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Interferometry of the intensity fluctuations in light 
II. An experimental test of the theory for 

partially coherent light 

BY R. HANBURY BROWN 
Jodrell Bank Experimental Station, University of Manchester 

AND R. Q. Twiss 
Division of Radiophysics, 0. .I.R.0., Sydney, Australia 

(Communicated by A. C. B. Lovell, FR.S.-Received 20 June 1957) 

A theoretical analysis is given of the correlation to be expected between the fluctuations in the 
outputs of two photoelectric detectors when these detectors are illuminated with partially 
coherent light. It is shown how this correlation depends upon the parameters of the equip- 
ment and upon the geometry of the experiment. 

The correlation may be detected either by linear multiplication of the fluctuations in the 
two outputs or by a coincidence counter which counts the simultaneous arrival of photons at 
the detectors. The theory is given for both these techniques and it is shown that they are 
closely equivalent. 

A laboratory test is described in which two photomultipliers were illuminated with par- 
tially coherent light and the correlation between the fluctuations in their outputs measured 
as a function of the degree of coherence. The results of this experiment are compared with the 
theory and it is shown that they agree within the limits of accuracy of the test; it is concluded 
that if there is any systematic error in the theory it is unlikely to exceed a few parts per cent. 

1. INTRODUCTION 

The basic principles of intensity interferometry, that is interferometry based on 
correlating the fluctuations of intensity in two beams of radiation, were presented 
in part I of this paper (Hanbury Brown & Twiss I957). We showed there that the 
intensity fluctuations in two coherent beams are correlated and that, in the optical 
case, this correlation should be preserved in the process of photoemission so that the 
fluctuations in the anode currents of two phototubes should be partially coherent 
when they are illuminated by coherent beams of light. 

We have already described (Hanbury Brown & Twiss i956a) a preliminary test 
which established the existence of this correlation; however, this test was not 
designed to yield a precise quantitative result. It seemed desirable, especially in 
view of the considerable controversy about the principles involved, that a more 
exact check of the theory should be carried out, and so we have recently repeated 
the experiment with improved apparatus operating under more carefully controlled 
conditions. The results are reported below together with the necessary theoretical 
treatment of partially coherent light. 

The principles of an intensity interferometer can be presented either in the classical 
terms of wave interference, or in terms of the relative times of arrival of photons. 
These two ways of looking at the phenomenon suggest two different experimental 
techniques for testing the correlation. The first technique, which may conveniently 
be regarded as illustrating the wave picture, consists in finding the correlation 
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Interferometry of the intensity fluctuations in light 
III. Applications to astronomy 

BY R. HANBURY BROWN 

Jodrell Bank Experimental Station, University of Manchester 

AND R. Q. Twiss 
Division of Radiophysics, C.S.I R.O., Sydney, Australia 

(Communicated by A. C. B. Lovell, F.R.S.- Received LO April 1958) 

A theoretical analysis is given of the application of an intensity interferometer to the 
measurement of the angular diameters of stars and the performance of such an instrument 
is calculated for representative parameters of the apparatus. 

It is shown that observations with an intensity interferometer are probably limited by 
the inherently low sensitivity of the technique to the stars visible to the naked eye, but that 
the resolving power, which is determined by the limitations of radio rather than of optical 
technique, should be great enough to measure any star, however hot, of suLfficient apparent 
brightness; furthermore, the operation should be substantially unaffected by atmospheric 
scintillation. 

Very cool stars of adequate apparent brightness would be completely resolved by the 
individual mirrors of an intensity interferometer and this fact limits the technique to stars of 
spectral type earlier than about K5. However, a modified form of interferometer using a 
single main mirror should enable this limit to be extended to bright stars of spectral type 
as late as M5. 

Some applications of an intensity interferometer to measurements of both single and 
double stars are discussed briefly and it is concluded that such an instrument might be of 
value in astronomy. 

1. INTRODUCTION 

In parts I and II of the present series of papers (Hanbury Brown & Twiss 1957 a, b) 
we showed that the fluctuations in the outputs of two photoelectric detectors, 
illuminated with mutually coherent beams of light, are correlated, and we showed 
how this correlation depends upon the parameters of the equipment and upon the 
apparent angular distribution of intensity over the source of light. We also pointed 
out that it should be possible to apply this effect to optical astronomy in measure- 
ments of the angular diameters of the bright stars. In the present part of the paper 
we shall examine this proposal from a theoretical point of view, and in part IV we 
shall describe an experimental test of the technique on Sirius (ct Can. Maj. A). 

The idea of applying interferometric methods to astronomy was advanced by 
Fizeau (i868), but the first direct measurement of the angular diameter of a star 
did not take place until 1920 when Michelson & Pease (1921) determined the angular 
diameter of Betelgeuse (ca Ori) with a 20 ft. interferometer mounted on the 100 in. 
telescope at Mount Wilson. In the course of the next 10 years Pease reported 
measurements on six more stars all of which were giants or supergiants of late 
spectral type ranging from KO to M8; their angular diameters all lay in the range 
0 047 to 0-020 sec of arc and the mirror separations needed to resolve them varied 
from 3*0 to 7-3m. 

[ 199 ] 

Interferometry of the intensity fluctuations in light 
IV. A test of an intensity interferometer on Sirius A 

By R. HANBURY BROWN 

Jodrell Banlc Experimental Station, University of Manchester 
AND R. Q. TWiss 

Division of Radiophysics, C.S.I.R.O., Sydney, Australia 

(Communicated by A. C. B. Lovell, F.R.S.--Received 10 April 1958) 

An experimental intensity interferometer has been constructed with two searchlight mirrors 
and tested on Sirius. 

The correlation obsorved with the two mirrors close together was found to be in good 
agreement with that expected theoretically. This result supports the prediction, made in 
part III of the present series, that the performance of an intensity interferometer should not 
be significantly affected by atmospheric scintillation. 

Observations of Sirius were carried out with four different baselines and the decrease of 
correlation with increasing baseline length was found to be consistent with theory. The 
observed results have been used to derive an experimental value for the angular diameter of 
Sirius which is in good agreement with the value given by astrophysical theory. 

The results of this preliminary experiment confirm, to a considerable extent, the general 
conclusions reached in part III. 

1. INTRODUCTION 

In part III of this series of papers (Hanbury Brown & Twiss 1958) we gave a theo- 
retical discussion of a stellar interferometer based on the principle of correlating 
the fluctuations in the outputs of two photoelectric detectors illuminated by partially 
coherent beams of light. We showed that it should be possible to make an instru- 
ment with a far higher resolving power than has been attained previously, and we 
argued that its operation would not be significantly disturbed by atmospheric 
scintillation. 

In the present part of the paper we shall describe a preliminary experiment 
which was designed to test these predictions. In the first part of this experiment 
we were concerned to test the effect of atmospheric scintillations. Accordingly, 
two photoelectric detectors, with their associated mirrors, were mounted as close 
together as possible and were directed at the bright star Sirius (a Can. Maj. A). 
The correlation between the fluctuations in the two outputs was then measured 
under conditions of severe atmospheric scintillation, and was compared with the 
theoretical value derived on the assumption that the effects of scintillation could be 
ignored. In the second part of the experiment, the correlation was measured as a 
function of the separation between the two detectors and the results were used to 
derive an experimental value for the angular diameter of Sirius. This result was 
then compared with the value predicted by astrophysical theory. 

