes the two-photon absorption process we are interested
in. The solution to this differential equation is

I (z) = I0

1 + β2 I0z
(3)

which describes the depletion of the beam due to two-photon
absorption after traversing the distance z in the material with
respect to the incidence irradiance I0. The radial and time
dependence was omitted here and thus (3) is not describing
the change of irradiance due to a nonplanar beam. Due to
the strong focusing of the laser beam to achieve two-photon
absorption, the Gaussian shape of the beam dominates the
spatial dependence of the irradiance and in fact beam depletion
due to generating charge carriers in the small volume around
the focal point can be neglected under the given experimental

conditions. The irradiance of a Gaussian beam in both space
and time (see, e.g. [15]) can be written as

I (r, z, t) = E p

τ

4
√

ln 2

π
3
2 w2(z)

exp
[
− 2r2

w2(z)

]
exp

[
−4 ln 2

t2

τ 2

]
(4)

w(z) = w0

√

1 +
(

λz
πw2

0n

)2

(5)

where τ is the full-width at half-maximum (FWHM) of the
beam temporal profile. The beam radius w(z) is the two-sigma
radius of the beam intensity profile and is related to the FWHM
of the beam by w(z) = 2σ (z) = FWHM(z)/(2 ln 2)1/2. The
beam radius at the waist (z = 0) is w0 ≈ λ/π N A, with the
numerical aperture N A = n sin θ . n is the refractive index
of the material in which the beam propagates and θ is the
opening angle of the beam with respect to the beam axis.
The numerical aperture is a constant and used to characterize
the focusing optics. Here and in the following, λ refers to
the laser wavelength in vacuum. The Rayleigh length of a
Gaussian beam can be expressed as z0 = πw2

0n/λ. At one
Rayleigh length away from the focal point, the beam radius
has increased to w(z0) =

√
2w0. The Rayleigh length and

the beam waist define the volume in which charge carriers
are produced and, for a given material, solely depend on the
laser wavelength and the focusing optics. For a 1.55-µm laser
pulse in silicon, using an objective with N A = 0.5, values of
w0 = 1 µm and z0 = 6.9 µm can be achieved. The energy per
pulse Ep is obtained by integrating the irradiance over time
and polar coordinates

Ep =
∫ ∞

−∞

∫ 2π

0

∫ ∞

0
I (r, z, t) rdr dφ dt . (6)

The charge carrier density due to two-photon absorption,
described by the second term of (1), is [8]

dn(r, z, t)
dt

= β2

2h̄ω
I 2(r, z, t). (7)

The factor of 2 in the denominator accounts for the fact that
two photons need to be absorbed for one electron–hole pair.
Integrating this equation over time results in the charge carrier
density

ntpa(r, z) =
E2

p β2 4 ln 2

τ h̄ω π
5
2 w4(z)

√
ln 4

exp
[
− 4r2

w2(z)

]
(8)

with ω = 2πc/λ. The charge carrier density is shown as a
function of the distance to the beam axis r and longitudinal
distance from the focal point z in Fig. 2. The used beam
parameters are shown in the figure. One can see that charge
carriers are only created in close vicinity to the focal point.
Since absorption is negligible at some distance from the focus,
the volume in which charge is created can be moved arbitrarily
inside the DUT. The spatial resolution using this method is
largest in the direction perpendicular to the beam axis. Often
it is desirable to measure the electric field profile as a function
of depth inside the silicon bulk. To exploit the high resolution
perpendicular to the beam, it is possible to inject the light
from the edge of a device (edge-TCT configuration). Using
TPA-TCT, this approach has the limitation that, especially for
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New TPA-TCT
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Two Photon Absorption 

Lasers for TPA-TCT have to be sharply pulsed in order to 

generate enough photons at the focal point to lead to 

appreciable charge carrier generation


• But the 3D precision can be excellent, ~few cubic 

microns! 
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Fig. 2. Density of charge carriers created by TPA in silicon, calculated
with (8). The vertical axis is parallel to the beam propagation direction with
(z = 0) at the position of the focal point. A value of β2 = 1.5 cm/GW [16]
was used for the calculation.

thin devices, the beam can be clipped at the top or bottom
surfaces due to the large numerical aperture. For example,
as follows from (5) for the given beam parameters, the beam
diameter is as large as 2w = 87 µm for a penetration depth of
z = 300 µm. Since both visible and infrared light are reflected
on metallic surfaces, the sensor area where the beam enters the
silicon has to be free of metallic structures for SPA- and TPA-
TCT. Metallic structures on the sensor surfaces, especially
on the back side, can reflect the beam back into the active
volume and result in artifacts in the measurement. In SPA-
TCT measurements, the reflected beam will inevitably lead to
additional charge carriers. In TPA-TCT, this effect, although
still possible, is reduced because only focused reflections
lead to unwanted absorption of light. Diffuse scattering or a
divergent reflection will not lead to the creation of additional
charge carriers.

