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Abstract

Recent developments of digital data acquisition systems allow real-time pre-processing of detector signals at a high count
rate. These so-called pulse processing digitizers are powerful and versatile instruments offering techniques which are
important for nuclear security, critical infrastructure protection, nuclear physics and radiation metrology. Certain aspects
of digital data acquisition affect the performance of the total system in a critical way and therefore require special
attention. This report presents a short introduction to digital data acquisition, followed by a discussion of the critical
parameters which affect the performance in the lab and in the field. For some of the parameters, tests are proposed to
assess the performance of digital data acquisition systems. Good practices are offered to guide the selection and
evaluation of digital data acquisition systems. More general performance criteria which are not specifically related to
digital data acquisition systems are discussed separately.
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Executive summary

This report has been produced by the ERNCIP Thenfatoup on the Protection of Critical
Infrastructure from Radiological and Nuclear Thee@®N TG), which is focussing on three subjects,
with dedicated tasks related to each. Full detdilhe remit and tasks of the RN TG are available i
the Work Programme of the RN TG.

e Task 1: List-mode data acquisition based on digitattronics
e Task 2: Remote expert support of field teams
e Task 3: Remote controlled radiation measuremerdssampling using unmanned vehicles

As part of Task 1, this report deals with digitadliation detection systems employing data collectio
in "list-mode". This list-mode data can be storedally for later analysis, or could be streamed to
other locations for real-time processing includeng. alarm generation. Task 1 will deliver 3 repprt
as depicted in Figure 1.

List-mode data acquisition
based on digital electronics
EUR 26715

Critical parameters and performance tests for the
P! evaluation of digital data acquisition hardware
(this report)

Critical parameters and performance tests for the
P! evaluation of list mode data files and analysis
software (in preparation)

Figure 1: Reports produced in the frame of ERNCIP RN Task 1.

Recent developments of digital data acquisitiortesgs allow real-time pre-processing of detector
signals at a high count rate. These so-called puiseessing digitizers are powerful and versatile
instruments offering techniques which are importémt nuclear security, critical infrastructure

protection, nuclear physics and radiation metrolg§izl, 2013]. Certain aspects of digital data

acquisition affect the performance of the totalteysin a critical way and therefore require special
attention. This report presents a short introductadigital data acquisition, followed by a dissios

of the critical parameters which affect the perfanme in the lab and in the field. For some of the
parameters, tests are proposed to assess thenpanfog of digital data acquisition systems. Good
practices are offered to guide the selection araduation of digital data acquisition systems. More
general performance criteria which are not speificelated to digital data acquisition systems ar

discussed separately.

The report only deals with performance tests withpect to thecquisition of list-mode data with
digitizers (hardware). For a discussion on the performance tesissbmode data analysis software,

the authors refer to the report "Critical paranget@nd performance tests for the evaluation of list
mode data files and analysis software" (in prej@mat
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1 Introduction to digital data acquisition

This introduction describes the typical electrorficsnd in the first stage of a detector setup. The
characteristics of the first-stage electronics mheitge to a great extend the type of digital aldomt
used to process the detector signal and to extraéhformation of interest.

1.1 Acronyms

—

1Y%

/e

AC Alternating current

ADC An analog-to-digital converter (abbreviated ADC,DAbr A to D) is a device the
converts a continuous physical quantity (usuallftage) to a digital number th
represents the quantity's amplitude [Wikipedial].

CAMAC Computer Automated Measurement And Control (CAMA€)a standard bus and
modular crate electronics standard for data adgnisand control used in nuclear and
particle physics experiments and in industry. Tl hllows data exchange between
plug-in modules [Wikipedia].

CFD Constant fraction discrimination

DAC Digital-to-analog converter

DAQ Data acquisition, data acquisition system. For Bfiogtion, the wording "digital data
acquisition system" is often interchanged with ltilzgr" or DAQ.

DC Direct current

DSP A digital signal processor (DSP) is a specializedraprocessor with an architecture
optimized for the operational needs of digital sigorocessing, such as to measure (with
its ADC), filter and/or compress continuous reald@nalog signals [Wikipedia].

ELET Extrapolated leading edge threshold

ENOB Effective number of bits (ENOB) is a measure of dgaamic performance of an analag-
to-digital converter (ADC) and its associated dimt taking into account th
imperfections of the digitalisation process, sugmaise and distortion [Wikipedia].

FET Field-effect transistor

FFT Fast Fourier transform

FPGA A field-programmable gate array (FPGA) is an ina¢gd circuit designed to he
configured by a customer or a designer after manurfilmg. Contemporary FPGAs ha
large resources of logic gates and RAM blocks tglément complex digital
computations [Wikipedia].

