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1 Introduction
The  Rosetta  Stone  Device  (RSD)  is  an  instrument  designed  to  validate  solar 

simulators. The performances of a reference solar simulator will be measured first, 

and will be used as nominal data to infer the performances of other simulators. In 

particular, the RSD will be used first at the Laboratoire d'Astrophysique Spatiale de 

Marseille  (LAM),  by  evaluating  the  performances  of  the  Solar  Simulator  that  was 

employed during SOHO/LASCO C2 tests.

The baseline measurements set will be made of:

1) Stray  light  measurement  behind  a  straight  edge  occulter,  that  is  a  pattern 

relatively easy to simulate. This will validate the occulting design of the RSD.

2) Measurement  of  the  lowest  level  of  dark:  by  pointing  the  RSD  towards  a 

nominally black area of the simulator, the goodness of the internal baffling of 

the simulator itself will be tested. 

These measurements will  be replied at the just assembled Opsys (Optical  Payload 

Systems) simulator in Torino, that is a solar simulator able to simulate even the EUV 

Sun (i.e., it is equipped with a vacuum system). By comparing the measurements at 

LAM with those in  Torino,  it  will  be possible  to  validate Opsys as a reliable  solar 

simulator. 

In  this  document  we  describe  the  research  that  has  been  performed in  order  to 

identify a suitable detector for the RSD, both in terms of cost and performances.

2 Detector type
The characteristics to be matched by the RSD detector are, in order of importance:

1) High dynamic range.

2) Capability to detect very low signals.

3) Embedded readout electronics. 

4) Compactness, since it must be mounted inside an instrument.

5) Cleanliness, since it must work in a controlled environment.

6) Standard interface (USB, Firewire) to the laboratory computer.
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7) Possibly, readout software provided with the detector.

8) Low cost, consistently with the previous 7 requirements.

We investigated a wide range of detectors: Photodiodes (PD), Avalanche Photodiodes 

(APD), Photomultipliers (PMT), Photon-Counting Photomultipliers (PC-PMT), CCDs and 

Electron Multiplier  CCDs (EMCCD).  On the basis  of  the previous requirements,  we 

considered only detectors that are provided by the manufacturer with an integrated 

system to control and readout the sensor.

An important background information that contributed to our research is based on a 

set of measurements performed in 2010 at LAM with the very same solar simulator 

and within the same environment that will be used for RSD [1]. The maximum and 

minimum power densities that were detected with a calibrated PD (Newport 818 SL) 

were,  respectively  1x103 nW/mm2 and 6x10-3 nW/mm2.  Assuming 600 nm as  the 

effective wavelength, we can infer a minimum detectable number of photons ~2x107 

ph/s/mm2. Without any kind of neutral density filter in front of the detector, this value 

would saturate all the PC-PMTs we investigated on. This leads us to discard PC-PMT 

from the list of candidate detectors, since while they are very sensitive to extremely 

low signals (that would be useful for the minimum dark measurement inside the solar 

simulator), they are completely unfit for stray light measurements.

Concerning PDs (e.g. Hamamatsu C10439-3), they show similar performances to the 

Newport  818  SL  used  in  past  experiments  [1].  In  order  to  improve  such 

performances, we need a more sensitive sensor, thus we focus our investigation on 

APDs, PMTs, CCDs, EMCCDs and CMOSes.

In the following, we describe the method we used to infer the dynamic ranges and the 

minimum detectable signals for the investigated detectors. 

The  dynamic  range  has  been  computed  as  the  ratio  of  the  maximum  and  the 

minimum detectable signal. As minimum signal we considered the impinging radiation 

that would generate a signal, at the output node, equal to the not-eliminable camera 

noise.

2.1 APD

To our purposes, Avalanche Photodiodes represent a little improvement  respect to 

PDs,  providing  slightly  smaller  dynamic  range  but  enhancing  the  minimum 
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detectability by a factor of ~10 as reported in table 1.

2.2 PMT

Photomultipliers  output  is  a  current  (or  a  voltage)  proportional  to  the  radiation 

impinging  onto  the  photocathode.  Due  to  the  nature  of  the  photocathode  and 

dynodes, the output current has a maximum value beyond which the PMT response is 

no more linear and measurements are not reliable. The current threshold corresponds 

to different levels of photocathode illumination, depending on the amplification gain 

set on the dynodes chain. The higher the gain, the smaller the light flux needed to 

saturate. Therefore, we estimated the maximum level of light that can be measured 

by PMTs as the light flux causing the maximum current with the PMT set at the lowest 

gain.

