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WHY DOES CTA NEED 
RAMAN LIDAR(S)? 
See also talks by K. Bernloher, M. Gaug, S. Nolan,  C. Rulten at 
this conference 

M. Doro - Raman LIDARs for CTA - AtmoHEAD 2013 3 



CTA Concept 

4 
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•  Few Large Size Telescopes should catch 
the sub-100 GeV photons 

•  Large reflective area 
•  Parabolic profiles to maintain time-stamp 
•  FOV ~ 4 deg 
•  Challenging technology on all sides 

Several Medium Size Telescopes perform 
100 GeV-50 TeV search  
• well-proven techniques (HESS, MAGIC) 
• goal is to reduce costs and maintenance 
• core of the array  
 

Several Small Size Telescopes perform 
ultra-50 TeV search  
• very simple construction 
• price should be small compared to full 
observatory 
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Sites 

SITE DECISIONS 
SOUTH: 2013 

NORTH: 2014? 



The energy resolution and energy bias 
•  The energy resolution and bias 

strongly affect spectral 
reconstruction which is of utmost 
importance in some cases: dark 
matter spectra, pulsar cutoffs, EBL 
cutoffs, axion-like particles, etc 
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Energy reconstruction 
•  Primary gamma-ray is 

reconstructed via the e.m 
shower 

•  Size (= sum of phe in the 
camera) is given by: 
•  Cherenkov photons at ground 
•  Dish reflectance 
•  PDE of PMTs 
•  Etc 

•  Cherenkov photons undergo 
absorption and scattering 
(Mie, Rayleigh) 
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1.2. Experimental techniques 9

Cherenkov light pool on ground

Top of atmosphere primary particle

~1
0 

km
 a

sl.

~120 m

camera image

impact parameter

Figure 1.4: Schematics of the IACT detection of atmospheric showers. When the primary particle
interact in the top atmosphere, a particle showers is formed, characterized by a tail (dark blue) and
an head (light blue). From the showers, the Cherenkov photons (blue lines) propagate to the ground
at increasing angle with increasing shower development. The photons are reflected into the focal
plane at a distance from the center of the camera which reflects the shower’s impact parameter, i.e.
the distance from the telescope axis. The camera is pixelized and the image can be reconstructed.
Courtesy of M. López [38].

The image in the camera like in Figure 1.4 is studied by a set of parameters which were
first defined by Hillas [32] and shown in Figure 1.5. They represent the basis on which the
shower reconstruction is performed. The main Hillas parameters are:

size The sum of the number of photons in the image.
alpha The angle between the major ellipse axis and a line going from the center

of the ellipse to the center of the camera.
dist The distance from the center of the ellipse to the camera center.
length The major semi-axis of the ellipse
width The minor semi-axis of the ellipse

The IACT technique is characterized by an overwhelming amount of background, which
must be carefully treated to extract statistically significant signals. There are two types of

Need MC of atmosheric shower + atmospheric transmission 
to reconstruct primary gamma-ray energy from size 



Do we need Raman LIDAR for CTA? 
•  To answer this question, in Barcelona, we 

have made simulations of different 
atmospheres for MAGIC 
•  Results should be akin for CTA but still to do 
•  Please refer to poster of Daniel Garrido at 

this conference and ICRC 2013 ID xxxx 
•  See also M. Gaug’s talk monday 

•  3 models 
•  Changing global density 
•  Changing “cloud” position 
•  Changing “cloud” density 

•  Comparison between 
•  Wrong MC 
•  Good MC 
•  Correction method 
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3 AEROSOL MODELS 6

can see both parameters in figure 1. This second measured parameter describes the
extinction profile of light that is traveling through a certain quantity and composition
of aerosols suspended in the atmosphere. The �(h,�) values taken from measurements
by Elterman are related to aerosols with a continental origin [Elt64].

Figure 2: 2-dimensional scheme of an EAS produced by a �-ray (black) and a simplified
view of the three aerosol layers that models 4, 5 & 6 simulate (brown). The Cherenkov
light is emitted between 6 km and 14 km and it peaks around 10 km above sea level
[Ber00], so the absortion of these photons by aerosol layers at different heights may
vary.

In MAGIC, we have not yet determined what is the effect that aerosols at the
MAGIC site produce in the data. In fact, the aerosol content of the atmosphere above
the Canary Islands is usually higher than in the Elterman, clean-atmosphere model.
Thus, we decided to study the influence of three aerosol-related parameters: overall
density, density of a layer and height of a layer. In order to do this we finally decided
to simulate 7 aerosol models in addition to the standard one. Each one of them had a
name and a numeric code:

• Changing the overall density: we multiplied the aerosol density at every
height by a factor 15 and 30. We added a multiplicative factor to the variable



Result 1   
• Using correct MC, energy and flux reconstruction is correct, 

at the only expense of a larger energy threshold 
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Result 2 (see Gaug’s talk) 
•  In case the aerosol overdensity or cloud is below the electromagnetic 

shower, simple correction method can be used to restore correct energy 
and flux reconstruction 
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3.7 Summary and Discussion

The above studies showed that degradations of the atmospheric transmission at different
heights have impacts on the reconstructed gamma-ray spectra. We now try to understand the
dependency of each contribution on the atmospheric transparency. As a reference wavelength
we choose 385 nm, since this corresponds more or less to the position of the maximum of
the quantum efficiency of the MAGIC-II PMTs, if convoluted with a Cherenkov spectrum.

3.7.1 Impact on energy threshold

For aerosol layers found until about 6 km a.s.l., the energy threshold of gamma-
ray showers scales as the inverse of the total atmospheric transmission at 385 nm
wavelength.

Ethr = E0 ·
( T

Tref

)
−0.9

. (3.3)

A cloud located at 10 km a.s.l. however already shows small deviations from this be-
haviour, clouds located at 14 km a.s.l. however yield much smaller energy thresholds, rather
compatible with the case of no aerosol enhancement, than with the scaling law. Total atmo-
spheric tranmissions, measured at higher wavelengths, also show a scaling behaviour, however
the power-law index increases, and will depend (possibly strongly) on the Ångström index of
the wavelength-dependent aerosol scattering cross-section (see figures 3.22 and 3.23).

It is therefore mandatory to measure, apart from the layer height, the atmo-
spheric transmission at small wavelengths around 385 nm, or at least to know
the correct Ångström index of aerosol scattering.

3.7.2 Impact on energy bias

For aerosol layers found until about 6 km a.s.l., the bias of reconstructed energies
of gamma-ray showers above the threshold scales with the total atmospheric
transmission at 385 nm wavelength:

Babove threshold = (T − Tref)/Tref . (3.4)

Contrary to the energy threshold, a cloud located at 10 km a.s.l. already shows a large
deviation from this behaviour (towards smaller biases) and clouds located at 14 km a.s.l.
yield much smaller energy biases, rather compatible with no bias at all, than with the scaling
law. Total atmospheric tranmissions, measured at higher wavelengths, also show a scaling
behaviour, however the χ2’s of the fits are really bad, and the power-law index is not com-
patible with 1, and will depend on the Ångström index of the wavelength-dependent aerosol
scattering cross-section (see figures 3.24 and 3.25).

It is therefore mandatory to measure, apart from the atmospheric transmis-
sion at small wavelengths around 385 nm, the layer height correctly.

If the layer height is unknown, only a medium aerosol layer height (e.g. at 10 km) can
be assumed, yielding an uncertainty on the energy bias of ±15% at a total atmospheric
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Figure 3.24: Dependency of the energy bias on total atmospheric transmission, measured at
385 nm. In red, numbers obtained from simulated enhancements of the ground layer, in green
from simulated aerosol layers at 6 km height. The two points in violet and dark green stem
from the simulated aerosol layer at 10 km and 14 km, respectively.

