A second-generation design was developed to provide further reductions in pickup noise (see Figure 6).  This second-generation design uses two cast aluminum boxes that were joined together using a machinable aluminum epoxy.  The larger box contains only the APD to be tested and the plastic optical fiber to couple the light pulses to the detector.  The temperature of the APD could be adjusted by using a flow of warm nitrogen gas to offset the cooling provided by the LN2 bath. The leads of the APD are passed through directly to the second, smaller aluminum box, which holds the pre-amplifier electronics.  The smaller aluminum box is thermally insulated from the APD test chamber with PVC foam insulation.  The APD is connected directly to a Cremat, Inc. CR-101D charge sensitive pre-amplifier with a very short connecting wire.  For this second-generation test chamber, we used a pre-amplifier with an integrated FET to simplify the wiring.  The specifications for the CR-101D indicate that the amplifier should contribute no more than 250 electrons of RMS readout noise. At an APD gain of 1,000, the output signal for a single absorbed photon is 1,000 electrons, significantly above the pre-amplifier noise floor.  The pre-amplifier is battery operated to eliminate pickup noise from an external power supply.  The output of the pre-amplifier is coupled out of the small aluminum box using a shielded coaxial cable, and coupled directly into a cascaded pair of Mini-Circuits low noise amplifiers (ZFL-500LN, 0.1-500 MHz bandwidth).  The output of the low noise amplifiers is coupled to a Canberra Model 2020 shaping amplifier using a 0.25 µsec shaping time constant.  The pulse response was observed on a Tektronix TDS 220, 100 MHz digital oscilloscope and on a variety of pulse processing equipment.  This test chamber achieved very low noise performance and enabled single photon detection experiments to be completed.
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Figure 6.  2nd generation Phase I LN2 test chamber.

Single Photon Detection

To determine the single photon detection efficiency of RMD’s unique high-gain APDs requires the construction of a calibrated photon source.  The ideal photon source would be capable of delivering a precise number of photons to the APD through an optical fiber. We developed a near ideal photon source with the capability to vary the number of photons from a single photon to 1,000 photons.  The photon source was built using a red (~650 nm) light emitting diode (LED) coupled to a plastic optical fiber.  Intense pulses of light were generated by coupling the LED to a function generator producing 100 nsec pulses at a 1.0 kHz repetition rate.  The output of the LED was coupled into two plastic optical fibers.  One fiber was connected directly to a monitor photodiode to enable direct readout of the LED output power.  The second fiber was coupled to an attenuation box, which enabled the light power to be attenuated by inserting a neutral density filter with an optical density of 1.0, 2.0, 3.0, or 4.0.  These neutral density filters are accurate to about 5% at 650 nm.  Thus, by incorporating neutral density filters, we were able to attenuate the light by up to four orders of magnitude.  Additional control over the number of photons per pulse was obtained by adjusting the electrical pulse energy to the LED and monitoring the LED output with the monitor photodiode.

Next, the light intensity was calibrated by using one of two methods.  The first method was to increase the LED pulse repetition rate to 1.0 MHz and eliminate the neutral density filters.  The optical fiber was then connected to a calibrated photodiode, and the average photocurrent recorded.  The number of photons/pulse can be determined from:
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Where,

Iavg = average photocurrent (1A=1C/sec)

n = average number of photons per pulse

q = electron charge = 1.602 x 10-19 C

f = frequency = 1 x 106 Hz

QE = photodiode quantum efficiency = 0.70

Therefore, when the average number of photons per pulse is 1,000, the average photocurrent should be 229 pA.  After adjusting the LED intensity to achieve an average photocurrent of 229 pA, the repetition frequency was reduced to 1.0 kHz and the optical fiber was coupled to the APD for the detection efficiency measurements.