The total number of created charge carriers is obtained from
integrating the charge carrier density over the full volume

Ntpa =
∫

V
ntpa(r, z) dV =

E2
pnβ2

√
ln 4

4h̄cτ
√

π
. (9)

Inserting values of Ep = 50 pJ, τ = 60 fs, and β2 =
1.5 cm/GW [16] yields a value of Ntpa = 11 · 106. In a
volume of approximately V = 4/3πw2

0z0 ≈ 30 µm3, this
corresponds to an average charge carrier density of about
neh = 4 · 1017 cm−3.

For irradiated detectors, the SPA contribution to the signal is
not negligible anymore. The ratio of the TPA signal (∼ I 2) to
the transient SPA contribution (∼ I ) increases linearly with the
pulse irradiance. To increase the TPA/SPA ratio, it is therefore
desirable to use ultrashort laser pulses. The lower limit of
the pulse duration is given by dispersion, as is described in
Section II-A. The total pulse energy, on the other hand, can
only be increased up to an upper limit due to the threshold
for plasma creation.

Fig. 3. Pulselength τout of a 1550-nm laser pulse after traveling through
300 µm silicon as a function of initial pulselength τin.

A. Dispersion in Silicon

The pulse temporal width is restricted by dispersion, which
is very significant if the pulse is too short. In Fig. 3,
the pulsewidth τout after passing through 300 µm of silicon
is shown as a function of the initial pulsewidth τin. τin and
τout are the FWHM of the pulse temporal profile. Dispersion
effects are negligible for initial pulses longer than 60 fs
but lead to a significant elongation of the pulses at shorter
initial pulsewidths. The reason for this is that shorter pulses
have a larger bandwidth and are therefore more affected by
dispersion. The effect of dispersion on the pulsewidth can be
calculated with [17]

τout = τin

√

1 + 16(ln 2)2GDD2

τ 4
in

(10)

where GDD is the group delay dispersion, which is calculated
for a material with thickness L according to GDD = GVD · L.
The group velocity dispersion (GVD) can be calculated with

GVD = λ3

2πc2

(
∂2n
∂λ2

)
(11)

where the value for ∂2 n/∂λ2 can be obtained using the
Sellmeier equation

n(λ) =

√√√√1 +
3∑

i=1

Aiλ2

λ2 − B2
i

. (12)

The parameters Ai and Bi for silicon at room temperature,
taken from [18], result in a value of GVD = 1119.4 fs2/mm
for a wavelength of 1.55 µm.

B. Elongation of a Laser Beam in Silicon

The position of the crossing point of two light rays, which
enter a medium at a certain angle, depends on the refractive
index of the medium. As a consequence, a laser beam will
appear to be elongated if traveling through a medium with a
higher refractive index. The Rayleigh length z0 of the beam
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Fig. 2. Density of charge carriers created by TPA in silicon, calculated
with (8). The vertical axis is parallel to the beam propagation direction with
(z = 0) at the position of the focal point. A value of β2 = 1.5 cm/GW [16]
was used for the calculation.

thin devices, the beam can be clipped at the top or bottom
surfaces due to the large numerical aperture. For example,
as follows from (5) for the given beam parameters, the beam
diameter is as large as 2w = 87 µm for a penetration depth of
z = 300 µm. Since both visible and infrared light are reflected
on metallic surfaces, the sensor area where the beam enters the
silicon has to be free of metallic structures for SPA- and TPA-
TCT. Metallic structures on the sensor surfaces, especially
on the back side, can reflect the beam back into the active
volume and result in artifacts in the measurement. In SPA-
TCT measurements, the reflected beam will inevitably lead to
additional charge carriers. In TPA-TCT, this effect, although
still possible, is reduced because only focused reflections
lead to unwanted absorption of light. Diffuse scattering or a
divergent reflection will not lead to the creation of additional
charge carriers.

The total number of created charge carriers is obtained from
integrating the charge carrier density over the full volume

Ntpa =
∫

V
ntpa(r, z) dV =

E2
pnβ2

√
ln 4

4h̄cτ
√

π
. (9)

Inserting values of Ep = 50 pJ, τ = 60 fs, and β2 =
1.5 cm/GW [16] yields a value of Ntpa = 11 · 106. In a
volume of approximately V = 4/3πw2

0z0 ≈ 30 µm3, this
corresponds to an average charge carrier density of about
neh = 4 · 1017 cm−3.

For irradiated detectors, the SPA contribution to the signal is
not negligible anymore. The ratio of the TPA signal (∼ I 2) to
the transient SPA contribution (∼ I ) increases linearly with the
pulse irradiance. To increase the TPA/SPA ratio, it is therefore
desirable to use ultrashort laser pulses. The lower limit of
the pulse duration is given by dispersion, as is described in
Section II-A. The total pulse energy, on the other hand, can
only be increased up to an upper limit due to the threshold
for plasma creation.

Fig. 3. Pulselength τout of a 1550-nm laser pulse after traveling through
300 µm silicon as a function of initial pulselength τin.

