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ABSTRACT

Photon-counting silicon avalanche photo-diodes (APDs) offer very high quantum efficiency, and might eventually replace

photocathode detectors in high-speed photometry of astronomical objects. Laboratory studies have been performed on bof
passively and actively quenched APDs. Peculiarities of APDs include that the dark signal may exhibit bistability, with the

count rate jumping between discrete levels. Following any photon detection, the detector itself emits some light, which
might be confusing under certain conditions. Deadtimes and afterpulsing properties appear favorable, but the small physice
size of APDs causes challenges in opticalbtching them to the entrance pupils of large telescopes.
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1. HIGH-SPEED ASTROPHYSICS

High-speed astrophysics explores the possible very rapid variability in phenomena such as accretion flows onto white
dwarfs, neutron stars or presumed black holes. Events may occur over scales of kilometers or less, and there is n
immediate hope for their spatial imaging. Insights can instead be gained through studies of their small-scale instabilities,
such as plasma oscillations, magneto-hydrodynamic flares, or stimulated synchrotron radiation. These events may b
observable in the time domain, as variability on milli- and microseconds, or even shorter timescales.

For such studies of quasi-periodic oscillations, flashes, pulsars, etc., it could first appear that X-rays would be the mosi
suitable, since they originate in high-temperature regions close to the compact object. However, optical wavelengths appes
superior for thedetailed study of themost rapidphenomena. The number of photons per second (and especially per
millisecond!) is much greater from the optical parts of the sources (observed with large telescopes), than that from their
X-ray counterparts, observed with foreseen space instruments. When observed with 8-10 m class telescopes, count rates
the order of a million optical photons per second are expected for several of these-ébjects.

2. DETECTORS FOR SINGLE-PHOTON COUNTING

Today, CCDs and similar silicon-based imaging detectors dominate optical astronomy, thanks to their high quantum
efficiency and ease of use. However, such detectors are not really optimal for measuring rapid variability, due to their
relatively long read-out times. Although devices and methods for rapid readout are being developed, there seem to b
fundamental tradeoffs between speed and noise. For timing individual photons on submillisecond scales, one has hithert
been limited to photocathode detectors such as photomultipliers or microchannel plates. Such detectors, however, have
limit in their achievable quantum efficiency, and in its extension toward the infrared.

2.1. Photon-counting silicon avalanche photo-diodes (APDs)

This class of detectors has the potential for quantum efficiency approaching unity (and extending into the infrared), while
counting individual photons at nanosecond resolutfonAlthough avalanche diodes have found useas@mical detectors
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in, e.g., adaptive optics, they have not yet established themselgetentific detectordor photometry, although their
potential has been realiZéd , and some early attempts mad&

When used as photon-counting detectors, APDs are operated in '‘Geiger mode', where each detected photon triggers
electronic avalanche as a signature of photon detection. There are different means to quench the avalanche that has be
triggered, preparing the detector for a new detection. The simplessst/e quenchinghere a resistomR, is placed in

series with the diode. The time of recovery (dead time) oRtBeircuit is set by the time it takes to recharge the detector
capacitanc&. This solution is simple, but the recovery time may be as longua$®*#* Active quenchinghortens the

dead time through a more complicated mechani$fn. Once the rise of an avalanche is detected, a certain bias voltage is
immediately lowered, avoiding a complete ionization in the detector. With active quenching, dead times shorter than 50 ns
can be achieved, permitting count rates up to 10 MHz or more. The quenching circuit also produces the detector outpu
pulse, and by measuring its front slope, the photon arrival time can be accurately timed, with resolutions of 20 g reported.

2.1.1. Quantum efficiency

The wavelength sensitivity is set by the detector material, and in principle is similar to that of other silicon detecisrs such
CCDs. Actually, the more straight-forward electronic design may permit a marginally higher sensitivity than in detectors
with elaborate charge transfers. Absolute quantum efficiencies in single-photon detection up to 76%® (at) have

been measured.

