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[bookmark: _Toc39474559][bookmark: _Toc42152101]Introduction
This note documents the attempt to predict the In-flight detector ORTEC 142PC[footnoteRef:1] preamplifier response to a detected photon produced by a Cd-109 source. Prediction is necessary because photons have not yet reliably produced detections.  [1:  Model 142PC Preamplifier Operating and Service Manual, https://www.ortec-online.com/-/media/ametekortec/manuals/142pc-mnl.pdf] 

The analysis of the preamplifier is based on the circuit diagram in the preamplifier manual. This circuit was initially modeled using a trial copy of PSpice, but a PSpice model of an active amplifier with sufficient bandwidth could not be found so an approximate analysis was developed. Using this analysis, the bandwidth of the active amplifier in the preamp was adjusted until the response to a pulse on the test input matched the experimental results. Once a match was obtained with a test input, the response to a particle detection was computed. 
[bookmark: _Toc39474560][bookmark: _Toc42152102]In-flight Detector Setup
Figure 1 is a simplified block diagram of the test setup. The In-flight detector is connected to the ORTEC 142PC preamplifier through a short (approximately 20 cm) coaxial cable. The preamplifier has a pair of identical outputs, one of which is connected to an amplifier and the other directly to an oscilloscope. In addition to the normal input the preamplifier also has a test input which is connected to a pulse generator for testing the system.
The high voltage required by the detector is supplied by a CAEN 1470 high voltage power supply which is connected via coaxial cables to the detector through a cascade of 3 low-pass filters whose function is to reduce any ripple on the high voltage.
[image: ]
[bookmark: _Ref42080184][bookmark: _Toc42152151]Figure 1. In-flight Detector Test Setup
When the system is working properly, particles impinging on the detector ionize gas molecules in the detector. Electrons released in this ionization, after multiplication in the detector, eventually reach readout strips in the detector producing a pulse at the preamplifier input port. This input signal is amplified by the wide bandwidth preamplifier whose output is further amplified by a narrower bandwidth amplifier. The output of both the preamplifier and the amplifier can be displayed on an oscilloscope.
There is a test input in addition to the normal input port that can be used to test the preamplifier and since, unfortunately, particles from a radioactive source have not yet been detected, the test input has been used to stimulate the preamp and the output waveform with this stimulation has been observed on an oscilloscope.
The preamp circuit has been modeled and the model response to a test pulse input has been compared with the observed response. The aim of modeling the preamplifier circuit is to eventually predict its output in response to a particle detection. 
[bookmark: _Toc39474561][bookmark: _Toc42152103]Preamplifier Analysis Model
A simplified circuit diagram of the preamplifier, extracted from the ORTEC 142PC manual is shown in Figure 2 below. Unfortunately, this diagram provides no detail for the active component of the circuit (the amplifier with an open loop gain of 40,000). This amplifier is apparently constructed of discrete parts. There was only a statement in the manual that the amplifier had an FET front end.
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[bookmark: _Ref42080271][bookmark: _Toc42152152][bookmark: _Ref42157574]Figure 2. Preamplifier Circuit Diagram
This circuit was modeled using a trial version of the commercial circuit analysis program PSpice. Figure 3 shows the circuit used to analyze the response due to a particle detection using PSpice. This diagram is essentially the circuit shown in Figure 2 with the following exceptions:
1. A 0.1 pF parasitic capacitance on the unused test input is assumed.
2. A 20 pF capacitor is connected to the input emulating the capacitance of a detector readout strip.
3. A 1 M resistor to ground is connected to the input. This resistor emulates the 29.5 M resistance in the bias network. Note: If bias is not required the ORTEC manual instructs users to short the bias input to ground.
4. The event of a particle detection is modeled as a current pulse applied to the 20 pF capacitor representing the readout strip. The pulse is assumed to be 10 ns in duration with a 50 A amplitude. This amplitude is based on an average of 300 electrons released in the detector due to a Cd-109 radioactive decay photon. These electrons are multiplied by an assumed GEM gain of 10,000 so that 3 x 106 electrons are collected on the readout strip. The charge associated with these electrons is 1.6 x 10-19 x 3 x 106 = 4.8 x 10-13 coulombs. To assemble this charge in 10 ns requires a current of 48 A which has been rounded to 50 A.
Because of the lack of detailed information on the active components within the preamplifier circuit, a commercial integrated circuit amplifier having an FET front end was used in the PSpice analysis model. The part chosen for this amplifier was an Analog Devices AD845/AD[footnoteRef:2]. The specifications for this amplifier initially appeared consistent with the active amplifier in the preamp. It has an FET front end, a 100 V/s slew rate, a 12.8 MHz unity gain bandwidth, and a 350 ns settling time to .01%. In addition to the functional connections, this amplifier has connections to adjust for DC offset in the output, but these connections were not used in this analysis resulting in an offset voltage in the computed output. But, as will be discussed later, this amplifier did not have sufficient bandwidth to reproduce test observations. [2:  https://www.analog.com/media/en/technical-documentation/data-sheets/AD845.pdf] 