GSPS Gigasamples per second (1 GSPS %stp

HPGe High-purity germanium detector

IR Infrared

LCD Liquid crystal display

LET Leading edge threshold

NIM Nuclear Instrumentation Module. The NIM standardirds mechanical and electric

specifications for electronics modules used in @rpental particle and nuclear physi
[Wikipedia].

al
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PCI, PCI (Peripheral Component Interconnect) is a leoahputer bus for attaching hardware

PCle devices in a computer. PCle (PCI Express) is a-bged serial computer expansion bus
standard designed to replace the older PCI [Wikgled

PMT A photomultiplier tube (PMT) is an electronic deithat converts light (typically from
scintillator) to an electrical signal which is thamplified in multiple stages to as much
as 100 million times. [Wikipedia]

PXI PCl eXtensions for Instrumentation (PXI) is one séveral modular electronic
instrumentation platforms in current use [Wikipddia

RAM Random access memory

TTL Transistor—transistor logic (TTL) is a class ofitdifcircuits built from bipolar junction
transistors (BJT) and resistors [Wikipedia]. Itidef the voltage levels of digital signha
in order to be interpreted as logic "high" or logmw".

USB Universal Serial Bus

uv Ultraviolet

VME VME (Versa Module Europa) is a computer bus stashdariginally developed for th
Motorola 68000 line of CPUs, but later widely uséat many applications an
standardized by the IEC as ANSI/IEEE 1014-1987 |péHia).

ZLE Zero-length encoding
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1.2 First-stage electronics in a typical detector setup

In a typical detector setup, each detector is amipb first-stage electronics that converts and/or
amplifies the detector signal to a measurable dyamepending on the type of detector, one can
typically distinguish two types of first-stage dlemnics.

Non-integrating first-stage electronics For example, a photomultiplier tube (PMT) coniregtthe
light from a scintillator detector to an electrigrgal and then amplifying that signal. These typks
electronics do not perform an integration of thectlic signal. In ideal conditions, the integraltioé
signal pulse is proportional to the energy of ddiation.

y photon light photon photocathode  dynodes
7 . )
charge integration
output
A\
scintillator photoelectron | voltage divider .l HV bias Photomultiplier
| | tube (PMT)

Figure 2: A photomultiplier tube connected to a saitillator detector. The PMT output is integrated to
obtain a value which is proportional to the deposid energy in the detector.

Figure 2 shows a scintillator detector coupled hatomultiplier tube. High-energy photonsréys)
interact in the scintillator and are converted tghi photons, which can be converted to
photoelectrons when they interact with the photomd¢. The photoelectron is accelerated in an
electrical field, established by a potential diffiece between the photocathode and the first dynode.
When the electron hits the first dynode with suéint energy, more electrons are released from the
surface of the dynode. These electrons are in tbeir accelerated towards the next dynode. This
amplification process is repeated several timekigh-voltage bias is applied across a voltage divid

to create the potential differences between th@dgs. The electrons collected by the anode result i
a charge pulse at the output of the PMT. Next sthgial electronics will integrate the charge from
the detector in order to obtain a value which @pprtional to the deposited energy in the detector.

Integrating first-stage electronics such as preamplifiers for high-resolution speugty will
perform the integration electronically and prodaceoutput pulse of which the height is proportional
to the deposited energy in the detector. Next sthgial electronics will operate in pulse height
analysis mode. Different types of integrating prphfiers are further discussed in 2.10 "Resistive
feedback versus pulsed-reset preamplifiers".

The knowledge of the type and characteristics effifst-stage electronics is critical for the sélat
of the proper type of electronics for the digitatien and pre-processing of the signal.
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1.3 A basic digital data acquisition system with one detector

Modern digitizers perform pre-processing actionseial-time using electronic components like Field
Programmable Gate Arrays (FPGAs) and Digital Sigtracessors (DSPs). These components can be
programmed after which they behave as digital deats with a huge amount of logical gates and
registers, one or more processors and on-chip merrofact, the "programs" can be code that will
run on the processor, but also a description of dtieematics of a large digital system. These
programs are typically referred to as "firmwareheTprogrammability of the digitizers has the
advantage that the firmware, and so the behaviéuth® component, can be changed without
modifying the hardware.

digitizer
computer
detector memory
ADC || FRGA{ interface ¢
DSP
HY amplifier/ pulse characteristics:
bias anti-aliasing filter . energy,
. timing,
. shape,
. counting

Figure 3: Block diagram of a digital data acquisiton system, after [WP2081].

