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ABSTRACT 

LINC-NIRVANA is the IR Fizeau interferometric imager that will be installed within a couple of years on the Large 
Binocular Telescope (LBT) in Arizona. Here we present a particular sub-system, the so-called Patrol Camera (PC),  
which has been now completed, along with the results of the laboratory tests. It  images (in the range 600-900 nm) the 
same 2 arcmin FoV seen by the Medium-High Wavefront Sensor (MHWS), adequately sampled to provide the MHWS 
star enlargers with the positions of the FoV stars with an accuracy of  0.1 arcsec. To this aim a diffraction-limited 
performance is not required, while a distortion free focal plane is needed to provide a suitable astrometric output. Two 
identical systems have been realized, one  for each single arm, which corresponds to each single telescope. We give here 
the details concerning the optical and mechanical layout, as well as the CCD and the control system. The interfaces 
(mainly software procedures) with LINC-NIRVANA (L-N) are also presented. 
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1. INTRODUCTION 
 

The Patrol Camera is conceived to assist in field-finding and placement of the wavefront sensor probes. To that scope, it 
is located next to each MHWS and receives some or none of the visible light, depending on which of the several beam-
splitters/mirrors are in place below the MHWS. The major requirements for the Patrol Camera come from the 
distribution of stars as a function of galactic latitude; indeed, LINC-NIRVANA has been designed to supply MCAO 
correction on ~ 10% of the sky, i.e. in the neighborhood of the galactic plane and on selected regions. The MHWS can 
work with a maximum of 8 reference stars, picked by the stars enlargers within a 2 arcmin field (Farinato et al. 2006  
[1]). A quick computation (see Lorenzetti et al. 2006 [2]) reveals that we should have wherever ~ 30 stars brighter than 
magnitude 18 within the field of view of the MHWS. Taking into account the quantum efficiency, the read-out noise, the 
dark current of the detector, and all the losses through the optical path, we expect that an 18th mag star will be acquired 
with a peak SNR greater than 10, i.e. enough to get a good centroid measurement, even for such faint stars, in a ~ 6 sec 
of exposure time. An overall view of the system is shown in Figure 1 and the key parameters are summarized in Table 1. 
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Figure 1: The final configuration of the LN-Patrol Camera: front view, with the optics on the foreground (left); rear 
view, with the optics holder (right). 

 
 

Parameter Value 
CCD technology E2V CCD47-20-353 Back illuminated 
Spectral Range 200 – 1100 nm 
Nominal Resolution 1024 x 1024 pixel 
Usable Pixels 1024 x 1033 pixel 
Image Area 13.3 x 13.3 mm2 
Pixel size 13 μm 
Active Area 100% 
Max Readout frequency 5 MHz 
Read Out Noise 2 e- rms 
Readout Noise (at download time) ~6 e- pix-1 
Dark Current at 293K 250 e-/pixel/s 
Full Well Capacity 50000 e- 
Download Time ~2 sec 
ADC 16 bit 
Cooling Peltier Cooling 40°C below ambient 
Heat Dissipation Prevented by glycole heater exchanger 
Optical window 2.5 mm thick BK7 

 
 

   
 
 
 
 
 
 

 
Tab 1: The main parameters for the PC. 

 

      

PI linear stage model PI M-512-DG 
PI linear stage positional accuracy 1 µm 
PI linear stage speed 6 mm/s 
PI linear stage accuracy 0.033 µm/step  
Picomotors 8302 push in force 22 N 
Picomotors 8302 precision 30 nm 
Picomotors 8302 travel range 1” 
FM and BS tip-tilt range  ±2.5° 
FM and BS parallel motion ±7.5 mm 
FM and BS maximum shift of the focal plane ±10.0 mm 
FM and BS Flexures Average 5 μm, (spec. 18 μm)  
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2. OPTICAL DESIGN 
The Patrol Camera is essentially a 9 times focal reducer (whose details are given in [2]), which re-images the 2 
arcmin FoV of the flat and telecentric F/20 focal plane, provided by the L-N front optics, to fit the 13.3 × 13.3 mm CCD 
sensitive area. In Fig.2 the optical design is depicted along with its final assembly into the optical tube. The measured 
optical parameters are given in Table 2. 
 