Attempts to find an amplifier with higher bandwidth and to use it to replace the AD845/AD were only partially successful. An Analog Devices AD825[footnoteRef:3] amplifier with slightly higher bandwidth was found, but this amplifier did not have sufficient bandwidth either and the trial period ran out before it could be completely evaluated. Attempts to find additional amplifiers with significantly higher bandwidth were unsuccessful. [3:  https://www.analog.com/media/en/technical-documentation/data-sheets/AD825.pdf] 
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[bookmark: _Ref42080404][bookmark: _Toc42152153]Figure 3. Analysis Model for Particle Detection
The analysis model for a test pulse input is shown in Figure 4. In place of the current pulse, the preamp is stimulated by a voltage pulse from a pulse generator with a 50  source impedance (the source impedance is not shown in this diagram). Note that only a small capacitor, C3, is required to couple the pulse generator to the amplifier while a large capacitor, C2, is required to couple the detector. A large value of C2 is required to insure the preamp doesn’t impact the detector readout. The amplitude and pulse width of the voltage pulse used in the analysis was selected to emulate values in the lab. Results were also computed when the active amplifier in this figure was replaced by an Analog Devices AD825. This amplifier has a greater bandwidth than the AD845/AD, but the results with this amplifier were roughly the same as with the AD845 part. 
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[bookmark: _Ref42080490][bookmark: _Toc42152154]Figure 4. Analysis Model for Test Stimulation
[bookmark: _Toc39474562][bookmark: _Toc42152104]PSpice Results
In Figure 5 the output voltage of the preamp when stimulated by a 13 s pulse at the test input and computed using the AD845 part is displayed alongside the experimental result. In the experimental result shown on the right, the blue trace is the test input voltage from the pulse generator and the green trace is the output voltage of the preamplifier. The yellow trace is the output voltage of an amplifier attached to the preamplifier, however the amplifier response was not part of this evaluation. The left-hand figure shows the output voltage of the preamplifier computed using PSpice. This figure should be compared with the green trace in the experimental results. This comparison shows a significant difference between the computed and experimental results, primarily in the rate of output voltage transitions. Slow transitions in the computed response have been attributed to insufficient bandwidth of the AD845 amplifier relative to the actual bandwidth of the amplifier in the preamp. The voltage offset in the PSpice calculation is the result of the uncompensated offset built into the PSpice model of the amplifier. It should also be noted that in both the computed and experimental results the output voltage of the preamplifier is inverted from the input voltage. An inverting amplifier is necessary to enable the negative feedback that is required to stabilize the amplifier. 
An AD825 amplifier with somewhat higher bandwidth was found and substituted for the AD845. The calculated result with this amplifier is compared with that for the AD845 in Figure 6. The AD825 amplifier is internally compensated for offset so for the purposes of comparison the offset of the AD845 was removed in this figure. Although the increased bandwidth reduced the transition times of the pulse response, the transition time is still significantly slower than that observed in the lab. It does, however, indicate that the amplifier bandwidth likely plays a dominant role in determining the transition times in the preamp circuit. 
[image: ][image: ]Measured Scope Traces: green-preamp out, blue-test in, yellow-amplifier out 
[bookmark: _Ref42080525][bookmark: _Toc42152155]Figure 5. Comparison of Simulated and Experimental Result
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[bookmark: _Ref42080563][bookmark: _Toc42152156]Figure 6. Comparison of AD825 and AD845 Test Pulse Response
Unfortunately, the trial period of PSpice expired before the response of the preamp to a particle detection using the AD825 amplifier could be computed. The response computed using the AD845 amplifier is shown in Figure 7 below. The slow transition of the leading edge of this output reflects the insufficient bandwidth of the AD845 amplifier.
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[bookmark: _Ref42080621][bookmark: _Toc42152157]Figure 7. PSpice Calculated Preamp Response to Particle Detection
[bookmark: _Toc39474563][bookmark: _Toc42152105]Approximate Analysis
Because the detailed circuit of the active amplifier as part of the preamp circuit was unknown and the PSpice program required identifying a specific part for the active amplifier, an analysis capable of specifying the amplifier bandwidth was developed in an attempt to better predict the response of the preamp to a particle detection.
[bookmark: _Ref42080659]A reasonably accurate model the open loop gain of commercial operational amplifiers with FET inputs consists of an amplifier with high DC gain, infinite input impedance and zero output impedance that rolls off in frequency with a first order roll-off with the roll-off starting at a low break frequency. A circuit diagram illustrating this model is shown in Figure 8. In this figure the ideal amplifiers have infinite input impedance, zero output impedance and a given voltage gain. The roll-off break frequency is determined by the RC time constant of the low-pass filter between the 2 ideal amplifiers. 
[bookmark: _Ref42111555][image: ]
[bookmark: _Ref42111754][bookmark: _Toc42152158]Figure 8. Ideal Op-Amp Model
For this approximation the circuit model of the active amplifier was defined to have a gain of −40,000 (the negative sign to account for the inverting nature of the amplifier) with a single pole low-pass filter having a 3-dB break frequency that can be specified.
The approach to analyzing the circuit was to describe the circuit as combinations of series and parallel impedances (specified as their Laplace transforms) and to combine these equivalent impedances in such a way as to cause the input voltage to the active amplifier component to be just a voltage division of the input voltage resulting from 2 impedances in series, with the output voltage to be the active amplifier transfer function times its input voltage. The step response (for the test input) or impulse response (for the detector input) was then found by computing the Inverse Laplace transform of the output voltage using Mathematica. The Mathematica scripts performing these calculations are shown as appendices 1 and 2.
[bookmark: _Toc39474564][bookmark: _Toc42152106]Comparison of PSpice and Approximate Analysis Results
This approximation approach, when the amplifier approximation bandwidth has been adjusted to match that of the PSpice part model, yields a reasonably close match to the results provided by PSpice. Figure 9 shows a comparison between the results from a PSpice calculation with an AD825 active amplifier and those of the approximate model. In each case the input to the preamp was a 100 mv pulse with a pulse width of 13 s. The main difference between the PSpice calculation and the approximate model calculation results is in the slight difference in pulse amplitude.
The results in this figure were computed with the 3 dB break frequency at an open loop gain of 40,000 set to 650 Hz. This is equivalent to a unity-gain bandwidth product of 26 MHz. This value was selected because the data sheet of the AD825 indicates a typical unity-gain bandwidth of 26 MHz.
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[bookmark: _Ref42081752][bookmark: _Toc42152159]Figure 9. Good Correlation Between Approximate and PSpice Analysis Results
The similarity of this approximation result to that of the PSpice model provides significant justification to using the approximate model for further predictions.
[bookmark: _Toc39474565][bookmark: _Toc42152107]Comparison of Approximate Model and Measured Results
Now that it has been shown that the approximate model does a reasonably good job of calculating the same results as the PSpice program, there is still a question as to how well the approximate model predicts the actual hardware performance. The answer to this question was evaluated by adjusting the break frequency of the active amplifier in the approximate model to match the transition times measured when a voltage pulse was applied to the test input of the preamp. The predicted and measured output waveforms could then be compared.  A break frequency value of 3.5 kHz resulted in a good match with the measured results. This break frequency for the open loop gain of 40,000 is equivalent to a unity-gain bandwidth product of the active amplifier of 140 MHz.
Figure 10 shows the computed result overlaid on the oscilloscope trace. In this figure the green trace is the measured output voltage of the preamp, the yellow trace is the output voltage of the Mechatronics 519 Dual Amplifier which was not involved in this analysis, and the blue trace is the test input voltage. The red trace (it looks slightly orange in the figure) which generally follows the green trace is the computed value of the preamp output voltage. The main difference between the measured and predicted voltage is the overshoot and slow decay on the leading and trailing edges of the output pulse. This overshoot was not predicted by either the PSpice analysis or the approximate analysis and is likely part of a rise time compensation circuit in the amplifier that was mentioned in the preamp manual and whose adjustment is shown in the circuit diagram of Figure 2.
[image: ]
Signal Traces: green-preamp out, blue-test in, yellow-amplifier out, red-computed result
[bookmark: _Ref42081849][bookmark: _Toc42152160]Figure 10. Comparison of Approximate Analysis with Measurements
[image: ]To attempt to understand if a simple modification of the active amplifier circuit could account for the difference in the computed and measured results, the amplifier output was connected to the circuit shown in Figure 11 and the response (compensated for a gain difference) of the modified circuit to the test pulse was compared to the measurements. Although it is doubtful that the actual circuit in the amplifier is the same as what was used in this computation, the response, shown in Figure 12, provides some justification for thinking that the shape of the measured test pulse response could be due in part to the rise time compensation circuit.[bookmark: _Ref42150481][bookmark: _Toc42152161]Figure 11. 
Assumed Output Circuit