Figure 3 represents a block diagram of a scimilldetector connected to a digitizer. The digitizas
the following parts:

* A wideband amplifier at the input that allows bettise of the input dynamic range of the
ADC. Some digitizers also have a DAC connected h® input of a differential input
amplifier, allowing shifting the reference of thut signal up or down, before the ADC;

e An anti-aliasing filter to restrict the bandwidth the signal to approximately satisfy the
sampling theorem;

* An ADC that converts the signal to a stream of tdilghumbers representing the signal
amplitude;

» Digital filters embedded as firmware in an FPGA/DiSRre-process the digitized signal and
extract the pulse characteristics;

« Memory to buffer the obtained pulse characteridiiefore they are read by the computer;

« An interface for the communication with the hostnputer (USB, ethernet, optical, PCle,
etc...) and for managing control signals such asreatetriggering and vetoes, clock
propagation and synchronisation.

Digitizers continuously sample the input signal hwia rate that can go up to a few GSPS
(Gigasamples per second). Transferring the full ef@wn to the host computer would require an
unrealistically high data throughput. To reducedahmunt of data and lower the required throughput,
digitizers have pulse processing firmware to extoady the relevant information about the detector
pulses. The digital filters implemented in firmwagperform very similarly with respect to
conventional analog electronic modules, and proyidise shaping, filtering, baseline restoration,
extraction of timing information, pile-up reductioatc. More complex pulse processing firmware
extracts more information like the pulse rise amltitime, tail area and pulse shape characteridtics
addition to a dramatic reduction in the size of ékextronic modules, the main advantage of digitall
implemented filters is the greater flexibility armbtter performance, especially for applications
involving higher count rates.
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Some digitizers can operate as waveform recordierhis mode, the data stream from the ADC is
directly transmitted to the computer. Due to thghhsampling rate and limited throughput rate, this
operating mode can only be sustained for a veryt gfesiod of time, unless large parts of the stream
are rejected, e.g. when the signal is below aicetttaeshold. The waveform recording mode provides
maximum freedom in post-processing, but is onlyieable for lower count rates.

1.4 Advanced systems with multiple detectors

For applications involving more than one detecttigital data acquisition facilitates the use of

advanced analysis routines, which would conventipmaquire a large amount of complex electronic

modules. As an example, Figure 4 shows a genenansatic of the architecture of a setup with 4

detectors connected to one digitizer. In the figuree HV bias supply has been omitted. To

accommodate more detectors, digitizers can be wihdmore inputs, or several digitizers can be

used in an integrated system, sharing clocks agdeir signals. Each channel is connected to the
input ADC of the digitizer. The digitizer's intedais common to all channels.

4-channel digitizer local computer

detector

FPGA/

ADC
= DSP A Iist-modedata@

local disk

remote data consumer

FPGA/
ADC = s [

list-mode data Sdata stream

streaming
interface

FPGA/

ADC = oip [N

digitizer driver

interface
communication driver

data acquisition software

FPGA/ list-mode data

aoc e O e

9775

metadata
interface

local
— database

Figure 4: System architecture for a digitizer with4 input channels.

The software on the PC has different abstractigerta Typically, the first layer is dealing with
communication. On top of the communication layerirestrument driver provides higher-level access
to the digitizer's registers and controls its opjena The data acquisition software finally, talkgh

the digitizer and stores/transmits or streams #ta oh list-mode to a local or remote storage madiu
or data consumer. Extensive quality managemeniged over a metadata interface to a database,
storing detector information, sample ID, calibratiecords, measurement conditions, etc.

Data acquired in list-mode can be analysed onloheirfg the acquisition) or stored for offline
analysis at a later time. It can be re-injectedaahe point in the data acquisition and analysisncha
e.g. to apply other analysis routines to the saate. d
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2 Performance criteria for digital data acquisition, tests and

good practices

Performance requirements of digitizers depend moichthe application. In general, one could
separate lab use from field use. In the contradiedronment of a laboratory, issues with tempegatur
stability, vibration, moisture, power supplies, higulse rates etc. are usually not relevant when
compared to field use. The application of radiatitmtectors in the field is mostly focussed on the
detection of radiation, in contrary toprecise and accurate measurements which usually require
dedicated laboratories. For example, a typicalessith mobile detector systems in the field are
variations of the background radiation due to thesence of NORM or washout effects caused by
precipitation after a dry period. These fluctuasiggose challenges for the alarming algorithms, whic
have to cope with the contradicting requirementigh detection sensitivity and low false alarm
rate.