The lower limit of light detection depends on the readout circuit and on the readout 

electronics bandwidth we are interested in.  Usually the manufacturer provides the 

Noise Equivalent  Power (NEP)  that  corresponds to the radiation power that  would 

produce a signal just equal to the noise. The lower the NEP, the better the PMT in 

detecting low light fluxes.

Our estimation is based on the datasheet of each device. When no data are provided, 

(as the NEP of Hamamatsu devices), we followed the manufacturer suggestions to 

compute the missing information. In particular, NEP is expressed as follows [2]:

NEP=
2⋅e⋅I d⋅ ⋅B

S
 (1)

where e=1.6×10−19C  is the electron charge, I d  is the anode dark current (in A),  is 

the current amplification, B  is the circuit bandwith (in Hz) and S  is the anode radiant 

sensitivity (in A/W).

If we consider a bandwidth equal to 1 Hz (as it is usually done) and we assume the 
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dark  current  independent  or  slightly  dependent  on  the  gain  1,  we  obtain  the 

minimum noise (and therefore the maximum detectability) with the NEP computed at 

the highest PMT gain. 

Table  2 summarizes  the  characteristics  of  the  chosen  PMTs.  We  constrained  our 

research to head-on PMTs because side-on PMTs usually suffer from not-homogeneous 

responsivity of the photocathode surface.

2.3 CCD & EMCCD

For the CCD family, the pixel full well capacity represents the maximum measurable 

signal. It has to be noticed that usually in CCDs the horizontal register has a wider full 

well capacity than pixels one, therefore the maximum signal (and hence the dynamic 

range) can be extended by a factor of ~4 using a 2x2 binning. 

The photoelectrons collected by each pixel are transferred to the sensor output node 

where they are readout and then converted into a digital value. The camera Sensitivity 

S, is the number of electron  needed to produce a Digital  Count (DN,  sometimes 

referred to as Analog to Digital Unit, ADU). Due to the restricted number of bits used 

to code the CCD signal (usually 16), S has to be properly set to match the detector 

full well to the digital counts range (0-65535). Usually manufacturers provide systems 

where the sensitivity can be varied within a discrete set of values. Setting the highest 

value ensures that the entire full  well capacity can be used2, while decreasing the 

sensitivity  ensures  an  enhanced  capability  to  detect  low light  levels.  This  feature 

1 Actually  the  dark  current  has  some  components  that  increase  with  the  PMT  gain. 
Unfortunately the manufacturer does not provide additional information on this topic, so our 
assumption can be considered just an approximation to evaluate the minimum signal.

2 Sometimes CCD detectors show a degraded linearity when the full well capacity is close to 
saturation. This behavior has to be properly taken into account for  calibration purposes. 
Anyway, our considerations continue to be valid in order to extrapolate an indicative value of 
the dynamic range.
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allows to extend the CCD dynamic range by a factor of 3÷4.

The noise limits the minimum measurable light flux and, for CCDs, it is mainly due to 

three components:

• the dark signal;

• the shot noise;

• the readout noise (RON).

All the cameras we considered have an integrated cooling system that reduces the 

dark noise to negligible values (except for  ProLine PL4710 by FLI) if  we limit  the 

exposure  time to texp<5 min.  In  this  range,  we can easily  calculate the minimum 

detectable flux:

Signal
Noise

1⇒ N

shot
2

RON
2 1  (2)

where N  is the number of detected photons, shot is the shot noise and RON  is the 

readout noise. Therefore, the minimum detectable number of photons, Nmin , can be 

defined as:

Nmin

shot
2

RON
2

=1  (3)

Since  shot  represents  the  electrons  that  are  statistically  generated  as  photons 

impinge on the CCD, it can be expressed by shot= Nmin .

Thus, equation (2) becomes:

Nmin

N min RON
2

1  (4)

Hence:

Nmin=
1 1 4⋅ RON

2

2
 (5)

For longer exposures than 5 min the dark noise will have to be taken into account.
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Table 3 summarizes the main characteristics for the chosen set of CCDs.