Although not a perfect match to the measurements, the result is close enough to the measured results that there is a reasonable expectation that slight tweaking of the output circuit parameters would provide a closer fit of the computed output to the measurements. It bears repeating here that there is no reason to assume that the amplifier actually incorporates this output circuit. This circuit has been postulated merely to show that a simple modification of the amplifier circuit from that of an ideal operational amplifier is capable of producing the measured results.
[bookmark: _GoBack][image: ]
Signal Traces: green-preamp out, blue-test in, yellow-amplifier out, red-computed result
[bookmark: _Ref42082053][bookmark: _Toc42152162]Figure 12. Comparison of Modified Analysis Amplifier Output with Measured Output
[bookmark: _Toc39474566][bookmark: _Toc42152108]Approximation Model Response to Particle Detection
The primary motive of this analysis has been to predict the response of the preamplifier to a detected particle. The predicted response was computed using the circuit model described in Figure 3 above but with the active component replaced by the approximate amplifier model. Figure 13 shows the anticipated waveform out of the preamp, as modified by the output circuit of Figure 11, due to a detection and compares that with the predicted output had the circuit not been tweaked to more closely match the measured test input response. Other than a slight overshoot on the leading edge of the output pulse the two responses are pretty much identical. The 10% to 90% rise time of the leading edge of the output pulse is computed to be about 330 ns independent of whether the circuit of Figure 11 is included.
[image: ]
[bookmark: _Ref42082331][bookmark: _Toc42152163]Figure 13. Predicted Output Due to Particle Detection
[bookmark: _Toc39474567][bookmark: _Toc42152109]Conclusion
A model capable of relatively accurately predicting the response of the preamplifier to a test pulse has been developed. Determining the accuracy of this model in predicting the response to a particle detection will be determined when particles are observed with the detector.


