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ABSTRACT
This note compares DC and pulse measurements of the gain of prototype vacuum

phototriodes, [VPT], as functions of the anode and dynode bias voltages, using a

light-emitting diode. The DC and pulse gains, gD and gP, respectively, differ by

almost a factor of two, the pulse gain being the larger. It is shown that the two are

related by
gD = [1 -] +  gP ,

where  is the geometric transmission factor of the anode grid. The implications of

this result for characterising prototype VPTs and for estimating the excess noise factor

are considered.
May 1999

1. 
Introduction 

The gain obtainable from a typical a vacuum photo-triode, VPT, is one of the key parameters in the design of the CMS ECAL Endcaps, as it affects both the signal-to noise ratio and the dynamic range of the charge-sensitive pre-amp. A blue LED has  an emission spectrum satisfactorily close to that of PbWO4 and provides a convenient DC or pulsed light source for test purposes. However, it has proved surprisingly difficult to obtain reliable measurements of the gain of a VPT, and to understand the measured values in terms of a plausible model of VPT operation. The gain in this context is defined to be the ratio of the number of electrons delivered at the mesh anode to the number of photoelectrons liberated at the photocathode by the light source.

Two techniques, using either a DC or a pulsed LED light source, have been used to measure the gain. In the DC measurement, 1 M. load resistors were placed in series with each electrode, and the additional voltage developed across each resistor when the LED was switched on was measured to obtain the currents flowing to each terminal. Modern digital voltmeters provide an input impedance exceeding 1000 M, and their inputs may be floated above ground by 1000V, which is sufficient for the bias voltages typically applied to a VPT, (Va ≤1000V with the photocathode at ground). A relatively cheap DVM will have a least count voltage of 10 V, allowing a current resolution of 10 pA to be obtained with a 1 M resistor in the current path. It is straightforward to adjust the LED to give a photo-current of 10 nA, and with stable VPT leakage currents typically below 1 nA, a measurement of the DC gain may be obtained with a precision of better than 1 %.

As the VPT is used in a pulse mode in CMS it is preferable to attempt to measure the gain with a pulsed LED, either as the ratio of pulse heights developed across anode and cathode load resistors, or from the anode and dynode pulses, using the conservation of charge to infer the cathode signal. ADCs can be used to measure mean pulse heights with a precision of a fraction of a percent, and there are no corrections associated with the subtraction of leakage currents, or concerns at the possible inclusion of ion signals, that occur in the DC measurement.
Unfortunately, making accurate pulse gain measurements is not straightforward. If anode and dynode signals are to be measured simultaneously, at least two ADC channels must be available, calibrated to eliminate gain differences between channels. With small signals, inter-channel cross-talk is always possible, and non-linearity in the analogue electronics needs to be minimised. If the only ADCs that are available have slow, relatively insensitive input circuitry, as has been the case at Brunel during the past eighteen months, some pulse amplification and stretching has to be introduced between the pre-amp and ADC input, which can further compromise the analogue performance.
Ideally, the cathode pulse height should be measured directly, but experience shows that it is difficult to obtain a full-amplitude, fast photocathode pulse. This is presumably because, in a 25 mm VPT, the photocathode has a relatively large area and, being a thin film, it has a non-negligible electrical resistance. As a result, the time constant of the cathode circuit can be much longer than the shaping time constant of the pre-amp, with the result that part of the signal is lost. The cathode pulse height appears to be strongly dependent on the uniformity of cathode illumination. Under some illumination conditions the cathode pulse is very small and the pulse gains derived from it are absurdly large. As a consequence, I believe that direct cathode pulse height measurements should be used with caution, until we are persuaded of their reliability, and in what follows I have avoided their use.
2. 
Gain measurements

As a VPT is a three terminal device, conservation of charge tells us that




A + D + C = 0, or




-A = D + C





 (1

Where A, D and C are the anode, dynode and cathode signals, (currents or pulses, defined to be positive when a conventional current leaves the terminal), respectively. If the VPT bias voltages are varied under constant illumination, A and D vary, but C stays constant. Plotting -A as a function of D should therefore result in a straight line of unit gradient with intercept C.