Future measurement systems may contain severaretiff types of detector, not only ionising
radiation detectors but including other sensordsag optical (UV, IR) and additional information
about the measurement system such as occupaneysans interrogation beam on/off time.

The user should note the requirements of the agifit and build a digital data acquisition system
accordingly. It might however be not so easy tagpehese requirements and to address the critical
parameters that affect the application. The follgyvisections discuss different performance
parameters which might become critical for someiegions. Some ideas are presented on how to
test the performance of a DAQ system on these pateaim The discussion might not be applicable to
all situations and the listing is not intended te tomplete. Instead, the document should be
considered as a guide to assist in the selectidgheofost suitable digitizer and the evaluatiothef
most critical parameters for its application.

2.1 Tools to facilitate performance tests

Signal generators of different types are instrusevttich are very useful for the performance tebts o
digitizers, in addition to software tools for theadysis of the acquired data.

2.1.1 Signal generators

A simple waveform generatorable to generate a repetitive signal can be usesirfiple tests, e.g. to
verify that the total number of events counted imescthe acquisition time and the signal frequency.
It can also be convenient to check the maximunmutiinput that a data acquisition system can sustain.

More advanced arbitrary waveform generators can be used to reproduce the signal from a
detector, with or without superimposed noise. Sanal channel generators (such as the Agilent
81160A or similar) can for example apply a delaywaen the channels, where the delay time is
drawn randomly from a certain distribution. Thisatigre is very practical when evaluating time
resolution.

Precision pulse generatorsare designed to simulate detector signals, and&lyp generate a signal
with either a pseudo-random or a fixed frequendye Pulse height of the output is very precisely
controlled, which makes this instrument ideal tcalemte the digitizer's pulse height analysis
performance and the linearity thereof.

Signals from a real detectorare the closest to the real application, but ateatways available in the
early development stage of the system. The statistiature of decay and the background radiation
should be taken into account when comparing e.gntcmates, which makes it difficult to perform
quick counting tests with low activity radioactiseurces.
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2.1.2 Analysis tools

As discussed earlier, most digitizers provide antjtiarepresenting the energy or charge deposited i
the detector and the timestamp. Others can alsdderealues representing the pulse shape.

In addition to the commonly known energy histograinsie interval histograms are a valuable
diagnostics tool. For a single channel, the timeriral histogram is a histogram of the time intérva
between every detected pulse and the next onehistegram is easily constructed from calculating
the differences between each pair of consecutinesiamps.

Time interval distribution Cs134A10302_14001_0001.root Time interval distribution Cs134A10302_14001_0001.root

TH TH
Entries 327807 Entries. 327807

104 E Underflow 0 10° Underflow 0
[,

Overflow 0 Overfiow  2.148e+005

1037 \\

|
i
*«W}% ol WWW“‘W‘WNW“Wf“WN'WW’WM‘W"'MWWWﬂ

TT \r
-

P VI ARV SR x10° | . Ll . [ .
0 100 200 300 400 500 600 700 800 900 1000 0 5000 10000 15000 20000 25000
dt (ns) dt (ns)

Figure 5: Time interval histogram of a measurement ba Figure 6: Same histogram as previous figure, but oa
134Cs source in a Nal well detector, on a time scaleoim 0 scale from 0 to 25 ps.
to 1 ms.

The time intervals between two successive everasHnisson process with ratare independent and
identically distributed exponential random variablgith parametei. As a consequence, the time
interval histogram is described ley". Figure 5 shows such histogram of a measuremeat'8€s
source in a Nal well detector. On a logarithmiclecthe slope of the line corresponds té.  this
case) = 1.6-10 s™. Figure 6 is the same figure, but on a smallee tswale. The histogram shows no
counts fordt < 1160 ns, the dead time of the system (in thée aletermined by the digitizer's pulse
processing time). The peak around 1.5 ps is at&ibto afterpulses from the scintillator or PMT.

For a detailed discussion on analysis softwareatlors refer to the report "Critical parameterd a
performance tests for the evaluation of list mod&diles and analysis softwaréf preparation).

2.1.3 Standard format for list-mode data

List-mode data acquisition hardware and analysistawould greatly benefit from a standardized data
format for list-mode data. In-depth argumentatiarttte application and the benefits of a standand ca
be found in the report [EUR 26715], which contgingposal for a standard list-mode data format.
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2.2 Firmware algorithms

2.2.1 Firmware algorithm selection criteria
The most relevant criteria for the selection oftige of firmware algorithm are:

The information needs of the application (timestapmuise height, pulse waveform, etc.);
The properties of the detector and the electroratsthe previous stage in the
detector/electronics chain (charge integrating mpp@dier, PMT base with or without
preamplifier, resistive feedback versus reset-fygamp, etc.);

The characteristics of the pulse to be processedi{ape, length, etc.)