2. DESCRIPTION OF THE APPARATUS 

A simplified diagram of the apparatus is shown in figure 1. The optical system 
consisted of two mirrors A1, A2 which focused light on to the cathodes of the photo- 
multipliers P1, P2. The two mirrors were the reflectors of standard Army search- 
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designed to yield a precise quantitative result. It seemed desirable, especially in 
view of the considerable controversy about the principles involved, that a more 
exact check of the theory should be carried out, and so we have recently repeated 
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designed to yield a precise quantitative result. It seemed desirable, especially in 
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identical. The type 6342 photomultiplier has a small spread in electron transit time, 
particularly when the photocathode aperture is limited, and the effective bandwidth 
of the secondary emission amplification considerably exceeds the limit of 45 Mc/s 
set by the amplifiers in the correlator. 

In order that the degree of coherence between the light on the two cathodes 
might be varied at will, one of the photomultipliers (P2) was mounted on a hori- 
zontal slide which could be traversed normal to the incident light. Thus the cathode 
apertures, as viewed from the pinhole, could be superimposed or separated by any 
amount up to several times their width. 

semi- 
mercury liquid transparent square 

are filter pinhole mirror apertures photomultiplier 

outputs to 
correlator 

photomultiplier adjustable slide 

FIGURE 4. A simplified outline of the optical system. 

The fluctuations in the anode currents of the photomultipliers were transmitted 
to the correlator through coaxial cables of equal length. In each case a simple high- 
pass filter was inserted between the anode and the input to the cable to remove the 
direct current component. 

3*2. The correlator 
A simplified diagram of the correlator is shown in figure 5. The cable from each 

of the photomultipliers was terminated in a matched load and the voltage fluctua- 
tions across this load were applied to one of the two input channels of the correlator. 
1Both channels consisted of a phase-reversing switch followed by a wide-band 
amplifier. The switch (S1) in channel 1 was electronic and reversed the phase of the 
input voltage 10000 times per second in response to a 5 kc/s square wave from the 
generator Q,. It is essential to reduce amplitude modulation of the sig-nal by this 
switch to an extremely low level in order to prevent spurious drifts in the equipment; 
for this reason the gain of the switch was equalized in both positions by means of an 
automatic balancing circuit comprising a detector, a selective 5 kc/s amplifier B3 and 
a synchronous rectifier RB. The phase-reversing switch S2 in channel 2 consisted of 
a relay-operated coaxial switch which reversed the phase of the input every lOs in 
response to a 0-05 c/s square wave from the generator C2. 
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Interferometry of the intensity fluctuations in light 
II. An experimental test of the theory for 

partially coherent light 

BY R. HANBURY BROWN 
Jodrell Bank Experimental Station, University of Manchester 

AND R. Q. Twiss 
Division of Radiophysics, 0. .I.R.0., Sydney, Australia 

(Communicated by A. C. B. Lovell, FR.S.-Received 20 June 1957) 

A theoretical analysis is given of the correlation to be expected between the fluctuations in the 
outputs of two photoelectric detectors when these detectors are illuminated with partially 
coherent light. It is shown how this correlation depends upon the parameters of the equip- 
ment and upon the geometry of the experiment. 

The correlation may be detected either by linear multiplication of the fluctuations in the 
two outputs or by a coincidence counter which counts the simultaneous arrival of photons at 
the detectors. The theory is given for both these techniques and it is shown that they are 
closely equivalent. 

A laboratory test is described in which two photomultipliers were illuminated with par- 
tially coherent light and the correlation between the fluctuations in their outputs measured 
as a function of the degree of coherence. The results of this experiment are compared with the 
theory and it is shown that they agree within the limits of accuracy of the test; it is concluded 
that if there is any systematic error in the theory it is unlikely to exceed a few parts per cent. 

1. INTRODUCTION 

The basic principles of intensity interferometry, that is interferometry based on 
correlating the fluctuations of intensity in two beams of radiation, were presented 
in part I of this paper (Hanbury Brown & Twiss I957). We showed there that the 
intensity fluctuations in two coherent beams are correlated and that, in the optical 
case, this correlation should be preserved in the process of photoemission so that the 
fluctuations in the anode currents of two phototubes should be partially coherent 
when they are illuminated by coherent beams of light. 

We have already described (Hanbury Brown & Twiss i956a) a preliminary test 
which established the existence of this correlation; however, this test was not 
designed to yield a precise quantitative result. It seemed desirable, especially in 
view of the considerable controversy about the principles involved, that a more 
exact check of the theory should be carried out, and so we have recently repeated 
the experiment with improved apparatus operating under more carefully controlled 
conditions. The results are reported below together with the necessary theoretical 
treatment of partially coherent light. 

The principles of an intensity interferometer can be presented either in the classical 
terms of wave interference, or in terms of the relative times of arrival of photons. 
These two ways of looking at the phenomenon suggest two different experimental 
techniques for testing the correlation. The first technique, which may conveniently 
be regarded as illustrating the wave picture, consists in finding the correlation 

I9 [ 291 ] VOl. 243. A. (14 January I958) 

Interferometry of the intensity fluctuations in light 
III. Applications to astronomy 

BY R. HANBURY BROWN 

Jodrell Bank Experimental Station, University of Manchester 

AND R. Q. Twiss 
Division of Radiophysics, C.S.I R.O., Sydney, Australia 

(Communicated by A. C. B. Lovell, F.R.S.- Received LO April 1958) 

A theoretical analysis is given of the application of an intensity interferometer to the 
measurement of the angular diameters of stars and the performance of such an instrument 
is calculated for representative parameters of the apparatus. 

It is shown that observations with an intensity interferometer are probably limited by 
the inherently low sensitivity of the technique to the stars visible to the naked eye, but that 
the resolving power, which is determined by the limitations of radio rather than of optical 
technique, should be great enough to measure any star, however hot, of suLfficient apparent 
brightness; furthermore, the operation should be substantially unaffected by atmospheric 
scintillation. 

Very cool stars of adequate apparent brightness would be completely resolved by the 
individual mirrors of an intensity interferometer and this fact limits the technique to stars of 
spectral type earlier than about K5. However, a modified form of interferometer using a 
single main mirror should enable this limit to be extended to bright stars of spectral type 
as late as M5. 

Some applications of an intensity interferometer to measurements of both single and 
double stars are discussed briefly and it is concluded that such an instrument might be of 
value in astronomy. 

1. INTRODUCTION 

In parts I and II of the present series of papers (Hanbury Brown & Twiss 1957 a, b) 
we showed that the fluctuations in the outputs of two photoelectric detectors, 
illuminated with mutually coherent beams of light, are correlated, and we showed 
how this correlation depends upon the parameters of the equipment and upon the 
apparent angular distribution of intensity over the source of light. We also pointed 
out that it should be possible to apply this effect to optical astronomy in measure- 
ments of the angular diameters of the bright stars. In the present part of the paper 
we shall examine this proposal from a theoretical point of view, and in part IV we 
shall describe an experimental test of the technique on Sirius (ct Can. Maj. A). 

