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Abstract. We present the results of the study of quantum efficiency and gain of Visible Light Photon Counters (VLPC) at high counting rates, expected at their application as readout detectors of the scintillating fiber tracker in the DØ detector. At a projected maximum rate of 10 MHz photoelectrons, the quantum efficiency only decreases to 97 % of its maximum value. Since other applications may involve higher counting rates, we present the data up to background rates of 90 MHz of photoelectrons. 

INTRODUCTION
This study is part of the research and development of the scintillating fiber tracker being built for the upgrade of the DØ Detector [1], located at Fermilab, and used to study proton-antiproton collisions at a center of mass energy of 1.8 TeV. The scintillating fiber tracker will consist of about 75000 scintillating fibers of 835 µm diameter.  The fibers will lay on eight concentric cylinders coaxial with the beam line. The cylinder radii range from 19.5 cm to 52 cm. Photons produced in the scintillating fibers by ionizing particles propagate through the clear fiber light-guides, 7 to 11 m long, and reach Visible Light Photon Counters (VLPC), solid state photo-detectors developed by Rockwell International [2]. VLPCs are arsenic doped silicon diodes that operate at a temperature of a few Kelvin.

A photon entering VLPC converts to an electron-hole pair.  The hole drifts to a gain layer where it starts an electron avalanche of several thousand electrons. The quantum efficiency of the VLPC, defined as the probability that the photon incident on VLPC converts to a fully developed avalanche, varies from 60 % to 85 %, depending on the version of VLPC. The gain of the VLPC is typically about 40,000. A distinctive feature of the VLPC, in addition to high quantum efficiency and gain, is a low gain dispersion of approximately 15 %.

In Run II at the Fermilab Tevatron the luminosity will reach 2•1032cm-2s-1. It is expected that the VLPC pixels used to read out the DØ fiber tracking detector during Run II at the Fermilab Tevatron will typically see a rate of a few MHz of photoelectrons.  This estimate comes from a detailed simulation that included the following elements: a Pythia generator; a GEANT simulation of the detector; the results of a cosmic ray test, where in the prototype of the DØ detector minimum ionizing particles generated 9 photoelectrons in the HISTE IV VLPC [3]; and the quantum efficiency of HISTE VI chips which will be used in DØ detector. (HISTE IV and HISTE VI refer to two versions of VLPC - HISTE VI will be used in the final detector). The VLPCs reading out the fibers close to the beam will count about 10 MHz of photoelectrons, whereas the ones reading out the outermost fibers will count about 2.5 MHz of photoelectrons.

In this study we examined the quantum efficiency and the gain of HISTE VI, the latest generation of VLPC, at counting rates of up to 90 MHz. This was motivated by the possibility of a future increase of Tevatron luminosity to five times the luminosity  of Run II (so called TeV 33); in such an environment the VLPCs would count up to about 50 MHz of photoelectrons.
EXPERIMENTAL SETUP
  HISTE VI chips were produced in the form of 2 x 4 pixel arrays, with individual pixels of 1 mm diameter. The arrays were mounted on the substrates providing electrical contact to each pixel via a wire-bond. The assembly of the VLPC chip and of the substrate, called a hybrid, is schematically depicted in Fig. 1. The VLPC chips were tested in a cryogenic "cassette".  Eight chips can be mounted in the cassette, which, for testing, is inserted into a cryostat cooled to the desired temperature by cold He gas, as shown in Fig. 1. 

Photoelectrons in the VLPC are generated by light from two orange LEDs located outside the cassette. The light from the LEDs is transported to the cassette by a liquid scintillator light guide, and then  to the VLPCs by a solid, acrylic rod light-guide and a disc diffuser, both located inside the cassette. The LEDs are fired independently with a voltage pulse 18 ns wide. One, the "signal" LED, is powered with low rate, 250 Hz, voltage pulses which are adjusted in such a way that about 2 photoelectrons are generated in the VLPC pixels. The other, "background" LED, is pulsed with a frequency of 2.5 MHz. Its voltage is set in such a way that the number of photoelectrons in one pulse multiplied by the frequency results in a desired rate of background counts.  For example, 36 photoelectrons per background pulse is required in order to achieve 90 MHz background rate.

