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Introduction

Access to visible wavelengths is essential to achieve many of the main scientific goals of the Next Generation Space Telescope (NGST). Accordingly, the specifications for NGST require that the telescope respond to wavelengths at least as short as 0.6 um. Visible wavelengths also offer significant performance gains due to the higher resolution that is available.

In order to meet the need for high-quality imaging at visible wavelengths, our team has proposed a high-resolution, wide-field Visible Imager for the NGST. The scientific case for this instrument, and a preliminary design, were presented to NASA by CSA on October 1, 1999, and are summarized in the report A Visible Imager for NGST, document UBC-VI-003. Further details on the design of this instrument are given in the NGST Visible Imager Study Report, document EMS-RP-1054-10002.

Although the technology of visible-wavelength detectors has been well developed for ground-based observations, and in many respects is more advanced than that of infrared detectors, this is not true for detectors designed for space. The NGST environment presents two main problems, radiation and low temperature, that render conventional visible detectors unsuitable. The charge-coupled devices (CCD) that have proven so effective for ground based visible astronomy, suffer a progressive loss of performance due to damage from high-energy solar protons and cosmic rays. A second problem is that CCDs do not work at all at the low temperatures characteristic of the NGST detector environment (approximately 30K). At such temperatures, charge carrier mobility is greatly reduced and the efficiency with which electrical charge is transferred from the photosites to the readout amplifier drops to very low levels. These effects are discussed in detail in Visible Wavelength Detectors (Appendix A of A Visible Imager for NGST). 

While CCDs do not appears suitable for NGST, there are a number of alternatives (discussed in detail in Visible Wavelength Detectors). Hybrid detectors that use photosensitive elements fabricated from indium antimonide (InSb), designed for near infrared (NIR) wavelengths, also respond well to visible light. These are the favoured detectors for the baseline near-infrared camera (NIRC), so it is important to assess their performance at wavelengths at least as short as 0.6 um. Other alternatives are mercury-cadmium telluride (HgCdTe) hybrid detectors, CMOS detectors and hybrid detectors which use silicon p-i-n diodes bonded to a conventional multiplexer. These latter devices were identified as the detector of choice for the Visible Imager.

Surprisingly, there has been no direct testing and measurement of the visible-wavelength performance any of these detectors at very low temperatures.  Both InSb and HgCdTe arrays are routinely operated at liquid helium temperatures (4K) for ground-based infrared astronomy, but their response to visible wavelengths has not been studied. We are therefore in the unusual situation of having no demonstrated technology for the detection of visible wavelengths with the NGST, even though this is a requirement of the project.

The need for detector testing is particularly urgent in the case of the InSb detectors planned for the NIRC. If these devices perform well at visible wavelengths, it might be possible to perform some of the scientific functions (such as wide-field low-resolution imaging) of the Visible Imager using the NIRC. If, on the other hand, the visible performance of these devices is less than optimal, it increases the need for a dedicated Visible Imager.

In view of the importance of direct measurements of candidate detectors, we have embarked on a program of detector testing, with the support of the CSA. Our approach is two-fold. 1) To undertake collaborative studies with well-established university research teams who have the facilities, experience and access to detectors. 2) To create an in-house facility capable of optical testing and evaluation of new detectors at temperatures at least as cold as the NGST environment. The first approach provided access to a wealth of experience developed by US detector groups and allowed us to perform a preliminary evaluation of InSb on a very short time scale. The second approach offers a long-term solution  providing an essential capability, in a Canadian laboratory, that will allow us to respond quickly to detector developments as they occur.

In the following sections, we first review the fundamental characteristics and performance parameters of optical detectors and outline the basic procedures for measuring these parameters. We then describe the results of optical tests made on a space-qualified InSb array in collaboration with the University of Rochester. The detector test facility, under development at UBC, is then described, and we conclude with a discussion of immediate and long-term future plans.

1 Detector Characteristics

The main performance characteristics and parameters of interest for any optical detector are summarized in Table 1. This section provides a brief explanation and discussion of the significance of each.

Table 1. Detector Performance Characteristics

Parameter
Symbol
Units
Typ. CCD

Responsive Quantum Efficiency
Q

0.9

Detective Quantum Efficiency
DQE

0.9

Quantum Yield
γ

1.0

Read Noise
r
e-
5

Dark Current

e-/s
<0.001

Full-well Capacity

e-
105

Dynamic Range


104

Linearity


0.99

Point Defect Count


<20

Line Defect Count


0

Response Uniformity


< 0.05

Response Stability


<0.01

Fringing


< 0.1

Modulation Transfer Function
MTF



Hysteresis and Memory Effects


negligible

Responsive Quantum Efficiency – Also called quantum efficiency, it is the probability that an incident photon will interact in the detector, producing a measurable response. For photoelectric detectors it corresponds to the probability that a photon will produce one or more electrons.  It includes losses due to reflection or absorption at the surface and within the detector. The quantum efficiency is a function of wavelength.

