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3 Functional Description of the Photon Tagger
After passing through the diamond radiator, the electrons are deflected out of
the beam of radiated photons by a strong magnetic field. The large electromagnet which

produces this field is called the tagger magnet.

The separation of electrons from photons is possible because of the Lorentz

force, Equation (1), which describes how particles behave in an electromagnetic field

[5].

F=qE+qVxB (1)

In the case of the of tagger magnet, there is no electric field E, so the first term
of Equation (1) is zero. The bremsstrahlung photons in the tagger magnet field have no
electric charge g, so total force acting on them is zero, and they pass through the field
undeflected. The electrons, however, have a nonzero charge g, a velocity ¥, and are
moving through the tagger magnet field E. Therefore, they experience a deflection,

separating them from the bremsstrahlung photons.

The bremsstrahlung electrons all have such high energies that they move very
nearly at the speed of light (>0.99999999 times the speed of light). At these velocities,
the traditional quadratic relationship between kinetic energy and velocity no longer

applies. Instead, the relativistic energy expression must be used, as shown in Equation

(2) [6].

E= flﬁlzc2 + mic* (2)
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configurations of the divider allowed me to select the one that would still leave

sufficient current left to use the channel as a SiPM bias voltage.

As shown in Figure 12, the current required increases dramatically as the divider
is changed to provide greater accuracy in the measured voltage. Since the DAC is
capable of outputting 700 pA maximum per channel, the divider had to be designed so
that it never would create a current draw of more than 700 pA. The £0.4V accuracy
curve in Figure 12 does indeed never exceed 700 pA. We determined that £0.4V is an
acceptable error for testing the functionality of a DAC channel. To achieve this level of
accuracy, | used two 200K resistors in series, followed by a 10.2K resistor to ground.
Readout occurs between the second 200K and the 10.2K resistor, providing the 40:1

resistance ratio that is needed. See Figure 13 in Section 4.1.4 for a schematic.
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Figure 12: Current/voltage relationship for the DAC to ADC voltage divider, with curves
showing data for different tolerances in the accuracy of the ADC readout:
diamonds = £0.2V, squares = £0.04V, triangles = +.4V, X's = +2V

4.1.4 Wiring the ADC

Compared to the DAC, wiring the ADC was quite simple. The ADC required
several power connections all 5V or less, decoupled with 0.1 uF and 10 pF capacitors
similar to the DAC. The low voltages of these power connectors meant that no large

electrolytic capacitors were needed.

The ADC also required several connections to the FPGA, and of course, inputs of

the various voltages that it is to measure. Figure 13 shows the basic wiring of the ADC.
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Figure 28: Close-up CAD drawing of summing circuit SUMMER1 on the amplifier board

4.3 Backplane

As described in Section 3, the backplane’s primary purpose is to connect the
digital control board to the amplifier board, and to provide a means to route SiPM
signals off the tagger electronics array for digitization. Figure 29 shows an overview of

the backplane.

Micrascope Backplane

]

Figure 29: CAD drawing of the backplane
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4.3.1 PCB Layer Selection

The selection of layers on the backplane was driven by the power needs of the
digital control board and the amplifier board. In order to accommodate as many
voltages as possible without dramatically increasing production cost, we decided to
make the backplane a 6-layer board like the others. This provided two outer signal
layers and four internal power planes. The voltages assigned to the available planes
were determined by the control board’s and the amplifier board’s current requirements.
Voltages with high current loads were assigned to the planes, and voltages with lower

current requirements were assigned to traces.

Since the digital control board’s primary power source is the +5V power supply, |
assigned +5V to one of the power planes. The digital ground from the control board was
given its own plane as well. The analog ground from the digital control board was
combined with the ground from the amplifier board into a single analog ground plane,
and the final internal plane was reserved to carry the main power supply for the

amplifier board, VCC. The layer stackup is shown in Figure 30.

| Prepreq
Top Layer —s - Core
AGHD [AGHD] —s 1 L Prepreg
+5Y [+8Y] —= [ 1 ] | A Core
DEMHD [DGHD] —= [T [ 1 Prepreqg
WCC VCC) —= [ [ |
Bottom Layer —= LT F I

Figure 30: Drawing of the backplane’s layer stackup
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Not shown in Figure 30 is an additional opaque black FR-4 layer in the middle of
the stackup, intended to make the backplane opaque. Since stray light hitting the
amplifier board’s photosensors would cause erroneous electron energy readings,
making the backplane light-proof was a critical design requirement. While the copper
planes inside the PCB are adequately opaque for most purposes, Figure 30 reveals that
there are holes in many of the planes in the area surrounding vias. Additionally, as
Figure 31 shows, even where vias connect with internal planes, there is still room for

light to pass through.