T (532 nm)
0.3 0.4 0.5 0.6 0.7 0.8 0.9

γ
)/E γ

-E
es

t
B

=(
E

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8
532nm
ref

))/T532nm
ref

B = p*(T-T 532nm
ref

))/T532nm
ref

B = p*(T-T

 / ndf 2χ  34.52 / 6

p         0.01± 1.25 

 / ndf 2χ  34.52 / 6

p         0.01± 1.25 

Energy Bias vs. Atmospheric Transmission

T (623 nm)
0.4 0.5 0.6 0.7 0.8 0.9

γ
)/E γ

-E
es

t
B

=(
E

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8
623nm
ref

)/T623nm
ref

B = p*(T-T 623nm
ref

)/T623nm
ref

B = p*(T-T

 / ndf 2χ  44.95 / 6

p         0.01± 1.34 

 / ndf 2χ  44.95 / 6

p         0.01± 1.34 

Energy Bias vs. Atmospheric Transmission

Figure 3.25: Dependency of the energy bias of ground-layer enhanced atmosphere and dif-
ferent aerosol densities at 6 km height a.s.l. on total atmospheric transmission, measured at
532 nm (typical elastic lidar wavelength, left) and 623 nm (r’-band filter used at CMT, La
Palma, right).

3.7.3 Impact on energy reconstruction

For aerosol layers found until about 6 km a.s.l., the reconstructed energy correc-
tion of gamma-ray showers above the threshold scales with the total atmospheric
transmission at 385 nm wavelength:

Eγ/Erec = Tref/T . (3.6)
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Result 3 

• When the clouds or aerosol layer is at the 
shower development region or above, the 
total extinction is no longer an useful 
parameter 
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3 AEROSOL MODELS 6

can see both parameters in figure 1. This second measured parameter describes the
extinction profile of light that is traveling through a certain quantity and composition
of aerosols suspended in the atmosphere. The �(h,�) values taken from measurements
by Elterman are related to aerosols with a continental origin [Elt64].

Figure 2: 2-dimensional scheme of an EAS produced by a �-ray (black) and a simplified
view of the three aerosol layers that models 4, 5 & 6 simulate (brown). The Cherenkov
light is emitted between 6 km and 14 km and it peaks around 10 km above sea level
[Ber00], so the absortion of these photons by aerosol layers at different heights may
vary.

In MAGIC, we have not yet determined what is the effect that aerosols at the
MAGIC site produce in the data. In fact, the aerosol content of the atmosphere above
the Canary Islands is usually higher than in the Elterman, clean-atmosphere model.
Thus, we decided to study the influence of three aerosol-related parameters: overall
density, density of a layer and height of a layer. In order to do this we finally decided
to simulate 7 aerosol models in addition to the standard one. Each one of them had a
name and a numeric code:

• Changing the overall density: we multiplied the aerosol density at every
height by a factor 15 and 30. We added a multiplicative factor to the variable
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It is therefore important to know the differential atmospheric 
tranmission. We need a LIDAR! 



e.g. Energy  
threshold 
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ground  

14 km  

10 km  
6 km  

 

Up to >6 km a.s.l.: 
Ethr = E0 / T (400 nm) 



e.g. energy  
bias 
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14 km  
10 km  

6 km  

ground  

Up to >6 km a.s.l. (until 5 TeV): 
(Erec-Eγ)/Eγ  = (T-0.73)/0.73 

(can be corrected using only total atmospheric transmission) 



e.g. effective  
area 
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14 km  

10 km  6 km  

ground  

 

Up to >6 km a.s.l. (until 5 TeV): 
Aaerosols/Aref  = 0.45+0.75*T 



Atmospheric Calibration in CTA 
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• A working group has been created to centralize atmospheric 
calibration activities: CCF (Common Calibration Facility) 
•  Convener: Markus Gaug (markus.gaug@uab.cat) 

Issues to be addressed: 
Atmospheric profile 
Atmospheric spectral 
transmission 
Aerosol size distributions and 
climatology 
Cloud sensing 
Temperature and water-vapor 
profiles 
Inclusion in data reconstruction 
Inclusion in smart scheduling 
 

Possible instrumentation: 
Raman Lidars 
UV-scopes 
All-sky cameras 
Photometers 
Radiometers 



Goals of CTA atmospheric calibration   
• Purposes: 

•  Increase amount of data taken by saving data 
taken in moderate atmospheric conditions 
normally discarded by standard analysis 

•  Reduce systematics in energy and flux 
reconstruction for all data taken 

•  Smart scheduling: online information about 
atmospheric status can allow to optimize targets 
by e.g. knowing the energy threshold online 

• Other purposes 
•  Telescope safety 
•  Data archive of site important for other 

atmospheric searches 
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CTA technical requirements #1 
• SPEC: TPC-SPECS/110331a (Level-A requirements), CTA 

aims to a precision on the energy scale of 10%, therefore the 
uncertainty on the energy scale coming from the 
measurement of the atmosphere absorption should be at the 
5% level only.  

• RANGE: The shower develops at about 10 km a.g.l, 
however, observation are often performed at 45 deg and up 
to 60 deg. The latter indicates that covering a range up to 20 
km would be useful.  

•  FREQUENCY: The atmosphere needs to me monitored 
during the data taking, in order to keep track of possible 
changes, at best every 30 to 60 minutes.  
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CTA technical requirements #2 
• AVAILABILITY: available time for data taking during good 

dark nights by more than 1% and one must be able to 
operate them fully functional 95% of the observation time.  

• MAINTENANCE: The short term periodic maintenance of the 
LIDAR should not exceed 2 hours per week of 2 people to 
ensure the requested reliability and availability. Similarly, any 
long term periodic maintenance should not exceed one day 
every 6 month of two people.  

•  LIFETIME: The life time of the LIDAR should exceed that 
foreseen for the CTA observatory, which is 20 years.  
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Atmospheric Calibration 

• Document about 
full Atmospheric 
Calibration 
Strategy for CTA 
written by the 
Barcelona groups 

• A public version in 
Doro+ ICRC 
2013-0151 
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RAMAN LIDAR 
PROTOTYPES 
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THE BUENOS AIRES 
RAMAN LIDAR 
Pablo Ristori, Lidia Otero, Juan Pallotta, Fernando Chouza, Raul 
D'Elia, Mario Proyetti, Jeric Fabian, Alberto Etchegoyen, Eduardo 
Quel  

CEILAP (Buenos Aires, Argentina) 
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Argentine Multi-angle Raman LIDAR 
Main Features:

!  Emission:


!  Q-switched Nd:Yag laser. Energy 
per pulse 60mJ @ 532nm.


!  Reception Optics:

!  6 reception mirrors:


! Ø = 40cm

!  F=1m.

! Optical fiber Ø = 1 mm at its 

focus.

!  Detection lines: 3 elastic and 3 

Raman.

!  Elastic: 355, 532 and 1064 nm

!  Raman: 387, 408 and 607 nm.


!   Licel readout.







Mirrors 
!  6 light glass 400 mm diameter and 

1 m focal length. 15 mm width at 
the border and 6 mm at the center. 
Total weight about 3 kg each. 

!  Mirrors mount must hold the mirror 
without generating internal tension. 

!  To minimize deformation on its 
surface, mirror disk is supported 
over an aluminum disk and fixes by 
a belt over its circumference. 



Laser !  Inlite II-50 from Continuum.

!  Hardened design and 

compact size for reliable 
operation in industrial 
environments.


!  Easy flashlamp replacement 
for future manteinance.


!  Cast aluminum resonator 
structure ensures long-term 
thermal and mechanical 
stability.