The idea of applying interferometric methods to astronomy was advanced by 
Fizeau (i868), but the first direct measurement of the angular diameter of a star 
did not take place until 1920 when Michelson & Pease (1921) determined the angular 
diameter of Betelgeuse (ca Ori) with a 20 ft. interferometer mounted on the 100 in. 
telescope at Mount Wilson. In the course of the next 10 years Pease reported 
measurements on six more stars all of which were giants or supergiants of late 
spectral type ranging from KO to M8; their angular diameters all lay in the range 
0 047 to 0-020 sec of arc and the mirror separations needed to resolve them varied 
from 3*0 to 7-3m. 
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Interferometry of the intensity fluctuations in light 
IV. A test of an intensity interferometer on Sirius A 

By R. HANBURY BROWN 

Jodrell Banlc Experimental Station, University of Manchester 
AND R. Q. TWiss 

Division of Radiophysics, C.S.I.R.O., Sydney, Australia 

(Communicated by A. C. B. Lovell, F.R.S.--Received 10 April 1958) 

An experimental intensity interferometer has been constructed with two searchlight mirrors 
and tested on Sirius. 

The correlation obsorved with the two mirrors close together was found to be in good 
agreement with that expected theoretically. This result supports the prediction, made in 
part III of the present series, that the performance of an intensity interferometer should not 
be significantly affected by atmospheric scintillation. 

Observations of Sirius were carried out with four different baselines and the decrease of 
correlation with increasing baseline length was found to be consistent with theory. The 
observed results have been used to derive an experimental value for the angular diameter of 
Sirius which is in good agreement with the value given by astrophysical theory. 

The results of this preliminary experiment confirm, to a considerable extent, the general 
conclusions reached in part III. 

1. INTRODUCTION 

In part III of this series of papers (Hanbury Brown & Twiss 1958) we gave a theo- 
retical discussion of a stellar interferometer based on the principle of correlating 
the fluctuations in the outputs of two photoelectric detectors illuminated by partially 
coherent beams of light. We showed that it should be possible to make an instru- 
ment with a far higher resolving power than has been attained previously, and we 
argued that its operation would not be significantly disturbed by atmospheric 
scintillation. 

In the present part of the paper we shall describe a preliminary experiment 
which was designed to test these predictions. In the first part of this experiment 
we were concerned to test the effect of atmospheric scintillations. Accordingly, 
two photoelectric detectors, with their associated mirrors, were mounted as close 
together as possible and were directed at the bright star Sirius (a Can. Maj. A). 
The correlation between the fluctuations in the two outputs was then measured 
under conditions of severe atmospheric scintillation, and was compared with the 
theoretical value derived on the assumption that the effects of scintillation could be 
ignored. In the second part of the experiment, the correlation was measured as a 
function of the separation between the two detectors and the results were used to 
derive an experimental value for the angular diameter of Sirius. This result was 
then compared with the value predicted by astrophysical theory. 

2. DESCRIPTION OF THE APPARATUS 

A simplified diagram of the apparatus is shown in figure 1. The optical system 
consisted of two mirrors A1, A2 which focused light on to the cathodes of the photo- 
multipliers P1, P2. The two mirrors were the reflectors of standard Army search- 
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FIG-URE 5. The minimum mirror diameter necessary to achieve a signal-to-noise ratio of 3/1 in 
a period of I h as a function of the apparent magnitude of the faintest star which can be 
observed (A = 4300 A). The broken line shows the total number of stars, including both 
hemispheres, brighter than the limiting magnitude. 

5. THE PROBLEM? OF MEASURING COOL STARS 

5- 1. The limittations of a two-mirror interferomneter 
In the preceding section the size of the mirrors required to achieve a workable 

signal-to-noise ratio was calculated as a function of apparent magnitude on the 
assumptions that the star is not significantly resolved by the individual mirrors 
so that l\(vo) -_1, and also that the baseline could be reduced to a sufficiently short 
value so that 1r2 

(vo, m 1. While these assumptions are valid for hot stars, they 
are not justified for the cooler stars of late spectral type. As stars of lower tem- 
perature are observed, assuming that their apparent angular diameter remains the 
same, the size of tile mirrors must be increased to maintain a given signal-to-noise 
ratio: eventually the size and separation of the mirrors becomes so large that the 
star is significantly resolved even with the two mirrors so close together that they 
touch, that is when dmin' - D. Under these circumstances the factor ]F2(V O dmin.) l\(VO) 
is appreciably less than unity, and it can be shown that the factor D2112(vo, D) A (vo0) 
which determines the variation of the signal-to-noise with diameter, as given by 
equations (4-8) and (4-9), has a maximum value when 

oto Dvolc - 2, (5/1) 
where 00 is the angular diameter of the star. Hence, with a given electronic equip- 
ment it is impossible to obtain a workable signal-to-noise ratio from a star below 
a certain temperature, and this limit applies no matter how bright the star or how 
large the mirrors. 

This effect is illustrated in figure 6 which shows the maximum possible signal-to- 
noise ratio which can be obtained in an observation of I h as a function of the 
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filters must be narrow and, in general, it is desirable that they should be of the order 
of 100A. The fluctuations in the output currents of the two photomultipliers are 
amplified by the amplifiers B1, B2 which have bandwidths of about 100 Mo/s. The 
low-frequency cut-off of these amplifiers is about 1 Mc/s in order to prevent direct 
amplification of atmospheric scintillation frequencies. An adjustable time delay 
T is inserted in the appropriate channel to compensate for any difference in the times 
of arrival of the light from the star at the two mirrors. 

/N d A 

A1 Af 

FIGURE 1. Schematic diagram of an intensity interferometer. 
A, mirrors; B, amplifiers; C, multiplier; M, integrator; P, phototubes; r, delay. 

The outputs from the two amplifiers are multiplied together in a linear multiplier 
C and their product, averaged over a period of several seconds, drives the inte- 
grating device M. In any given period of observation the change in the reading of 
M1! is therefore linearly proportional to the correlation between the fluctuations in 
the two phototubes. A more detailed description of a suitable type of correlator 
was given in part IT. 

3. THE MEASUREMENT OF ANGIULAR SIZE 

In operation, the two mirrors are separated by a sequence of different baselines 
and in each position the correlation is measured for a sufficiently long period to 
give a satisfactory signal-to-noise ratio (see ? 4). If C(d) is the measured value of the 
correlation with a baseline d, then for each length of baseline the normalized corre- 
lation factor r2(d) is calculated from the equation 

F2(d) = C(d)/C(O), (3.1) 

where C(0) is the correlation with zero baseline under identical conditions of light 
flux and observing time. The value of C(0) can, in principle, be derived directly from 
measurements with the mirrors at very close spacing or indirectly from measure- 
ments of the light flux during the observations of C(d). 