Detective Quantum Efficiency – This is the most relevant measure of the efficiency of a detector. It is defined as the squared ratio of the output to input signal-to-noise ratios.
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For photoelectric detectors, the input signal-to-noise ratio is determined by photon Poisson statistics. The above formula can then be reduced to the form
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where r is the detector read noise and N is the number of detected photons. Thus, the DQE depends not only on the quantum efficiency, but also on the ratio of read noise to Poisson noise.

Quantum Yield – This is defined as the ratio of number of output quanta to input quanta. In CCD detectors, each incident photon produces at most one electron, so the quantum yield and quantum efficiency are the same. However, for detectors such as InSb, which have a lower threshold energy, a single photon can produce more than on electron, which increases the quantum yield. Any variation in the number of electrons per photon will constitute an additional source of noise.

Read Noise – This is the noise associated with the measurement of charge in a photoelectric detector. It is normally expressed in terms of the number of electrons which constitute a charge equal to the RMS noise.

Dark Current – This refers to charge carriers generated by thermal excitation rather than incident photons and is expressed as the number of electrons per pixel per second. Dark current depends sensitively on the threshold energy and the temperature.

Full-well Capacity – This is the maximum number of electrons that can be accommodated within the potential well of a detector pixel. It sets an upper limit to the brightness of objects that can be measured in a given integration time.

Dynamic Range – The ratio of largest to smallest signal that can be detected. This is normally taken to be the ratio of  full-well capacity to read noise.

Linearity – This describes the degree to which the output signal is proportional to the input signal. Small departures from linearity can be accepted provided that they are stable and can be removed by calibration. CCD detectors are normally highly linear until the full-well capacity is approached.

Point Defect Count – The number of individual defective pixels which may have either low QE, high dark current, or both. These normally result from manufacturing or process errors.

Line Defect Count – This is the number of defective lines or columns. Very few of these can be tolerated.

Response Uniformity – This refers to the average variation in QE from pixel to pixel.

Response Stability – Variations in response can in principle be removed by calibration, by measuring the response of each pixel to uniform illumination. However, the QE varies with wavelength and temperature, so the correction is never perfect. This quantity refers to the uniformity of response after calibration.

Fringing – Interference effects within the detector produce fringe patterns within the image. For CCDs, this is most pronounced at long wavelengths, particularly in thinned devices. The quantity of interest is the peak relative intensity variation seen in a flat field. The effect can be reduced by calibration, but never completely eliminated.

Modulation Transfer Function – The MTF measures the spatial resolving power of the detector. Defined by the ratio of output to input fringe contrast, as a function of spatial frequency, it is proportional to the Fourier transform of the point spread function (PSF), which is the image of a point source. In an optical system, the final MTF is the product of the MTFs of the atmosphere, telescope optics and detector. The detector MTF should be as large as possible. It is degraded at high frequencies by charge spread within the detector, which can result in cross-talk between pixels.

Hysteresis and Memory Effects – This refers to effects which depend on the prior exposure history of the detector. In some cases the response to light depends on whether the pixel was previously illuminated, and on the previous intensity and exposure times. Sometimes a remnant of the previous image is retained and appears superimposed on the current image. These effects are highly undesirable and, if present, their extent and conditions under which they occur must be examined.

2 Optical Testing

The optical performance of a detector can be evaluated by laboratory testing. A typical setup is shown in Figure 1. The main components are a light source, collimator, monochrometer, integrating sphere, shutter, detector and reference. Light from the source is collimated and directed to the monochrometer. The monochrometer uses a diffraction grating and relay optics to select a narrow wavelength band which can be scanned over the entire spectrum. Light from the monochrometer passes to an integrating sphere where it is diffused. The integrating sphere geometry produces diffuse light, with a well-defined solid angle, which is directed to the detector to be tested. For calibration, the detector is replaced with a reference photodiode, which is positioned in exactly the same location. The response of the photodiode is calibrated over its entire wavelength range with respect to NIST (National Institute of Standards and Technology) standards. Filters are inserted into the beam to block unwanted wavelengths diffracted in higher orders in the monochrometer. In addition, for detectors that are sensitive to infrared wavelengths, a cold infrared-blocking filter is place immediately in front of the detector.
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Figure 1. Optical configuration for detector testing.