The electrical signals from the VLPCs are brought via a kapton flex circuit to the QPAO2 preamplifiers, and fed to LeCroy ADCs, where they are integrated for 100 ns and digitized. In normal operation, the ADC gates are centered on the pulses generated by low rate signal LED. 
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FIGURE 1. Schematic picture of the experimental setup and of VLPC hybrid.
The goal of this study is to measure how the signal pulse is affected by the high frequency background pulses occurring outside the ADC gate. Figure 2 shows schematically the time relation between the signal pulse, the background pulses and the ADC gate.
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FIGURE 2. Time relation between pulses generated by background and signal LED, and ADC gate.
The signal’s pulse height spectrum is offset by a certain number of ADC channels because of the electronic pile-up of the background pulses. The pile-up is such that at the highest background rates the pedestal is out of the ADCs’ range. Therefore, a "quiet time" of 5 s was set before a signal pulse (see Fig. 2), during which most of the pile-up dies off. To test the effect of the quiet time, we instrumented 16 channels with linear fan-in,fan-outs equipped with a DC offset which allowed us to compensate for the pile-up level. We measured the relative quantum efficiency and gain of the VLPCs as a function of the length of quiet time, ranging from 132 ns to 10 s. The results, taken at the background count rate of 30 MHz, are presented in Fig. 3.  We do not see any significant dependence of the data on the length of the quiet time.
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FIGURE 3. The relative quantum efficiency and gain of VLPCs as a function of the length of quiet time. Background’s count rate was 30 MHz of photoelectrons.
RESULTS
The results presented here are based on the measurements of 243 HISTE VI chips. All chips were tested at the background rate of 1.3 MHz, 40 MHz, and 90 MHz, the temperatures were 8 K, 9 K, and 10 K. A subset of 103 chips were tested at background count rates of 1.5 MHz, 10 MHz, 20 MHz, 40 MHz, and 90 MHz; the temperature was 9 K. The chips were from four different production runs, called lots. We find that chips from different lots attain full quantum efficiency at different bias voltages, therefore, where appropriate, we present the results for different lots separately. 

Signal change due to the background counts

An example of a pulse height spectrum, measured while the background is turned off, is shown in Fig. 4a. The peaks in the spectrum correspond to 0 to 4 photons converted in the pixel (they are well separated thanks to the low gain dispersion of VLPCs). The difference between the means of the first photoelectron peak and the pedestal is 94.9 ADC channels and is a measure of pixel’s gain. On average, 1.78 photoelectrons are generated in the pixel (we compute the number of photoelectrons by subtracting the mean of the pedestal peak from the histogram average and dividing the difference by the gain). In Fig. 4b we show the pulse height distribution from the same pixel, but with the background LED adding 90 MHz of background photoelectrons. The gain decreases to 74.1 ADC channels and on average 1.53 photoelectrons are now detected.
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FIGURE 4. Pulse height spectra measured for a pixel operating without background (Fig. a)) and with 90 MHz background counts (Fig. b)).
The mean number of photoelectrons determined from the pulse height distribution, after subtraction of the dark count contribution, is proportional to the quantum efficiency of a pixel. The dark current contribution is determined from the pulse height spectra measured with the signal LED turned off. We calculate the relative quantum efficiency at a given background rate in the following way: the number of photoelectrons corrected for dark current counts is divided by the mean number of photoelectrons (also corrected for dark current counts) measured without background.   The background-free number is always determined at the bias voltage giving the maximum quantum efficiency for the VLPC.  The gain is converted from ADC channels to the charge based on the calibration measurements of QPAO2-ADC chain. The gain is plotted in fC of charge generated in a VLPC by one converted photon.