Work in progress 
! Final telescopes’ steering 

system under development. 
Motorized azimuth-zenithal 
mechanism in acquisitionn 
process.


! Spectrometric box in desing 
phase. 


! Electronic control being build at 
its final version.










Summary 
! Argentinean lidar is the only 

full-custom lidar of CTA

! Lidar is already hosted in its 

shelter-dome and can be 
operated remotely via WiFi.


! Lidar signals were taken with 
only one telescope. The rest of 
them rest to be installed in near 
future.


! Rest to implement the new 
scanning bench and program 
the scanning software.







THE BARCELONA  
RAMAN LIDAR 
Manel Martinez, Oscar Blanch, Alicia Lopez, Oscar Abril, Joan Boix 
(IFAE, Barcelona, Spain) 
Lluis Font, Markus Gaug, Michele Doro* (UAB, Barcelona, Spain)  
* also University and INFN Padova (Italy) 



At the beginning we had a CLUE… 



The CLUE containers 

• One container is in Barcelona (UAB 
campus) and is currently being 
equipped.  
•  Tests will be done in the campus 

• A second container is already in La 
Palma, at the MAGIC telescope site.  
•  Once the Barcelona LIDAR will work, this 

guy will be equipped and possibly operated 
in sinergy with the MAGIC telescopes 

•  If this will be the case, it will be moved to 
CTA site 

4 Subsystems

4.1 The Container

Author Joan accepted
Reviewer Oscar accepted
Due until done
Rewiew until Sept. 2012 Partly done, see below

Comments: Some modifications and comment in bold; some sections were not yet
completed: needs iteration. Missing: Hhow accelerate telescope movement (JB and
OA), due early Sept. Missing: Necessary additional sensors, to be decided early Sept.
New control relay board / spare of exisiting?, decision due early Sept. Combine control
relay board with home-made LICEL? Decision due early Sept. Spares for hydraulic
piston, options due Sept. by JB and OA. Radio/Wifi connections

The CLUE containers are two of eight of a same type, originally built and used, together
with the mirrors, for the CLUE experiment 1 (I would put a cite). Containers and mirrors
had been parked since the disassembly of the CLUE experiment, and are being recycled now
for the Raman LIDAR.

Characteristics
The container is a 20 ft standard maritime container, the dimensions of which are 5.90 ×

2.35 × 2.39 m. It weighs about 3 t (2.3 t from the container and 700 kg from the telescope).
The container protects against rain and dust the instrumentation inside and it was
mechanized to allow the operation of the telescope from inside the container. For
that, the container can be open in two halves (see 4.1).

Figure 4.1: Container half opened.

1
see http://www.pi.infn.it/clue/ .
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General design ideas 
• Primary mirror = 1.8m 

diameter 
•  Focal distance = 1.8m 
• Q-switched Nd:YAG laser 

(1064, 532, 355 nm) 
• Mono-axiality 
•  Liquid light guide 
• Custom optical module 

with 1.5 inch PMTs and 4 
readout channel (2 elastic+ 
2 N2 Raman) 

•  LICEL readout 
• Custom analysis software 



The telescope structure 
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The primary mirror 
• Parabolic float glass mirror made 

with hot-slumping on high precision 
mould at CERN 

•  1.8 m diameter, 6 mm thickness 
• Maintained very good geometry 

over time: D90 is 6.2 mm as 15 
years ago 

•  Initial reflectivity of 95% has 
degraded to 64% (measured by us) 

• Hole at the center of about 5 cm 

The plan is to either re-aluminize and coat the glass or 
other alternative solutions  



The petals • Made of polystyrene 
• Protect mirror from dust 
•  Four petals per dish 
• Actuated by 12 V motors 

and controlled by 8 final 
switches connected in 
series.  
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4.2 The Telescope Chassis, Petals and Slewing System

Author Joan accepted
Reviewer Oscar In progress, waiting for new ver-

sion
Due until done
Rewiew until Oct. 2012 still due

Comments: Some English modifications and comments to be revised by author

The CLUE container was built to transport and protect the telescope that is placed inside:
the CLUE telescope. It is composed of a 1.8 m diameter mirror, four petals to protect the
mirror, a chassis to support the telescope and a structure to hold the optical system in the
focal plane. A control box has been developed to control the stepping motors and to monitor
their position.

The Chassis
The chassis was designed to support a 1.8 m mirror in an alt-azimuth mount, allowing for

a zenith and azimuth movements. The chassis also holds the petals and supports the optical
system in the focal plane.

Figure 4.7: Parts of the chassis: the metal platform that support the azimuth movement (a),
the U form structure that supports the zenith movement (b), the focal plane support (c), the
structure for the laser arm (d) and the support for the small mirrors to align the laser beam
(e).

Figure 4.7 shows the entire telescope structure in parking position. All the supports
(fig. 4.7 a to c) are part of the original structure inside the CLUE container. Then we added
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the structure for the laser arm (fig. 4.7 d), used to align the laser with the axis of telescope
and an additional support (fig. 4.7 e) for the small mirrors that is used to align the laser
beam.

The Petals
Added to the chassis are the petals, used to protect the mirror from the dust. The petals

were made out of polystyrene. Figure 4.7 shows how they are fixed to the structure.

Figure 4.8: The Petals.

The four petals that cover the mirror are actuated by four 12 V motors and controlled by
8 final switches connected in serie. This means that those four switches that indicate that
the petals are open (close to the motor) are seen by the control as a unique device. The
same holds for the four switches that provide the “closed” signal in the center of the mirror.
Figure 4.7 shows how the motors are fixed to the petals. When the motor runs, a large screw
opens or closes the petal until the final switch issues a signal.

The Slewing System
The movement of the telescope in both degrees of freedom is actuated by step motors of

model PH299-F4.0, manufactured by VEXTA (now called Oriental motor). The motors
actuate on different reductions, manufactured by Bonfiglioli. Picture 4.9 shows the different
reductions used for the azimuth movement (left) and the zenith movement (right). The power
of the motor is conducted to the telescope by a timing belt. A toothed pulley is fixed to the
axis of the reduction I am actually not sure about the English name for Reductors.

Where can we see it? Do we have any option to know the reduction of the
first stage? As one can see, the azimuth movement has a secondary 1:28 reduction. We
don’t know the value of the reduction for the primary reduction.

The Laser Arm
Figure 4.7 (e) shows the laser arm attached to the telescope structure. The arm has

been designed to control the correct alignment between laser and telescope. It is based in a
XY table, designed to point with a precision better than 1 mm at 1 m distance. To move the
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The Quantel Brilliant Q-switched laser 

Figure 4.9: The slewing system with the different components identified by letters: a) the
motor, b) the first reduction, c) the second reduction, d) the timing belt.

different axis, two DC motors are attached to a screw, one by degree of freedom. The full
system is shown in picture 4.10.

Figure 4.10: The Laser arm: The encoder (a), the motors (b), the 111:1 reduction (c), the
final switches (d), the driver (e), the control board (f) and the laser arm control (g).

The motors are of model Faulhaber 3863H024C. Attached to them, a 111:1 reduction is
used to improve the resolution. Both components perform the movement through screws
(1 cm/rev). These are controlled by a Faulhaber MCDC3006S driver and an encoder of type
Faulhaber HEDL5540 on each axis. Finally, to fix the initial position of the table, two final
switches are used. To control all the laser arm, a control board with ethernet interface has
been developed.

The laser control board has two serial ports and one ethernet port. The last is used to
communicate with a central computer. One of the serial ports are used to control the unit laser
control. As already stated earlier (see section ??), the laser has the possibility to be controlled
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4.4.3 Laser Configurations

The laser has two harmonic generators apart from the main 1064nm wavelength generator.
They are assembled in compact modules, including the non-linear crystals and a removable
set of dichroic mirrors. Phase matching for the second and third harmonics is obtained by
simple mechanical adjustment (adjustment screw accessible from the top of the module.