A. Dispersion in Silicon

The pulse temporal width is restricted by dispersion, which
is very significant if the pulse is too short. In Fig. 3,
the pulsewidth τout after passing through 300 µm of silicon
is shown as a function of the initial pulsewidth τin. τin and
τout are the FWHM of the pulse temporal profile. Dispersion
effects are negligible for initial pulses longer than 60 fs
but lead to a significant elongation of the pulses at shorter
initial pulsewidths. The reason for this is that shorter pulses
have a larger bandwidth and are therefore more affected by
dispersion. The effect of dispersion on the pulsewidth can be
calculated with [17]

τout = τin

√

1 + 16(ln 2)2GDD2

τ 4
in

(10)

where GDD is the group delay dispersion, which is calculated
for a material with thickness L according to GDD = GVD · L.
The group velocity dispersion (GVD) can be calculated with

GVD = λ3

2πc2

(
∂2n
∂λ2

)
(11)

where the value for ∂2 n/∂λ2 can be obtained using the
Sellmeier equation

n(λ) =

√√√√1 +
3∑

i=1

Aiλ2

λ2 − B2
i

. (12)

The parameters Ai and Bi for silicon at room temperature,
taken from [18], result in a value of GVD = 1119.4 fs2/mm
for a wavelength of 1.55 µm.

B. Elongation of a Laser Beam in Silicon

The position of the crossing point of two light rays, which
enter a medium at a certain angle, depends on the refractive
index of the medium. As a consequence, a laser beam will
appear to be elongated if traveling through a medium with a
higher refractive index. The Rayleigh length z0 of the beam

Lasers for TPA-TCT have to be sharply pulsed in order to 

generate enough photons at the focal point to lead to 

appreciable charge carrier generation


• But the 3D precision can be excellent, ~few cubic 

microns! 


• However, the laser systems are considerably more 

complicated and have some fundamental limits in terms 

of pulse widths travelling through silicon… 
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Two Photon Absorption laser systems
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AIDAinnova 1st annual meeting, March 2022, WP4.4. (M.Moll)

Annex: Laser system schematics

19

� Modular femtosecond laser system
� Laser Source (LS)

� 10 MHz, 1550 nm, < 300 fs

� Laser Pulse Management (LPM)
� 10 pJ to 10 nJ, 10 MHz to single shot

� Dispersion management (DM)
� 300 ʹ 600 fs, pulse characterization

Details: A.Almagro-Ruiz, Fyla ͞Towards an All-Fiber Femtosecond Laser System as Excitation Source in the 
TPA ʹ TCT͕͟ ��ƉƌĞƐĞŶƚĞĚ�ŽŶ�39th RD50 Workshop, November 2021, Valencia

LS

LPM

DM

Industrial collaboration with CERN and laser producers 

FYLA


• Laser Source (LS): 10 MHz, 1550 nm, < 300 fs


• Laser Pulse Management (LPM): 10 pJ to 10 nJ, 

10 MHz to single shot


• Dispersion Management (DM): 300 - 600 fs, 

pulse characterisation


• Taken from M. Moll, AIDAinnova 1st annual 

meeting, WP4.4
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Red back 
TCT

Before Irradiation

After Irradiation (1014 neq/cm2)
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TCT red back signal – Low Gain Avalanche Detector

Gain layer

Oscilloscope

Sample irradiated to 1 ⨉ 1014 1 MeV neq cm-2

HV
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Gain layer

Oscilloscope

Sample irradiated to 1 ⨉ 1014 1 MeV neq cm-2

HV
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Red back 
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TCT red back signal – Low Gain Avalanche Detector

?
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Gain layer

Oscilloscope

HV

Infrared

Edge-TCT on an Irradiated LGAD
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- Edge-TCT allows us to probe the electric field all through the thickness of the device

- For V < 85 V the electric field on the back is either higher or comparable to that on the front 

- It is not entirely clear if it is growing from the back.

Front side Back side
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Gain layer

Oscilloscope

HV

TPA-TCT

TPA-TCT on an Irradiated LGAD
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- TPA gives a much clearer picture of the situation

- The electric field starts growing from the back of the device

- At a bias voltage of ~96 V the electric field begins to increase in the front side

- At a bias voltage of ~200 V the front side 'takes over'

- The electric field recovers its expected shape

10V10V
20V20V

50V50V75V75V95V95V

96V96V

100V100V

Front side

LGAD_4_W2_I3_1 - 1E14 neq/cm2 at -20ºC
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Summary

TCT is a powerful technique for measuring the electric field 

profile of solid-state detectors


• However, the devil is in the detail (as always) - particularly 

the weighting field


• It has been instrumental in our understanding of complex 

irradiated devices, giving us a handle on the appearance 

of space charge regions and double junctions


• TPA-TCT promises even more power to probe in 3D


Recent DT seminar for TCT: 


• https://indico.cern.ch/event/1292246/
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New TPA-TCT
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