The values of r2(d) obtained in this way give a measure of the angular size of the 
star. In the ideal case, where the transmission band of the optical filters is so 
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Interferometry of the intensity fluctuations in light 
II. An experimental test of the theory for 

partially coherent light 

BY R. HANBURY BROWN 
Jodrell Bank Experimental Station, University of Manchester 

AND R. Q. Twiss 
Division of Radiophysics, 0. .I.R.0., Sydney, Australia 

(Communicated by A. C. B. Lovell, FR.S.-Received 20 June 1957) 

A theoretical analysis is given of the correlation to be expected between the fluctuations in the 
outputs of two photoelectric detectors when these detectors are illuminated with partially 
coherent light. It is shown how this correlation depends upon the parameters of the equip- 
ment and upon the geometry of the experiment. 

The correlation may be detected either by linear multiplication of the fluctuations in the 
two outputs or by a coincidence counter which counts the simultaneous arrival of photons at 
the detectors. The theory is given for both these techniques and it is shown that they are 
closely equivalent. 

A laboratory test is described in which two photomultipliers were illuminated with par- 
tially coherent light and the correlation between the fluctuations in their outputs measured 
as a function of the degree of coherence. The results of this experiment are compared with the 
theory and it is shown that they agree within the limits of accuracy of the test; it is concluded 
that if there is any systematic error in the theory it is unlikely to exceed a few parts per cent. 

1. INTRODUCTION 

The basic principles of intensity interferometry, that is interferometry based on 
correlating the fluctuations of intensity in two beams of radiation, were presented 
in part I of this paper (Hanbury Brown & Twiss I957). We showed there that the 
intensity fluctuations in two coherent beams are correlated and that, in the optical 
case, this correlation should be preserved in the process of photoemission so that the 
fluctuations in the anode currents of two phototubes should be partially coherent 
when they are illuminated by coherent beams of light. 

We have already described (Hanbury Brown & Twiss i956a) a preliminary test 
which established the existence of this correlation; however, this test was not 
designed to yield a precise quantitative result. It seemed desirable, especially in 
view of the considerable controversy about the principles involved, that a more 
exact check of the theory should be carried out, and so we have recently repeated 
the experiment with improved apparatus operating under more carefully controlled 
conditions. The results are reported below together with the necessary theoretical 
treatment of partially coherent light. 

The principles of an intensity interferometer can be presented either in the classical 
terms of wave interference, or in terms of the relative times of arrival of photons. 
These two ways of looking at the phenomenon suggest two different experimental 
techniques for testing the correlation. The first technique, which may conveniently 
be regarded as illustrating the wave picture, consists in finding the correlation 
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Interferometry of the intensity fluctuations in light 
III. Applications to astronomy 

BY R. HANBURY BROWN 

Jodrell Bank Experimental Station, University of Manchester 

AND R. Q. Twiss 
Division of Radiophysics, C.S.I R.O., Sydney, Australia 

(Communicated by A. C. B. Lovell, F.R.S.- Received LO April 1958) 

A theoretical analysis is given of the application of an intensity interferometer to the 
measurement of the angular diameters of stars and the performance of such an instrument 
is calculated for representative parameters of the apparatus. 

It is shown that observations with an intensity interferometer are probably limited by 
the inherently low sensitivity of the technique to the stars visible to the naked eye, but that 
the resolving power, which is determined by the limitations of radio rather than of optical 
technique, should be great enough to measure any star, however hot, of suLfficient apparent 
brightness; furthermore, the operation should be substantially unaffected by atmospheric 
scintillation. 

Very cool stars of adequate apparent brightness would be completely resolved by the 
individual mirrors of an intensity interferometer and this fact limits the technique to stars of 
spectral type earlier than about K5. However, a modified form of interferometer using a 
single main mirror should enable this limit to be extended to bright stars of spectral type 
as late as M5. 

Some applications of an intensity interferometer to measurements of both single and 
double stars are discussed briefly and it is concluded that such an instrument might be of 
value in astronomy. 

1. INTRODUCTION 

In parts I and II of the present series of papers (Hanbury Brown & Twiss 1957 a, b) 
we showed that the fluctuations in the outputs of two photoelectric detectors, 
illuminated with mutually coherent beams of light, are correlated, and we showed 
how this correlation depends upon the parameters of the equipment and upon the 
apparent angular distribution of intensity over the source of light. We also pointed 
out that it should be possible to apply this effect to optical astronomy in measure- 
ments of the angular diameters of the bright stars. In the present part of the paper 
we shall examine this proposal from a theoretical point of view, and in part IV we 
shall describe an experimental test of the technique on Sirius (ct Can. Maj. A). 

The idea of applying interferometric methods to astronomy was advanced by 
Fizeau (i868), but the first direct measurement of the angular diameter of a star 
did not take place until 1920 when Michelson & Pease (1921) determined the angular 
diameter of Betelgeuse (ca Ori) with a 20 ft. interferometer mounted on the 100 in. 
telescope at Mount Wilson. In the course of the next 10 years Pease reported 
measurements on six more stars all of which were giants or supergiants of late 
spectral type ranging from KO to M8; their angular diameters all lay in the range 
0 047 to 0-020 sec of arc and the mirror separations needed to resolve them varied 
from 3*0 to 7-3m. 
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Interferometry of the intensity fluctuations in light 
IV. A test of an intensity interferometer on Sirius A 

By R. HANBURY BROWN 

Jodrell Banlc Experimental Station, University of Manchester 
AND R. Q. TWiss 

Division of Radiophysics, C.S.I.R.O., Sydney, Australia 

(Communicated by A. C. B. Lovell, F.R.S.--Received 10 April 1958) 

An experimental intensity interferometer has been constructed with two searchlight mirrors 
and tested on Sirius. 

The correlation obsorved with the two mirrors close together was found to be in good 
agreement with that expected theoretically. This result supports the prediction, made in 
part III of the present series, that the performance of an intensity interferometer should not 
be significantly affected by atmospheric scintillation. 

Observations of Sirius were carried out with four different baselines and the decrease of 
correlation with increasing baseline length was found to be consistent with theory. The 
observed results have been used to derive an experimental value for the angular diameter of 
Sirius which is in good agreement with the value given by astrophysical theory. 

The results of this preliminary experiment confirm, to a considerable extent, the general 
conclusions reached in part III. 

1. INTRODUCTION 

In part III of this series of papers (Hanbury Brown & Twiss 1958) we gave a theo- 
retical discussion of a stellar interferometer based on the principle of correlating 
the fluctuations in the outputs of two photoelectric detectors illuminated by partially 
coherent beams of light. We showed that it should be possible to make an instru- 
ment with a far higher resolving power than has been attained previously, and we 
argued that its operation would not be significantly disturbed by atmospheric 
scintillation. 