To measure the DQE, one first uses the photodiode to determine the absolute intensity of the radiation. The number of photons incident on a detector pixel during the exposure time can then be calculated. The input signal-to-noise ratio is the square root of this number. An exposure is then made with the test detector and the output signal and noise, per pixel, is measured. The ratio of output to input signal-to-noise ratios, squared, gives the DQE directly. The test is repeated for all wavelengths of interest.

The QE can be determined from the DQE by means of Eqn. (2) if the readout noise r and electronic gain g (the output signal per electron) are known. These two quantities can be determined from a variance analysis of the output signal. In this, the output noise is plotted vs output signal for a wide range of input intensities or exposure times. At high signal levels, the output noise will be dominated by Poisson statistics; at low levels it will be dominated by read noise. The general relationship between output noise s and noise n is
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By fitting this equation to the data, both g and r may be determined.

The quantum yield can be measured once the gain g is known. The ratio s/g gives the number of electrons produced per pixel. The number of photons is already known, so the ratio gives the quantum yield. 

These measurements are normally done using a short exposure time to minimize dark current. The dark current itself can be determined from a long integration taken with the shutter closed.

Once the gain is known, the full-well capacity is easily determined by increasing the light intensity, or exposure time, until saturation is observed in the output signal. The ratio of full-well capacity over read noise then gives the dynamic range.

The accurate measurement of linearity is challenging, as deviations may be quite small. One plots the output signal vs. light intensity for a wide range of intensities. The intensity can be reduced by means of calibrated neutral density filters, by reducing the aperture in the integrating sphere, or by varying the distance between the aperture and the detector. Great care must be taken to avoid the introduction of stray light and reflections.

The response uniformity, stability and fringing can all be measured by comparing the signal levels from different pixels under uniform illumination. The illumination geometry of Figure 1 results in illumination that is typically uniform to within a few percent. Cosmetic qualities (bad pixels, etc) can be determined by close inspection of the images.

Measurement of the MTF requires the projection of an image onto the detector. The image can be a mask with parallel lines of varying spacing, or a point source. In either case, high-quality optics (with MTF higher than that of the detector) are required.

Hysteresis and memory effects can be studied by careful examination of sequences of images taken under a variety of conditions.

All of these parameters vary with detector temperature and most are a function of the wavelength of the incident light. Therefore, a thorough characterization of a detector is a significant task typically requiring hundreds of individual measurements.

3 InSb Tests at the University of Rochester

Optical testing of an InSb detector was done in June, 1999, at the laboratory of Drs. W. Forrest and J. Pipher of the University of Rochester. T. Hardy, R. Murowinski and P. Hickson participated in these tests on behalf of the CSA.

The detector examined a 256 x 256 InSb array manufactured by Raytheon Corp. for the SIRTF (Space Infrared Telescope Facility) project. This detector was housed in a standard Infrared labs vacuum dewar, cooled with liquid nitrogen and helium. By varying the pressure, the temperature could be controlled and was set at approximately 30K for the tests.  The optical arrangement was similar to that shown in Figure 1. The monochrometer and integrating sphere were made available to us by Dr. Z. Ninkov of the Rochester Institute of Technology.




Figure 2. Measured DQE of  the 256 x 256 pixel Rochester InSb array number 744-41626 from 420 to 720 nm wavelength at 30K. The blue curve shows the calculated transmission of the single-layer antireflection coating that covers the surface of this array.




Figure 3. DQE corrected for reflection losses. This shows the DQE that could be obtained if the antireflection coating was 100% transmissive at all wavelengths, and represents an upper limit to the DQE that could actually be achieved with this device.

Because of limited time it was not possible to conduct a full suite of tests, so attention focused on addressing the most pressing questions concerning the performance of InSb, such as the DQE, QE and quantum yield at visible wavelengths. Since InSb is sensitive to wavelengths as long as 2.5 um, it is particularly important to block NIR radiation which would contaminate the measurements. This was done by inserting a NIR-blocking filter within the dewar, in front of the detector. The attenuation of this filter to visible wavelengths was determined by placing a second, identical, filter in the path thereby doubling the attenuation. The transmission of a single filter is then just the ratio of the signal obtained with two filters to that obtained with one filter.