In order to aid with heating of surfaces during the soldering and plating
processes, vias are not connected with internal planes around all 360° of their
circumference. Instead, there are four small traces that make the electrical connection,
leaving some areas with no copper to block light. Figure 31 shows an example of a
typical via heat relief. The center black circle is the via hole itself, which in the case of
the backplane, is always plugged with a component pin and solder. However, the black
outer arcs represent regions within the board with no copper. These regions are filled
only with transparent FR-4 and prepreg glue. A layer of special black FR-4 in the middle
of the backplane layer stackup helps to block light that manages to pass through these

heat reliefs.
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Figure 31: CAD drawing of a typical via heat relief

4.3.2 Eurocard Connectors

The digital control board and the amplifier board connect to the backplane by
means of DIN 41612 Eurocard connectors. The backplane has receptacles for both of
these connectors, and all the necessary routing to pass signals from the control board to
the amplifier board, and vice versa. Routing the connections between the control board
Eurocard connector and the amplifier board Eurocard connector was the biggest

challenge of the backplane design.

In order to satisfy the size constraints of the tagger, the backplane has a fairly
strict maximum width of about 2 inches. This size constraint doesn't leave much room
for the 32 SiPM bias voltage traces that had to be routed between the two Eurocard
receptacles. In order to squeeze so many traces into such a small space, | had to route
traces on both the front and back of the backplane. | used 5 mil traces to maintain safe
spacing between traces and Eurocard receptacle pads, and also maintained the 15 mil

recommended spacing between the traces themselves.
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applying power to one of the two failed boards. We are also fairly confident that it
wasn’t caused by problems in the assembly process, because the assembly company’s
records show that they followed all of the manufacturer’s recommendations for
soldering the DAC to the PCB. The failure also cannot be due to the design of the PCB,
because one of the three boards works perfectly. This is a problem that we are still
investigating, which we will be sure to solve before the final hardware revision. Figure

44 shows a photograph of the completed control board prototype.

Figure 44: Photograph of the completed digital control board
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5.2 Amplifier Board

Compared to the control board, debugging the amplifier board was a fairly
simple process. Thanks to the MATLAB model of the amplifier and summing circuits,
checking for errors simply involved probing different component pins to see if their DC

and AC levels matched those predicted by the model.

The first problem we noticed was that the two transistor base voltages AMPREF
and SUMREF were both at ground, rather than their nominal values. We traced this
problem back to the voltage regulating circuitry on the amplifier board, where we
discovered that the two identical voltage regulators used to produce the transistor base
voltages had a pin mismatch. On both of the regulators, the output and the ground pins
were misnumbered in the schematics, causing the pins to be swapped during layout of
the PCB. Since the regulators are both shunt-type regulators, this caused no permanent
harm, and a quick resoldering job fixed the issue on the prototype board as shown in
Figure 45. | updated the component footprint in Altium Designer for the final hardware

revision.

78



Figure 45: Photograph of the power regulating circuitry on the amplifier board, showing
the resoldering of the two voltage regulators to resolve a footprint mismatch

Also shown in Figure 45, though not indicative of a design problem, resistor R21
was replaced by two resistors in parallel to achieve a slight correction to the voltage of
SUMREF. Resistors R21 and R26 were intentionally made larger than many other
resistors on the board due to the expectation that they would have to be replaced to

tweak the AMPREF and SUMREF voltages.

Another problem with the amplifier board which we actually knew about from
the time we sent the board out for assembly, is that one of the components we selected
to use on the board was not available in the footprint that we selected. The NXP BF1108

MOSFET, which is responsible for controlling the gain of the summing circuit, is only
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available in North America as the BF1108R. The BF1108R is identical to the BF1108,
except its footprint is a mirror image of the footprint that we selected while designing
the board layout. To resolve this, | examined the data sheet for the BF1108 and
determined how we could make the BF1108R function on the BF1108’s footprint (see
Figure 46.) Fortunately, the BF1108 and BF1108R both have four leads, meaning that it’s
possible to rotate the component 180° and attach it by hand. While this alone still
leaves a mismatch of pins, the particular design of the BF1108/BF1108R makes it
possible for this orientation to work. Since the BF1108/BF1108R is an FET transistor, it
has a drain and a source which are interchangeable. The 180° rotation swaps the drain
and the source of the FET, with no ill effects. The other two pins on the transistor are
the base voltage and the cathode of an internal diode which is not used in our design.
The rotation of the FET put the cathode pin where the base voltage pin should have
been, and left the base voltage pin on a floating pad. Since we didn’t plan to use the
internal diode anyway, we simply shorted these two pins with a solder bridge, resolving
the footprint mismatch. Figure 46 shows the BF1108/BF1108R packages and their
pinouts from the manufacturer’s datasheet, and Figure 47 shows the BF1108 attached

to the BF1108R’s footprint on the amplifier board.
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Pin Description Simplified outline  Graphic symbol
BF1108 (SOT143B)

1 FET gate; diocde anode
) 4 3 4 3
2 diode cathode | |
3 source ] LI
4 drain | | |
001aaitd2
BF1108R (SOT143R)
1 FET gate; dicde anode
: 3 4 3 4
2 diode cathode - — | |
e 0
3 source m @
4 drain a H — T T
2 1 2 1
001aain43

[1] Drain and source are interchangeable.

Figure 46: Drawings and pin assignments of the BF1108 and BF1108R MOSFETSs taken
directly from the manufacturer’s datasheet, showing their mirror image pinouts

¥ e | Y & P

Figure 47: Photograph of the summing circuit on the amplifier board, showing the
BF1108R attached to the BF1108 footprint (M1)
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