Determining the Optimal Temperature
The rate behavior of the quantum efficiency depends on the temperature of VLPC. The higher the temperature the smaller the decrease of quantum efficiency in the presence of background counts. In Fig. 5a) we show data taken at 8 K. We observe that at a background rate of 40 MHz the quantum efficiency at a given bias is approximately equal to the efficiency without background at a bias of 0.9 V lower. The VLPC, at 40 MHz background, performs as if an internal debiasing of 0.9 V occurred in the active volume of the device. At 9 K the internal debiasing voltage is 0.6 V. (In the Series Resistor Model of the VLPC, the current generated in the avalanche region develops a voltage drop across the layers outside the avalanche region, thus dropping the effective bias in the active layers [4]). Therefore, one is forced to operate the VLPC at elevated temperatures in order to achieve the highest quantum efficiency. The data presented in this paper, unless explicitly mentioned, were taken at temperature of 9 K.
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FIGURE 5. Relative quantum efficiency as a function of a bias voltage at temperature 8 K (Fig. a) ) and at temperature 9 K (Fig. b)) . Upper line on both figures connects data taken without background counts, lower line connects data taken at background rate of 40 MHz of photoelectrons.

Quantum Efficiency and Gain
In Fig. 6 we show the mean of the relative quantum efficiency and gain as a function of the bias voltage for 40 chips from lot 735 and 50 chips from lot 737. We notice that the chips from lot 737 require a bias 0.2 V higher than the chips from lot 735. With the background turned off, the quantum efficiency attains a maximum at bias 7.4 V for chips from lot 735, and at 7.6 V for chips from lot 737. At a given bias, the relative quantum efficiency decreases with the increasing background level. The quantum efficiency at background rates higher than 1.5 MHz increases with the bias voltage throughout the entire bias range. For a 10 MHz background rate expected for VLPCs in the DØ detector, the quantum efficiency is 97 % of maximum efficiency if the bias is set 0.2 V higher than the optimum bias for no background operation.  This value is reduced to 94% at a background rate of 20 MHz.

 At 40 MHz and 90 MHz, the relative quantum efficiency decreases further, at 7.6 V bias for lot 735, and 7.8 V bias for lot 737 the efficiency drops to 84 % at 40 MHz and to 70 % at 90 MHz. A few chips were measured at higher bias and showed much improved efficiency (see dashed curves in Fig. 6). We did not determine in this study what percentage of chips can operate at this highest bias because of the limited bias scan. To determine the upper limit of the bias scan we looked at the VLPC signal with an oscilloscope and increased the bias until large long signals appeared, signaling breaking down of devices. We set the maximum bias to 0.2 V lower than this breakdown voltage.  
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FIGURE 6. Relative quantum efficiency ( Fig. a) and b) ), and gain in fC of charge per one converted photon, (Fig. c) and d) ) are plotted as a function of bias voltage. Lines connect data taken at a constant rate of background counts; the background counts’ rates are marked, they vary from 0 MHz to 90 MHz. Data for chips from lot 735 are in Fig. a) and c), for chips from lot 737 in Fig. b) and d).
However, we observe that in the presence of high background the breakdown occurs at higher bias. We show the pulse height spectrum of a pixel while the background is turned off (Fig. 7a), and with 90 MHz of background counts (Fig. 7b).  Both spectra were taken at 8 V bias. The narrow spike, the signature of a pixel breaking down, is only seen in the spectrum with background turned-off.
At high background rates the high quantum efficiency can be obtained only at a bias greater than at least 0.4 V above the optimum bias for no background. Such a bias can only be applied to a fraction of the chips - the majority of the chips break down.  This will not pose a problem for DØ at Run II, but a VLPC more resisitant to breaking down would be desirable for use in future, high-rate experiments like Tev 33.
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FIGURE 7. Pulse height spectrum of pixel breaking with background turned-off (Fig. a)). The narrow spike is the signature of breaking. With the background of 90 MHz the pixel in not breaking. The pixel is from lot 735 and the bias is 8.0 V.