3.1 DQE

The results of the measurements are summarized in Figures 2-4. The first figure shows the measured DQE, at 10 nm intervals in wavelength from 420 to 720 nm. Strong oscillations are evident. These arise from interference in the antireflection layer which coats the InSb. The calculated transmission of this layer is shown in blue, and closely matches the pattern seen in the DQE. This indicates that the oscillatory behaviour is cause by the antireflection coating, not the intrinsic response of the detector. Multi-layer antireflection coatings can be designed which produce a much more uniform response. In order to illustrate the potential of InSb detectors equipped with multi-layer coatings, the effect of the antireflection coating has been removed by forming the ratio of the two curves. The result, shown in Figure 5, is representative of the maximum possible DQE. It can be seen from this figure, that the DQE is close to unity (its maximum possible value) at wavelengths longer than 520 nm, then drops significantly at shorter wavelengths. From this we conclude that a InSb detector, with an antireflection coating that is optimized for visible wavelengths, might be a suitable detector for the Visible Imager.

The visible-wavelength performance of the NIRC InSb detectors will depend strongly on the performance of the anti-reflection coating. If, as expected, this coating is optimized for the near infrared, visible performance will be less good. Possible visible-NIR antireflection coatings and their performance is therefore and important area of future study.

3.2 Quantum Yield

The quantum yield was also measured and is shown in Figure 6. The average value is about 1.25, which indicates that an incident photon, in this wavelength range, produces two electrons about one quarter of the time.



Figure 4. Quantum yield for InSb at 30K. This shows that a photon, with wavelength between 420 and 720 nm, has about a 25% chance of producing two electrons.

3.3 Non-Linear Effects

While examining images from the Rochester InSb array at a temperature of 30K, an unusual effect was observed. Dark patches, of roughly circular shape, would occasionally appear. These are areas of reduced signal which seem to appear at random. Because they are not reproducible, they cannot easily be removed or calibrated. We named these artifacts black holes, after their appearance. An example is illustrated in Figure 5. Black holes were not seen at liquid helium temperatures, but appeared when the detector was warmed to NGST temperatures. The nature and origin of this phenomenon is not know at present, and is a subject of concern. Further tests and studies will be needed to identify the cause and find a way to solve this problem.



Figure 5. Response of the InSb array to uniform illumination. The numerous bright spots are pixels which have a high dark current. They can normally be removed by calibration. The large dark patch in the lower right is an example of a black hole.

4 UBC Detector Test Facility

With the support of the CSA, we are preparing a facility that will allow us to test and characterize optical and near-infrared detectors in vacuum over a range of controlled temperatures ranging as low as 10K. This facility, which will be the only one of its kind in Canada, will allow us to characterize potential detectors for the NGST Visible Imager with minimal delay and under carefully controlled conditions. The facility is located at UBC, which has a long history of successful optical detector development in support of ground-based astronomy. UBC is also home to the MOST satellite project and is developing the telescope and detector for that program. While the detector test facility is primarily intended for NGST detector testing, it can also provide support for other space programs, such as MOST.



Figure 6. The optical cryostat, provided by Janis Research, mounted on an optical table at UBC. To the left is a vacuum gauge and Lakeshore temperature controller.



Figure 7. Close up of the cryostat. The detector will be mounted on the post that can be seen through the sappire window.

The heart of the facility is an optical cryostat, shown in Figures 6 and 7. Equipped with a closed-cycle cooler, it can reach stabilized temperatures as low as 10K. In order to accommodate detectors of the size foreseen for NGST, he cryostat has a large internal diameter of 12.5 cm and is equipped with a sapphire window of 10 cm clear diameter. Sapphire was chosen for its high transmittance at visible and near-infrared wavelengths, and its strength, which is needed to support the pressure differential over this large area.

An internal post provides a mounting point for the detector and conducts heat away. The temperature is closely regulated by means of a silicon diode sensor and a small heater element. The temperature is controlled by an electonic unit, shown in Figure 6. Cooling is provided by a refrigerator, shown in Figure 8, which circulates cold helium to the cryostat. The refrigerator requires only electrical power – there is no need for liquid cryogens. Four vacuum-tight electrical connectors provide electrical contacts for the detector and temperature control system. Easy access is achieved by removing four clamps and lifting off the cover. The cryostat was designed and built by Janis Research Corp., a company that has much experience in this area, and delivered in November 1999.



Figure 8. The refrigerator for the optical cryostat. The hoses seen in the picture carry helium coolant to the cryostat.

The cryostat is attached to an optical table, shown in Figure 6. Additional optical elements will be mounted on this table to provide a calibrated source of illumination, over a range of wavelengths. The optical design of the system will be similar to that used at the University of Rochester, described in Section 4. We will thus be able to perform a full range of optical tests with this facility. The dewar used for the Rochester testing is designed only for small arrays. The large size and flexibility of our cryostat will allow us to test detectors as large as 4096 x 4096 pixels. It also provides adequate space for cold filters and even a radioactive source for radiation testing.  