The possibility to acquire logic signals;

User programmability of the firmware.

Often, the selection of electronics is a tradebetfiveen time resolution, pulse height resolutiaise
considerations and linearity.

2.2.2 Types of firmware algorithms

Different types of firmware algorithms are availtib extract on-line only the values of interest
characterising the detector signal:

Pulse waveform recording all samples describing a pulse are recorded mmferred. A
pulse is defined as a collection of samples fuifijlcertain criteria: e.g. larger than a certain
threshold, within certain timing windows, &td his leads to some data reduction and retains
maximum flexibility in processing on the host PQ@ Is limited to applications with a low
count rate.
Charge integration in a single time gateresulting in a value corresponding to the charge
deposited in the detector, in addition to the tirzes. Applied e.g. with a scintillator detector
coupled to a PMT.
Double gate charge integratiorallowing real-time pulse shape discrimination widspect
to the type of radiation, in addition to depositddrge. This algorithm yields the timestamp
and two values representing the charge integrated twvo time gates with different length.
Applied e.g. with scintillator materials offeringaigma/neutron discrimination based on
different pulse tail shapes.
Digital pulse shaping and pulse height analysiyielding a value proportional to the energy
of the photon or particle detected, in additiorthte timestamp. Conventional analog shaping
electronics (semi-Gaussian, RC-CR, quasi-triangeir) is implemented in firmware using
variations of the digital algorithm developed onigily by [JOR, 1994]. This technique is
typically used in high-resolution gamma spectrometith HPGe detectors.
More advanced pre-processing algorithmxtract additional characteristics from the
acquired pulse, such as (see also Figure 7):
0 Timestamp: e.g. the time at which the trigger ocalirwith respect to the start of the
acquisition, or a global time signal;
0 Baseline level before the pulSg e.g. the average (or a straight line fit) of anber
of samples before the trigger;
0 Pulse heighH: maximum sample value with respect to the basé&ine
0 Rise time: the time required to reach the pulseimam, with respect to the trigger
timestamp;
0 Peak time,: bin number or time when the pulse reaches itsmam;
o0 End timete bin number or time when the pulse comes dowrrigmer level or a
certain fraction of the pulse height (as in theife);

! Sometimes these types of algorithms are calleatHeeigth encoding or zero suppression.
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0 Fast componer®: of the pulse tail, obtained by summing the sampiéth respect
to the baseline) over a time window with len@tistarting from the peak time;

o Slow componen@s of the pulse tail, obtained by summing the samfleth respect
to the baseline) over the time window starting friive end of the fast window until
the end time;

o Total charge deposited in the detector, obtainedusgyming all samples in the pulse
(with respect to the baseline).
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Figure 7: Pulse characteristics.

The knowledge of the pulse characteristics is aafpaiseful for the characterisation of new or
uncommon types or sizes of detectors. For exartipdecharacterisation of large (3.5" x 8") LaBre
scintillator detectors, as described by [GIA, 2018hich shows that many properties of large
detectors are not directly scalable from smallerson

Some digitizers allow the user to program the FHEB¥® with customised firmware. However, this
high level of flexibility comes at a cost as spésed knowledge is required to program digital
electronics.

2.2.3 Detailed knowledge of firmware algorithms is required

It is obvious that the user should verify that thérmation delivered by the firmware (pulse
characteristics, timestamp, etc.) is sufficienttfee application, and that the information is pded
with enough precision (related to the ADC sampliaig and resolution).

The knowledge of the operation of the firmware &sdimitations can be essential to make optimal
use of the digitizer's capabilities. For examplayldoes the firmware deal with ballistic deficitithv
pole-zero cancellation, base-line restoration de-pp rejection? Sections 2.4 through 2.11 will
address some of these items that require spetzatian.
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2.3 Size and number of input channels

Modular crate or rack systems allow the integration of several digitizers intmeo system.
Depending on the type (NIM, CAMAC, VME, PCI, PCIEXI, ...), the rack provides power
distribution to the modules, clock synchronisateord communication busses between modules and
with the host PC. This high level of integrationkes rack systems more suitable for applicationts tha
require many input channels, such as imaging vétimmented detector arrays.