Efficiency 
The calculation of the efficiency of the scintillating fiber-VLPC detector element in the DØ application involves two quantities: the threshold that has to be set to the VLPC signal in order to cut the dark count to an acceptable level; and the expected number of photoelectrons from a minimum ionizing particle.  Simulation calculations show that a random noise level of 1 %  is acceptable for pattern recognition and track reconstruction. In all the calculations of efficiencies presented below we set the threshold to keep the dark current counts below 0.35 % in the experiment. This is equivalent of 0.5 % in our data (the gate in the experiment will be equal to 70 ns whereas we took the data with 100 ns gate). The expected number of photoelectrons is estimated from the cosmic ray test, where in the prototype of the tracker we observed 9 photoelectrons from minimum ionizing particles. Due to the increase in the quantum efficiency of VLPC VI compared to the quantum efficiency of HISTE IV used in the test, and due to the improved attenuation length of the recent clear light-guides, we expect 12 photoelectrons in the DØ experiment for the worst case of a track at  = 0. However, to be conservative we continue to use 9 photoelectrons as a standard.  Below we present the results for both 9 photoelectron and 12 photoelectron signals.

The dark current count rate, and consequently the threshold, was determined in runs with the signal LED turned-off. The threshold is the pulse height above which the dark count rate is equal to 0.5 %.  In the plots below we express it in the number of photoelectrons or in fC. The values of the threshold as a function of bias at various background rates are presented in Fig. 8. The increase of the threshold with the bias is an usual feature of VLPCs.  At large biases the threshold decreases with increasing background rate. This is a welcome feature, since, as we have shown in the previous chapter, one needs to apply higher bias at large background rates.
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FIGURE 8. The thresholds above which the dark count rate is 50 kHz as a function of bias voltage. Lines connect data at a constant rate of background counts. 
The efficiency is the probability that the signal, assumed to have a Poisson distribution, is greater than the threshold. We present the expected inefficiency for the signal with the mean of 9 photoelectrons and 12 photoelectrons. In Fig. 9 we plot with the solid line the inefficiency for a 9 photoelectron signal, of a chip from lot 737, as a function of the bias voltage, at the background rate of 10 MHz (Fig. 9 a)) and at the background rate of 40 MHz (Fig. 9 b)). The dashed lines indicate the threshold values, in photoelectrons, above which the dark count rates are 0.5%. The lowest inefficiency at 10 MHz background is achieved at 7.2 V bias, for 40 MHz at 7.4 V bias.
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FIGURE 9. The Inefficiency for 9 photoelectron signal, of a chip from lot 737, as a function of the bias voltage, at the background rate of 10 MHz (Fig. a), solid line) and at the background rate of 40 MHz (Fig. b), solid line). The dashed lines indicate the threshold values, in photoelectrons, above which the dark count rates are 50 kHz.
The lowest inefficiency was determined for every chip, and the mean for all chips is plotted in Fig. 10a for signals of 9 and 12 photoelectrons. For 10 MHz background rates projected in Run II of DØ detector, the expected mean inefficiency is lower than 0.5 %. We show also the mean bias at which the inefficiency is lowest for a 9 photoelectron signal (Fig. 10b).  These bias values are then used for the measurements of relative quantum efficiency, gain and threshold as functions of background rate shown in Figs. 10c and 10d.
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FIGURE 10. The inefficiency as a function of bias voltage. (Fig. a)) for signals of 9 and 12 photoelectrons. The mean bias at which the inefficiency is lowest for 9 photoelectron signal (Fig. b))-optimum bias; the relative quantum efficiency (Fig. c)), and gain and threshold (Fig. d)) at the optimum bias.
Practical Considerations in Optimizing Efficiency

On the order of 75,000 channels of VLPC will be used in the DØ fiber tracker at Run II.  To optimize the overall efficiency of the detector it is useful to take into account variations in the performance of the VLPC chips.