Figure 4.14: : Quantel Nd:YAG 1064 Laser.

It is possible to make frequency double and tripe output: if taking away the dichroic
mirror inside the main body, it is possible to obtain the three wavelengths from the same
output; the configuration without the beam dump allows to separate the third harmonic from
the other two; standard version permits only 355 nm wavelength to go out. A schematic view
is shown in figure 2.

Figure 4.15: : Different harmonic configuration for the laser output.

For the LIDAR purpose, we are mainly interested in second and third harmonic. There
is now way of only displaying these two wavelengths without also shooting the first one. In
our case, the configuration without dichroic mirror, were the tree wavelengths are displayed
from the same output is suitable.
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The laser is mounted on a rail 
controlled by an x-y translator 
system to allow orientation. 

4.4 The Laser and Guiding Mirrors

Main Author Alicia López, Markus Gaug accepted
Reviewer Manel Mart́ınez accepted
Due until Sept. 2012 still due
Rewiew until Oct. 2012 still due
Missing tests and studies prismas?, spot size,
Comments

4.4.1 Introduction

The laser it is a key part of the LIDAR. It is a very delicate system, so a good maintenance
and operation is crucial for a proper behavior and a correct response. It is also important for
a good performance of the system to have a proper alignment between laser and mirror in
order to achieve a coaxial configuration. For that purpose, guiding mirrors have been installed.

4.4.2 The Laser

The laser used in the IFAE-UAB Raman LIDAR is a Brilliand ND:YAG 1064nm, from QUAN-
TEL company. It is a pulsed 20Hz laser whose ground wavelength is 1064 nm (Energy per
pulse 400 mJ). A second and third harmonic generator at 532 nm (200 mJ per pulse) and 355
nm (100mJ per pulse) have been added to the main body of the laser.

Its general characteristics are collected in the following table:

General characteristics
Pulse repetition rate 20 Hz
Power drift 3%
Pointing Stability < 75 µrad
Jitter (1064 nm) ± 0.5 ns
Beam divergence (1064 nm) 0.5 mrad
Beam diameter (1064nm) 6mm

The different harmonics present also different behaviors in terms of energy and power.
Their values are shown in the table below:

Wavelength-dependent parameters
Wavelength [nm] Energy per pulse [mJ] Maximum average power [W] Pulse duration

1064 400 4 ∼ 5
532 200 2 ∼ 4
355 100 1 ∼ 4
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Works between 18-28 deg. T-stabilized  
1064 " 360 mJ/p,  
532 " 100 mJ/p,  

355" and 100 mJ/p 



Folding 45deg mirrors 
•  To make the lidar coaxial 
• Can stand laser, but can be rotated to change damaged surface 



34 Chapter 4. The polychromator unit 
 

  

4.2. Description of the polychromator unit components 
 
Here a short description of each component in the polychromator unit is given: 
the light guide, the condenser lenses, the dichroic mirror, the interference filters 
and the eye-piece. 
 
Liquid light guide model  
 
The whole optical design is constrained by the light guide diameter and 
divergence (See section 3.3 for a description of the liquid light guide). As the 
telescope concentrates the light in an 8mm spot (with a loss of 10%) the liquid 
light guide used has that same size. Measurements over the light guide show 
that the light comes out of it with an aperture of 34º (half angle). One end 
receives the light from the telescope while the other one is connected to the 
polychromator unit, illuminating the designed paths inside it. This end can be 
seen as an infinite set of point sources distributed over its circular section. In 
order to simulate the light coming out from the light guide, we have modeled its 
section as 3 point sources, vertically placed and separated 4mm with the same 
aperture as the light guide.  
 
The main objective is to emulate the light coming out of the light beam with its 
34º angle. This can be seen in the figure below: 

 
Figure 29. Modeling of the light guide end as an infinite set of point sources (left) and 
simulated model with two exterior point sources where rotational geometry can be 
applied. 

 
The Figure 29 can be inferred as the transversal section of the beam light and 
rotational geometry can therefore be applied. By doing so, all possible rays 
coming out from the light guide are covered.  
 
 
Condenser lens 
 
The end of the fiber cannot be considered as a point source which is an 
important inconvenient. A point source can be collimated with a plano-convex 
lens by placing it at its focal distance F (Figure 30). However, the lens is not 

The LLG •  Liquid light-guide Lumatec Series 300  
•  8 mm diameter 
•  2.5 m length 
•  0.59 NA (34deg half-angle)  
•  Does not survive 1064 nm line! 

Figure 4.21: Spectral characteristics of several Lumatec liquid lightguides. The Series 300
is shown in blue for a length of 2000 mm. For comparison, a glass fibre bundle is shown as
black dotted line.

Figure 4.22: Dimensions of the end fittings of the LLG: Active core (d0): 8 mm, end fittings:
(d1): 10 mm, (l1): 20 mm, (d2): 15 mm, (l2): 40 mm, protective sleeve (d3): 12.5 mm.

reaching higher temperatures (≥25◦ C). The maximum transmitivity has been found around
23◦ C, which is a perfect value in the sense that is encompasses the range of operation of the
laser.
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• Checked 
dependence on 
temperature and NA 
in various conditions 

• Quite stable results! 

systems of the IFAE/UAB Raman LIDAR cannot support extreme temperatures and may
need a temperature stabilized ambience to work in.

Here we present the most delicate components in terms of variation of the temperature.

3.4.2 Laser

The laser used in the IFAE-UAB Raman LIDAR is a compact Q-Switched Nd:YAG Brilliant
laser, developed by Quantel.

The laser head is a monolithic, temperature-stabilized block which ensures the align-
ment of the resonator mirrors. The temperature is controlled by a water loop which goes
through a water/air heat exchanger. For proper operation of the laser, the ambient tempera-
ture should lie between 18◦ C and 28◦ C. Quantel does not guarantee that the beam quality
stays as specified outside that range of operation. The beam quality could remain constant
even down to 15◦ C, but the company cannot guarantee such. The cooling group is an inde-
pendent unit which cools the systems with the use of a closed loop of de-ioned water. This
temperature-regulated water provides also a thermal stabilization of the oscillator’s structure.
The temperature stabilization is precise to ±1◦ C and, if the ambient temperature remains in
the mentionned 18◦ C – 28◦ C range.

In this scenario, most probably, but depending on the final choice of the sites for CTA,
only a heater is needed to prevent the laser from operating at temperatures lower than the
specified range. This can be assured by a local climatisation of only a small box around the
proper laser.

3.4.3 Light guide

The IFAE-UAB Raman LIDAR is equipped with a light guide whose interior is filled with a
high-transmissive liquid, called a liquid light guide (LLG).

Also, a proper shipment, storage and operation conditions are required.
In terms of temperature, a normal and continuous operation is expected between -5◦ C and

+35◦ C with no degradation in its transmission to be expected. Reaching lower temperatures
during a few hours may cause bubbles inside the LLG which will disappear after a few days of
storage at room temperature. On the other hand, reaching temperatures up to +50 ◦ C does
not cause harm to the LLG, if it occurs for a period of few days. Exceeding this limit may
cause the formation of a bubble inside the liquid itself, which usually will disappear again
after storage of a few days at room temperature.

In the next table, maximum and minimum temperatures allowed for a correct operation
of the LLG are shown.