One example of such an application is the AdvanGadnma Tracking Array (AGATA), which
requires accurate determination of the energy, tamé position of every interaction asyaay
deposits its energy within the detector volume. ABAexpects to have an enormous impact on
nuclear physics research in particular the exglmmadf nuclear structure at the extremes of isqspin
mass, angular momentum, excitation energy and tempe. With the inception of the new
generation of Radioactive lon Beam (RIB) facilitidga the case of Europe FAIR (Darmstadt,
Germany), HIE-ISOLDE (CERN, Geneva, SwitzerlandRIFAL2 (Caen, France) and SPES
(Legnaro, ltaly), where a much wider range of upigtgroton- and neutron-rich nuclei will become
accessible, a new era is being opened for nucleaigs experiments [AKK, 2012].

Desktop or stand-alone modelsire not part of a crate or rack system. They pieoa cost-effective
alternative to crate systems when the number aftinpannels in limited. As they are not installed i
some kind of standardised crate, features likekcBymchronisation, acquisition start/stop and data
transfer to the host computer require special ittenin some cases, additional hardware is reduire
to realise these features.

2.4 DC sampling frequency and bandwidth, input dynamic range and
resolution

2.4.1 The sampling process and its limitations

Sampling is the process of reducing a continuogisasito a sequence of discrete values or samples.
The sampling frequency or sampling rate is defiaethe number of samples obtained in one second.
The sampling frequency should be high enough tabbe to reconstruct the signal or at least properly
represent the signal in a digital way. The Nyg&k&annon sampling theorem states:

If a function x(t) contains no frequencies higher than B hertz, it is completely determined by
giving its ordinates at a series of points spaced 1/(2B) seconds apart.

In general, the sampling frequency does not neebletanuch higher than the one obtained by
frequency analysis of the signal and applicatiorthef Nyquist-Shannon theorem, as confirmed by
e.g. [BEL, 2013] and [HEL, 2013]. Instead of ingg the sampling frequency, one should invest in
digitizers with a higher resolution, which is proves be more effective in achieving higher timing
resolution.

The sampling is realised using an analog-to-digitalverter (ADC), a device with various physical
limitations, resulting in deviations from the thetically perfect reconstruction, collectively refet
to as distortion. Various types of distortion caeur, including:

« Aliasing. Only theoretical, infinitely long functions caave no frequency content above the
Nyquist frequency. Therefore, some amount of al@$s inevitable. Aliasing can be made
arbitrarily small by increasing the order of theiatiasing filter. In a digital system, that
increases the amount of arithmetic noise causedubyerical imprecision. Arithmetic noise
has a flat spectral distribution, which is gengrédks disruptive than aliasing.

e Aperture error results from the fact that the sample is obtaiagc time average within a
sampling region, rather than just being equal edignal value at the sampling instant. In a
capacitor-based sample and hold circuit, aperttar és introduced because the capacitor
cannot instantly change voltage thus requiringsémaple to have non-zero width.
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« Jitter or deviation from the precise sample timing insédsv

* Noise such as thermal noise, detector leakage curmese nanalog circuit noise, etc.

e Slew rate limit error, caused by the inability of the ADC input valuecttange sufficiently
rapidly.

¢ Quantization error as a consequence of the finite precision of woldd tepresent the
converted values. Quantization error is directlyated with resolution. For example,
sampling with a 10-bit ADC results in 10-bit wordehich can only take'2 = 1024 possible
values.

< Error due to other non-linear effects of converting the input voltage to an output vajue
addition to the effects of quantization).

2.4.2 Input dynamic range and resolution

The input dynamic range is the signal range thatbeaconverted by the digitizer. The resolution (or
bit-resolution) is the number of bits used by thBQAto represent the converted signal values. A
limited resolution leads to quantization error, gthtan be reduced but not completely eliminated by
oversampling (sampling at a higher frequency). &tfiect of oversampling is not high: an increase of
the sampling frequency by a factor of four rougtdyresponds with an increase of the resolution with
1 bit, as demonstrated by [FLA, 2013].

The resolution should be evaluated in functionha input dynamic range of the digitizer and the
effective range of the signal. In principal, thare 2' signal levels for an N- bit conversion. However,
as mentioned above, all real ADC circuits introdua@se and distortion, justifying the use of
"effective number of bits" or ENOB. ENOB specifidge resolution of an ideal ADC circuit that
would have the same resolution as the circuit urdesideration. The wording "effective" is a bit
misleading, as ENOB only relates to the ADC anae@ssed electronics, assuming the use of the full
input dynamic range. It is recommended to verify siatements of the manufacturer with respect to
ENOB, as differences between the resolution and ENht be large [MIH, 2009].