Optimization of the maximum efficiency of the scintillating fiber-VLPC detector requires testing of chips as a function of bias voltage at the expected background rates. In Fig. 11 we show the optimum bias for 12 photoelectron signal detected at 40 MHz background rate for chips from four different production lots. We note that there are offsets between the lots and there is a considerable spread in the optimum bias for chips from a single lot. There is a correlation between the optimum bias and the radial position of the chip in the reactor during the epitaxial growth stage. This is illustrated in Fig. 12 for chips from lot 735.
An important feature is the spread of efficiency. We present in Fig. 13 the distribution of the inefficiency for a 9 photoelectron signal at various background rates. At background rates larger than 10 MHz we start to see a tail of lower efficiency chips develop, but even at the highest background rates most of the chips are very efficient and would be useful for a high-rate environment such as Tev 33.
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  FIGURE 11. The optimum bias for chips from           FIGURE 12. The correlation between  optimum

  lots 733, 735, 737 and 739.                                          bias and the radial position of a chip in a reactor.
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FIGURE 13. The distribution of the inefficiency for 9 photoelectron signal at various background rates.
We also find that there is a strong correlation between the inefficiency and dark current count rate. We show it in Fig. 14, where we plot the inefficiency for 9 photoelectron signal as a function of the threshold (as in the other plots in this paper, the threshold is the pulse height above which the dark current count rate is 0.5 %  in a 100 ns gate). The chips with the low threshold (low rate of dark current counts) are least efficient. The dark counts increase with bias; the inefficient chips are the ones which break down before the inefficiency attains a minimum. For these chips, the inefficiency as a function of bias decreases monotonically, as opposed to a chip such as shown in Fig. 9.
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FIGURE 14. The inefficiency of 9 photoelectron signal as a function of the threshold, at 40 MHz background rate (Fig. a)) and at 90 MHz (Fig. b)).
The susceptibility to breaking down varies from lot to lot. Among chips tested, the chips from lot 739 were more resistant to breaking down than the chips from the other lots. This results in their best performance at high background rates. This can be clearly seen in Fig. 15, where we plot the inefficiency distributions for a 12 photoelectron signal at 40 MHz background rate.
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FIGURE 15. The inefficiency distributions for 12 photoelectron signal at 40 MHz background rate. The results for different lots are plotted separately.

The VLPCs which we have tested also show some slight temperature dependence.  While the data presented above were taken with chips at the temperature of 9 K, we also took data at 8 K and 10 K. For each chip we found the optimum temperature at which the inefficiency is minimum. The optimum temperature was 8 K, 9K, and 10 K for 8 %, 62 % and 30 % of chips, correspondingly.  Even if we choose to operate all chips at 9 K, only 5 % of the chips fail our efficiency cut (defined to be 98 % efficiency for a 12 photoelectron signal at 40 MHz background counting rate).  This is a small loss in view of the simplicity of operation at one temperature.
CONCLUSIONS
The performance of a sizable sample of Visible Light Photon Counters (VLPC) has been tested over a large range of background rates. Even at a background rate of 10 MHz, expected for the innermost layer of the DØ Central Fiber Tracker during peak luminosity at Run II,  there will be no significant degradation in the efficiency of the tracker.  To reach optimal efficiency at 10 MHz background the chips must be biased at about 0.2 V higher than for no background.  At a background of 50 MHZ, expected at Tev 33,  the inefficiency would range from 0.8% down to 0.2% for signals of 9 and 12 photoelectrons, respectively.  We observe variations in the performance of chips from different production lots, but these are not appreciable except at the highest background rates.  While there is some variation in the optimal temperature, it is likely we will be able to operate all the VLPCs at DØ  at one common temperature.
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