 
 

 
Figure 2: Optical design of the focal reducer (left) and its final assembly (right) 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 
Tab. 2: Optical parameters 

 
The Patrol Camera will be fed by the L-N F/20 beam by removing the 45° flat folding mirror which provides the focal 
plane to the MHWS star enlargers (see also Figure 1). This is achieved by means of a linear translation stage which 

Parameter Value
Optics Type Focal Reducer – 6 elements 
Wavelength range 600 to 900 nm 
FoV 98 mm (on FP20), i.e. 2’ (on sky) 
Reduction Factor design: 8.92 

measured: PC-A 8.903, PC-B 9.029 
Effective Focal Length 18610.2 mm 
Effective F/number F/2.25 
Image scale (wrt sky) on-sky: 0.144˝/pixel, ~1.2”/mm 
Image scale (wrt FP20) measured: PC-A 8.64 pix/mm, PC-B 8.52 pix/mm 
Average Spot Size ~12μm RMS, i.e. ~1 pixel 
100% Encircled Energy Diameter ~60μm (on CCD), i.e. ~0.66” (on sky) 
Optical Distortion at FoV edge measured: PC-A 0.20%, PC-B 0.27% 
FP20 to Mirror distance 150 mm 
Optical Tube dimensions ~100 × 225 mm 
Working Temperature -10 ÷ 20 °C 
FP20 to first lens distance 17 mm 
Mirror and beam-splitter size 150mm diam. × 18mm thick. 
Mirror coating protected silver 
Beam-splitter coating R 80% , T 20% at 45° 
Whole tube decenter/tilt toler. ±1 mm ; ± 0.2° 
Mirror Flexure tolerance over 60° 
inclination range 

tilt <119 μrad (ie 18 μm on the upper edge) 
measured: PC-A, PC-B ~7μm  
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places a beam-splitter instead of the mirror, to allow simultaneous functioning of the Patrol Camera and the MHWS. 
Both the folding mirror and the beam-splitter are cut in a circular shape (150 mm of diameter) and mounted into finely 
adjustable kinematical holders, whose movements are remotely controlled by a system of small piezo motors controlled 
by a handpad. This system allows a perfect optical alignment of the F/20 focal plane at the MHWS within the required 
tolerances, which are a maximum defocus of +/-0.1 mm along z-axis (the optical axis), a maximum decentering of +/-
0.1 mm along x/y-axis and a maximum tilt of +/-1.7 arcmin to grant  a differential defocus less than +/-0.05 mm. In 
Figure 3 the transmittance of the beam-splitter are given as a function of the wavelength. The transmittance of the mirror 
(which is silver coated) is over 97% over the whole optical band-pass. In Figure 4 the resulting spot diagram (at a 
temperature of 5°C) is depicted after the introduction of the beam-splitter itself. 
 

 
Fig.3 - Spectral response of the two beam-splitters                               Fig.4 – Spot diagram (at 5°C) after the                              
                                                                                                           introduction of the beam-splitter onto the beam 
 
 

3. MECHANICAL LAYOUT 
 
The mechanics of the PCA essentially consists of a flexure plate (directly mounted on the L-N Optical bench, to 
counteract the differential thermal contraction) depicted in Figure 5, where a PI linear stage  hosts and moves the folding 
mirror and the beam-splitter holders to feed both the MHWS and the CCD camera of the PCA, respectively. Both the 
mirror and the beam-splitter can be properly aligned through three Picomotor, clearly visible as red small devices in 
Figure 1), set in the standard point-line-plane configuration: the movements can be both manually and remotely 
controlled. The most important parameters of the mechanics and of the linear stage is shown in Table 3. The two LN-PCs 
are identical and labelled as A and B to avoid any possible exchange between the two PCAs. 
 
A deep analysis of the flexures of such a system has been carried out and the resulting reinforce led to an average flexure 
which correspont to a displacement of the focal plane of about 5 μm, as depicted in Figure 6 (during a complete PCA 
rotation from 0° to 90°), against an initial requirement of 18 μm. Noticeably, LBT will spend a relevant part of its life in 
the horizontal position for maintenance. Consequently, LN-PC will be at 90˚, in switch-off mode. This means that the 
PCA should be put at 90º and then check the repositioning of the optics holders. We observed that the repositioning of 
the mirror and the beam-splitter is 2.7 μm and 2.3 μm respectively, then remaining well below the requirements. 
Moreover, the positions given by the Patrol Camera must allow to match the source image within the star enlargers FOV 
of 1 arcsec, the star enlargers will then improve the centering by itself. In order to avoid any loss of starlight for the 
centering and to avoid adding error terms by the Patrol Camera, the goal is to reach a precision of 1/10 of arcsec. In 
order to fulfill this requirement we also measured the flexure of the optical tube as mounted on the flexure plate. A 
mechanical setup has been prepared to hold an optical fiber fixed at the F20 focal plane in front of the mounted optics. 
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The fiber spot centroid on the CCD has been traced along the inclination cycle from 0˚ to 60 and it showed a maximum 
shift of 5 μm, i.e. about 1/3 of the pixel size, corresponding to 0.04 arcsec on the sky, thus fulfilling the requirement. 
 