The quantum efficienc®)E depends on thabsorption efficiencyand thetriggering probability The probability that a

photon will be absorbed in the active area of the detector depends primarily on the material used. The triggering probability
tells how likely a created photoelectron will trigger an avalanche. That depends strongly on the voltage applied, and also or
the detector temperature, which therefore must be controlled to assure a @Bstant

The type of detector structure (e.g., the thickness of different diode layers) also affects the triggering probabgitir- A
through configurationobtains very highQE throughout the entire visible range. On the other hanmdri@w depletion-

layer design may offer a better timing resolution, at the cost of a IQfer The currently most promising alternative for
single-photon counting appears to be the SLIK™ vefsafrthe reach-through configuration, developed by EG&G (now
PerkinElmer). The SLIK™ detector maintains a higher electric field throughout the entire device due to a different doping
profile. This solution allows some multiplication in the entire structure instead of just withparifenction, resulting in a
particularly high single-photon detection efficiency.

2.1.2. Sensitivity at longer wavelengths

Photon-counting avalanche diodes can be based also on germanium, gaining sensitivities into the infrared, with a cut-off a
2 1.85um. While the narrower band gap permits detection of less energetic photons, it also increases the dark count since |
is easier to thermally excite electrons into the conduction band. Perhaps more serious is the increase of afterputsing in the:
detectors, caused by the difficulty of fabricating pure germanium crystals. Afterpulsing results from carriers trapped in
impurity sites, and current germanium detectors still have a high impurity density. To reduce the afterpulsing, germanium
detectors are often operated with a lower reversed excess bias, which lin@is ltyea low triggering probability on the

order of 109¢>2

Also InGaAsP/InP APDs are commerciallyadtable, working out to about 1,6m.2* Like germanium detectors, they
suffer from high dark count and strong afterpulsing. Other types of solid-state avalanche detectors extend the infrarec
response to 28 uri.

3. LABORATORY MEASUREMENTS
3.1. Detectors used
Various detector properties were analyzed in the laboratory. Two qualitatively different #RiDnsingle-photon

counting modules, both manufactured by EG&G (now PerkinElmer), were used: one passively quenched SPCM-100-PQ
unit (serial number: 00297), and one actively quenched SLIK™ unit SPCM-161-AQ (serial? 2B88).these had been



selected by the manufacturer for very low dark-count levels. The active area of the SPCM-100-PQ detector is about 200 pn
across, and its ped)E is stated to be 43% ath. 643 nm. The SPCM-161-AQ detector has a diameter ofud8@vhile its
maximumQE exceed§0% ati 630 nm.

3.2. Experimental setup

The detectors were mounted on optical benches with free ventilation in an air-conditioned laboratory environment, and
illuminated by light from a stabilized halogen lamp, whose flux was adjusted by varying its supply voltage. To isolate the
light source from the rest of the optical-bench setup, the light was fed to the detector through a light guide. Neuytral-densit
and color filters were used to further modify the intensity and wavelength of the incident light. The casing temperature of
the detector module was monitored to assure that it remained within the interval prescribed by the manufacturer.

3.3. Digital correlators and data handling

The output pulses from the detector modules were recorded and statistically analyzed in real time by either of two different
computer-controlled digital photon correlators. One of these (Malvern Instruments K7032) was custom-built to offer
particularly many modes of operation, with delay-channel resolutions down to 50 ns. Another (Malvern Instruments
K7026) correlator was occasionally used, when its higher time resolution of 20 ns per channel was required.

Autocorrelations and other functions were analyzed following standard procé&tfiresn ideal detector, illuminated by a

stable light source (as in our setup), produces a normalized autocorrelation equal to unity for all time delays. Imperfections
in the detection system will produce deviations from unity. The dead time, for example, will cause a zero value of the

autocorrelation function, at delay times shorter than this dead time, followed by a rise up to unity as the detector sensitivit

is restored. Afterpulsing, or some correlated secondary emission of light, will, on the other hand, contribute with an excess
of correlated pulses, leading to values greater than unity.