While the detector test facility is designed for optical testing of detectors, it could also be used to test small electro-mechanical components such as piezoelectric actuators and motors. The cryostat provides an internal volume of approximately 5 cm height x 12.5 cm diameter, which would suffice for small components and systems. The performance of such systems could be monitored electrically and visually.

5 Future Plans

5.1 The UBC test facility

Several additional items are needed in order to complete the detector test facility. These include a light source, monochrometer, integrating sphere and calibrated photodiode. The cost of these items is very modest and, with CSAs approval, we plan to purchase them as soon as possible. These components will be requested in the budget of our proposal for further studies for the NGST Visible Imager.

The only other major piece of equipment that is required for the detector testing is a camera controller and data acquisition system. The Herzberg Institute of Astrophysics (HIA) has a suitable controller that is not presently in use. They have agreed to lend it to us for detector testing. We already have computers suitable for data acquisition that will be used for this work.

UBC is providing direct supporting for this work by providing newly-renovated space for Dr. Hickson’s laboratory. This work, done at a cost of approximately $0.3M, will be completed in the spring of 2000. The new facilities include a sealed, light-tight, optical testing room with filtered air supply, an electronics design and assembly area, a chemical lab, and a large general-purpose laboratory area. UBC also provides a full-service departmental machine shop which can fabricate any needed mechanical components.

5.2 Si p-I-n Development at Rockwell

All that remains to be procured is the detectors themselves. The favoured detectors for the NGST Visible Imager are silicon p-i-n diode arrays. Rockwell has produced such arrays in a 640 x 480 format. These devices have a high quantum efficiency and broad-band response at warm temperatures (Figure 9). To our knowledge, they have not been tested at cryogenic temperatures. Rockwell intends to produce similar arrays in a 1024 x 1024 pixel and 2048 x 2048 pixel format using their Hawaii I and Hawaii II multiplexers. The larger of these two formats would be suitable for the Visible Imager. We have discussed with Rockwell, and with Don Hall’s group in Hawaii, the possibility of our testing these devices. Both groups are agreeable to this. However, Si p-i-n development at Rockwell is being done at a low priority and is not directly funded by NASA. It will therefore be some time before any of the large arrays will be available. We assume that, as private companies, they will not normally provide these devices to us for free. However, NASA is supporting their infrared development work, so it might be possible to get some devices on loan without cost. This is an area that the CSA might want to explore with NASA.



Figure 9. Response of Rockwell’s 640 x 480 pixel silicon p-i-n diode array. The device has high quantum efficiency over a broad range of visible wavelengths. Courtesy Rockwell Science Center.

5.3 Si p-i-n Development at Raytheon

A new initiative has recently been undertaken by the Rochester Institute of Technology, Raytheon Corp. and UBC. Recognizing the potential of Silicon p-i-n diodes for space applications, including NGST, we applied to NASA for support of p-i-n diode array development work. Specifically, we proposed to develop 2048 x 2048 pixel p-i-n diode arrays for space and characterize test devices in the laboratory. The arrays would be built at Raytheon and tested at RIT and UBC. This would complement the work being done (at low priority) by Rockwell to develop devices of this size. The PI for this proposal is Dr. Zoran Ninkov at RIT and the funding level requested is approximately $1M US over three years. We were recently informed that NASA has approved funding for this proposal as requested.

Since 2048 x 2048 pixel (or larger) silicon p-i-n diode arrays were identified as the detector of choice for the Visible Imager, the success of our NASA proposal virtually assures that such devices will be available within the required time period. We will be ready at UBC to test the first such arrays as soon as they are manufactured at Raytheon.































































































































































































































The University of British Columbia		        (


Department of Physics and Astronomy, 2219 Main Mall, Vancouver, BC, V3Y 2B3, Canada











17

_1005893511.unknown

_1005933573.xls
Chart12

		420

		430

		440

		450

		460

		470

		480

		490

		500

		510

		520

		530

		540

		550

		560

		570

		580

		590

		600

		610

		620

		630

		640

		650

		660

		670

		680

		690

		700

		710

		720



Corrected DQE = DQE / Transmission of anti-reflection coat

Wavelength (nm)