Some digitizers have an additional differential &figp at their input (before the ADC), which allew
applying different gains and offsets to the inpiginal for better matching with the input dynamic
range. Care should be taken when the input signalut of the digitizer's range. High amplitude
signals might distort the amplifier/filter at theput of the digitizer, which might result in longgead
times or secondary triggering of the signal wheredovers from the overshoot. Additional clipping
electronics to be placed in front of the digitizeas been developed and proven to be successful
[BOB, 2014]. The effect of high amplitude signakncbe investigated by means of a waveform
generator.

To investigate the signal range from the first-setagectronics, an oscilloscope with sufficient
bandwidth can be used. To faithfully represent digmal, the input impedance of the oscilloscope
shall match the impedance of the digitizer input.

2.5 Time resolution

The time resolution (or timing resolution) of a meeement setup reflects the ability to define
precisely the moment of interaction of a particigoboton in the detector. The time resolution @ th
complete setup is determined by the time resolubbthe individual parts (e.g. scintillator, PMT,
electronics).

For applications where precise timing is requiriégds important to know how the timestamp is

extracted by the firmware. Some techniques yieldestamps which are depending on the pulse
height (amplitude walk) or rise-time, while othechniques do not. Typical techniques are [KNO,
2000]:

« Timestamp corresponding to a certain thresholdhenléading edge of the pulse (Leading
Edge Threshold or LET);
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e Extrapolated Leading Edge Threshold (ELET), usimg eading edge discriminators;

« Timestamp corresponds to the time when the leadige of the pulse reaches a fixed
(constant) fraction of the pulse height (Constaatcion Discrimination or CFD);

* Timestamp corresponding to the time the pulse déashed its maximum;

» Timestamp corresponding to the zero crossing afrsgderivative versus time of rising edge
of the pulse (crossover timing).

A waveform generator can be used to determine ithe tesolution of a digitizer without the
additional contribution of the detector and asgecialectronics. A pulse waveform representing the
detector signal can be generated at a certain pakee while the pulse rate (or frequency) is
modulated with e.g. Gaussian noise. The width o peak in the time interval histogram
corresponding to the pulse period should then sgpitethe standard deviation set in the modulator.

The constant fraction discrimination (CFD) algamith used in digitizers have an improved time
response compared to conventional CFDs when ugbkdavge HPGe detectors, as shown by [MIH,
2007].

2.6 Memory size and data throughput

Event rates can vary several orders of magnitudpemiding on the application. Systems with large
detectors as e.g. used in security applicationseeaily reach event rates in the order of millipes
second. The limitations on memory size and datautiiiput of digitizers can be an issue for large
event rates.

The digitizer's memory should be sufficiently lamgedeal with short bursts of events, and the data
throughput (and storage) rate to the host PC beadufficient to cope with the incoming event rate.

In the event that the digitizer's memory cannoebmptied in time, data will be lost or the acquisiti
will be stopped (whatever fits the application).davie should be foreseen for the software to monitor
the status of the digitizer's memory, in orderaket proper action when data is lost. The full mgmor
condition should not block the communication orestbperational aspects of the digitizer. The time
stamp clock for example shall keep on incremenditnigs normal rate.

It is recommended to be careful with the intergietaof the maximum data throughput claimed by
manufacturers of digitizers. The required throughghould be evaluated in function of the

application. The achievable throughput on a pddicaomputer system can be much lower than
claimed by the manufacturer due to various reasdhs.throughput also depends on the size and
configuration of the data blocks. Quasi repetitsignals, e.g. from a detector placed in a pulsed
beam, might require another memory configuratioroider to achieve maximum throughput, as
compared with random signals from measurementgadiaactive source.

Testing the maximum throughput of a digital datguasition system can be done by the following
means:

«  With artificially created pulses from a pulse wawefi generator;
e Using artificially created pulses by a pseudo-ranglser;
« With real signals from a fast detector and a rattiva source with sufficient activity.

A useful tool is the construction of a time intdridstogram; a histogram of the time difference of
every pulse with its predecessor. The time intenigtbgram of a repetitive signal should only conta
one narrow line or peak at the abscissa correspgnaith the pulse period. Figure 8 shows the time
interval histogram on a log ordinate scale obtaifteth a repetitive signal with a period of 34.5 us,
corresponding to a frequency of about 29 kHz. Tiperé was constructed using traot data analysis
framework developed and maintained by CERN [htipot.cern.ch].
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Figure 8: Time interval histogram of a 29 kHz repetiive signal.