Each measurement series, e.g., the determination of one autocorrelation function, usually lasted 600 s, and to attai
sufficient statistical stability, each measurement was repeated several times, and the results averaged.

4. CHALLENGES OF AVALANCHE PHOTO-DIODES
4.1. Requirements for accurate photometry

The requirements for scientificdetector (i.e. not justt@chnicalone) are severe, in that one will be searching for possibly
very small signals, to be segregated from the noise (astrophysical, atmospheric, and instrumental). Their noise propertie
must therefore be [very] well understood. In the past, photomultipliers have been studied in great detail, and their [non-
ideal] photometric properties are well documerffedAPDs bring a number of new, undesired, and partly not understood
properties. This work is an attempt to examine some such nontrivial properties of avalanche diodes, with a view towards
their ultimate application in precision photometry.

4.2. Dark-count instabilities

The mechanism producing a signal in an APD in the absence of light, is that thermal energy may excite electrons into the
conduction band, triggering avalanches similar to real photon events. The main contribution comes from thermally excited
bulk electrons and they follow a Poissonian distributforSince the applied voltage affects both the dark-count rate, and

the quantum efficiency, an optimum can be found by minimizing the noise-equivalent powé& MERwer voltages, the

NEP will increase due to a lower triggering probability (and therefore lower ow@Elland at higher voltages it will
increase due to a higher dark count.

A more peculiar property of APDs is that the dark signal may fluctuate in a non-random manner about its average,
occasionally jumping between different discrete levels. Bistability of the dark count may be observed as abrupt jumps
between two (or perhaps more) discrete levels. This phenomenon is not well understood but may involve phenomena a
semiconductor impurity sites, transiting between lower- and higher-energy states. According to the manufacturer, this effect
is observed in only a certain fraction of all detectors.
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each, for the actively quenched SPCM-161-AQ detector. The several points with

10F ] exceptionally low dark counts appear as the shoulder outside the Gaussian fitted to
the histogram (bottom). These low-count events seem to originate from a dark-

0 Frmrmereere R P count bistability, with the signal occasionally jumping to a discrete lower level.

The dark-count variation over time was studied by making many short measurementsessien. Each individual
measurement lasted 100 seconds, with an interval between successive measurements (introduced by computer and correls
operations) of about 20 s.

The actively quenche&PCM-161-AQ shows a characteristic signature (Figure 1). This particular detector featured a very
low dark-signal level: a mean of only 8.3 Hz, however varying around this average in a clearly non-Gaussian manner. The
histogram in Figure 1 shows several instances with a considerably lower number of counts than the mean, resulting in the
asymmetric distribution function. This is the signature of bistability, with the dark count suddenly jumping to a lower level
during certain short time intervals. These statistical signatures remained quite stable at measurements during different days

In an attempt to resolve these jumps in time, a series of 625 measurements were made of 20 seconds each, shortening
interval between measurements to 12 s. This appeared to [marginally] resolve the lower state, i.e. there is a tendenc
towards several successive measurements having these lower dark-count values, suggesting that the duration of the low
count-rate level may be on the order of 20 seconds. The numerical value of this lower level (assuming it éméndeed
lower level), comes out to 4.7 Hz. A typical time separation between successive jumps seems to be around 20 minutes.
According to the manufacturer, the frequency of such jumps depends on the detector temperature.

For thepassively quenchetktector, a total of 400 such measurements were made during different days. However, its data
follow an essentially Gaussian distribution around the average count rate = 133 Hz, as expected for a stable dark count, wit
no suggestions of bistability.