In the present part of the paper we shall describe a preliminary experiment 
which was designed to test these predictions. In the first part of this experiment 
we were concerned to test the effect of atmospheric scintillations. Accordingly, 
two photoelectric detectors, with their associated mirrors, were mounted as close 
together as possible and were directed at the bright star Sirius (a Can. Maj. A). 
The correlation between the fluctuations in the two outputs was then measured 
under conditions of severe atmospheric scintillation, and was compared with the 
theoretical value derived on the assumption that the effects of scintillation could be 
ignored. In the second part of the experiment, the correlation was measured as a 
function of the separation between the two detectors and the results were used to 
derive an experimental value for the angular diameter of Sirius. This result was 
then compared with the value predicted by astrophysical theory. 

2. DESCRIPTION OF THE APPARATUS 

A simplified diagram of the apparatus is shown in figure 1. The optical system 
consisted of two mirrors A1, A2 which focused light on to the cathodes of the photo- 
multipliers P1, P2. The two mirrors were the reflectors of standard Army search- 
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Interferometry of the intensity fluctuations in ltght. IV 235 
of these points with the full line, which gives the corresponding theoretical values 
of r2(d), shows that within the rather wide limits set by the observational errors 
the correlation observed from Sirius decreased with increasing baseline in a way 
which is consistent with that expected theoretically. 

6 3. An experimental value for the angular diameter of Sirius 
An experimental value for the angular diameter of Sirius was calculated from the 

values of correlation observed with the four different baselines as follows. Using 
the procedure developed in ? 54 1 the theoretical value for the signal-to-noise ratio 
at each mirror spacing was calculated for a range of values of Os the angular diameter 
of Sirius, assuming that the law of limb-darkening is that giveni by equation (5 6). 

1-0 

N 

C.) _4 

0 5 10 15 
baseline (m) 

FIGURE 5. The variation of correlation with baseline length. The full line shows the theoretical 
variation of the normalized correlation factor r2(d) calculated for Sirius for the standard 
conditions specified in the text and taking the theoretical angular diameter of Sirius to be 
0*0069see. The points represent the experimental results normalized to the standard 
conditions; each point is showri with its associated probable error. 

In order to allow for possible errors in the calibration procedure or in mleasuring the 
various parameters of the equipment, the experimental values were all multiplied 
by a factor F(0s); for each value of Os the best value of F(0s) was then found by 
minimizing the sum of the squares of the differences between the experimental and 
theoretical values of the correlation at each mirror spacing, the differenice being 
weighted by the associated mean square uncertainty for each observation. 

The best fit to the experimental results is given by F(0s) = 1 096 + 04 1, and by 

Os 00071 + 0 00055sec (p.e.), (6.1) 

where the probable error &Os was found from 

1 [m-1 m4 11 
6O E~ Y5J (6*2) 

where 50 Sm is the change in the optimum value of Os when the experimental value of 
the correlation at the mth mirror spacing is changed by the probable error. 
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of these points with the full line, which gives the corresponding theoretical values 
of r2(d), shows that within the rather wide limits set by the observational errors 
the correlation observed from Sirius decreased with increasing baseline in a way 
which is consistent with that expected theoretically. 

6 3. An experimental value for the angular diameter of Sirius 
An experimental value for the angular diameter of Sirius was calculated from the 

values of correlation observed with the four different baselines as follows. Using 
the procedure developed in ? 54 1 the theoretical value for the signal-to-noise ratio 
at each mirror spacing was calculated for a range of values of Os the angular diameter 
of Sirius, assuming that the law of limb-darkening is that giveni by equation (5 6). 
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FIGURE 5. The variation of correlation with baseline length. The full line shows the theoretical 
variation of the normalized correlation factor r2(d) calculated for Sirius for the standard 
conditions specified in the text and taking the theoretical angular diameter of Sirius to be 
0*0069see. The points represent the experimental results normalized to the standard 
conditions; each point is showri with its associated probable error. 

In order to allow for possible errors in the calibration procedure or in mleasuring the 
various parameters of the equipment, the experimental values were all multiplied 
by a factor F(0s); for each value of Os the best value of F(0s) was then found by 
minimizing the sum of the squares of the differences between the experimental and 
theoretical values of the correlation at each mirror spacing, the differenice being 
weighted by the associated mean square uncertainty for each observation. 

The best fit to the experimental results is given by F(0s) = 1 096 + 04 1, and by 

Os 00071 + 0 00055sec (p.e.), (6.1) 

where the probable error &Os was found from 

1 [m-1 m4 11 
6O E~ Y5J (6*2) 

where 50 Sm is the change in the optimum value of Os when the experimental value of 
the correlation at the mth mirror spacing is changed by the probable error. 
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of r2(d), shows that within the rather wide limits set by the observational errors 
the correlation observed from Sirius decreased with increasing baseline in a way 
which is consistent with that expected theoretically. 

6 3. An experimental value for the angular diameter of Sirius 
An experimental value for the angular diameter of Sirius was calculated from the 

values of correlation observed with the four different baselines as follows. Using 
the procedure developed in ? 54 1 the theoretical value for the signal-to-noise ratio 
at each mirror spacing was calculated for a range of values of Os the angular diameter 
of Sirius, assuming that the law of limb-darkening is that giveni by equation (5 6). 
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FIGURE 5. The variation of correlation with baseline length. The full line shows the theoretical 
variation of the normalized correlation factor r2(d) calculated for Sirius for the standard 
conditions specified in the text and taking the theoretical angular diameter of Sirius to be 
0*0069see. The points represent the experimental results normalized to the standard 
conditions; each point is showri with its associated probable error. 

In order to allow for possible errors in the calibration procedure or in mleasuring the 
various parameters of the equipment, the experimental values were all multiplied 
by a factor F(0s); for each value of Os the best value of F(0s) was then found by 
minimizing the sum of the squares of the differences between the experimental and 
theoretical values of the correlation at each mirror spacing, the differenice being 
weighted by the associated mean square uncertainty for each observation. 

The best fit to the experimental results is given by F(0s) = 1 096 + 04 1, and by 

Os 00071 + 0 00055sec (p.e.), (6.1) 

where the probable error &Os was found from 
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Array sensitivity at � = 400 nm
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High angular resolution imaging with stellar intensity interferometry using air Cherenkov telescope arrays 3
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Figure 1. Spectral density as a function of temperature for sev-
eral different visual magnitudes and observed wavelengths. Atmo-
spheric absorption as a function of the wavelength is not taken
into account.

We use a preliminary design of the CTA project as
an array configuration (Bernlöhr 2008), which is shown
in Fig. 2. This array contains N = 97 telescopes and
N(N − 1)/2 = 4646 baselines (many of which are redun-
dant) which are shown in Fig. 3. Each detector is assumed
to have a light collecting area of 100m2 and a light detection
quantum efficiency of α = 0.3. Using a λ/D criterion, we
find that the largest baselines of 1.5 km resolve angular
scales of ∼ 0.05mas at 400 nm. The smallest 48 baselines
of 35m resolve angular scales of ∼ 2mas . However, we
show in section 6.1, that the largest angular scales that
can be realistically imaged with our analysis, in a model
independent way, are more determined by baselines of
∼ 70m. This is because the estimation of derivatives of the
phase (needed for phase recovery) degrades as the number
of baselines is reduced. Baselines of 70m resolve angular
scales of ∼ 1.2mas at 400 nm.