Minimum Maximum
Indefinitely - 5◦ C +35◦ C
Maximum of few hours -20◦ C +70◦ C
Maximum of few days -15◦ C +50◦ C
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Optical module 
• Goals: 

•  4 lines read-out: 2 elastic (355, 532nm) + 2 Raman (387, 607 nm) 
•  Because of the big aperture of the LLG, we needed very large custom 

optical components 
•  PD of 1 or 1.5 inch diameter (22mm needed for full throughput) 
•  Procurement of optical components made me sick 

Figure 4.25: Polychromator design layout for a 4 channel read-out unit.

definition of the wavelength-band for the DMs and the IFs, since the light impinges onto them
at different angles because of the transverse dimension of the light beam. The IF out-of-band
transmission has to be defined in order to cut unwanted spurious light coming from reflection
and diffusion inside the instrument, particularly taking into account that the Raman light is
two to three order of magnitude dimmer than the elastic one.

Figure 4.26: (left) footprint diagram of the PMT active area (right) encircled energy diagram
of the PMT active area.

In Figure 4.26 (left), the footprint of 5 sample points, one at the center and four at the
edges of the input optical fiber, are shown together with a circle corresponding to the 22 mm
active area of the PMT detector. In Figure 4.26 (right) the fraction of the image enclosed
energy calculated for a uniform circular object of 8 mm in diameter, such as the input fiber,
is shown. The total energy emitted by the fiber is collected and focalized on the PMT area.
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Optical module position 
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The CLUE telescope has a parabolic mirror surface of 1.8 m diameter and f/D = 1 with
a PSF of about 6 mm diameter (see also Sec. 4.3). This reflects into a telescope angular
acceptance (or telescope “effective” field-of-view FOV) of PSF/f = 6/1, 800 = 3.3 mrad,
which contains very well the light coming from the laser with an angular aperture of 0.5 mrad.

For our Raman LIDAR design, one possibility could have been placing the polychromator
unit direcly at the focal plane, but this did not seem a good idea given its expected weight of
few kg which could have introduced stability problems in the lidar structure and structural
oscillations, and the size which would have caused shadowing to the primary mirror. Instead,
the most appropriate place to put the polychromator seemed to be the rear of the lidar mirror,
where the mechanical structure is already well adapted to hold devices, as shown in Fig. 3.1.

Figure 3.1: Pictures of the rear of the lidar structure where the polychromator readout unit
is attached.

The CLUE mirror has a drilled hole of d = 50 mm diameter right in its center that
could make possible the use of a double-mirror Cassegrain-like configuration to re-direct the
light to the rear of the main mirror, and therefore this option has been explored in more
detail. Actually the relatively small size of the hole, did fit the fact that we prefered to have a
polychromator built with moderate-size optical elements and use photosensors of a reasonable
size. To study this possibility we used a public version of ATMOS that implements simple
analytic calculations for the pre-desing and, later, we performed full ray-tracing analysis
using ZEMAX. In Fig. 3.2, the design of one of the investigated Cassegrain-like solutions is
shown.

Despite Cassegrain-like configuration are useful to make compact telescopes and reduce
spherical aberrations, they act like a zoom into the FOV of the primary mirror, i.e. they
magnify the system: the spot-size is seen enlarged with respect to the PSF of the primary
mirror alone. The magnification is calculated from Fig. 3.2 as either the ratio between the
system focal point to secondary distance S + E and the distance from the secondary surface
to the focal point of the primary F1−S, or the ratio of the effective focal length Feff and the
primary mirror focal length F1:

M =
S + E

F1 − S
=

Feff

F
(3.3)
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The optical module is mounted on the back and co-
moving with the telescope structure 

We need to careful check the stability for different observation points + 
temperature stability 



Dichroics 

•  Dichroic mirror 1 
•  R(355 nm)>95%, T(387, 532, 607 nm)>90% 

•  Dichroic mirror  
•  R(387 nm)>95%, T(532, 607 nm)>90% 

•  Dichroic mirror 3 
•  R(532 nm)>95%, T(607 nm)>90% 

•  Incidence angle = 45° 
•  Random polarization 



Lenses 
• Plano-spherical lens 100mm diameter 



PMTs selection • Design of optical module 
demands 1’ or larger PD 

• Not sure whether to use PMT 
or HPD or other PDs 

• Possible solutions 
•  Hamamatsu R1925A 
•  Hamamatsu R11920-110 

(candidate for CTA LST cameras) 
•  HPD from MAGIC cameras 

Figure 2: Scheme for definition of the FS aperture and the PMT distance from the LLG exit.
θ3 = 35◦ is the beam aperture from the LLG exit. θ2 = 20◦ is the aperture of the FS. θ1 = 7◦

is the angle under which the PMT is seen from the LLG exit.

Figure 3: (top-left) A picture of the H10425-01 PMT assembly. (top-right) A picture of the
MAGIC 1 (baseline) PMT with the steering base. (bottom-center) A picture of the LLG
edge. (bottom-left) A picture of one of the optical filters. (bottom-right) A picture of the
diaphragm.

large. The length of the PMT can vary of about ±1 mm and the diameter can also slightly
vary of ±0.2 mm. A picture of the PMT is shown in Fig. 3 (top-left). The PMT will be
mounted inside the MC with the steering base inside. The steering base is 64 mm long as
shown in the figure.

The second PMT is a Hamamatsu H10425-01 assembly (Fig. 3 (top-right)). The housing

3

R1925A 

R11920-100 

HPD 



LICEL 



Single-line optical module 
• We have prepared a single-line optical module to check 

easily the lidar + readout 
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What is the link-budget? 

Series of equations with 
components inputs (and 

atmosphere) to characterize 
LIDAR outputs 
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Atmospheric modeling 
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Atmospheric calibration for CTA
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where dσλR
(π)/dΩ is the differential N2-Raman backscatter cross-section (23.15 ·10−35 m2 sr−1 at 387

nm).
The resulting Mie and Rayleigh extinction coefficients for elastic and inelastic processes of this

toy-model are plotted in Fig. 8.3.
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Figure 8.3: Simulated range dependent aerosol (Mie) and molecular (Rayleigh) extinction
coefficients.

8.3 Estimation of the Return Power

In the elastic channel, the return power is given by:

Pλ0(R) = O(R)
K

R2

[

βm
λ0

(R) + βp
λ0

(R)
]

exp

(

−2

∫ R′

0
(αm

λ0
(R′) + αp

λ0
(R′)) dR′

)

(8.6)

where K = E c AR/2 is a range-independent system constant, E is the pulse energy emitted by the
laser, c is the speed of light, AR is the area of the telescope. βm

λ0
(R) and βp

λ0
(R) are the backscatter and

αm
λ0

(R′) and αp
λ0

(R′) the extinction coefficients which both depend on the range R for an emitted pulse
wavelength λ0. O(R) is the overlap factor. Analogously, the received power in the Raman channel
can be written as:

PλR,0(R) = O(R)
K

R2

[

βm
λR

(R)
]

exp

(

−
∫ R′

0
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In contrast with the received power in the elastic channel, the Raman process is produced only by
molecules and hence depends only on the inelastic backscattering coefficient defined in Eq. (8.5). The
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function of the telescope is to collect the laser light backscattered in the atmosphere. But even when
the laser is off, the telescope collects light from the sky. The power received in such condition is called
the background power, given by:

Pbkg(λ) = Lbkg AR dΩ dλ (8.8)

where Lbkg is the irradiance from the background, AR is the telescope area, dΩ is the solid angle
computed from the telescope field of view and dλ is the interference filter bandwidth in every channel.
For convenience, we use the irradiance of the night sky background (NSB) measured at the Observatorio
del Roque de los Muchachos at La Palma: 2.7 · 10−13 W cm−2 nm−1 sr−1 [Mirzoyan, 1998]. The lidar
will operated at night. The moon radiance (when pointing directly to the moon) is 3 · 10−11 W cm−2

nm−1 sr−1, but we can neglect this effect since we will never have to point the lidar directly to the
moon and most of the measurements will be performed either in dark or moderate moon nights, and
always far from the moon. Therefore we will use Pbkg = PNSB from here on.
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Figure 8.4: Estimated return power from the link-budget simulation of the Barcelona Raman
lidar. The blue solid line is the elastic return power for the wavelength of 355 nm. The black
solid line is the Raman return power for the N2 at 387 nm, and the horizontal solid red line
is the background power calculated for the NSB at La Palma.

