Appendix I - Ideal Operational Amplifier Circuits

At the present time, digital and analog electronics are in a highly advanced state.  Consumer electronics have overtaken the frontier held by high energy physics detector R&D in the period before about 1980.  We can now, perhaps for the first time, usefully treat circuits as simply “black boxes” and use off the shelf components.  If more details are wished, computer device simulations now make old time “bread boarding” a thing of the past.  In addition, electronics is well beyond the scope of the text.  An exception is front end noise which is of great practical interest and is discussed in Section 9 in conjunction with silicon junction diode detectors.  As with all things, understanding the tools clearly makes for a better ultimate design. Thus, we now make a short foray into electronics.


In order to get the flavor of possible circuit configurations, we adopt an ideal operational amplifier circuit model which is at the highest level of simplification.  The “op amp” is a high gain device with 2 inputs, one inverting, (-), and one non-inverting, (+).  These inputs are assumed to have high input impedance.  Together, the model requires that for stable operation 

 and 

, see Fig. I.1.  The amplifier output is not to be driven into a nonlinear operating point, because it’s gain (G) is taken to be very large, G (

.
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Fig. I.1:  Ideal operational amplifier showing inverting and non-inverting inputs and output Vo.


All the basic circuits shown below use negative a feedback to reduce the gain G (assumed infinite) of the op amp and to stabilize operation. Feedback insures that the operation of the circuit depends only on the external passive components in the feedback loop.  The input/output “transfer” function then depends only on resistor values, for example.  


 The first such example is the non-inverting amplifier shown in Fig. I.2.  Since 

 and 

 we have 

 with solution





I.1
The device thus operates as an amplifier with a feedback defined effective gain, GEFF = (1 + R2/R1).


A specific example is a buffer-follower which might be used to drive/receive signals on cables without distortion.  In this special case 

, and we have 

.  This “unity gain” application is very often used to drive signals off circuit cards on cables over considerable distances (see Fig. D.2).
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Fig. I.2:
Basic non-inverting amplifier.


Any real amplifier has a finite gain and a finite bandwidth (finite noise). Shown in Fig. I.3 is the gain of a “unity gain buffer” as a function of frequency. The response is quite flat out to ~ 200 MHz. Also shown is the small signal response to a step function (rise time), which is about 2 nsec. Such speeds are typical of current commercially available amplifiers. If our application is at frequencies less than 100 MHz, we can perhaps treat this device as an ideal buffer.
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Fig. I.3  a)Frequency response of a commercial op amp operating as a unity gain buffer driver. 

              b) Small signal time response to an input step function.


Turning to inverting amplifiers, the one shown in Fig. I.4 is easily analyzed using our basic assumptions about ideal op amps.





I.2
The effective gain is negative (i.e. inverting) and set by the 2 feedback resistors.  If R1 = R2 the gain is -1.
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Fig. I.4:
Basic inverting amplifier.


There are many variations on the inverting amplifier which arise when driving it with current sources, using other circuit elements in place of R1 and R2, using both input legs, or using multiple inputs to a single leg (e.g. “adders”).  A few of the basic circuits will be indicated, but they are only a small representative sample. 


First in Fig. I.5 we replace either R1 or R2 by a capacitor.  That replacement allows us to either integrate or differentiate a voltage source 

.





I.3a





I.3b
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Fig. I.5a: 
Integrator.

Fig. I.5b:
Differentiator.


As noted in the text, most detector elements behave approximately as current sources with source currents is because they are typically taken off high impedance electrodes. High speed response or low noise performance is provided by the circuits shown in Fig. I.6.  The “transimpedance amplifier” simply converts the current to an output voltage, Eq. I.4a, while the “charge sensitive preamp” integrates the current pulse to give an output voltage proportional to the source charge qs, Eq. I.4b.
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Fig. I.6a: 
Transimpedance amplifier.

Fig. I.6b:
Charge sensitive preamplifier.





I.4a




I.4b

Finally, it is often useful to exploit the fact that the “op amp” is a true differential amplifier; 

.  Therefore, as shown in Fig. I.7a, when V- exceeds V+ = VT, the output is rapidly driven to its maximum value yielding a sharp “threshold” for the “discriminator”.  This behavior is assumed in describing a discrimination and coincidence circuit in Section 2.  In this unstable mode of operation only 2 disconnected states are possible; output = “0” or “1”.
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Fig. I.7a: 
 A comparator or discriminator.

Fig. I.7b:
A fixed gain differential amplifier.





I.5

Noise is almost always an issue for detectors.  If signals are to be driven off detectors on cables, see Appendix D, noise may be induced on the signal wire and on the “grounded” outer coaxial layer or on both of the twin leads.  One powerful technique for reducing this “pickup” noise is to use circuits which respond differentially, so that any common noise which is picked up by both inputs is rejected by the differential amplifier since it only, ideally, responds to the difference V+ - V- (“common mode rejection”).  A possible circuit is shown in Fig. I7.b.





I.6a




I.6b
This circuit can be thought of as a differential inverting amplifier.  (See Eq. I.2 where with 

 in Eq. I.6b, the 2 expressions agree). Note that both inputs V1 and V2 “see” the same input impedance, R1 + R2. This fact allows us to make a good cable termination which enhances common mode rejection.
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