In addition to calibrating the number of photons/pulse, we also calibrated the system gain by operating the APD at low gain (Vbias = 1100 V, gain ( 2).  To calibrate the system gain performance, a 55Fe X-ray source was inserted into the test chamber and aligned with the APD.  The 55Fe source generates 5.9 keV X-rays, and the ionization rate for X-rays in silicon is 3.6 eV/electron hole pair.  Therefore, the 55Fe source generates 1639 electron hole pairs for each X-ray absorbed (see Figure 7).  The gain of the electronics was calibrated to be 1.15 mV/photon, which agrees well with our experimental measurement of 1.3  mV/photon for the calibrated LED pulse source with 1,000 photons/pulse (see Figure 8).  The noise level was estimated to be 500 mV peak-to-peak, corresponding to the pre-amplifier noise approaching 35 electrons.  This is significantly better than the pre-amplifier specifications and most likely results from the cooling of the entire pre-amplifier module (due to its close proximity to the LN2 cooled APD). Therefore, to achieve single photon detection will require the APD to be operated at a gain of at least 350 to insure that the signal-to-noise ratio (SNR) is sufficient.

The second-generation test chamber was cooled to ~85 K for the single photon detection experiments.  Two 2mm x 2mm APD were used, and each was biased to approximately 20 Volts below breakdown.  The output of the shaping amplifier was coupled to a discriminator that was optimized to detect signal pulses and reject noise.  The first APD achieved a gain of 3,500, which enabled this device to achieve higher detection efficiency because the SNR was enhanced.  The second APD only achieved a gain of 600, likely resulting from degradation due to moisture condensation on the device.  This degraded the SNR and required a higher discriminator level. The discriminator output was coupled to a counter, and the number of detected events was recorded.  In addition, the dark count rate was recorded (which typically varied from 600 to 1,000 counts per second).  The detection efficiency was then calculated by dividing the illuminated count rate (minus the dark count rate) by the LED repetition rate.  The results are shown in Figure 9, along with theoretical detection efficiency (DE) curves.  As can be seen, both APDs exhibited DE > 50%.  Due to statistical fluctuations, the number of photons per pulse will vary significantly.  For example, for an average of 1 photon per pulse, some of the pulses will have 0, 1, 2, or even more photons.  Indeed, ~33% of the pulses will have 0 photons/pulse and hence will not be detectable.  APD #1 achieved a nearly ideal detection efficiency of 70%, corresponding to nearly 100% detection of pulses that generate at least one photoelectron (quantum efficiency was 70%).  In comparison with ICCDs that rarely achieve more than 20% DE, we observe that both APDs exhibit significantly better sensitivity.  Indeed, by using improved shielding techniques (eliminating ground loops) and cooling the input FET to the preamplifier, we expect to achieve nearly ideal detection efficiency for devices with gains as low as 100. 
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Figure 7.  55Fe spectrum at 1100 V.  The APD is operating at gain ( 2, showing excellent noise characteristics.  The readout noise for unity gain is ~200 electrons.
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Figure 8.  (a) Spectrum for 1,000 photo-electrons/pulse at an APD gain of 2.  The slightly larger noise (~260 electrons) is likely due to increased pickup noise during this measurement.  (b) Spectrum for 1,000 and 1,00 photons/pulse at an APD gain of 200.  The APD gain eliminates the pre-amplifier and pickup noise, resulting in near shot noise limited performance.
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Figure 9.  Detection efficiency as a function of average number of photons per pulse.  Results from two APDs are shown.  APD #1 (red diamond) achieved sufficient gain to overcome preamplifier and pickup noise, and hence was able to achieve nearly ideal detection efficiency for 1.7 photons/pulse (Quantum efficiency ~70%).  APD #2 (blue curve) did not achieve sufficient gain to overcome noise.  The device exhibits excellent detection efficiency for multiple photons/pulse, however the discriminator level had to be set slightly above the single photoelectron level.  Therefore, detection efficiency for 1.4 and 2.8 photons/pulse (equivalent to 1 and 2 photoelectrons per pulse) is degraded. High performance ICCD’s rarely achieve a DE larger than 20%.

