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Abstract
Regardless of the different accelerator types (light sources

like FELs or synchrotrons, high energy colliders), diagnos-
tics is an essential element for both personnel and machine
protection. With each update, accelerators become more
complex and require an appropriate diagnostic system capa-
ble of satisfying multiple specifications, that become more
stringent as complexity increases. This paper presents pro-
totyping work towards a possible update of the readout elec-
tronics of a system based on single-crystal chemical vapor
deposition (scCVD) diamond sensors, monitoring the radia-
tion dose-rates in the interaction region of SuperKEKB, an
asymmetric-energy electron-positron collider. The present
readout units digitize the output signals from the radiation
monitors, process them using an FPGA, and alert the acceler-
ator control system if the radiation reaches excessive levels.
The proposed updated version introduces a new design for
the analog front end that overcomes its predecessor’s limits
in dynamic range thanks to high-speed switches to introduce
a variable gain in transimpedance preamplifiers, controlled
by an ad-hoc developed FPGA firmware.

INTRODUCTION
SuperKEKB [1] hosts Belle II, designed for precision mea-

surements of weak interaction parameters for finding New
Physics beyond the Standard Model of particle physics [2].
The inner Belle II employs two types of detectors, namely
microstrip and pixel sensors, which are silicon based [3].
The main concern is to reduce their performance degradation
caused by radiations exceeding 20 Mrad (MGy). Indeed, the
absorption, in short time intervals, of significant dose rates
from the inner detector parts can cause their irreversible
damage [4]. To reduce these risks, continuously monitoring
radiation levels throughout the experiment and signalling
abort requests is fundamental. The main abort signal is
generated by the central control room after receiving abort
requests from the local control rooms, indicating abnormal
accelerator and/or beam conditions.

DIAMOND CONTROL UNIT
The current monitoring instrument named DCU (Dia-

mond Control Unit) is an FPGA based system capable
of handling up to 4 Diamonds Sensors for both elec-
tron and positron monitoring. The FPGA (Cyclone V
GX 5CGXFC5C6F27C7N) is a high performance device
equipped with 77K Programmable Logic Elements, part of
∗ marco.marich@elettra.eu

the Cyclone V GX Starter Kit. In this kit we can find a
plethora of useful hardware components, such as an HSMC
connector (to link other peripherals) and a 4 GB LPDDR2
memory. The memory is a key factor of the monitoring
system, since, as we will see later on, the acquired data are
processed and then saved.

Currently there are 7 DCUs (Diamond Control Unit) with
4 diamonds each, that are monitoring the High Energy Elec-
tron Ring (HER) and the Low Energy Positron Ring (LER).
Mezzanine boards are used to connect the Cyclone V FPGA
to the diamonds, each one developed for a particular task,
such as analog to digital conversion, amplification and bias.
Figure 1 shows the block diagram of the system and Fig. 2
is a picture of the assembled unit.
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Figure 1: DCU block diagram.

Amplifier Board
It converts the input current in a voltage and filters the

signals for each of the 4 channels. One important aspect
of the transimpedance stage (TIA) is the variable gain ob-
tained, as shown on the schematic (see Fig. 3), by switching
between different feedback networks which are selected by
FPGA controlled relays. The TIA’s operational amplifier is
an LTC6268, a low noise 500 MHz FET input amplifier with
low input capacitance and low bias current. The filtering
stage is implemented with an OPA211, low power, low noise
density precision amplifier. The bandwidth is selected with
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Figure 2: DCU image.

the same technique as gain switching. In Table 1, for each
range, the current ranges are shown with the corresponding
rms noise values, measured in 100 kHz data (third column)
and in 10 kHz data (fifth column). The typical correspond-
ing ranges and rms noise values in dose-rate units can be
obtained multiplying these values by the average calibration
factor 𝑘 = 35 mrad/s/nA. The effective dynamic ranges
(DR) expressed in decibel at 100 kHz and 10 kHz are also
shown in the fourth and sixth columns.
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Relay 2

Relay 3
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Figure 3: Simplified TIA schematic.

Table 1: TIA Ranges and Noise

Range Current 100 kHz 10 kHz
range Noise DR Noise DR

0 36 nA 0.23 nA 44 dB 0.8 pA 93 dB
1 9 µA 3 nA 70 dB 70 pA 102 dB
2 4.5 mA 0.22 µA 86 dB 40 nA 101 dB

HSMC Board
It acts as an interface between the Cyclone V GX Starter

Kit and the other mezzanine boards, and is the connecting
link between the analog and digital world. For the analog to
digital conversion the AD9653 is used. It is a quad, 16-bit,

125 MSPS ADC with an on-chip sample-and-hold circuit.
It is also equipped with an SPI user control interface for
different features. To provide an ethernet connection to the
DCU a SFP interface was installed. This transceiver supports
the Ethernet Gigabit Protocol; with a specific Verilog HDL
code, UDP standard was implemented for the exchange of
data and commands to and from the DCU. The HV Bias
board is responsible for the generation of the 4 voltages
necessary to bias the 4 diamonds. The DC-DC converters
employed to generate these voltages (∼120 V) are 4 EMCO
modules. This high voltage converter is characterized by
high stability, low ripple and a programmable output voltage
ranging from 0 V to 1000 V. The other components on the
board are necessary for the correct operation of the converter.
The control signals are driven by the DACs, situated on the
ADC/DAC board, which are in turn configured by the FPGA.