The EMCCDs amplify the signal of a single photoelectron produced into a pixel using 

an on-chip amplification register.  The achievable gain G is software selectable and 

usually ranges from 1 (normal mode) to 1000. The signal boost of the amplification 

register enhances the Signal/Noise ratio (since the RON is constant at a fixed gain). In 

the limit of G > nRON, where nRON  is the number of electrons due to the readout noise, 

RON is reduced to a sub-photoelectron equivalent, at expense of  the dynamic range, 

that  for  G  >  nRON decreases  as  1/G.  There  is  not  an  actual  improvement  in  the 

dynamic range upper limit  for  EMCCDs respect to CCDs. On the other hand,  with 

EMCCDs we can achieve a depletion of the lower limit down to 1 photon detection. The 

overall dynamic range is thus given directly by the value of the full well capacity.

Table 4 shows a summary of the main characteristics of the investigated EMCCDs.

2.4 CMOS

CMOSes experienced a great improvement during recent years and may represent a 

valid  alternative  to  CCDs  in  some  research  fields.  For  the  computation  of  the 

maximum and minimum detectable signal we followed similar considerations to those 

described  in  section  2.3 for  CCDs.  For  Hamamatsu  ORCA-Flash2.8,  manufacturer 

declares a lower dynamic range respect to the one we computed: we assumed the 

RSD_Detector_Selection_v02 6
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manufacturer value as true. Table 5 summarizes the main features of the investigated 

CMOSes.      

3 Detectors comparison
Table 6 summarizes the comparison among the investigated detectors.

This  investigation  considered  very  different  types  of  detectors,  so  an  immediate 

comparison  among  all  the  solutions  is  not straightforward. Nevertheless  some 

valuable considerations can be made. 

The use of an APD represents an improvement respect to a PD just for the minimum 

detectability.

PMTs are a valuable choice offering a wide dynamic range (106 ÷107) and a very good 

capability to detect low signals (roughly >104 better than PDs). 

They are delicate devices concerning the dark current; whenever exposed to normal 

light, even when no voltage is applied, they show a considerable increase in the dark 

current, owing to excitation of the photocathode itself and the glass of the envelope. 

The residual dark current stabilizes after a period that depends on the light intensity, 

the exposure duration and the wavelength of the input radiation and it may be as long 

as several hours. Lastly, exposition to intense light could damage the detector, also 

permanently. Hence the necessity of storing PMTs in dark when they are not used.

We excluded by our considerations multicathode PMTs so no imaging skill is possible 

with the selected photomultipliers. In fact, multicathode PMTs do not represent the 

best choice for imaging, mainly for the size of each “picture element” and for the 

spread of charge between contiguous channels.

CCDs represent a good trade-off between dynamic range and the detectability. They 

can measure light fluxes spreading over 5 orders of magnitude and they can be

RSD_Detector_Selection_v02 7

Table 5: Characteristics of the analyzed CMOS cameras.
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pushed to detect the signal produced by, roughly, 10 incoming photons per pixel.

In  case  intense  sources  were  used,  they  must  be  filtered  to  avoid  the  detector 

saturation. However CCDs are not subject to damage in case of overlighting.

EMCCDs can be a valuable choice; they extend the dynamic range of a CCD for low 

light level where they can be used as photon counting detectors. Some cameras have 

two operational modes, one as a normal CCD, one as EMCCD. Usually these cameras 

exhibit poorer performances respect to a CCD when they are operated in normal mode 

(higher RON) principally because they are designed for high rate acquisition and they 

do not have low speed (i.e. low noise) readout. Among the selected cameras, the 

ProEM-512 from Princeton University represents an exception showing a low noise 

readout in normal mode (@100 kHz) that provides only 3 e- rms of RON, comparable 

with the standard (not EM) CCDs.

At high intensity they show the same limitations of CCDs. 

In principle, unless photon counting and very fast acquisitions are of interest, CCDs 

should be preferred to EMCCDs.

The investigated CMOS cameras can provide high frame rate acquisitions that could be 

profitably used at higher illumination for very short time (~ms) exposures but they 

have slightly worse performances than CCDs/EMCCDs. In general they have smaller 

full well capacities, shorter dynamic ranges and lower quantum efficiencies (<67% vs 

>90%). Furthermore, the selected cameras provide a poor cooling system that is not 

able to reduce the expected dark current at negligible levels for the typical exposure 

times of our applications. 