[bookmark: _Toc42152110]Appendix 1 Test Input Analysis
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[bookmark: _Toc42152111]Appendix 2 Detection Input Analysis
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The parallel combination of impedances za and zb is given by the function

parz(za_, zb_] =zazb/ (za+zb);

Look at the circuit and identify the impedances

The detector and input circuit. Note that the current source amplitude is set to 0.

zl=parz[l/cl/s, rl]+1/c2/s+r2;

The amplifier transfer function

gamp = 40000 bamp / (s + bamp) ;

The input impedance of the amplifier with high gain is the feedback impedance
divided by the amplifier gain

22 = parz[1/c5/s, r3] /gamp;

The parallel combination of the amplifier and the detector

z4 = parz[zl, z2];

The test input and coupling capacitor

z3 = parz[r4,1/c4/s];
25=1/c3/s;
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The input impedance combines the test input and the rest of the preamp

zin = parz(z3, 25+24];

Compute voltages

The voltage at the test connector is a voltage division between the source impedance
and the input impedance.

vl=vinzin/ (r7+zin) /. vin - .15 (#1060 mv inputs)
The amplifier input voltage is a voltage division between the preamplifier circuit and
the test coupling capacitor.

VO =v1z4/ (z4+25);

vals = {c12+1071, r110°%, c2 5210, r3 5 10%, r2 » 134,
€5 .15:107%, €3 5 107'2, r4 » 93, c4 » 1073, r7 » 50, bamp » 2 73500} ;
This tweaks the amplifier output to more closely match experiment

zout = (1000 +3.31073s) /(1100+3.31073s) 1.1
(xthe factor 1.1 accounts for gain loss in the tweaks)

The amplifier output voltage in the frequency domain

tf = FullSimplify[-ve gamp zout /. vals];

Convert to time domain and plot result

Compute the step response and convert to the time domain

vout = InverseLaplaceTransform[tf /s, s, t] 50. /143.; (+adjust for 50 ohm load)