Figure 1 shows DC measurements made on an Electron Tubes' VPT prototype (Serial 12). In order to minimise edge effects, the faceplate was covered by an opaque screen containing a 4.5 mm-diameter hole. The hole was evenly illuminated by light from a constant-current green LED, diffused through a single sheet of 80 gsm Xerox copier paper placed between the LED and the VPT faceplate. A green LED was used for historical reasons; it, provides more light than a blue LED for a given drive, and the gain measurements are not sensitive to the colour of the LED. Measurements were taken with fixed anode voltages of 800 and 1000 V, varying the dynode voltage in each case from 50 V to within 50 V of the anode voltage.

Figure 1 shows that the gradients of the straight lines fitted to the two data sets are consistent with unity at the 1% level. The intercepts are 12.2 nA and 12.8 nA, consistent with the photo-current measured directly from the cathode load resistor, which averaged 12.6 nA.

Figure 1 may be used to derive a graph of gain -v- dynode voltage, as the DC gain, gD, is given by –A/C.

Figure 2 is similar to figure 1, but refers to pulse measurements. The same test set-up was used, but this time the LED was pulsed and the signal pulses, AC-coupled from anode and dynode, were amplified by fast charge-to-voltage pre-amplifiers [1]. The mean amplitudes of the pre-amplified anode and dynode pulses were measured directly with a Tektronix, Model TDS 380, 400MHz digital oscilloscope, in order to eliminate any problems associated with the use of a main amplifier and ADC. In order to cancel the effect of gain differences between anode and dynode preamplifiers, two sets of gain measurements were taken, the second with anode and dynode preamplifiers exchanged, and the results were averaged. Once again, the data fall very closely on a single straight line. Both Va = 800 V and Va = 1000 V data
have gradients of 0.99, and the intercepts are 101.2 and 105.8 mV, respectively. In this case the intercepts differ significantly from the pulse height measured at the cathode, using a similar preamplifier, which was only 70 m V. As for the DC case, the pulse gain, gP, corresponding to a particular bias, can be obtained from Figure 2 using
gP = -A/C.

Figure 3 compares the DC and pulse gains derived from Figures 1 and 2. The gains are practically independent of Va, and increase as expected with Vd. Clearly, although the gain curves have similar shape, gP > gD.

The origin of the difference between the DC and pulse gains can be investigated by comparing the anode pulse height (pulse measurement) with the anode current (DC measurement) at the same bias voltages, see Fig. 4. Similarly, a comparison may be made between the dynode pulse height and dynode current, Fig. 5. Both figures show a strong linear correlation between the corresponding signals. However, whereas the dynode straight line fit passes very close to the origin, the anode fit shows a clear offset. The anode pulse is lacking a component that appears in the anode current. It is this loss, which must also, through Eq. (1, be missing from the cathode signal, that is responsible for the difference between gD and gP.
3. A Simple Model for VPT Operation

In a simple model of a VPT operating in a region where the magnetic field is negligible, the anode grid is assumed to have a geometrical transmission factor, . If an incident pulse of photons liberates ne photoelectrons from the photocathode, 
(1 -) ne photoelectrons are assumed to be collected directly by the anode and  ne are transmitted, because of the parallel plate geometry and the strong axial electric field existing in the device. The transmitted photoelectrons liberate s ne secondary electrons from the dynode, where s is the dynode secondary electron emission coefficient. These electrons are attracted back to the anode mesh, where s ne (1 -) are collected and s2 ne transmitted. The transmitted electrons come to rest in the cathode-anode space, and are then attracted back through the anode mesh where a further s2 ne (1- ) are collected. The remaining electrons return to the dynode  where they are assumed to be lost.

The total anode signal, A = -[(1 -) ne + s ne (1 -2)]. The cathode signal, C, is,       of course, ne, and the dynode signal, D = - ne + s ne (1 -2). Notice that
A + D + C = 0, as required by Eq. (1. It follows that g, = -A/C, is given by:




g = (1 -) + s (1 -2) 




(2

Equation (1 is satisfactory for photoelectrons produced near to the axis of the VPT , but needs correction for photoelectrons produced near the edge of the photocathode. In practice, the mesh anode must be supported by a rigid ring, whose OD must be slightly smaller than the ID of the glass envelope, in order to allow space for electrical contact to be made to the photocathode, (usually via one or more metal strips deposited on the inner surface of the glass). In the absence of a magnetic field, photoelectrons produced at the edge of the photocathode, which extends over the
inner surface of the faceplate to the full diameter of the envelope, have no chance of passing through the mesh and are always collected by it. If incident photons are distributed uniformly over the full aperture of the VPT, equation (1 becomes:




g = (1 - ) + s (1 -2) 



(3

where  =  dg2/de2. dg is the useful diameter of the grid and de that of the envelope.