Working Principle
Assuming a sampling frequency of the current to volt-

age signal of 50 MHz, the sum of 125 samples is available
every 2.5 µs (400 kHz). These sums are defined "400 kHz
Data" and are stored in a circular DDR memory. The stored
data are further accumulated in groups of 40 000, to obtain
the sum of 5 000 000 values defined as "10 Hz Data". In
the event that "400 kHz Data" value is greater than a pre-
determined threshold value for a predetermined duration,
"Alarm" signals are generated and the data storing is stopped.
These signals are sent to the accelerator central control unit
to activate the beam abort procedure. When this happens
the control unit generates a proper interrupt signal which is
sent to all of the machine systems. "10 Hz Data" can contin-
uously be read at 10 Hz with the possibility of detecting a
portion of these with a proper flag [4].

The diamond-based system has been providing useful in-
formation on beam losses in the interaction region, used
for accelerator tuning (injection, collimators), estimates of
beam-induced background composition, and integrated radi-
ation doses in the VXD (Vertex Detector) region. However
there are some evident limitations of the system. In this
paper we will focus mainly on two of the most important
ones: dynamic range and speed of gain switching.

PROPOSED CIRCUIT
The DCU dynamic range (Table 1) is not sufficient to

accommodate all of the requirements. In particular:

1. accelerator tuning needs measurements of dose-rates
down to the order of 1 mrad/s, with a 10% precision of
about 0.1 mrad/s, corresponding on average to about
3 pA;

2. beam losses correlated with aborts can reach or exceed
10-100 krad/s, corresponding to currents of the order
of several milli-ampere;

3. in continuous injection mode, the beam-losses peak dur-
ing short time intervals at values exceeding the average
losses by more than two orders of magnitude.
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The separation of the functions of 20 detectors (6 DCUs)
dedicated to monitoring smaller currents in range 0, and
four detectors (one DCU) dedicated to generate beam aborts
on large signals in range 2, is a compromise solution, work-
ing only to some extent; in particular, injection spikes still
saturate range 0. A wider dynamic range is needed.

To satisfy the request an extra range was added, by in-
creasing the number of resistors. As shown in Table 2 the
ranges were recalculated to provide a higher dynamic range,
reducing both the possibility of front end saturation and the
smallest input current detectable.

Table 2: New TIA Ranges

Range Current LSB R feedback
0 10 nA 153 fA 250 MW
1 1 µA 15.3 pA 2.5 MW
2 100 µA 1.53 nA 25 kW
3 10 mA 153 nA 250 W

To address the second limitation the analysis of which
component contributes mostly to the time necessary to
switching gains has been performed. Due to their electrome-
chanical working principle the commutation time for relays
is the main cause that contributes to the switching duration.
In addition, it is mandatory to take into account the fact that
a gain switch requires a two step process known as "make
before break" to avoid an open feedback. This process con-
sists in enabling the relay of the desired gain (make) before
disabling the relay of the undesired gain (break), increas-
ing the switching time. This means that the times to pass
from one range to another are of the order of several mil-
liseconds, which prevents the continuity of following the
temporal evolution of the current when it takes place on sev-
eral ranges. The adopted solution replaced the relays with
high-speed analog switches (TS5A 1066). These single-pole
single-throw (SPST) switches have a 𝑡on of 4.8 ns maximum
and a 𝑡off of 3 ns maximum. Comparing the switching time
between the current and past solution it is evident how much
time is saved.

Figures 4 and 5 show the "make" and "break" signal and
the corresponding TIA output; the two images differ in the
duration of the make-break process. Analyzing the TIA’s
output some damped oscillations can be detected. This phe-
nomena can be assigned to two main factors: charge injection
from the switch and the frequency response of the closed
loop system to the make (break) step. These factors con-
tribute to extend the duration of the gain transient to about
1.5 µs, still more than 1 order of magnitude lower than that
of the previous solution.

Finally, thanks to the high speed switches, this approach
allows to identify (and therefore give an alarm) much more
quickly a sudden increase of the current. In fact, when a
DCU is monitoring very low currents (pA order), it neces-
sarily works in a very low analog bandwidth configuration
(kHz order). In this situation the problem is not given by

Figure 4: Make (blue), break (red) switch control signals
from FPGA with no delay between each other and TIA output
(yellow).

Figure 5: Make (blue), break (red) switch control signals
from FPGA with 640 ns delay between each other and TIA
output (yellow).

the speed of the switches, but by the limited rise time of
the front end: a possible rise in the current would be fil-
tered by the amplifier, so identifying alarming values too
late. The architecture proposed here would allow periodical
sampling (for example every few tens of us, depending on
the maximum expected current rise times) of the current
in the least sensitive range (and therefore with the highest
analog bandwidth): thus any reading other than 0 pA in that
range would indicate a sudden increase in the current, since
- given the dynamics of the system - even the values relating
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to the least significant bits in the maximum range are several
times greater than the full scale of the lower ranges. This pe-
riodic reading would only affect the number of accumulated
samples ("400 kHz Data") which, once every "N" would be
only 50 instead of 125, introducing a small increase in noise
on that single sample (being averaged over a lower number of
values), however almost negligible. Although the proposed
solution is definitely better, it needs further investigation to
better characterize the charge injection and its effects on the
system.

Furthermore, although this approach does not substan-
tially introduce particular criticalities, it is also true that
it introduces periodic dead times, which can be of the or-
der of some percentage of the total time. For this reason,
other alternatives will be studied to solve this problem with
a different working principle, by rethinking the input stage
and adopting the "current integration-charge balancing" ap-
proach. Current integration is a promising option since it can
obtain high dynamic ranges, without the use of switches [5].

CONCLUSION
Protecting the inner Belle II detectors from excessive radi-

ation is of vital importance to reduce their degradation. The

proposed architecture could provide a valid alternative to
the present system, since commutation times were reduced
more than one order of magnitude. Further development of
the system is required, that include Verilog HDL code for a
more elaborate control of the switches, memorization of the
sampled data and the transmission of the abort signal to the
central control room. Simultaneously, the charge integration
approach will be investigated.
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