4.3.Dead-time and afterpulsing

An ideal detector responds linearly to an increase in flux. However, real detectors have a finite dead time, i.e. an interva
following any photon detection, when the detector has reduced or zero response. As the flux increases, a greater number
photons will arrive during the dead time and thus avoid detection, leading to a non-linear response.
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In addition to the thermally generated dark count, afterpulsing adds to the non-photon generated count rate. The
phenomenon is known from photomultipl@sbut the pulse origin is different here. Since it is almost impossible to
fabricate a perfect silicon crystal, there remains a possibility that an avalanche electron will be caught in the pdtential wel
surrounding an impurity site. If that trapped electron is released by thermal excitation after a time longer than the dead-
time, it can trigger a new avalanche, correlated with the real photon event. The release time depends on both the propertit
of the trap and the temperature of the deVicé higher temperature causes a faster release of trapped electrons, increasing
the probability that all charges are released within the dead time (but also leading to an increase of the dark count).

Passively quenched APBigure 2 (top) shows the normalized autocorrelation function from the SPCM-100-PQ, at a count
rate of 100 kHz. The effect of the dead time is obvious: the autocorrelation function is almost equal to zero in the first thr
or four 50 ns-channels. As the detector recovers, the detection probability increases gradually until reaching unity after
about 1000 ns. The dead time (defined as the full-width at half-maximum, FWHM30& ns for count rates up to about

100 kHz. At higher count rates (up to 1.45 MHz were measured), this autocorrelation function begins to change shape.

Actively quenched APDthe autocorrelation from the actively quenched module has a completely different appearance.
The dead time is too short to be resolved in Figure 2, but was estimat@3 tws by using the K7026 correlator with 20 ns
resolution at a count rate of 100 kHz. What is instead seen in Figure 2 (bottom) is the afterpulsing, i.e. the enhancec
probability of a second spurious pulse following the primary one. This is visible as the exponentially decreasing number of
excess counts in the first several channels. The dependence on the count rate is shown in Figure 3.

Conceivably, the dead time or the afterpulsing could depend on the color of the incident light (since photons of different
energy penetrate differently deep, and deposit different amounts of energy into the silicon). Systematic measurements wer
therefore made through two interference filters with peak transparendiesOatnm (green) an@ 700 nm (red) but, as
indicated by the points in Figure 2, no such color dependence could be identified for either detector.
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Figure 3. Afterpulsing in the actively quenched detector, as function of photon-count rate. The afterpulse probability density is show
for various count rates. Below 100 kHz, th&al afterpulse probability fot > 100 ns remains constant at about 0.2%. The deformation
of the function shape at higher count rates is fully reproducible.

4.4. Light emission from the detector @liode afterglow)

Another 'peculiar’ property of APDs operated in photon-counting mode is the emission of light from the surface of the
detector. Immediately following the photon-detection avalanche, a shower of photmitésl fromthe detector, as it
recovers. For high-speed applications in large telescopes or when using long optical fibers, some such secondary light coul
find its way back onto the detector, causing optical 'ringing'. Such emission may also induce cross-talk between adjacen
pixels when several diodes are used in a detector array. The origin of this emitted light is not well understood, but from the
functional dependence of the cross-talk events in adjacent detectors, it has been ¢bribatdibé emitted light does not
originate from recombination of electrons and electron holes, but rather from the relaxation of single charge-carriers.

In order to detect this light emission, we used a 200 m long optical fiber-cable (consisting of two 100 m-fibers) as a delay
line. The detector surface was carefully focused onto one fiber end. To generate the primary signal, the detector wa
illuminated from another direction. Any light subsequently emitted from the detector would then travel through the fiber
and be reflected at its end, (capped by aluminum foil to enhance the reflectance). Such light would return to the detectol
after a delay time =12v/c, whereL is the length of the fiben is its index of refraction ancthe speed of light. For our

setup, withn = 1.5, tyeiay = 2 us, rather longer than the detector dead-times. (Actually, the delay was experimentally
determined using light from a pulsed light-emitting diod&dg, = 2.05us.)

Figure 4 shows thisliode aftergloyy as measured for the actively quenched SPCM-161-AQ unit, for count rates of 10 and
100 kHz. The peak (as expected) is seen at aroundug.0lay. The somewhat smaller peak at half that value
corresponds to a glass-to-air reflection in the junction between the two connected fibers.