Fig. 8.4 shows the estimated return power from the link-budget simulation of the Barcelona Raman
lidar for the wavelengths of interest, and the background power calculated from the NSB measurement
at La Palma. As expected, the elastic channels are about two orders of magnitude brighter than the
Raman ones, and hence their detection much simpler. In addition, one can see that the signal is
stronger in the 500–600 nm range than in the UV one, because of the wavelength dependence of
both Rayleigh and Mie extinction. Finally, our simulations predict that the noise due to NSB is well
below the return signal up to 25 km altitude (in vertical observation mode). However, the lidar will
be typically operated at a certain elevation from the ground, down to 40 or 30 deg. Under these
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where dσλR
(π)/dΩ is the differential N2-Raman backscatter cross-section (23.15 ·10−35 m2 sr−1 at 387

nm).
The resulting Mie and Rayleigh extinction coefficients for elastic and inelastic processes of this

toy-model are plotted in Fig. 8.3.
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Figure 8.3: Simulated range dependent aerosol (Mie) and molecular (Rayleigh) extinction
coefficients.

8.3 Estimation of the Return Power

In the elastic channel, the return power is given by:
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where K = E c AR/2 is a range-independent system constant, E is the pulse energy emitted by the
laser, c is the speed of light, AR is the area of the telescope. βm

λ0
(R) and βp

λ0
(R) are the backscatter and

αm
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(R′) and αp
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(R′) the extinction coefficients which both depend on the range R for an emitted pulse
wavelength λ0. O(R) is the overlap factor. Analogously, the received power in the Raman channel
can be written as:
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(8.7)

In contrast with the received power in the elastic channel, the Raman process is produced only by
molecules and hence depends only on the inelastic backscattering coefficient defined in Eq. (8.5). The
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In contrast with the received power in the elastic channel, the Raman process is produced only by
molecules and hence depends only on the inelastic backscattering coefficient defined in Eq. (8.5). The
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– Shot Noise from the signal return. Since the electron multiplication at the different dynodes
of the photomultiplier occurs with statistical probabilities, the resulting output also shows the
statistical fluctuations, which can be described by the excess-noise factor.

– Shot Noise from background light, occurring with Poissonian statistics. The resulting charge
produced by each photo-electron from the NSB also fluctuates with the excess noise.

– Shot Noise from the PMT dark current. Even when there is no light entering the photocathode
an output current is observed. This dark current is mainly caused by thermionic emission from
the photocathode and dynodes.

– Thermal noise. Produced by the electronics after the PMT.

The three shot noise components and the thermal noise added by the acquisition unit have asso-
ciated noise spectral densities that can be computed as:

σ2
sh,s(R) = 2 q G2

T F M2 Ri0 P (R)ξ [V2/Hz] (8.11)

σ2
sh,b = 2 q G2

T F M2 Ri0 Pbkgξ [V2/Hz] (8.12)

σ2
sh,d = 2 q G2

T F M2 Idb [V2/Hz] (8.13)

σ2
th = 4 k T Rin [V2/Hz] (8.14)

where q is the electron charge [C], GT is the transimpedance channel gain [V/A] (i.e., the acquisition
unit input impedance, GT = Rin = 50Ω), F is the PMT excess noise factor, M is the PMT multipli-
cation factor or gain, Ri0 is the cathode radiant sensitivity [A/W], P (R) is the return power [W], Pbkg

is the background-radiation power [W], ξ is the net optical transmissivity defined in Eq. 8.9, Idb is the
PMT bulk dark current [A], k is the Boltzmann constant [J/K] and T = 300 K is the noise equivalent
temperature.

These variances are expressed as noise spectral density and they have to be multiplied by the noise
equivalent bandwidth BN= 10 [MHz] to compute the SNR. Therefore the signal to noise ratio takes
the form

SNRa(R) =
Ri0 M GT ξ P (R)

√

[2 q G2
T F M2 Ri0 ξ (P (R) + Pbkg) + 2 q G2

T F M2 Idb + 4 k T Rin] BN

(8.15)

If the thermal noise is much lower than the other noise sources, which is typical in the case of good
PMTs, it is safe to conclude that the SNR does not depend neither on the multiplication factor of the
PMT nor on the transimpedance channel gain since these factors cancel out in Eq 8.15.

Signal to noise ratio in photon counting mode

In this mode we find the same three noise sources as in the analog mode, but variances are computed
in counts per second, namely:

Nph = PRaman Lr Ri0 /q cts/sec , (8.16)

Nb = Pbkg Lr Ri0 /q cts/sec , (8.17)

Nd = Idb/q cts/sec , (8.18)
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where Nph is the number of photo-induced counts from signal light per second, Nb is the number of
photo-induced counts from the background light per second and Nd is the number of photo-induced
counts from the dark-current per second. Then the SNR in photon counting mode is

SNRpc(R) =
Nph(R)

√
τ

√

Nph(R) + 2(Nb + Nd)
. (8.19)

where τ is the fraction of time where the photo-counter is adding counts (considering here 100 ns in
order to achieve the same spatial resolution than in analog mode).
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Figure 8.5: Signal shot noise, dark current shot noise and background noise versus range for
the elastic channels read in current-detection mode (left) and for the Raman channels read
in photon-counting mode (right).

Fig. 8.5 shows the noise contributions for the analog and photon-counting mode. For simplicity, we
assumed that the elastic return is sampled in analog mode over the entire distance range, as well as the
Raman return is sampled only in photon counting mode over the full range. From the figures one can
see that the dominant noise factor is the signal-induced shot noise and the other noise contributions
are subdominant and can be practically neglected.

In Fig. 8.6 the signal-to-noise ratio for the four channels under consideration is shown. For the
digital counting mode, only one laser pulse is considered. One can see again that the elastic channel
has a very good (above 10) signal-to-noise ratio over the entire range, while the Raman channels reach
an acceptable SNR of 10 already at 2-3 km. This range is clearly not acceptable, however the problem
can be overcome by summing signals over several laser light pulses.

8.5 Integration time

For dim return power, one may think of integrating the signal from several laser pulses. This applies
especially to the photon-counting mode. We calculate the minimum integration time needed to get a
certain level of SNRgoal, for example equal to 10. When N pluses are integrated, the signal to noise ratio
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0 5 10 15 20 25
10−12

10−10

10−8

10−6

10−4

10−2

100

102

Altitude [km]

N
oi

se
 v

ar
ia

nc
e 

[V
2 ]

Noise variances (elastic channels, analog detection)

 

 
Signal shot noise at 355 nm
Signal shot noise at 532 nm
Dark shot noise
Background shot noise

0 5 10 15 20 25
102

104

106

108

1010

1012

Altitude [km]

N
oi

se
 v

ar
ia

nc
e 

[c
ou

nt
s/

se
c]

Noise variances (Raman channel (387 nm), PC detection)

 

 
Signal shot noise at 387 nm
Signal shot noise at 607 nm
Dark shot noise
Background shot noise

Figure 8.5: Signal shot noise, dark current shot noise and background noise versus range for
the elastic channels read in current-detection mode (left) and for the Raman channels read
in photon-counting mode (right).