corrected DQE

Corrected DQE for 256 x 256 InSb Array 744-41626

0.2477648129

0.3994105786

0.5583941606

0.7088487155

0.7327289778

0.7349472377

0.6772181146

0.7415265546

0.7881179273

0.8417602996

0.951914242

0.9253412969

0.9489926039

0.9464102856

0.9897457361

0.9391126976

0.9534292972

0.9206239963

0.9296717172

0.9374741201

0.8937333727

0.9006010171

0.87765625

0.8732068487

0.8576528336

0.8642635877

0.8242958673

0.8775085658

0.8292432371

0.784575614

0.8842966646



Sheet1

		420		0.6599		0.1979		0.01018		0.1635		0.02093		0.2477648129		1.2103975535		0.167

		430		0.6447		0.3439		0.01487		0.2575		0.02559		0.3994105786		1.3355339806		0.144

		440		0.7124		0.5198		0.02068		0.3978		0.03523		0.5583941606		1.3066867773		0.128

		450		0.8408		0.7407		0.02807		0.596		0.04923		0.7088487155		1.2427852349		0.115

		460		0.9597		0.8994		0.03408		0.7032		0.05853		0.7327289778		1.2790102389		0.117

		470		0.9666		0.8801		0.03294		0.7104		0.05803		0.7349472377		1.2388795045		0.112

		480		0.8656		0.7905		0.02959		0.5862		0.04934		0.6772181146		1.3485158649		0.124

		490		0.7494		0.6822		0.02548		0.5557		0.04557		0.7415265546		1.2276408134		0.111

		500		0.6716		0.6422		0.02389		0.5293		0.04306		0.7881179273		1.2133005857		0.109

		510		0.6408		0.6421		0.0238		0.5394		0.04357		0.8417602996		1.1903967371		0.107

		520		0.653		0.7328		0.02702		0.6216		0.04968		0.951914242		1.1788931789		0.105

		530		0.7032		0.843		0.03119		0.6507		0.05305		0.9253412969		1.295527893		0.117

		540		0.7842		0.9546		0.03516		0.7442		0.05991		0.9489926039		1.282719699		0.115

		550		0.8789		1.11		0.04104		0.8318		0.06779		0.9464102856		1.3344553979		0.12

		560		0.9557		1.228		0.0453		0.9459		0.07654		0.9897457361		1.2982344857		0.117

		570		0.9805		1.191		0.04388		0.9208		0.07426		0.9391126976		1.2934404865		0.116

		580		0.9448		1.145		0.04214		0.9008		0.07251		0.9534292972		1.2710923623		0.114

		590		0.8718		1.021		0.03756		0.8026		0.06455		0.9206239963		1.2721156242		0.114

		600		0.792		0.9268		0.0341		0.7363		0.05927		0.9296717172		1.2587260627		0.113

		610		0.7245		0.8468		0.03117		0.6792		0.05472		0.9374741201		1.2467608952		0.112

		620		0.6766		0.7522		0.02772		0.6047		0.04886		0.8937333727		1.2439226063		0.112

		630		0.6489		0.7098		0.02618		0.5844		0.0474		0.9006010171		1.2145790554		0.109

		640		0.64		0.6941		0.0256		0.5617		0.04553		0.87765625		1.2357130141		0.111

		650		0.6483		0.7124		0.02627		0.5661		0.04583		0.8732068487		1.2584349055		0.113

		660		0.6723		0.7354		0.02711		0.5766		0.04666		0.8576528336		1.2754075616		0.114

		670		0.7102		0.7635		0.02812		0.6138		0.04955		0.8642635877		1.2438905181		0.112

		680		0.7598		0.793		0.02921		0.6263		0.05055		0.8242958673		1.2661663739		0.113

		690		0.8172		0.8975		0.03306		0.7171		0.0579		0.8775085658		1.2515688189		0.112

		700		0.8761		0.9341		0.03443		0.7265		0.05873		0.8292432371		1.2857536132		0.115

		710		0.9284		1.086		0.04012		0.7284		0.05916		0.784575614		1.4909390445		0.134

		720		0.9654		1.079		0.03985		0.8537		0.06928		0.8842966646		1.2639100387		0.114





Sheet1

		0		0		0.02093		0.02093

		0		0		0.02559		0.02559

		0		0		0.03523		0.03523

		0		0		0.04923		0.04923

		0		0		0.05853		0.05853

		0		0		0.05803		0.05803

		0		0		0.04934		0.04934

		0		0		0.04557		0.04557

		0		0		0.04306		0.04306

		0		0		0.04357		0.04357

		0		0		0.04968		0.04968

		0		0		0.05305		0.05305

		0		0		0.05991		0.05991

		0		0		0.06779		0.06779

		0		0		0.07654		0.07654

		0		0		0.07426		0.07426

		0		0		0.07251		0.07251

		0		0		0.06455		0.06455

		0		0		0.05927		0.05927

		0		0		0.05472		0.05472

		0		0		0.04886		0.04886

		0		0		0.0474		0.0474

		0		0		0.04553		0.04553

		0		0		0.04583		0.04583

		0		0		0.04666		0.04666

		0		0		0.04955		0.04955

		0		0		0.05055		0.05055

		0		0		0.0579		0.0579

		0		0		0.05873		0.05873

		0		0		0.05916		0.05916

		0		0		0.06928		0.06928



Transmission of single layer SiO AR coating on InSb

DQE

Wavelength (nm)