Plot the result with the tweak
testOutPulse = Table[{16° t, vout}, {t, 0, 2.7 107, 2+ 10%}];

pulseComp = Table[{testOutPulse[ [k, 1]], If[k < 651, testOutPulse[[k, 2]],
testOutPulse[[k, 2]] - testOutPulse[[k- 650, 2111}, {k, 1, 1351}];




image17.jpeg
testInputAnalysis.nb | 3

plotTweaked = ListLinePlot[ pulseComp,
PlotRange -» All, PlotLegends - {"Tweaked to match experiment"},
GridLines » Automatic, GridLinesStyle - Directive[Gray, Dashed],
Frame - True, FrameLabel » {"Time (us)", "Preamp Output (v)"}]
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Compare with an untweaked response

tfUntweaked = FullSimplify[-vO gamp /. vals];

vout = InverseLaplaceTransform[tfUntweaked /s, s, t] 50. /143.;
(*adjust for 50 ohm loadsx)

testOutPulse = Table[{16° t, vout}, {t, 0, 2.7 10, 2 10%}];

pulseComp = Table[{testOutPulse[[k, 1]], If[k < 651, testOutPulse[[k, 2]],
testOutPulse[ [k, 2]] - testOutPulse[[k-650, 2]]1}, {k, 1, 1351}];

plotUntweaked = ListLinePlot[ pulseComp,
PlotRange -» All, PlotStyle » Red, PlotLegends - {"Untweaked"},
GridLines » Automatic, GridLinesStyle - Directive[Gray, Dashed],

Frame - True, FrameLabel » {"Time (us)", "Preamp Output (v)"}]
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Show[plotTweaked, plotUntweaked]
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The parallel combination of impedances za and zb is given by the function

parz(za_, zb_] =zazb/ (za+zb);

Look at the circuit and identify the impedances

The detector and input circuitimpedance

zl=parz[l/cl/s, rl];

The active amplifier transfer function

gamp = 40000 bamp / (s + bamp) ;

The input impedance of the amplifier with high gain is the feedback impedance
divided by the amplifier gain

23 = parz[1/c5/s, r3] /gamp;

The test input circuit

24=1/c3/s+r4; (signore the parasitic capacitance at the test inputs)

The parallel combination of test and amplifier

25 = parz([z4, z3];

The total impedance seen at the input node

22 = parz[z1, 25+1/c2 /s+r2];
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Compute voltage divider voltages

For unity current the input voltage equals the input impedance

VO = 223

The voltage at the input to the amplifier is found as the voltage division of the input
voltage between the input impedance and the impedance at the amplifier input

vi=vez5/(1/c2/s+25+r2);

The tweak to the amplifier done to match measured response to test input

zout = ((s (L+v) +usrvw) / (s+u)) /. {u>1/(3+10°),v>.1,wo1/ (2107}

333833. +1.1s

1000000
3

+s

Transform to the time domain and plot the results

The time response at the output is the inverse Laplace transform of the voltage at the
amplifier output through the tweak circuit

vout = InverselLaplaceTransform[vl gamp zout, s, t] 50. /143.;
(*adjust for 50 ohm loadsx)

vals = {c1 2107, r116° ¢c252+107, r355:10° r2 > 134,
€5 .15:1072, c3 - 1072, r4 - 93, c4 » 10713, bamp » 2 73500} ;

The input current is assumed to be an impulse. The value of the impulse is the total
charge from the readout strip which is assumed to be 300 electrons times the GEM
gain of 10* or 1.6  107*° - 300  10* or about 5 - 10~**coulombs.

voutVals = -5 10713 vout /. vals;
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plotBoost = Plot[-voutVals /. t - tms 10°°, {tms, 0, 200}, PlotRange » All,
GridLines » Automatic, GridLinesStyle - Directive[Gray, Dashed],
PlotLegends -» {"Test Input Closely Matched"}, Frame - True,
FrameLabel -» {"Time (us)", "Preamp Output (v)")]
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The time response at the output without the tweak is the inverse Laplace transform of
the voltage at the amplifier output

voutNoBoost = InverselLaplaceTransform[vl gamp , s, t] 50. /143.;

(*adjust for 50 ohm loadx)

Test Plot

voutNoBoostVals = -5 « 1072 voutNoBoost /. vals;

plotNoBoost = P'Lot[—voutNoBoostVa'ls /. t-tms10°°, {tms, 0, 200}, PlotRange - Al1l,
GridLines -» Automatic, GridLinesStyle - Directive[Gray, Dashed],
PlotLegends » {"Test Input Partially Matched"}, PlotStyle - Red,
Frame - True, FrameLabel » {"Time (us)", "Preamp Output (v) ")]
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Compare the two responses

Show[plotBoost, plotNoBoost]
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