                      
Figure 5 - The three linking pads (left) and the upper view (right) of the Flexure Plate. 

 
 
 

 
 
 
 
 
 
 
 

 
Table 3 -  The main parameters for the PC mechanics and movements 

 
 

                           
 

Figure 6  - The final flexure curve (green) of PCA, compared with both the original response before introducing the 
reinforcement (blue), and the project requirement (red) 

Parameter Value 
PI linear stage model PI M-512-DG 
PI linear stage positional accuracy 1 µm 
PI linear stage speed 6 mm/s 
PI linear stage accuracy 0.033 µm/step  
Picomotors 8302 push in force 22 N 
Picomotors 8302 precision 30 nm 
Picomotors 8302 travel range 1” 
FM and BS tip-tilt range  ±2.5° 
FM and BS parallel motion ±7.5 mm 
FM and BS maximum shift of the focal plane ±10.0 mm 
FM and BS Flexures Average 5 μm,(spec. 18 μm)  
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4. CCD DETECTOR AND CAMERA 
 
The detector is a Marconi CCD47-20 back-illuminated sensor. The combination of a low noise amplifier with a low dark 
current makes it well suited for the current application.  Remarkably, the Frame Transfer CCD 47-20 does not require a 
shutter which would have created severe problems to be allocated in the narrow room available. Moreover, the exposure 
time expected for the present application will be typically of few seconds, i.e. long enough to ignore the drift scan effect 
due to the rows scrolling during the readout procedure. Table  4 summarizes the main parameter of this device.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 4 - Marconi CCD 47-20 and Camera parameters. 
 
Aiming to standardize all CCDs working in the different segments of L-N, the SciMeasure Little Joe digital camera has 
been adopted as detector for all of them. This camera system consists of: (i) a camera head, where the sensor is installed 
and Peltier cooled; (ii) an electronic controller; (iii) a frame grabber, which is located in the camera controller PC. All 
these components are fully described in [2] and [3]. Technical requirements prevent the camera to produce heat 
dissipation in the environment close to the L-N optical path, therefore the camera head is equipped with a liquid 
intercooler fed by the telescope glycole system. As required by LBT specifications [4], this cooling system has been 
tested at a pressure of 10bar. The CCD characteristics are summarized in Table 4 along with the main parameters of the 
Little Joe camera. We performed several laboratory tests to characterize the two Patrol Camera measuring their gain, 
read-ot noise, linearity and thermal response; the results of these tests are widely presented in [5]; here we summarize the 
most relevant ones. Since each CCD image is composed by two rectangular regions, all the measurements are taken by 
choosing two Regions Of Interest (ROI Left and Right) for each camera, properly located to exclude marginal clusters of 
dark pixels caused by dust. For the camera characterization tests we referred to the Photon Transfer technique (described 
by McLean, [6]) based on the acquisition of a series of images with uniform illumination and different intensity. Figure 7 
depicts the photon transfer curves for the Patrol Camera A (upper panel for both ROI) anf for B (lower panel), while in 
Table 5 the derived parameters are listed. 
 
 
 
 
 
 
 
 
 
 

Table 5 – Measured parameters for both CCDs. 
 

Parameter Value
Technology E2V CCD47-20-353 Back illuminated 
Spectral Range 200 – 1100 nm 
Nominal Resolution 1024 x 1024 pixel 
Usable Pixels 1024 x 1033 pixel 
Image Area 13.3 x 13.3 mm2 
Pixel Size 13 μm 
Active Area 100% 
Max Readout frequency 5 MHz 
Read Out Noise 2 e- rms 
Readout Noise (at download time) ~6 e- pix-1 
Dark Current at 293K 250 e-/pixel/s 
Full Well Capacity 50000 e- 
Download Time ~2 sec 
ADC 16 bit 
Cooling Peltier Cooling 40°C below ambient 
Heat Dissipation Prevented by glycole heater exchanger 
Optical window 2.5 mm thick BK7 