For a typical 25.4 mm OD, fine-mesh VPT, de = 21.5 mm, dg = 19 mm,  = 0.5,  = 0.39 and s is, typically, 20-22 at an incident electron energy of 800 eV.

The resulting gain, from equation (3, is in the range 6.5- 7.0.

The gain appearing in Eqs. (2 and (3 is actually the DC gain. For example, the DC gain measured for ET Serial 12 at a dynode voltage of 800V is 4.19 when the full aperture of the faceplate is illuminated, and 4.99 when the illumination is restricted to the centra14.5 mm of the photocathode to eliminate edge effects. This VPT has a measured secondary emission coefficient of 12 at Vd = 800 V. The error on the secondary emission coefficient is not known, but it is assumed to be at least 10%. The gains predicted by Eqs. 3) and 2) are 5.00 and 4.12, for partial and full illumination, respectively, in excellent agreement with the measured DC gains.

When a pulse measurement is made, it seems that neither the cathode nor the anode are sensitive to the direct photo-current contribution, ie the factor (1 -) ne appearing above. As a result, the anode signal is given by s ne (1 -2), D remains unchanged at D = - ne + s ne (1 -, and C =  ne. Once again, A + D + C = 0, but now




gP = -A/C = s (1 -




(4

Note that the definition of the pulse gain appearing in Eq. (4 departs from that given in section 1, (the gain is the anode signal divided by the cathode signal). The full cathode signal is ne and the formally correct definition of the pulse gain is therefore 
 s (1 -2). However, the latter quantity is difficult to measure, and the definition of Eq. (4 emerges naturally from the graphical analysis. In fact, Equation (4 represents the amount by which those photoelectrons that penetrate the anode mesh, ( ne ), are amplified.

Comparing Eqs. (2 and (4, it follows that:




gD = (1-) + gP





(5

Figure 6 shows DC gain measurements derived from Fig. 1, plotted against pulse gain measurements taken from Fig. 2. For both Va = 800 V and Va = 1000 V the data are consistent with Eq. (5 with  = 0.5, the correct value of the grid transmission factor for this VPT.

The reason that direct photoelectrons are not recorded in the pulse measurement is that, although these photoelectrons charge up the cathode-anode capacitance very rapidly, (within 1 -2 ns of being emitted from the photocathode), no current flows in the external circuit. External current only flows as the cathode-anode capacitance
discharges, and although the capacitance is only of the order of 1 -2 pF, the external resistors are of the order of M and the resulting microsecond time constant far exceeds the pre-amp shaping time.
4. 
Implications for VPT Testing

The important quantity for the performance of a VPT in CMS is the anode signal when the VPT is placed in a 4T magnetic field. When testing VPTs, however, it is convenient to carry out some tests in zero field. It is, in any case, very straightforward to compare the response of a VPT at 0T and in a strong field, using the same pulsed LED for each measurement.

In zero field, the anode pulse is given by:




s ne (1 -2) 





(6

This is just the product of the effective cathode signal, C =  ne , and the pulse gain, 
gP = s (1- 2), both of which may be reliably obtained from a graph of mean anode pulse height -v- mean dynode pulse height, such as Fig. 2. This measurement can also provide the standard deviation of the mean anode signal, which is required to estimate the excess noise factor, F. F is defined by the equation




F = ne (A/A)2 





(7

where A is the standard deviation of the mean anode signal, A.  Clearly, a value for ne is needed to evaluate F. At a pinch, one could use C, and assume a plausible value for  to calculate ne, but it would be better to measure ne directly.

The most reliable method of obtaining ne appears to be from a measurement of the LED-induced photo-current, IC. If the pulse repetition frequency of the LED is , and each pulse liberates ne electrons from the photocathode, then




IC =  ne e 





(8

where e is the electron charge. Although the photo-current is only a few hundred pA for typical values of ne and , say ne = 5 x 105 electrons, = 5 kHz, a reliable measurement of ne can be obtained. Figure 7 shows a plot of IC -v-  with ne = 2.26 x 106 e- to illustrate the point. The background (LED OFF) value of the cathode current varied between 0.286 and 0.292 nA during this measurement.