Fig. 8.5 shows the noise contributions for the analog and photon-counting mode. For simplicity, we
assumed that the elastic return is sampled in analog mode over the entire distance range, as well as the
Raman return is sampled only in photon counting mode over the full range. From the figures one can
see that the dominant noise factor is the signal-induced shot noise and the other noise contributions
are subdominant and can be practically neglected.

In Fig. 8.6 the signal-to-noise ratio for the four channels under consideration is shown. For the
digital counting mode, only one laser pulse is considered. One can see again that the elastic channel
has a very good (above 10) signal-to-noise ratio over the entire range, while the Raman channels reach
an acceptable SNR of 10 already at 2-3 km. This range is clearly not acceptable, however the problem
can be overcome by summing signals over several laser light pulses.

8.5 Integration time

For dim return power, one may think of integrating the signal from several laser pulses. This applies
especially to the photon-counting mode. We calculate the minimum integration time needed to get a
certain level of SNRgoal, for example equal to 10. When N pluses are integrated, the signal to noise ratio
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– Shot Noise from the signal return. Since the electron multiplication at the different dynodes
of the photomultiplier occurs with statistical probabilities, the resulting output also shows the
statistical fluctuations, which can be described by the excess-noise factor.

– Shot Noise from background light, occurring with Poissonian statistics. The resulting charge
produced by each photo-electron from the NSB also fluctuates with the excess noise.

– Shot Noise from the PMT dark current. Even when there is no light entering the photocathode
an output current is observed. This dark current is mainly caused by thermionic emission from
the photocathode and dynodes.

– Thermal noise. Produced by the electronics after the PMT.

The three shot noise components and the thermal noise added by the acquisition unit have asso-
ciated noise spectral densities that can be computed as:

σ2
sh,s(R) = 2 q G2

T F M2 Ri0 P (R)ξ [V2/Hz] (8.11)

σ2
sh,b = 2 q G2

T F M2 Ri0 Pbkgξ [V2/Hz] (8.12)

σ2
sh,d = 2 q G2

T F M2 Idb [V2/Hz] (8.13)

σ2
th = 4 k T Rin [V2/Hz] (8.14)

where q is the electron charge [C], GT is the transimpedance channel gain [V/A] (i.e., the acquisition
unit input impedance, GT = Rin = 50Ω), F is the PMT excess noise factor, M is the PMT multipli-
cation factor or gain, Ri0 is the cathode radiant sensitivity [A/W], P (R) is the return power [W], Pbkg

is the background-radiation power [W], ξ is the net optical transmissivity defined in Eq. 8.9, Idb is the
PMT bulk dark current [A], k is the Boltzmann constant [J/K] and T = 300 K is the noise equivalent
temperature.

These variances are expressed as noise spectral density and they have to be multiplied by the noise
equivalent bandwidth BN= 10 [MHz] to compute the SNR. Therefore the signal to noise ratio takes
the form

SNRa(R) =
Ri0 M GT ξ P (R)

√

[2 q G2
T F M2 Ri0 ξ (P (R) + Pbkg) + 2 q G2

T F M2 Idb + 4 k T Rin] BN

(8.15)

If the thermal noise is much lower than the other noise sources, which is typical in the case of good
PMTs, it is safe to conclude that the SNR does not depend neither on the multiplication factor of the
PMT nor on the transimpedance channel gain since these factors cancel out in Eq 8.15.

Signal to noise ratio in photon counting mode

In this mode we find the same three noise sources as in the analog mode, but variances are computed
in counts per second, namely:

Nph = PRaman Lr Ri0 /q cts/sec , (8.16)

Nb = Pbkg Lr Ri0 /q cts/sec , (8.17)

Nd = Idb/q cts/sec , (8.18)
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the photocathode and dynodes.

– Thermal noise. Produced by the electronics after the PMT.

The three shot noise components and the thermal noise added by the acquisition unit have asso-
ciated noise spectral densities that can be computed as:

σ2
sh,s(R) = 2 q G2

T F M2 Ri0 P (R)ξ [V2/Hz] (8.11)

σ2
sh,b = 2 q G2

T F M2 Ri0 Pbkgξ [V2/Hz] (8.12)

σ2
sh,d = 2 q G2

T F M2 Idb [V2/Hz] (8.13)

σ2
th = 4 k T Rin [V2/Hz] (8.14)

where q is the electron charge [C], GT is the transimpedance channel gain [V/A] (i.e., the acquisition
unit input impedance, GT = Rin = 50Ω), F is the PMT excess noise factor, M is the PMT multipli-
cation factor or gain, Ri0 is the cathode radiant sensitivity [A/W], P (R) is the return power [W], Pbkg

is the background-radiation power [W], ξ is the net optical transmissivity defined in Eq. 8.9, Idb is the
PMT bulk dark current [A], k is the Boltzmann constant [J/K] and T = 300 K is the noise equivalent
temperature.

These variances are expressed as noise spectral density and they have to be multiplied by the noise
equivalent bandwidth BN= 10 [MHz] to compute the SNR. Therefore the signal to noise ratio takes
the form

SNRa(R) =
Ri0 M GT ξ P (R)

√

[2 q G2
T F M2 Ri0 ξ (P (R) + Pbkg) + 2 q G2

T F M2 Idb + 4 k T Rin] BN

(8.15)

If the thermal noise is much lower than the other noise sources, which is typical in the case of good
PMTs, it is safe to conclude that the SNR does not depend neither on the multiplication factor of the
PMT nor on the transimpedance channel gain since these factors cancel out in Eq 8.15.

Signal to noise ratio in photon counting mode

In this mode we find the same three noise sources as in the analog mode, but variances are computed
in counts per second, namely:

Nph = PRaman Lr Ri0 /q cts/sec , (8.16)

Nb = Pbkg Lr Ri0 /q cts/sec , (8.17)

Nd = Idb/q cts/sec , (8.18)
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conditions, the two-way path of the light into the atmosphere is larger and therefore the return power
dimmer, while the background light remains more or less constant. A rough calculation tells us that
when observing at 30 deg elevation, the distance at which the dimmer Raman return corresponds to
the NSB noise is 16 km, which is sufficient for our purposes. We will discuss later how to deal with
non-vertical observations.

8.4 Signal-to-noise ratio estimation

To define the signal-to-noise ratio for the Raman lidar we need to estimate the light losses in the signal
transmission chain. The channel transmissivity (0 ≤ ξ ≤ 1) is defined as the product of the individual
subsystem transmission factors along the optical receiver chain. Formally we can write:

ξ(λ) = ξT (λ) ξPSF (λ)
︸ ︷︷ ︸

Telescope

· ξg(λ)
︸ ︷︷ ︸

Fiber

· ξm
dichr(λ) ξn

lens(λ)ξIF (λ)
︸ ︷︷ ︸

Polychromator

, (8.9)

where ξT is the telescope reflectance, ξPSF is fraction between the reflected spot by the telescope
and the area of the entrance of the light-guide, ξg is the liquid-guide transmission, and ξdichr ξlensξIF

are respectively the dichroic mirror(s), the collimating lenses, and the interference filter transmission
factors of one channel of the polychromator unit. In Eq. 8.9, m is the number of dichroic mirrors
and n is the number of lenses that the light beam needs to cross. We assume for simplicity identical
transmission for all dichroic mirrors and all lenses equal to: ξdichr = ξlens = 0.95.

An additional term that needs to be defined for the computation of the signal-to-noise ratio is the
channel voltage responsivity (or net voltage responsivity) R′

V :

R′

V (λ) = Ri(λ)GT ξ(λ) (8.10)

defined as the product of the current responsivity of the detector Ri [A/W] times the transimpedance
gain GT = Rin = 50Ω, (i.e., the input impedance of the transient recorder), times the channel trans-
missivity, ξ(λ), as defined above.

