Some Electronics for
Faraday Cups and Multipliers
Running in Analog Mode

The Current-to-Voltage Converter

The current-to-voltage converter (CVC) is the most common amplifier used in
isotopic measurements that use analog modes. Technically it is not an “amplifier” in the
sense that an input parameter such as current is amplified and output as the same kind of
parameter (in this case current) but at a higher level. It is as the name implies a converter,
in this case outputting a voltage that is proportional to the input current of the ion beam.
The proportionality is determined by a separate component, in this case a resistor.

CVCs are built around what are known as operational amplifiers. They are called
this because they were originally designed to carry out mathematical operations in analog
computers. OpAmps are ubiquitous in electronic circuits since most electronics are
carrying out mathematical operations of one form or another. OpAmps can be made to
carry out nearly all mathematical operations: addition, subtraction, multiplication,
division, integration, differentiation, exponential, logarithms, etc. They can be combined
to carry out some pretty complicated operations. Below we will see how they can be used
to electronically speed up response times.

One of the things about OpAmps that makes them so powerful is that nearly all of
the properties of the mathematical operations can be set by external components. The
detailed properties of the OpAmp itself do not enter into the operation of the overall
device (at least to a first approximation).

But getting back to CVCs. In this case the OpAmp is set up to convert the input
which in this case is a current to an output voltage. However, the input current we are
measuring is very small <10 A. In addition we wish to measure this current as precisely
as possible. This puts some constraints on the kind of OpAmp we use. Let’s look at an
ideal OpAmp:
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The OpAmp has the following property:
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Where A is known as the open loop gain. A is a positive number but
nearly all OpAmps are set up to reverse the sign between input and output. Hence the
negative sign. What makes OpAmps so powerful is that A>>1. A can vary from a few
hundred to over one million depending on the quality and purpose of the OpAmp. A
value of 10° is not untypical of a mid-range amp.

If we use the OpAmp as shown above it turns out not to be very useful. This is
because OpAmps need to be powered by an external power supply. The most common is
a +/-15Volt supply. This is so the OpAmp can output both positive and negative voltages
depending on the sign of the input voltage. This means the OpAmp cannot output a
voltage greater than +15V and lower than -15V. If the OpAmp above is outputting -15V
and A is 10° then the input voltage is +0.00015V or +0.15mV. This is a small voltage. In
other words it doesn’t take much to saturate the output of the amp.

The OpAmp really only becomes useful when we connect some electrical
component between the input and the output. This is known as negative feedback and
gives the OpAmp its power to be so versatile. In the case of the CVC the feedback
element is simply a resistor:
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Before we analyze this circuit we need to make two more comments. First,
remember Ohm’s Law:
V=R-1

The voltage across a resistor equals the current flowing thru the resistor times the
resistance of the resistor.

Second, the OpAmp has a property called input impedance. This is basically its
input resistance, how much of a resistor the OpAmp looks like to the circuit. This is
important because if too much current is used by the OpAmp itself the output voltage will
not reflect the input voltage properly. For most circuits an input impedance of a few times
10° is more than adequate but because we looking at very low currents we must use
OpAmps with very high input impedances (>1 0" ohms). For the purposes of our analysis
below we will assume the OpAmp is using no current, that is, its input looks like an
infinite resistor to the input current.

We can now set up a series of equations for the circuit:



From the discussion above:

vV, =-A-V, 1)
From Ohm’s Law:

V:, =R, - I; 2)
By definition:

V,=v,'V, 3)
And

I, =-1, 4)

This last equation may take some explaining. The input current is the result of
positive charges coming from the faraday cup. This causes a small positive voltage V; at
the input of the OpAmp. But the OpAmp is outputting a negative voltage that is boosted
over V; by a factor A. So electrons flow from the output thru the feedback resistor Ry and
cancel out the positive voltage (or most of it anyway) at the input point X. If the two
currents are out of balance V; will change in such a way that V, will output enough
electrons to balance the two currents. By way of example, if [; is greater than I, that is
more positive charges coming in than electrons to cancel them out at point X, V; will get
more positive, but V, will get more negative by a factor A. At some point the two
currents at point X must be equal. In the equation above there is a negative sign because
electrons flowing into point X are the same as a positive current flowing out.

We can now use these equations to get the CVC’s operating equation (also known
as the transfer function):

First use eq4 in eq2:

V,=-R,-1, 5)
Now use eq3 in eq5:

V," V., ="R, 1, 6)
Rearrange:

Vi=V,+R, -1, 7

Use eq7 in eql:
vV, ="Al(V,+R,!1,) 8)
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get the V, terms together:

V,+A-V, =-A-R; -1, 9)
Solve for V,:
VO:"L!Rf M, 10)
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Eq. 10 is the transfer function for the current to voltage converter. We get an
output voltage proportional to the input current where the proportionality factor is

A

T R 11
A+l ° )

Now note that from our discussion above typically A>>1, so
—=1 12)

And so the function becomes:
13)

This is the usual equation used for the CVC.

Note that in eq. 10 the current to voltage conversion is dependent on the feedback
resistor and the amplifier A and nothing else. Even the A value does not enter into the
equation strongly; the rationale for a high A value now becomes evident. At A = 10°, a
10% change in A is only a 1ppm change in the proportionality constant. The end result of
all of this is that the behavior of the CVC is almost entirely dependent on the behavior of
the feedback resistor.