Figure 8 shows a repeat measurement on ET Serial 12 using a spectroscopy amplifier (gain x50, shaping time constant 250 ns) following the pre-amp, and an ADC to measure the mean anode and dynode pulse heights. There is some evidence for non- linearity in the anode signal above channel 1000, but otherwise the data at both Va = 800 V and Va =1000 V are straight lines with gradients close to unity. The average y- axis intercept is 123.1 channels. The ADC was calibrated by feeding a step voltage into the pre-amp input terminal via a 1.1 pF capacitance, leading to a calibration
constant of 3510 e- /channel. As a result, the useful cathode signal,  ne, is estimated to be 123.1 x 3510 = 4.32 x 105 e-.  for this VPT is 0.5, so the predicted value of
ne = 8.64 x 105 e-. By comparison, the direct measurement of the cathode current gave IC (LED ON) = 0.916 nA, IC (LED OFF) = 0.244 nA. The LED pulse frequency was 4.965 kHz, resulting in an estimate of ne = 8.45 x 105 electrons per pulse. The ±3% agreement between the two estimates for ne is better than might have been expected.

5. 
Conclusions

i)
ne, the number of photoelectrons liberated from the photocathode by a light pulse from a LED, may be inferred from the additional DC current drawn by the VPT photocathode when the LED is switched on. The pulse repetition frequency of the LED must, of course, be measured as well as the cathode photo-current. The latter may be obtained by measuring the voltage drop across a 1 M cathode load resistor. In practice, leakage current fluctuations and noise are sufficiently small to permit an accuracy of a few percent to be achieved.

ii)
The pulse gain, gP, and the number of photoelectrons that penetrate the anode mesh,  ne , may be obtained by measuring the mean anode and dynode pulse heights, A and D, simultaneously, using a pair of calibrated ADC channels. Then gP = -A /(A +D) and  ne = -(A + D).

iii)
The cathode photo-current and the two pulse measurements may be made simultaneously, without mutual interference. With a LED pulse repetition frequency of about 5 kHz, a single gain measurement should take no more than 10 s, after any bias voltages that may have been altered prior to the measurement have settled.

iv)
Providing the standard deviation of the anode pulse height distribution is evaluated, the measurements also allow the excess noise factor, F, of the VPT to be obtained.

v)
Although the discussion has concentrated on zero field operation, the above measurements may be carried out in a 4 T field, providing the test set-up has outputs to enable the cathode photo-current and the anode and dynode pulse heights to be measured. The present high-field set-up at Brunel does not have a dynode pulse output and space to insert one is very limited.
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Figure Captions

[1] 
Electron Tubes' 25.4 mm OD, prototype VPT, Serial 12.
Anode current as a function of dynode current. Constant illumination with a green LED over a 4.5 mm diameter central region of the photocathode. The cathode photo-current was measured to be 12.6 nA.
[2]
Anode pulse height -v- dynode pulse height after pre-amplification. Illumination over the central 4.5 mm diameter region of photocathode. LED repetition frequency about 1 kHz. Cathode mean pulse height 70 mV.

[3]
DC and pulse gains inferred from Figs. 1 and 2, respectively.

[4]
Comparison of the anode pulse height from Fig. 2 with the anode current measured in Fig. 1 for the same VPT bias conditions.

[5]
Comparison of the dynode pulse height from Fig. 2 with the dynode current measured in Fig. 1 for the same VPT bias conditions.

[6]
Comparison of DC gain and pulse gain at identical values of Vd, for Va =800V and 1000 V.

[7]
Cathode photo-current, (with a background current of approximately 0.29 nA subtracted), as a function of the repetition frequency of the pulsed LED. The gradient of the graph may be used to infer the production of approximately   2.3 x 106 photoelectrons per pulse.

[8]
Anode pulse height as a function of dynode pulse height. Pulsed, green LED, central 4.5 mm of photocathode. The value of the intercepts imply that, on average, 4.3 x 105 photoelectrons per pulse penetrated the anode mesh, by comparison with an average of 8.45 x 105 that were liberated from the photocathode.
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