DQE and Anti-Reflection Coating Transmission for 256 x 256 InSb Array 744-41626 through 10 nm Liquid Crystal Filter + IR Blocking Filter

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



Sheet2

		0		0.167		0.167

		0		0.144		0.144

		0		0.128		0.128

		0		0.115		0.115

		0		0.117		0.117

		0		0.112		0.112

		0		0.124		0.124

		0		0.111		0.111

		0		0.109		0.109

		0		0.107		0.107

		0		0.105		0.105

		0		0.117		0.117

		0		0.115		0.115

		0		0.12		0.12

		0		0.117		0.117

		0		0.116		0.116

		0		0.114		0.114

		0		0.114		0.114

		0		0.113		0.113

		0		0.112		0.112

		0		0.112		0.112

		0		0.109		0.109

		0		0.111		0.111

		0		0.113		0.113

		0		0.114		0.114

		0		0.112		0.112

		0		0.113		0.113

		0		0.112		0.112

		0		0.115		0.115

		0		0.134		0.134

		0		0.114		0.114



DQE/RQE = gain

Wavelength (nm)

DQE/RQE for 256 x 256 InSb Array 744-41626

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



Sheet3

		0

		0

		0

		0

		0

		0

		0

		0

		0

		0

		0

		0

		0

		0

		0

		0

		0

		0

		0

		0

		0

		0

		0

		0

		0

		0

		0

		0

		0

		0

		0



Corrected DQE = DQE / Transmission of anti-reflection coat

Wavelength (nm)

Corrected DQE for 256 x 256 InSb Array 744-41626

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



		





		






_1005933603.xls
Chart13

		420		420		0.02093		0.02093

		430		430		0.02559		0.02559

		440		440		0.03523		0.03523

		450		450		0.04923		0.04923

		460		460		0.05853		0.05853

		470		470		0.05803		0.05803

		480		480		0.04934		0.04934

		490		490		0.04557		0.04557

		500		500		0.04306		0.04306

		510		510		0.04357		0.04357

		520		520		0.04968		0.04968

		530		530		0.05305		0.05305

		540		540		0.05991		0.05991

		550		550		0.06779		0.06779

		560		560		0.07654		0.07654

		570		570		0.07426		0.07426

		580		580		0.07251		0.07251

		590		590		0.06455		0.06455

		600		600		0.05927		0.05927

		610		610		0.05472		0.05472

		620		620		0.04886		0.04886

		630		630		0.0474		0.0474

		640		640		0.04553		0.04553

		650		650		0.04583		0.04583

		660		660		0.04666		0.04666

		670		670		0.04955		0.04955

		680		680		0.05055		0.05055

		690		690		0.0579		0.0579

		700		700		0.05873		0.05873

		710		710		0.05916		0.05916

		720		720		0.06928		0.06928



Transmission of single layer SiO AR coating on InSb

Detective Quantum Efficiency (DQE)

Wavelength (nm)

DQE and AR Coating Transmission for 256 x 256 InSb Array 744-41626 through 10 nm BW Tunable Liquid Crystal Filter + IR Blocking Filter