From an estimate of what fraction of the emitted light that is collected and returned to the detector, one may calculate the
amount of emitted light following each avalanche. Although this estimate is quite uncertain due to, e.g., the unknown
directional distribution of the emitted light, and the exact transmittance of our delay unit, it was found to be on tlie order o

100 emitted photons following each photon-detection avalanche.

Further tests were made to examine whether there might be any color dependences. Blue and red gelatine filters (with hig
transmission, and minimal effects on focusing), were placed to filter botPBeemitted light and/or that of the primary

light source. A number of measurements found no measurable dependence on any of these, thus indicating that the emitt
light has a broad spectral range, and does not depend on the color of the incident light. The experimental uncertainty limit:
were here set by the detector having different sensitivities at different wavelengths.



Finally, we tried to measunghenthe light is emitted during the dead time of the detector. However, because of the short
dead time of the SPCM-161-A@® @5 ns), and our minimum delay-time resolution of 20 ns, we were not able to resolve the
emitted pulse.

Similar measurements made with the passive SPCM-100-PQ detector failed to reveal any 'afterglow' signal at all.
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Figure 4. Diode 'afterglow' — the post-detection emission of light from an actively quenched SPCM-161-AQ detector. The relative
probability density for different count rates is shown, analogous to Figure 3. By focusing the emitted light into anibmptiaat f
reflecting it back from the other end, the emitted light pulse was detected after a known time delay, set by the leffigpgr ofthe two

peaks are caused by the emitted light being reflected from a fiber junction and the fiber end, respectively.

4.5, Effects on longer time-scales

Figures 2 and 3 showed the signal structure on short and very short time scales. To investigate whether any structure cou
be found also at longer time scales, a series of autocorrelation measurements was made, with total delay times extending |
to 25 ms. The only 'peculiarity’ noted was a slight positive bump at approximately 3 ms delay, for the passive detector
SPCM-100-PQ. Following suspicions that this feature might perhaps originate in mechanical vibrations, several

modifications were made to the experiment, exchanging mechanical, electric and electronic units, but the feature remaine
stable, indicating an origin from the detector module itself. However, no comparable feature was seen for the active
detector module.

4.6.Junction heating

With increasing illumination, the greater number of avalanches causes the diode to heat up. Since the avalanche breal
down voltage depends on the temperature, and the break-down probability depends on the voltage, an increase of the cou
rate will affect theQE. If there is not an accurate temperature control, this effect can limit the maximum cott rate.

During the laboratory experiments, the temperature of the external APD casings heated up alreatiyeht mebdest
count rates. For the actively quenched detector, the temperature reached its allowed lif@it @fs4€pecified by the
manufacturer), if the count rate exceed®® kHz for more than about half an hour. To continuously operate this detector
at higher count rates might therefore require some additional cooling.



5. VERY SMALL DETECTORS AT VERY LARGE TELESCOPES
5.1. Detector size

The highest-performance photon-counting APDs are currerdijasile only in very small sizes (on the order of 200 in
diameter), becoming challenging to optically interface to the entrance pupils of large telescopes. Although larger-area
detectors are commercially available (up to 1 mm), this is at a price of significantly lower quantum efficiency. Also, their
larger detector volume greatly increases the bulk-generated dark count. Other problems include non-uniformities in
sensitivity across the detector area. Nevertheless, the development of larger-area diodes is being pursued in industry, ar
there is hope for significantly better performance in the foreseeable fiture.