These order-of-magnitude considerations are taken into
account when performing simulations and image reconstruc-
tions, i.e. the minimum and maximum size of pristine im-
ages that can be reconstructed by data analysis, do not go
far beyond these limits. More precise array resolution lim-
its are presented in section 6.1 (diameters ranging between
0.06mas − 1.2mas) . By combining these angular scales
with the SNR (eq. 2), we obtain Fig. 4. This figure shows
the highest visual magnitude, for which photon correlations
(with |γ| = 0.5) can be detected (5 standard deviations),
as a function of the temperature, and for several different
exposure times. Also shown in Fig. 4, is the shaded region
corresponding to angular diameters between 0.03mas and
0.6mas 1, and observable within 100 hrs. From the Figure

1 These curves of constant angular size can be found approx-
imately by recalling that the visual magnitude mv is related
to a calibrator star of visual magnitude m0 by: (mv − m0) =
−2.5 logF/F0. Here, F and F0 refer to the flux in the visual band
. To express mv −m0 as a function of the angular size, note that
flux is proportional to θ2T 4, where θ is the angular size and T is
the temperature of the star.

Figure 2. Array configuration used for our analysis.
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Figure 3. A total of 4656 non-zero baselines are available in the
array design used in this study. Gray scale measures the log of
the baseline redundancy. Since the array shown in Fig. 2 is almost
symmetric with respect to x and y, only a quadrant of the (u, v)
plane is displayed.

we can see how correlations of photons from faint stars can
be more easily detected if they are hot. To quantify the num-
ber of stars for which photon correlations can be detected
with the IACT array, we perform use the JMMC stellar di-
ameters catalog (Lafrasse et al. 2010). We find that ∼ 1000
(out of ∼ 33000) stars from the JMMC catalog can be de-
tected within 1 hr, correlations from ∼ 2500 stars can be
detected within 10 hrs, and ∼ 4300 can be detected within
50 hrs. In Fig. 2, we show a random sample of 2000 stars
(out of ∼ 33000) from the JMMC catalog. Interstellar red-
dening may play a role in reducing the number of measurable
targets

!   Nunez et al. 2012 MNRAS(
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New perspectives for II with CTA!

!   Protoplanetary(disk(around(stars(
!   Exoplantes(transits(
!   Fast(rotaOng(Be(stars((
!   Wolf(Rayet(stars(

!   IteracOng(binaries(
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II with ASTRI/CTA mini array!

Geometry 

!   Case(of(Study:(
!   7(ASTRI(SSTU2M(telescopes,(21(

simultaneous(baselines(

!   (Baselines(up(to(≈(700(m(

!   (λ/B(≈(0.16(mas((@(λ(=(550(nm((

(

Location: Canary Islands 

!   SSTs(potenOality(for(II:(
Huge(number(of(baselines(

Largest(baselines(

!
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II with ASTRI/CTA mini array!

!   Study(highlights(–(INAF(OATo(Simulator(
!   (Code(completely(wri>en(in(IDL(

!   (Visibility(model(based(on(semiUclassical(approach((Jensen(2010)((

!   (Improvements(account(for(Night(Sky(Background((NSB)(and(esOmaOon(
of(visibility(errors(

!   (La(Palma(NSB(model((Preuβ(et(al.(2002),(equivalent(to(star(of(mV(=(8(for(
an(ASTRI(SSTU2M(telescope(

!   (Simple(star(model(fit((Uniform(Disk)(

!   (VersaOle,(can(accommodate(different(telescope(geometries((

!   (Designed(to(simulate(real(observaOons(

(
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II with ASTRI/CTA mini array!
ζ(Cas:(mV=3.61,(θ=0.27(mas,(t=8.5(h(

!

uUv(plane(coverage(
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II with ASTRI/CTA mini array!
λ(Eri:(mV=4.27,(θ=0.21(mas,(t=5(h(

uUv(plane(coverage(
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II with ASTRI/CTA mini array!
HR(1781:(mV=5.70,(θ=0.10(mas,(t=8(h(

uUv(plane(coverage(
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II with ASTRI/CTA mini array!

!   Hot stars with mV < 7 from the 
Hipparcos Catalogue, Vizier (

0h
00

6h00

12
h0

012h00 18
h0

0

- 6 0 - 6 0

6 0 6 0

1: HIP_O

0h
00

6h00

12
h0

012h00 18
h0

0

- 6 0 - 6 0

6 0 6 0

1: HIP_B

0h
00

6h00

12
h0

012h00 18
h0

0

- 6 0 - 6 0

6 0 6 0

1: HIP_A

!   O stars(

!   B stars(

!   A stars(
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Ultra fast optical detectors!
StarBase, HESS, MAGIC!

!   Star(Base(U>(dedicate(focal(plane,(S.(Le(Bohec(SPIE(2012,(7734U48((
!   MAGIC(U>(PMT(inside(the(camera(focal(plane,(F.(Lucarelli(et(al.(NIMA(589((2008)(

415U424(

!   HESS(U>(Detector(mounted(on(the(camera(LID,(Diel(et(al.(2008,(
h>p://arxiv.org/abs/0812.3966v1(

Fig. 2. The 7-pixel camera mounted on the lid of the H.E.S.S.
Cherenkov camera.

5 1

76

4 3

2

Fig. 3. Left: Front view of the 7-pixel camera. Right: Comparison
of the dimensions of the H.E.S.S. optical PSF full width at half
maximum (FWHM= 2.5 arcmin), central pixel aperture diameter
(5.0 arcmin) and hexagonal outer pixel flat-to-flat width (10 arcmin).
The telescope focal length is 15 m resulting in a plate scale of
4.4mm/arcmin.

roughly matching the canonical astronomical B band
(effective wavelength 445 nm, effective width 94 nm). In
this range the average transmissivity of the atmosphere
is known to be ∼ 70% at 15◦ zenith angle [26]. The pri-
mary and secondary mirror reflectivities (both on average
∼ 80%) and PMT quantum efficiency (on average ∼ 20%)
have been measured in the lab as a function of wavelength.
Assuming a flat spectrum in this range, an observed pho-
toelectron rate can be converted into an actual flux density
in Jansky.

The PMTs were equipped with hexagonal light funnels
of 10 arcmin width [27], and the central pixel had a circular
aperture of 5 arcmin (see Fig. 3). This diameter was chosen
such that it contains more than 90% of the light from the
target, but blocks ∼ 3/4 of the NSB compared to the outer
pixels. Note that the H.E.S.S. optical PSF has a full width
at half maximum (FWHM) of 2.5 arcmin. The advantage
of this pixel layout is that there are no gaps in the veto ring

and that no part of the signal from the astronomical target
will enter one of the veto pixels. However, the NSB level
in the outer pixels is a factor ∼ 4 higher compared to the
central pixel, making them 2 times less sensitive to detect
similar flares.