Charge-to-Voltage Converter

The charge-to-voltage converter (QVC) is a way of improving the sensitivity of
the faraday cup detector without impacting too much on response times and linearities. It
accomplishes this by integrating the beam current. Again it is built around an OpAmp
and makes use of the high open loop gain that the amplifier provides. In this case
however the feedback resistor is replaced by a feedback capacitor. I won’t go through the
derivation of the equation in great detail because the process is similar to that of the CVC
above.

Equations 1 and 3 above are still the same but equation 2 no longer holds. A
capacitor has the property that its capacitance C follows the equation:
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where C is the capacitance (a constant like resistance dependent on the physical
properties of the capacitor), Q is the charge on the capacitor and V is the voltage across

it.
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capacitor. So the equation can be redone as:
1
V=c J1-dt

Equation 4 above can also be kept as is, although in reality the input and feedback
currents are not strictly equal in this case. However, the difference is very small and it
makes the math easier to ignore it and it does not change the result.

Doing all of the math and again remembering that A>>1, gives the following
equation for the QVC:
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Again, the behavior of the device depends only on the feedback element.
A small feedback capacitor can give a large voltage for a small current. Also the
voltage increases with time because the current is being integrated. The slope of the



voltage with time is thus a measure of the current. Now in practice we have to
occasionally interrupt the measurements to take the charge off of the capacitor. This is
because the OpAmp cannot output a voltage outside the range of its power supply. This
discharging is usually done by shorting out the capacitor with a switch.

An aside: if we remove the capacitor and replace it with a resistor (like the CVC)
but put the capacitor in the input (between the faraday cup and the point labeled X in the
figure above, we would have a differentiator. That is, a circuit that outputs the derivative
of an input voltage. This will come in handy later.

Response Times
One problem that the CVC shown above has is that of response time. A step
change in beam current is not reflected as a step change in output from the CVC. The
response is exponential as shown below:
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This slow response is due to the fact that the CVC has some virtual (also
sometimes called parasitic) capacitances associated with its various parts. These virtual
capacitance are not real capacitors in the sense of separate parts designed to act as
capacitors, rather they are places where charges accumulate as the result of the physical
properties of the parts of the CVC. For example, charge can accumulate on the glass or
epoxy coatings of the feedback resistor. So even though the beam current is changing in a
step fashion at the faraday (not quite true) the small stored charges can take a long time to
dissipate. The major effect in the CVC occurs at the feedback resistor which acts as if it
had a small capacitor across it. Typically this virtual capacitance is in the range of a pf or
so. This is a very small capacitance but the 1/e response time equals R x C where R is the
feedback resistor value and C is the virtual capacitance. For C = 2pfand R = 10'"' ohms,



the response time is 0.2 s. This seems small but for the signal to decay to 10ppm of its
original value would take 2.3 s and in practice there are other sources of capacitance that
can slow things down even further.

It 1s difficult to reduce many of these sources of capacitance. We can look for
feedback resistors with low virtual capacitances but it is difficult to get them much below
Ipf. So to increase response times the output of the CVC can be electrically compensated
to speed up the response.

Electrical Compensation for response Time

Electrical compensation for response time depends on the fact that we know the
response will be exponential. For a simple case like the diagram above where we are on a
peak then switch off of it and the CVC decays exponentially down to baseline, the signal
S; at any time t (coming out of the CVC) follows:

S,=A-¢e""+B Eq. 1
where A is the beam intensity and B is the baseline value, T is inverse of the 1/e response
time.

Now take the derivative of Eq. 1:

ds, =—7-A-e " Eq. 2
dt
Multiply Eq. 2 by 1/1:
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Now add Eq. 3 to Eq.1:
st+l!§:A!e"#"+B" Ale™=B  Eq.4
# dt

So if I take the derivative of the output from the CVC, multiply it by 1/t then add
it on to the original signal I will get the baseline. In other words as the output from the
CVC changes a signal equal in intensity to the CVC output will be subtracted from it
always giving us the baseline. The same analysis can be done for any change in signal
with the same result, this procedure adds or subtracts to the original signal such that we
(theoretically at least) have the new signal intensity.

As I mentioned above, OpAmps can do most mathematical operations. In the
section on the CVC above, I mentioned that if we put the capacitor on the input of the
CVC we have a differentiator. This is what is done to get the derivative of the CVC
output signal, it is just passed thru an OpAmp differentiator. This signal is then multiplied
by 1/1 with an OpAmp multiplier then added to the original signal with an OpAmp adder.
The following is a highly schematic version of the circuit:
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Needless to say in the real world things are never so easy and straightforward.
One problem is that we don’t know T ahead of time, it will vary from one CVC to the
next. So the multiplier above has to be made so the multiplying constant can be adjusted.

Also OpAmp differentiators only work well over a range of rates, so the
differentiator has to be adjustable also to match the CVC rate of change.

And to complicate things even more the CVC’s response time is signal size
dependent that is, T changes with signal size, so more than one differentiator-multiplier
combination may be necessary.

And finally, the differentiator-multiplier combination adds a small delay time to
the compensating signal. At the adder the two signals do not quite match and cancel out.

The result of all of this is that this electrical compensation is not perfect.
Response time is reduced significantly but not eliminated; we still have to wait some time
to allow the CVC to settle.