Optical problems arise because of the small detector area (only some percent that of a normal photomultiplier). For
precision photometry, one wishes to avoid focusing the source onto the detector, where atmospheric image motion ol
telescope vibrations would move the focused image around, mapping the spatial inhomogeneity of detector response into
temporal flickering of the signal amplitude. Similar to other detectors, there is a need for a Fabry field lens close to the
telescope focus, imaging the telescope entrance pupil onto the detector, and thus minimizing the spatial light modulatior
across it. However, the optical matching of the entrance pupil of a very large telescope to a very small detector may nof
always be practically (or even principally) possible. The challenge is further augmented by the desire to simultaneously
focus "all" wavelengths (including the near infrared), in order to exploit the detector's broad spectral response.
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Figure 5. Example of problems in the optical interfacing of very small detectors. The image quality is shown at three field angles for
2.56 m telescope (NOT, the Nordic Optical Telescope; top), and an 8.2 m one (VLT, ESO:s Very Large Telescope). The $ame type o
single plano-convex field lens was used to image the entrance pupil onto a detector of 200 um diameter (circle). Rayfacing i
colors ¢ 486, 588, 656, 840 nm) show the footprint for light from a star exactly in the center of the photometric aperture (left), and
some arcsecond off. For large apertures, optical aberrations become severe as soon as the star becomes decenteractbganig.one

The field stop for VLT is limited to 1'8by vignetting caused by the maximum diameter of a lens with the required short focal length.



5.2. Optical design studies

To explore the possibilities and limits in the use of very small detectors, a number of optical design layouts were tested in
software ZEMAX), modeling telescopes in the 2.5 m cld$®T, Nordic Optical Telescop&} 2.56 m,f/10.99), in the 4 m

class WHT, William Herschel Telescop@ 4.2 m,f/10.94) ), and in the 8 m clasgl(T, ESO:s Very Large Telescope;

& 8.2m,f/13.23). Different field-lens layouts were tested (singlets; achromatic doublets, GRADIUM™ axial gradient-
index lenses, etc.), with analyses to show the sensitivity of any system to tilts, defocusing, etc.

In order to isolate the light of the target object from the sky background, a photometric aperture (field stop) in the telescop
focal plane is used, of a size to match the atmospheric seeing and tracking imperfections. Probably, such an aperture canr
be much smaller than about 5 arcsec.

The conclusions from these test calculations are that it should be quite feasible to match a 200 um APD to a 2.5 m clas
telescope. However, for much larger apertures, such aglffiethis becomes much more difficult because of image
degradation due to aberrations. Although chromatic effects can be significantly reduced by using an achromatic doublet.
perhaps made of GRADIUM™ material, somewhere here appears to be a practical limit. In interfaces to large telescopes
one can clearly see how the image deforms and covers different areas of the detector as the field angle increases. Als
attention must be paid to issues such as the angle of incidence of the rays onto the detector surface, since too steep
incidence angle may cause the light to be reflected off the detector surface instead of becoming detectéd inside it!

6. CONCLUSIONS

The aim of this work has been to examine such properties of photon-counting avalanche diodes, which appear relevant fo
astronomical high-speed photometry. There do not appear to exist any serious obstacles that would hinder such use «
APDs as photon-counting detectors. However, any user must be aware of their 'peculiarities’ which are different from those
of the traditional photocathode and CCD detectors. The issue of how to optically interface very small detectors to very
large telescopes is not yet solved. Possibly, photometry of point sources will require adaptive image stabilization to keep
the image both small in size and stable in location on a subarcsecond level. Alternatively, one could consider pupil slicing,
i.e., imaging different smaller sections of the entrance pupil onto each of several detectors.

Photon-counting avalanche diodes carry exciting future prospects. Since these can be based not only on silicon, but also o
e.g., germanium, there is the prospect of high-speed photon counting also in the infrared. Efforts have been made in th
industry for the development afalanche photodiodarrays apparently stimulated by needs such as detectotADAR

(laser radar), recording laser-pulse illuminated scenes, where the distance to imaged objects in the field is determined b
timing photon arrivals within nanoseconds. One could envision a future photon-counting photodiode array dfopa24
elements, say. If used on a large telescope to image, e.g., a globular cluster in a search for rapidly varying sources insid
photon count-rates of perhaps 10 MHz per pixel could be expected, generating a data flovitopédsecond, or 1OMb

(10" bytes = 1 Eb, exabyte) during a 3-night observing run. The data handling could become rather challenging, but only
with such detectors will one really begin to exploit the potential of very large telescopes for high-speed astrophysics.
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