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JET  monitor  equipped  with  a  DAQ  system  to digitize  gamma  signals  from  19  detectors.
DAQ  FPGAs  used  for  real-time  processing  and  streaming  the  gamma-ray  energy  values.
New  algorithm  was  designed  to  produce  at  FPGA  real-time  spectra  from  energy  values.
Spectra  built  at  FPGA  ensures  streamed  packets  not  limited  by  count  rate.
New  algorithm  is  relevant  for  future  experiments  expecting  high  event  count  rates.
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a  b  s  t  r  a  c  t

Gamma-ray  diagnostics  are  considered  of crucial  importance  for understanding  the plasma  behavior
of next  fusion  devices.  Among  other  physical  phenomena,  gamma-ray  spectra  can  provide  information
about  the  fusion  reactions  rate  and  the  fast  ions temperature  and  confinement,  indicators  of  how  close
we  are  from  reaching  self-sustained  burning  plasmas.  Accordingly,  dedicated  gamma-ray  diagnostics
are  currently  installed  at the Joint  European  Torus  (JET).  The  2D  gamma-ray  profile  monitor  is  one  of
these  diagnostics,  equipped  with  an  Advanced  Telecommunications  Computing  Architecture  (ATCA)  Data
Acquisition  (DAQ)  system,  capable  of digitizing  gamma-ray  signals  from  the  19  photodiode  detectors.
The  DAQ  system  includes  Field  Programmable  Gate  Array  (FPGA)  devices,  with  embedded  processing
algorithms.  These  algorithms  are  responsible  for  processing  the  gamma-ray  signals  acquired  from  each
detector  in  real-time,  and  for periodically  streaming  the  corresponding  energy  values  to the  DAQ  host.
However,  for  higher  count  rates  it will be  unfeasible  to  stream  periodically  all the  energy  values with-
out  loss.  Thus,  a new  algorithm  was  designed,  capable  to produce  real-time  spectra  at FPGA  from  the
processed  energy  values.  The  spectra  should  be  periodically  streamed,  delivering  binned  data  rather

than  a  value  for  each  gamma-ray.  This  allows  to reduce  the  data  rate, avoiding  data  losses.  Consequently,
the  streaming  data  can  be used  for control  purposes,  as demanded  by next  fusion  experiments  with  long
plasma  discharges  of  high  energy/count  rate  content.  This  work  describes  the  real-time  spectrum  code
developed  for FPGA  along  with  the  attained  results.  It  was  concluded  that the  spectrum  code  is  suitable
for  implementation  in  any  spectroscopy  diagnostic,  whenever  real-time  spectra  are  required.

©  2015  EURATOM.  Published  by Elsevier  B.V.  All  rights  reserved.
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1. Introduction

Confined alpha particles produced from Deuterium −−

Tritium(DT) reactions should be responsible for the self sustained
plasma heating of future fusion reactors [1]. It is expected that these
alpha particles transfer their energy to the thermal plasma pro-
viding the necessary heating for a steady state operation [2]. Thus,
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nderstanding alpha particles behavior during DT experiments is
f crucial importance to reach self sustained plasmas [3].

It is known that intense gamma-ray emissions can be mea-
ured during interactions between alpha particles (or energetic
ons) and impurities, providing information about the fusion reac-
ions rate [4]. Accordingly, gamma-ray spectroscopy is one of the
roposed techniques for the measurement of alpha particles and
ast ions (MeV range) populations in future plasmas. Further-

ore, it is known that alpha particles and fast ions may  drive
lasma instabilities, potentially damaging its confinement [2], [5].
herefore, real-time measurements of gamma-ray emission will
e required in future experiments for proper plasma control and
onfinement.

Several gamma-ray diagnostics were installed at JET, the only
resent machine capable to confine fast ions (MeV range) produced
y external sources (ICRF and NBI auxiliary heating sources) [6].
ne of the diagnostics is the JET 2D gamma-ray profile monitor,
omposed by 19 lines-of-sight to view the plasma through CsI(Tl)
etectors. The diagnostic was recently upgraded with an Advanced
elecommunications Computing Architecture (ATCA) Data Acqui-
ition (DAQ) system developed by Instituto superior Técnico (IST).
TCA technology has been extensively used by several fusion diag-
ostics, being considered for ITER diagnostics targeting the plasma
ontrol [7]. The DAQ system of the JET gamma-ray profile monitor
ncludes real-time processing and data transfer capabilities, allow-
ng to process and stream periodically, during discharges, packets