Parameter       PaC A      PaC B    PaC A     PaC B 

ROI   L    R    L   R Mean Value Mean Value 

G (ADU/e-) 1.39  1.31  1.51  1.40  1.35 ± 0.06  1.51 ± 0.01 

 RON (e-) 19.12 21.94 19.94 17.72  20.53 ± 2.0  18.83 ± 1.6 
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       Figure 7 - Photon transfer curve for the Patrol Camera A (upper panel) and for the Patrol Camera B (lower panel) 
 
We plot in Figure 8 the deviation from linearity (in %) as a function of the illumination level (in ADU) for both the 
quadrants (left and right) of each Patrol Camera (A, B). We find linearity values well consistent with the measurement 
reported by Egner 2004 [7] who used the same controller with a different test bench; therefore the observed deviation 
from linearity (± 3%) is likely due to the controller performance more than to different reasons (CCD itself or differences 
in test equipments). 
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Figure 8 - Deviation from linearity (in %) as a function of the illumination level (in ADU) for both the quadrants (left 

and right) of each Patrol Camera (A: upper panels, B: lower panels). 
 
 

Patrol 
Camera 

Peak 
SNR 

Exp.Time    
(s) 

A 3        2 

A 5       4 

A 10      10 

B 3      1.9 

B 5      3.8 

B 10      9.5 

  Table 5 – Time exposure needed 
   for reaching different peak SNR. 
 

In Table 6 the results of our simulations are given: they provide an estimate 
of the exposure time needed to obtain a given Signal-to-Noise ratio on the 
star image. We have assumed to image a 18 mag star, a FWHM seeing of 1 
arcsec, an end-to-end (from the primary mirror to the CCD) efficiency of 
5%, an average quantum efficiency of 60%, and an average RON as given in 
Table 5. Adopting the same assumptions, we give in Table 6, for a given 
SNR, the error in determining the star’s centroid. The data show how the 
centroid error is within the required accuracy [3] of 0.1 arcsec for any star 
brighter than the detection limit 

 
               Table 6 – Error in determining the star centroid position 

for a given SNR. 
 
 
 

Peak SNR Centroid Error 
pixels arcsec mm on FP20 

10 0.1 0.0144 0.0116 
5 0.4 0.0576 0.0464 
3 0.8 0.1152 0.0928 
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5. DEVELOPED SOFTWARE 
 
We remind that the main scope of the two Patrol Cameras is to provide the star enlargers of each MHWS with the 
positions of the brightest stars in their 2’ FoV with the required accuracy of 0.1”. In a such framework a software tool 
has ben developed (Patrol Camera Astrometric Package) aimed to characterize the Patrol Camera optics and measure 
these stars positions. All the details are given in Li Causi et al. (2008) [8], while just the basic issues are given here. 
Performing accurate astrometry requires to know the actual optical distortion and magnification of each one of the two 
Patrol Camera optics, as well as the displacements of the CCDs with respect to the optical axes and their rotation with 
respect to an absolute reference frame, such as the x/y directions corresponding to the RA and DEC on the f/20 focal 
plane.  
 
The package consists of two different procedures that we have dubbed  DTRS-Meter and  DTRS-Applicator (DTRS 
stands for the four geometrical transformations of Distortion, Translation, Rotation and Scale,  applied in this sequential 
order). The former is an IDL tool, used when assembling the optics with the CCD camera, and aimed to measure the 
actual optical distortion and magnification by means a grid of point-like spots, produced in the lab. The latter is a C++ 
program which computes the (x,y) positions of the observed objects in units of millimeters on the f/20 focal plane. The 
whole package is given in source code to be easily integrated into the instrument software package, and it is 
accompanied with a set of synthetic images usable for any future test.  
 
5.1 DTRS-Meter  
 
The DTRS-Meter computes the D(istortion), T(ranslation), 
R(otation) and S(caling) coefficients for each Patrol 
Camera unit by comparing the Patrol Camera image of a 
rectangular grid of  illuminated (with monochromatic light 
at 750 nm) spots placed on the f/20 focal plane. Such a 
grid is generated by displacing an illuminated optical fiber 
in front of the Patrol Camera, by means of a x/y motorized 
translation stage. The resulting square grid of 10x10 nodes 
covers the ~100mm diameter of the field lens. The fiber’s 
output is suitably diaphragmed to produce an output beam 
whose numerical aperture is f/20. Beam telecentricity is 
warranted by keeping the fiber always parallel to the 
optical axis. One image of the fiber is recorded for each 
grid node and then they are co-added to get the final image 
of the whole grid (see Figure 9). 

Figure 9 - Image of the rectangular grid produced by the 
Patrol Camera. 