Pointing corrections for atmospheric refraction, for bend-
ing of the masts holding the Cherenkov camera, and for the
offset of the central pixel relative to the optical axis of the
telescope were applied. The pointing accuracy was checked
frequently by observing a bright star near the target. This
was done by closing the pneumatic lid of the 7-pixel cam-
era and taking a picture of the image of the star on that lid
with a CCD located between mirror segments in the center
of the H.E.S.S. reflector. The remaining mispointing was
below 0.5 arcmin, compared to 5 arcmin diameter of the
central pixel, resulting only in a negligible signal loss.

The analog signals from the PMTs were transmitted via
50m coaxial cables to an electronics container. There, they
were amplified and passed through an analog low-pass fil-
ter with a cutoff near 0.5µs. Then, the signals were con-
tinuously digitized with a sampling period of 10ns, and
256 consecutive samples were averaged to reduce the data
rate to 6 megabyte/s, resulting in a 2.56µs sampling. The
absolute time of each sample is known with a precision of
∼ 1 µs from a GPS clock. An additional coaxial cable was
connected to a termination resistor in the 7-pixel camera
and its signal was used to monitor possible electronic in-
terference (for details see [28]).

4. Observations and Data Analysis

In May 2007 high-time-resolution observations of several
X-ray binaries containing a black hole or a neutron star
(Sco X-1, GX 339-4, MXB 1735-44, V4641 Sgr and SS 433)
and of the isolated neutron star RRAT J1317-5759 were
performed during moonshine. After removing runs where
clouds entered the field of view, 43 h (∼ 1 terabyte) of good
quality data remain. The level of the NSB depends mainly
on the brightness of the moon, the altitude of the target
and the moon-target angular separation. Our observations
range from new moon to more than 3/4 moon, altitudes
of 30◦ – 90◦ and moon-target separations of 30◦ – 120◦. The
measured NSB level increases up to a factor of ∼ 20 relative
to no moon (see Fig. 4). Note that the shot noise from the
NSB, which determines the sensitivity for detecting flares,
varies by a factor of ∼

√
20 for these conditions.

Non-astronomical events are expected to occur, produc-
ing a background of events that has to be rejected to find
flares from the astronomical target. Airplanes, satellites
and shooting stars [10] passing through the field of view of
the whole camera and also the central pixel are expected
to produce time-shifted flares with the following pattern:
first in one or two of the outer pixels, then in the central
pixel and then in one or two of the outer pixels on the op-
posite side (see Fig. 5 top). Lightning at the horizon be-
ing scattered in the atmosphere will illuminate all pixels in

3

The MAGIC telescope is sensitive to cosmic g-rays in the
energy range between 50GeV and several TeV.

Besides the main goal to observe cosmic g-rays, the large
collection area of the MAGIC telescope can also be used to
perform optical observations of slowly varying astronom-
ical objects in the low Hz range, i.e. objects showing
periodic or quasi-periodic photon emission. Typical emis-
sion frequencies are expected to span between 1Hz
(Blazars) and 1 kHz (pulsars and Gamma Ray Bursts).
Such observations can be made by integrating the slowly
varying (4 ! 200ms.) current output of a PMT placed at
the central position of the MAGIC camera when the
telescope is pointing to a variable source. A similar
technique was already applied by other Cherenkov
telescopes (Whipple [3], Celeste [4], HEGRA CT1 [5],
HESS [6]) which detected the optical pulsed emission from
the Crab pulsar and, furthermore, estimated the photon
flux in the optical band of the galactic night sky light
background in the surrounding area of the Crab nebula [5].
The OPTIMA collaboration, using a high-speed photo-
meter (up to few MHz readout speed) coupled to modest-
sized optical telescopes, has also performed similar
measurements on several sources [7].

At commissioning time, the central position of the
MAGIC camera was deliberately left empty in order to
host a dedicated PMT later to perform simultaneous
observations of astronomical sources both in the VHE and
in the optical wavelength bands. These simultaneous
observations should lead to an improvement on the
above-mentioned VHE g-ray studies. Such a PMT, the
so-called central pixel or central PMT, was installed at
the end of March 2005 and tested successfully with the
detection of the optical-pulsed emission from the Crab
pulsar. The installation and the observation of the optical
pulsation of the CRAB nebula will be described in detail in
Sections 2–5.

The MAGIC tessellated telescope mirror, with its 234m2

area, is currently the largest (segmented) mirror for g-ray
astronomy. However, the MAGIC telescope has neither
been designed nor optimized for high-resolution optical
observations. The MAGIC mirror has a gross parabolic
shape and is composed of 934 individual mirrors of
spherical shape adapted in radius to their position on the
parabolic curvature. Given the parabolic gross shape, the

spherical aberration is negligible. Thus, the main aberra-
tions affecting image formation on the focus plane are
mainly due to coma and astigmatism, which become
relevant especially for off-axis observations. For cost
reasons, the mirror elements do not have the optical
quality of astronomical mirrors. Also the mounting of the
mirrors is staggered by 5–6 cm (see Fig. 1a) and by means
of actuators the focusing can be changed to optimize light
collection from the height of the shower maxima in the
atmosphere.
For on-axis observations, as in the case of the optical

observation of the Crab Nebula, the main parameter
affecting image formation is the optical quality of the non-
perfect mirrors and their alignment. The quality of the
image formation is quantified by the point spread function
(PSF), which is around 0:05" after focusing the mirror to
infinity.2 Basically, the 17m mirror has barely the detection
power for weak light sources against the night sky
background (NSB) light achieved in a 1m optical telescope.
Furthermore, as will be discussed in Section 5.1, the

MAGIC camera plane3 is usually not focussed to infinity,
but is shifted backwards by 3 cm to focus onto the shower
maxima around 10 km distance above the telescope. Thus,
the light of an object at infinity is out of focus by 3 cm and
not all the light can be collected by the central pixel. This
defocussing does not reduce the light seen from the
isotropically distributed NSB. As a consequence the
signal-to-noise ratio will be reduced and the measuring
time for a given source intensity must be increased.
In Sections 2–4, the main technical aspects of the

installation of the central pixel will be described. The
description includes the following components:

# The mechanical support to hold the PMT in the central
aperture.

ARTICLE IN PRESS

Fig. 1. (a) The MAGIC telescope. (b) Photograph of the light catcher plate (Winston cones) in front of the MAGIC photo-multiplier camera.

2The MAGIC PSF is defined as the diameter of the circle in the focal
plane which contains more than 80% of the light from a point-like source
placed at infinity. After mirror adjustment, this diameter is equals to
1.5 cm of diameter, which corresponds approximately to the half size of
the central PMT. In terms of angular aperture, the PSF is thus equals to
0:05".

3The MAGIC camera reference plane is defined with respect to the
entrance plane of the light catchers, which is 4 cm above the PMT cathode
windows (see MAGIC camera picture in Fig. 1).