4 ProEM 512B vs iKon-M 912
From the previous considerations we selected two cameras as the more convenient for 

the RSD investigation: the ProEM 512B by Princeton Instruments  (see also tables  4 

and 6) and iKon-M 912 by Andor (see also tables 3 and 6). In this section we focus 

our research on a deeper analysis of just these two cameras, by adding to the already 

compared characteristics also the price range and the time necessary to transfer and 

readout the exposed frame.

The ProEM uses a frame transfer EMCCD while the iKon uses a full frame CCD. Both 
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cameras have to move the photoelectrons (collected in each pixel well) towards the 

output  node in  order  to  retrieve  the image.  The  movement  is  performed first  by 

shifting each frame row in one direction, identified as “vertical”, towards the so-called 

“horizontal  register”,  that  is  an  additional  light-shielded  row.  Then  the  horizontal 

register is readout, by serially shifting each one of its pixels towards the output node. 

During the vertical shift of the frame, the detector remains  partially exposed to the 

incoming  radiation,  hence  photoelectrons  continue  to  be  collected  below  the 

illuminated pixel. The amount of photons collected in the exposed part of the frame 

during the vertical  shift  increases row by row. This  effect,  known as smearing,  is 

directly proportional  to the light  source intensity and inversely proportional  to the 

vertical shift rate. The smearing can strongly limit the measurements and must be 

carefully evaluated.  ProEM-512 uses a frame transfer detector allowing to reach a 

minimum exposure time of only 230 μs. This feature allows to perform imaging also 

with moderate levels of light and minimizes the smearing. 

In case of detector directly exposed to the solar simulator source at the reference LAM 

facility (see section 1), the detected power density is of the order of 1x103 nW/mm2 

[1].  Considering  the  pixel  size  and  the  vertical  shift  rate  (Trate)  for  the  selected 

cameras,  we  can  evaluate  the  charge  collected  during  the  frame  shift  when  the 

detector  is  exposed to “full  light”.  Table  7 reports  the results  of  this  computation 

performed at an indicative wavelength of 600 nm.  

 

The direct light flux of the solar simulator is so high that can saturate both detectors 

during the shift of the entire frame. 

Actually, the Ikon camera has an embedded shutter that should avoid smearing, but 

RSD_Detector_Selection_v02 11

Table 7: Computation of the charge collection due to vertical frame shift for the considered 
cameras when exposed to the maximum light intensity of the LAM Solar Simulator.
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the power of the solar simulator is so high that the whole CCD would saturate in ~155 

s, a speed that no electro-mechanical shutter can reach.

As for the ProEM, assuming a quantum yield =1  (that is valid in the visible range) 

and a quantum efficiency QE~1, we can evaluate the smearing amount in DN row by 

row during the vertical shift. The result is shown in figure 1.

Although the ProEM has one of the fastest vertical  frame rate among investigated 

cameras (0.45 s/row), its full well capacity is filled up to more than 90% during the 

frame transfer period. For this reason, when observing the un-obstructed light source, 

we will be compelled to use a neutral density filter in order to limit the amount of light 

impinging on the detector and to reduce the smearing effect.

As for the price range, it varies a lot depending upon the re-sellers policies, that are 

different from one country to another and from a research center to another. On the 

RSD_Detector_Selection_v02 12

Figure 1: Smearing effect row by row during the vertical shift in case of full-light exposure, 
for the ProEM-512B camera.
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other hand, we can assume the ratio between the two prices to remain constant in 

any  case.  The  ratio  Price-of-ProEM/Price-of-Ikon  is  about  1.5,  so  the  investigated 

EMCCD camera is roughly 50% more expensive than the CCD camera.

5 Conclusions
In  summary,  the  two  cameras  have  similar  characteristics  concerning  noise  and 

performances.  Nevertheless,  the  ProEM  shows a  better  behaviour in  extreme 

operating conditions, i.e. at high and very low light level detection. At high intensity 

the Princeton camera offers  a  faster  vertical  frame rate, minimizing the smearing 

effect and providing a shorter minimum exposure time. At low radiation flux ProEM 

can  operate  in  photon  counting  mode, enabling  the  detection  of  a  single  photon 

signal. 

By considering also the price information (Ikon much cheaper than ProEM), the trade 

off in the selection of the camera can be based on the following final consideration: if 

we decide to strictly stick at the objective of RSD, the iKon is probably sufficient to 

provide all the required performances, while if we want a more versatile camera, that 

may be used for many other applications, thus constituting an investment on future 

activities, the ProEM is a better choice.
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