ith the gamma-ray energy values [8].
However, streaming all gamma-ray energy values requires

ount rate dependent packet sizes, which is not the optimal
pproach. Moreover, for high count rates it may  be unfeasible
treaming all energy values without losses. Accordingly, a new
PGA algorithm was designed capable to deliver the energy spec-
ra from the processed energy values. Thereby, the new streaming
acket, with standardized size, should publish the energy spectra
binned data) rather than an energy value for each gamma-ray. This
ew algorithm will be relevant for future DT experiments where
uch higher count rates are expected. So far, the poor SNR and the

sI(Tl) detectors slow response limit the diagnostic performance to
 maximum count rate of 20 k events/s. Nevertheless, this limitation
ill be overcome with an expected set of new detectors.

Thus, Section 2 describes the real-time pulse processing and
ata transfer architecture of the JET gamma-ray profile monitor,
ection 3 details the new FPGA real-time spectrum code and Sec-
ion 4 presents the laboratory results.

. The real-time system

The DAQ system of the JET gamma  ray profile monitor is
omposed by an ATCA shelf with 3 digitizer modules connected
o a controller [9] through PCI-express (PCIe) links. Each dig-
tizer module [10] includes eight 13-bit resolution Analog to
igital Converters (ADCs) with a maximum sampling rate of
50 M Samples/s, and two Field Programmable Gate Array (FPGA)
evices (XC4VFX60). Besides the basic module functionality, FPGAs
re used for real-time processing, delivering the energy values of
cquired pulses. The system is also connected to the JET real-time
etwork through an Asynchronous Transfer Mode (ATM) module

nstalled in the ATCA controller. The ATM module is responsible for
ublishing during discharges packets with counts from established
nergy windows.

The interface to the JET Control and Data Acquisition System

CODAS), and to the JET real-time data network, is provided by the

ultithreaded Application Real-Time executor (MARTe), the C++
ramework installed in the ATCA controller under Linux OS with
ernel version 2.6.35.9.
Fig. 1. Schematic representation of the DAQ system and its interface with JET CODAS
sub-systems (diagnostic configuration (Level-1), data collection (GAP), ATM net-
work, JET absolute time (CTTS).

In Fig. 1 is depicted a schematic representation of the DAQ sys-
tem and its interface to JET CODAS sub-systems.

As described in Fig. 2, for each JET shot the acquisition is enabled
and the FPGAs start to process the incoming gamma-ray signals, cal-
culating the corresponding energy values. Simultaneously, packets
with processed data are streamed from the digitizers to the ATCA
controller. During acquisition, a total of five real-time packets with
processed data are streamed, precisely at every 2 ms,  covering all
the 19 CsI(Tl) signals. The total number of energy values per chan-
nel, that can be transferred in each packet, is n = 247. This value
results from a compromise between FPGA resources and the 1 M Hz
JET clock used to build those packets. Nevertheless, considering the
maximum count rate of 20 k events/s attained by the CsI(Tl) detec-
tors, it is possible to conclude that the packets size still oversized
for this diagnostic.

The packets synchronization is ensured by JET absolute time sig-
nals (clock and trigger) connected to the master FPGA. A dedicated
software code running in the MARTe application is responsible
for building calibrated spectra from the streamed energy values,
and determining from each spectra the total counts in predefined
energy windows.

However, for higher count rates, the maximum number of
energy values may  overflow the packets size (e.g. 1 M events/s are
expected during DT experiments, producing up to 8 k energy values
in each 2 ms,  per packet – 4 channels).

Thus, a new code was developed capable to cope with the count
rate independent packets goal, as detailed in Section 3.

3. The real-time spectrum code

The developed real-time spectrum algorithm is capable of pro-
ducing real-time spectra at FPGA from the processed energy values.
As depicted in Fig. 3 diagram, each time an energy value is found
the algorithm starts to determine the corresponding energy bin.
Each energy bin defines a different address in the FPGA spectrum

buffer (SPECTRUM). Thereafter, the SPECTRUM address found is
incremented by one (SPECTRUM[addr]++).