F. Lucarelli et al. / Nuclear Instruments and Methods in Physics Research A 589 (2008) 415–424416

Figure 2. All the optics of the SII camera is mounted on a plate, just above the focal plane of the telescope
as shown on the AutoCAD drawing on the left. The light is reflected by a flat mirror at a 45◦ angle from
the optical axis. It is then picked up by a collimating lens on which is mounted an interferometric filter. A
beam splitter allows the light to be sent to two independent channels. The light is concentrated onto the
photo-detector by an f/1.2 60mm lens. The electronics can be mounted next to the photo-detectors and
on the back of the camera. The actual camera is shown on the right with only one channel in place and no
electronics yet. The picture in the lower right corner is an image of the PSF taken while tracking Capella,
The grid shows a 1 cm spacing in the focal plane, which corresponds to 0.19◦.

and in order to save some of the optics cost, we decided to work with 50mm optics, setting the
focal length of the collimating lens to 37mm by combining a 100mm with a 60 mm focal length
lens. This results in a collimation within less than 8◦. Figure 2 shows an autoCAD drawing of the
camera and an actual camera mounted on one of the StarBase telescopes.

5. FRONT END AND SLOW CONTROL ELECTRONICS
The camera electronics consist of two parts. The slow control electronics provide power to the front
end, digitize the anode current to monitor the DC light intensity < in >, provide high voltage to
the photo-detector and can be used to program parameters of the front end electronics. The front
end electronics convert high frequency intensity fluctuations δin down to the single photon level
to analog light pulses which can be transported by optical fiber with minimal bandwidth loss over
great distances. The optical fiber signals are then converted back to electrical signals which may
be correlated at the central control building.

5.1 Slow control electronics
The slow control system is responsible for providing high voltage power to the camera photomulti-
plier tubes (PMT) as well as capturing the average anode current < in >. A central microprocessor
on the circuit board records the anode current that is optically isolated from the separate capture
circuit through a built in ADC. The optical isolation is intended to avoid the injection of correlated
noise in the front end electronics. The PMT is powered by an onboard programmable high voltage
power supply that is controlled by the microprocessor through a DAC. The circuit also records
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Camera design solutions!
On axis detector!

!   A(PDM(equipped(with(filter(or(ad(hoc(detector(

!   Physical(constraints(≈(57(x(57(x(50(mm(

!   Thermal(constraints(U>(low(heat(producOon(

!   OpOcal(constraints(U>(no(vignerng(of(surrounding(PDMs(

!   Dedicated(electronics(and(data(handling(
!   Need(of(cooling(the(PDM(to(limit(dark(current((

 
 

 
 

 

 
 
     Figure 12. PDM Front End PCBs accommodated in the PDM aluminum case. 
 
5.2 SiPM Unit and SiPM PCB 

Figure 13 shows the picture and the mechanical dimensions of a Hamamatsu S11828-3344M SIPM. This SiPM is a new 
type of photon-counting device made up of multiple APD (Avalanche Photo Diode) cells of 50 !m size operated in 
Geiger mode. The SiPM is essentially an opto-semiconductor device with excellent photon-counting capability with the 
advantages of low voltage operation and insensitivity to magnetic fields. As shown in the picture, the SiPM is a 
monolithic device with pixels of 3mm"3mm set out to form an array of 4"4 pixels. This geometry allows multiple 
devices to be arranged in a buttable format.  
 

 
 
     Figure 13. SiPM unit (left) and dimensions of the device (right). 
The PDM SiPM PCB is formed by four SiPM units. Each SiPM device is soldered to the PCB using ball grid array 
soldering technique. At the bottom of the PCB there are soldered 9 precision analog temperature sensors (LM94023) and 
another one is soldered on the center of the top side of the PCB. These sensors are used for SiPMs temperature 
monitoring. The picture of the realized PCB is shown in Figure 14.  
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Camera design solutions!
Off axis detector!

!   Installing(a(PDM(or(a(dedicated(detector(with(opOcs(and(filter(

!   ExploiOng(space(at(the(corners(of(the(camera(focal(plane(

!   Two(units(already(allocated(for(AO(CCD(cameras(

!   Physical(constraints(≈(50(x(50(x(50(mm(

!   Thermal(constraints(U>(low(heat(producOon(

!   Dedicated(electronics(and(data(handling((
(
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Camera design solutions!
Other CTA cameras!

Where to Put Photodetectors for Interferometry?

LSTs and MSTs could have a dedicated photodetector at the centers of the 
cameras (but negotiations and feasibility study will be needed)

SCT and CHEC cannot, because an individual camera module has 64 channels

LST/MST/SCT have outskirts in the camera boxes, but the PSF is not excellent

The photon incident angle distribution at the focal plane is 0 to ~25 deg for LST, 
~30 to ~60 deg for SCT and SST

18

???

LST SCT SST-CHEC

!   Image(from(A.(Okumura(presentaOon(at(
HBT(Workshop(Nice(2014((

SST-1M 
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General considerations!
Desiderata for HBTII with CTA!

!   from(G.(Rodeghiero,(G.(Nale>o,(C.(Barbieri,(L.(Zampieri(presentaOon((
ASTRI(miniUarray(science(meeOng,(Padova(2014(

!   Photon counting regime 
!   Time tagging resolution: < 1 ns 
!   Dead time: ∼ 50 ns (20 MHz max count rate with one detector) 
!   Acquisition mode: continuous (for hours of observation) 
!   Spectral sensitivity: visible (with good efficiency in blue) 

!   Resolution element: few arcsec2 optimal / few arcmin2 
acceptable 

!   Narrow band filters (e.g. @400 nm, @800 nm; Δλ/λ ∼1-2%) 
!   Expected event rate ∼tens of MHz 
!   Expected data rate ∼tens of MHz @40-50 bits/event 
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General considerations!
Trade off between telescopes!

!   DaviesUCo>on(1M(have(smaller(M1(obstrucOon(than(2M(telescope(soluOons(

!   LSTs(and(MSTs(offer(greater(sensiOvity(than(SSTs(but(higher(spread(in(photons(
arrival(Omes(

!   Schwarzschild(Couder(configuraOon(gives(the(best(design(isochronicity((
(

(((((e.g.(ASTRI(SSTU2M(3eZ12(s(to(1eZ11(s(from(0(to(4.8(deg(in(FoV(

((((((((((((Davies(Co>on(0.11eZ9(s/m(scaled(to(M1(size((arXiv:astroUph/0507617)((

!   SSTs(provide(a(huge(number(of(baselines(and(high(angular(resoluOon(in(terms(
of(overall(array(

(
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Future Perspectives!
!   Horizon(2020(calls(FET:(
!   NOVEL(IDEAS(FOR(RADICALLY(NEW(TECHNOLOGIES(U(RESEARCH(PROJECTS(

(

!   Deadlines(of(the(Calls:(
(29(September(2014(

(29(September(2015(

(

!   This(is(the(Ome(to(strengthen(the(efforts(toward(the(creaOon(of(an(
internaOonal(network(to(boost(these(ideas(on(a(concrete(Project(roadmap((((

(((((((((((((((((((((
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Future Perspectives!
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!   Growing(interest(in(
Intensity(Interferometry(
with(CTA(

(

!   Urgent(ac^ons(
!   WriOng(Science(

Requirements(Level(A/B(

!   CreaOng(an(
internaOonal(working(
group/network((((((

!   Output(of(HBT(
Workshop(at(Nice(OCA(
May(2014(