In these systems, the predominant noise comes usually from the photomultiplier tube (PMT). In
order to perform a quantitative estimation, one needs to differentiate between the analog-detection or
current-detection mode, when the current at the PMT anode is recorded, and the digital-detection or
photon-counting mode, when one or few photons are measured individually. Typically, both detection
modes are used in the readout of a lidar: the current-mode is used for the short range (e.g. below
5 km) when the return power is strong, while the photon-counting mode is used at the far range,
when few photons are available. The LICEL readout system has also the possibility to tune an overlap
region where both detection modes are used.

In the following, we assume for simplicity that the analog mode is used for the elastic channel,
where the return power is large enough to detect photon currents. For the Raman signal, at least for
the far range, the photon counting mode will be used, while for the near range probably the analog
mode will be used as well, with an overlapping region at intermediate heights where both signal are
recorded in both modes and matched to each other by the transient recorder.

Signal-to-noise ratio in analog detection mode

There are 4 main different noise contributions in the analog mode:



Integration times 
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Figure 8.6: SNR for the elastic (355 and 532 nm) and for the Raman (387 and 607 nm)
channels.

is improves by the square root of N . Thus, the number of pulses to integrate is N =
(

SNRgoal

SNRsingle

)2
,

where SNRsingle is the signal to noise ratio of a single pulse, and N must be integer. Then, the
observation time needed to reach a certain threshold SNR is:

tobs =
N

PRF
=

(
SNRgoal

SNRsingle

)2 1

PRF
(8.20)

where PRF is the pulse repetition frequency.
In Fig. 8.7, the integration time for a SNRgoal = 10 is shown for the analog and photon counting

modes. While for the analog mode, one laser pulse is sufficient for almost the entire range, for the
Raman channel, typical observation times of few (tens of) seconds should guarantee clear signals up to
15 km or more. For the case of the Barcelona Raman lidar, this guarantees that lidar observations can
be performed during the short slewing time during telescope repositioning, or by short interruptions
of the data taking, without additional dead time introduced to the CTA observatory.

8.6 Conclusions

In this chapter, we have demonstrated that the current design of the Barcelona Raman lidar does
satisfy the scientific and technological demands to operate a lidar for CTA. We have seen that the
NSB and various background levels are well below the expected return yields from the elastic signals
as well as the 607 nm Raman line. The 387 nm Raman line is the dimmest, but we have still a large
margin of signal integration time to obtain satisfactory results, even for that line.
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is improves by the square root of N . Thus, the number of pulses to integrate is N =
(

SNRgoal

SNRsingle

)2
,

where SNRsingle is the signal to noise ratio of a single pulse, and N must be integer. Then, the
observation time needed to reach a certain threshold SNR is:

tobs =
N

PRF
=

(
SNRgoal

SNRsingle

)2 1

PRF
(8.20)

where PRF is the pulse repetition frequency.
In Fig. 8.7, the integration time for a SNRgoal = 10 is shown for the analog and photon counting

modes. While for the analog mode, one laser pulse is sufficient for almost the entire range, for the
Raman channel, typical observation times of few (tens of) seconds should guarantee clear signals up to
15 km or more. For the case of the Barcelona Raman lidar, this guarantees that lidar observations can
be performed during the short slewing time during telescope repositioning, or by short interruptions
of the data taking, without additional dead time introduced to the CTA observatory.

8.6 Conclusions

In this chapter, we have demonstrated that the current design of the Barcelona Raman lidar does
satisfy the scientific and technological demands to operate a lidar for CTA. We have seen that the
NSB and various background levels are well below the expected return yields from the elastic signals
as well as the 607 nm Raman line. The 387 nm Raman line is the dimmest, but we have still a large
margin of signal integration time to obtain satisfactory results, even for that line.
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Further documentations 
•  M. Doro et al., LIDAR Letter of Intent. CTA internal document. 
•  M. Doro et al., Towards a full Atmospheric Calibration system for the Cherenkov 

Telescope Array, ICRC2013-0151 
•  M. Gaug et al. LIDAR Technical Design Report, CTA internal document, in prep.  
•  M. Barcelo et al. Development of Raman LIDARs made with former CLUE telescopes 

for CTA ICRC 2011 
•  Da Deppo et al., Preliminary optical design of a polychromator for a Raman LIDAR for 

atmospheric calibration of the Cherenkov Telescope Array, Proc. of SPIE Vol. 8550 
85501V 

•  M. Eizmendi, IFAE-UAB Raman lidar link budget and components Phd thesis 2011 

•  M. Gaug, Atmospheric monitoring of MAGIC, talk at this conference 
•  D. Garrido et al. Influence of atmospheric aerosol on the performance of the MAGIC 

telescope, poster at this conference 
•  M. Doro et al. Design of a 2-elastic plus 2-Raman lines optical module for a Raman 

lidar for CTA, poster at this conference  
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THE MONTEPELLIER 
LIDAR 
Geroges Vasileiadis (LUMP, Montpellier, France) + 
LUPM workshops 
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LUPM Raman LIDAR 

•  Based on same mirrors and container as Barcelona Lidar. 
•  Includes more commercial elements,  
•  Lot of experience from the HESS lidar. 
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ADELAIDE LIDAR 
Contacts: Iain Reid and Andrew MacKinnon. 
Information extracted from their webpage  
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Univ. of Adelaide 

• Not yet full members of CTA!  
• Are interested in getting involved in construction of Raman  

and differential Lidars for the CTA in the future.  
• Current work based on monitoring of greenhouse gases and 

climate change 
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Buckland Park Lidar Facility 
•  http://www.physics.adelaide.edu.au/atmospheric/lidar.html 
•  The Atmospheric Physics Group in collaboration with the Optics and 

Photonics Group at The University of Adelaide is setting up a new lidar facility 
at Buckland Park.  

•  The aim is to measure atmospheric temperature, wind and dynamical 
from 10 to 110 km altitude.  

•  First stage of project: 
•  Lidar building is already finished 
•  The development of a in-house diode pumped power laser (@532 nm) is in progress 
•  Two channel data acquisition  

•  Second stage of project: 
•  Apply a second laser system to probe the Sodium resonance line (see guide star and 

Sodium lidar project) to derive temperatures in a altitude range from 75 to 110 km 

•  Scientific Propose 
•  Study the thermal structure at 35° S covering the troposphere, stratosphere and 

mesosphere (10-110 km) 
•  Study chemical and dynamical processes in the Sodium layer (75-110 km) 
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OTHER DEVICES INTO 
CONSIDERATION 
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Additional instruments 
• We have seen in this conference, that different other 

instruments can allow to retrieve very useful information other 
than the lidar 
•  A microwave spectrophotometer to measure continuously the 

molecular profile with high precision  
•  All-sky cameras, to monitor clouds and provide now-cast (passive) 
•  Sun photometers can allow to predict datataking observation (at night) 

during the previous daytime 
•  Stellar or Lunar photometer can allow to retrieve with very high 

precision (1-2 %) the total light extinction, useful e.g. for online 
monitoring and corrections 

•  Other? 

• Discussion ongoing in CTA CCF group 
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CONCLUSIONS 
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Conclusions 
• CTA is pursuing an extensive program for atmospheric 

calibration 
•  The atmosphere has a strong influence on the data, but a 

wise use of MC and atmospheric measurements can solve 
the issue 

•  The Raman lidar is needed for differential atmospheric 
transmission 

• Several institutes are currently building Raman lidar, and in 
some cases the realization is advanced 

• Still to be defined how many lidars per site and overall 
strategy 

• Additional commercial instruments could very much help and 
complete the lidar information as well as improve the final 
energy and flux reconstruction 
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