The total number of SPECTRUM addresses (energy bins) is
256, and the maximum number of counts (energy values) per
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ig. 2. Flowchart describing DAQ signals data path. Data is acquired, processed in FP
re  produced with streamed data, and counts from interesting energy windows are

PECTRUM address is 65 K (16-bit width). Periodically (each 2 ms),
he SPECTRUM buffer is copied to an equal size buffer (SP) for serial
treaming. When all SP buffer addresses were streamed, is made a
ew SPECTRUM buffer copy (SP = SPECTRUM), the SPECTRUM data

s deleted, and the process repeats.
Considering the FPGA limitations when operating with floating

oints, the streamed spectra are not calibrated. Therefore, host is
esponsible for converting the spectra bins in energies range from
stimated calibration slopes.

Depending on the required energy resolution, the energy bins
indow may  need to be adjusted. This can be done through a com-
romise between energy windows and total energy range, without
hanging the packets size. As example, if higher spectra resolution
s required, the energy bins window should be reduced, as well
s the total energy SPECTRUM range, keeping the total number of
PECTRUM addresses.

. Results

The developed spectrum code was tested in laboratory. For that

urpose it was used the KC705 developing kit from Xilinx with an
mbedded Kintex-7 FPGA. The KC705 board is connected through
n x4 PCIe link (GEN 1, 2 GB/s of bandwidth) to the host PC. Two dif-
erent experimental setups were used to simulate data from ADCs.

ig. 3. Spectrum code diagram. FPGA receives the digitized signals. When a pulse is fou
RUM[addr]) is incremented by one. Periodically (when n = 255) the produced spectrum 
d streamed in every 2 ms to the controller. In the controller side, calibrated spectra
ered to the real-time network.

The first setup uses energy values stored in an FPGA embedded
block of memory (BRAM). Those energy values were obtained by the
profile monitor DAQ system, in presence of 22Na and 137Cs radioac-
tive sources. The 22Na source, embedded in the detectors set, emit
two gamma-ray peaks at 511 keV and 1275 keV, and the 137Cs
source, embedded in collimators near detectors, emit a 662 keV
peak. During operation, the FPGA code receives the energy values
stored in BRAM and finds the corresponding energy bin in the SPEC-
TRUM addresses. The resulting spectrum is periodically streamed
(each 2 ms)  to the host PC, as described in Section 3. In the result-
ing spectrum it is possible to observe the expected energy peaks,
as depicted in Fig. 4.

Moreover, it is possible to conclude that real-time spectra are
similar to results obtained by offline analysis, detailed in Section 2.
It is important to remark that limited detection efficiencies are
expected from gamma-ray profile monitor. The spectral lines reso-
lution is affected by the tokamak geometry, uncertainty due to the
nonlinear response of CsI(Tl) detectors, the absorber materials in
each Line-Of-Sight (LOS), and low counting statistics [11,12].

The second setup uses synthetic data from FPGA. Accordingly,

3 different values, corresponding to 3 distinct energy peaks, were
periodically delivered to the real-time spectrum algorithm. Those
peaks were defined according with the following frequency rela-
tion: f3 = 1/3f2 = 2/3f1, where f1=100 k Hz.

nd its energy value is calculated and the correspondent spectrum address (SPEC-
is copied to an equal buffer (SP) which is streamed from FPGA to host.
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ith the following frequency relation: f3 = 1/3f2 = 2/3f1.

As depicted in Fig. 5, the corresponding real-time spectra agree
ith the expected results.

An offline software code was used to calibrate real-time spectra
f both setups.

. Conclusions

The new FPGA spectrum code is capable to determine the energy
pectra from energy values in real-time. Thus, the algorithm allows
o have count rate independent packets ensuring no data losses.

oreover, it is possible to change the spectra resolution, by reorder-
ng the streaming packets structure without changing its size.

This spectrum code is relevant for future DT experiments at JET,
s well as for future fusion diagnostics expecting high event count

ates. Furthermore it is suitable for implementation in other spec-
roscopy applications whenever real-time spectra are required.

The code was tested in the KC705 development kit from Xil-
nx. The kit FPGA is different from the JET DAQ system FPGAs. As

[
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so, the code performance must also be tested on-site. Neverthe-
less, the KC705 Kintex FPGA is fully compatible with the new ultra
fast ATCA Advanced Mezzanine Card (AMC) FPGA developed by
IST. This AMC  was  specially conceived for real-time spectroscopy
applications expecting high event count rates [13].
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