0.6599

0.1635

0.6447

0.2575

0.7124

0.3978

0.8408

0.596

0.9597

0.7032

0.9666

0.7104

0.8656

0.5862

0.7494

0.5557

0.6716

0.5293

0.6408

0.5394

0.653

0.6216

0.7032

0.6507

0.7842

0.7442

0.8789

0.8318

0.9557

0.9459

0.9805

0.9208

0.9448

0.9008

0.8718

0.8026

0.792

0.7363

0.7245

0.6792

0.6766

0.6047

0.6489

0.5844

0.64

0.5617

0.6483

0.5661

0.6723

0.5766

0.7102

0.6138

0.7598

0.6263

0.8172

0.7171

0.8761

0.7265

0.9284

0.7284

0.9654

0.8537



Sheet1

		420		0.6599		0.1979		0.01018		0.1635		0.02093		0.2477648129		1.2103975535		0.167

		430		0.6447		0.3439		0.01487		0.2575		0.02559		0.3994105786		1.3355339806		0.144

		440		0.7124		0.5198		0.02068		0.3978		0.03523		0.5583941606		1.3066867773		0.128

		450		0.8408		0.7407		0.02807		0.596		0.04923		0.7088487155		1.2427852349		0.115

		460		0.9597		0.8994		0.03408		0.7032		0.05853		0.7327289778		1.2790102389		0.117

		470		0.9666		0.8801		0.03294		0.7104		0.05803		0.7349472377		1.2388795045		0.112

		480		0.8656		0.7905		0.02959		0.5862		0.04934		0.6772181146		1.3485158649		0.124

		490		0.7494		0.6822		0.02548		0.5557		0.04557		0.7415265546		1.2276408134		0.111

		500		0.6716		0.6422		0.02389		0.5293		0.04306		0.7881179273		1.2133005857		0.109

		510		0.6408		0.6421		0.0238		0.5394		0.04357		0.8417602996		1.1903967371		0.107

		520		0.653		0.7328		0.02702		0.6216		0.04968		0.951914242		1.1788931789		0.105

		530		0.7032		0.843		0.03119		0.6507		0.05305		0.9253412969		1.295527893		0.117

		540		0.7842		0.9546		0.03516		0.7442		0.05991		0.9489926039		1.282719699		0.115

		550		0.8789		1.11		0.04104		0.8318		0.06779		0.9464102856		1.3344553979		0.12

		560		0.9557		1.228		0.0453		0.9459		0.07654		0.9897457361		1.2982344857		0.117

		570		0.9805		1.191		0.04388		0.9208		0.07426		0.9391126976		1.2934404865		0.116

		580		0.9448		1.145		0.04214		0.9008		0.07251		0.9534292972		1.2710923623		0.114

		590		0.8718		1.021		0.03756		0.8026		0.06455		0.9206239963		1.2721156242		0.114

		600		0.792		0.9268		0.0341		0.7363		0.05927		0.9296717172		1.2587260627		0.113

		610		0.7245		0.8468		0.03117		0.6792		0.05472		0.9374741201		1.2467608952		0.112

		620		0.6766		0.7522		0.02772		0.6047		0.04886		0.8937333727		1.2439226063		0.112

		630		0.6489		0.7098		0.02618		0.5844		0.0474		0.9006010171		1.2145790554		0.109

		640		0.64		0.6941		0.0256		0.5617		0.04553		0.87765625		1.2357130141		0.111

		650		0.6483		0.7124		0.02627		0.5661		0.04583		0.8732068487		1.2584349055		0.113

		660		0.6723		0.7354		0.02711		0.5766		0.04666		0.8576528336		1.2754075616		0.114

		670		0.7102		0.7635		0.02812		0.6138		0.04955		0.8642635877		1.2438905181		0.112

		680		0.7598		0.793		0.02921		0.6263		0.05055		0.8242958673		1.2661663739		0.113

		690		0.8172		0.8975		0.03306		0.7171		0.0579		0.8775085658		1.2515688189		0.112

		700		0.8761		0.9341		0.03443		0.7265		0.05873		0.8292432371		1.2857536132		0.115

		710		0.9284		1.086		0.04012		0.7284		0.05916		0.784575614		1.4909390445		0.134

		720		0.9654		1.079		0.03985		0.8537		0.06928		0.8842966646		1.2639100387		0.114





Sheet1

		0		0		0.02093		0.02093

		0		0		0.02559		0.02559

		0		0		0.03523		0.03523

		0		0		0.04923		0.04923

		0		0		0.05853		0.05853

		0		0		0.05803		0.05803

		0		0		0.04934		0.04934

		0		0		0.04557		0.04557

		0		0		0.04306		0.04306

		0		0		0.04357		0.04357

		0		0		0.04968		0.04968

		0		0		0.05305		0.05305

		0		0		0.05991		0.05991

		0		0		0.06779		0.06779

		0		0		0.07654		0.07654

		0		0		0.07426		0.07426

		0		0		0.07251		0.07251

		0		0		0.06455		0.06455

		0		0		0.05927		0.05927

		0		0		0.05472		0.05472

		0		0		0.04886		0.04886

		0		0		0.0474		0.0474

		0		0		0.04553		0.04553

		0		0		0.04583		0.04583

		0		0		0.04666		0.04666

		0		0		0.04955		0.04955

		0		0		0.05055		0.05055

		0		0		0.0579		0.0579

		0		0		0.05873		0.05873

		0		0		0.05916		0.05916

		0		0		0.06928		0.06928



Transmission of single layer SiO AR coating on InSb

Detective Quantum Efficiency (DQE)
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Corrected DQE = DQE / Transmission of anti-reflection coat
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Responive QE  / Detective QE = gain
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