 
After three conjugate points have been manually identified, the program solves the ro-translation linear system by means 
of the the SVD (Singular Value Decomposition) technique (Press et al. 2002 [9]), which gives a first guess RST 
transformation, used to automatically match all the other spots between the image and the reference. Then, a Powell  non 
linear fitting  scheme  is used to simultaneously fit the five DTRS parameters: 
 
 

ri’ = ri + d · ri
3                   (1) 

 
where d is the parameter of a cubic Seidel distortion (Landsberg, 1979), and ri is the spots distance from the distortion 
center (i.e. the optical axis). An ASCII file is finally written, containing the values of the following parameters:  
 
                                                     
                                                                   Ax, Ay, d, α, S, Tx, Ty 
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where  Ax and Ay are the optical axis location in pixels, d is the distortion coefficient, a  is the rotation angle in degrees 
(measured in counterclockwise), S is the image scale in mm/pixel, Tx and Ty are the translation of coordinates in pixels. 
These seven numbers, along with the offsets described below, univocally describe the transformation (from pixels to 
millimeters) needed to move the star enlargers. The  laboratory tests provided the values given in Table 7. 
 

Unit  Distortion at FoV edge Image scale (pixels/mm) 
PaC “A”              0.20%           8.64 
PaC “B”               0.27%           8.52 

                                               
                                                     Table 7 – Parameters measured for each individual unit 
 
These values are well consistent with the ones predicted by the ZEMAX optical design. Correspondingly, the 
coefficients for the DTRS transformation are listed in Table 8. 
 

Unit Ax 
(pixels) 

Ay 
(pixels) 

d T 
(pixels) 

α 
(degrees) 

S 
(mm/pixels) 

     PaC “A” 477.73 429.63 -1.127e-008 -484.38, -448.35 -0.136 0.116 

PaC “B” 465.97 489.45 -1.566e-008 -462.13, -461.07 -1.30 0.117 
                                                 
                                                         Table 8 – DTRS coefficients for each individual unit 
 
 
5.2 DTRS-Applicator 
 
The DTRS-Applicator is intended to measure the position of the observed sources in the images and to convert them into 
physical positions on the f/20 focal plane, by applying the distortion, scaling and roto-translation transformations read in 
the ASCII file as produced by the DTRS-Meter. The DTRS-Applicator is embedded in a proper C++ object to be used 
within the framework of the LINC-NIRVANA control software. It uses the SExtractor software (Bertin & Arnouts, 1996 
[11]) to automatically measure the position and brightness of the sources in the image. These positions are then back-
transformed with the DTRS parameters, sorted by brightness and written in the image FITS header. The DTRS-
Applicator is structured in a dual mode, an offset mode and a standard mode (see Figure 10): 
- In offset mode, we measure the position xr  of the brightest source in both images, we correct it for the optical 
distortion applying the DTRS coefficients and we define the translation and rotation offsets as follows: 
 

                                                                          
)(

))((

offoff

off

xATAN

TxSx
r

rrr

=

+⋅=

α

DR
               (2) 

where R, D represent the rotation and distortion operators, S is the scaling, T
r

is the vector (Tx, Ty) and αoff is the 
rotational offset angle. 
- In Standard mode it runs the elemental tasks of acquiring an image, detecting the sources, computing the coordinates 
corrected from distortion and offsets, and returns the complete source catalog to the MHWS, without applying any 
magnitude selection: 

           )))(((1
offoffcorr xTxSx rrrr

−+⋅= − DRR            (3) 

where Roff is the rotation operator associated with the rotational offset angle αoff. 
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6. LBT INTERFACE 
 
We can identify the following interfaces between the Patrol Camera and the L-N system: 
 
 
Mechanical interface: the mechanical interface is provided by the two Flexure Plates, which will be linked to the carbon 
fiber bench for thermal compensation by means of three threaded pads (Figure 5). 
 
Electrical power and control electronics interface:  electrical power and data links must be provided for the two 
SciMeasure Cameras, the two PI linear stages and the 12 PicoMotors. 
 
Cooling system interface: the SciMeasure Cameras will be inserted within the overall L-N glycole cooling system: the 
CCD cooling circuit is part of the global LBT Cooling System characterized by a coolant pressure of 4 bar (supply) and 
2 bar (return), with a maximum pressure of 6.9 bar. 
  
Software interface: the functionalities of the astrometric software DTRS-Applicator will be coded within a suitable C++ 
object with the suitable input/output interface, as required by the overall L-N Control Software, in order to manage the 
Patrol Cameras by using the common user interface. 
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