The "Underflow" and "Overflow" values on the gragte both O, indicating that all events are shown.
Most events are at the correct time interval ef 34.5 yus. However, 9 events appearTamdtnessing
nine times one missed trigger. The 16 events bé@lare due to triggers in the noise, or to electrical
spikes of some source. There are no events higher @, meaning that there were no gaps in the
data acquisition due to full memory conditions.dad, a full memory condition would lead to much
larger gaps, as can be observed from Figure 9fremtsd from a periodic signal with a frequency of
120.4 kHz. The period is 8.3 ps, which correspdadke vertical line close to 0.
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Figure 9: Time interval histogram for 120.4 kHz test(scale in us), showing gaps in the data acquisitio

Simply "counting" the number of events from a répet signal acquired over a fixed amount of time
enables to calculate back the frequency of theasigvhich should match with the frequency set on
the generator.
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Figure 10: Time interval distribution of artificiall y created data representing an acquisition time af00 s of a source
with decay rate of 10000 /s. 5 us of extended dethhe is imposed on the data.

With a random pulser simulating the statisticaunatf radioactive decay or with real measurements
with a source, the time interval histogram will shan exponential decay (Figure 10). The statistical
nature of the decay process makes data procesdiitigrare complicated. Nevertheless, these tests
are required to take into account the statisti¢idces, e.g. short term fluctuations of number of

events.

2.7 Clock synchronization

Certain applications require more than one digitimrause of the large number of detectors, bat als
because of the use of different types of detedtothe same system which might require digitizers
with different firmware. Synchronisation of the wigers requires not only the propagation of a
master clock or reference clock (traceable to then® second if necessary), but also the distribution

of a signal indicating the start and end of theuiition. For ultimate precision, phase adjustments
should be applied to correct for different propagatdelays (different cable lengths, etc.) to the
different channels, e.g. as in [AN2086].

Another method of synchronization involves samplifiga reference analog signal [BAR, 2007], but
requires modifications to the firmware and addisibmardware. In their approach, a switch is
connected to every digitizer's input, allowing teelection of the detector signal or an analog
reference signal, distributed to all digitizers.thVPMT's, one could use a pulsed light source to
include differences in signal propagation timethim part of the chain before the digitizer.

2.8 Clock overflow

Timestamps are obtained from the digitizer's clookinter, which is typically incremented at the
sample rate. Clock overflow occurs when the valtighe clock counter reaches its maximum and
starts again from zero. For example, digitizershvadt sample rate of 1 GSPS and a 32-bit clock
counter will increment the counter every nanosecoesllting in a clock overflow every?1 ns =
4.2 s.

As long as the count rate is high enough, clockftox@ can be detected and corrected for by the
instrument driver or data acquisition software. ov count rates however, overflow could occur an
unknown number of times in-between two successients, losing the ability for correction.
Manufacturers should provide means to correct teaieverflow, or use larger data formats, which
is however at the expense of throughput.
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A simple solution that barely affects throughpuesafrom digitizer to computer is to insert a spkci
flag in the data stream to indicate an overflowisTway, the instrument driver running on the
computer can keep track of the number of clock ftawes n since the beginning of the acquisition.
The driver can then and add a valuen@®- T to each timestampb(eing the bit-depth of the counter
andT the period at which it increments) and store iitmestamp it in longer data format, e.g. 64-bit as
being proposed [EUR 26715].

2.9 Recording logic signals

Certain applications require the recording of timestamps associated with transitions of a logic
signals from an external source, such as occupsegors, beam on/off signals or trigger or enable
signals. The type of signal (TTL, NIM, or other)dammpedance shall be considered. The digitizer
shall be able to record these transitions, e.geatie¢he rising or falling edge of a TTL signal,tbe
rising edge and the pulse width.

2.10 Resistive feedback versus pulsed-reset preamplifiers

Detector setups for high-resolution spectrometrghsas HPGe detectors typically use integrating
first-stage electronics, as depicted in FigureTte charge collected by the detector is amplified a
integrated over a capacit@r placed in the feedback loop of the amplifier.

S
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Figure 11: A charge sensitive preamplifier connectito a semiconductor detector. The gain of the amgier
is determined by the feedback capacitor. The resistallows discharging the capacitor. Alternatively,a
switch-type device can be used to remove the charfmilsed reset).

Resistive feedback preamplifiershave a resistor placed in parallel with the fee#lxpacitoiCr to
remove the charge. A large resis®iis required to minimise noise and to have a gdwatge to
amplitude conversion. Indeed, the signal-to-naisproves by the square rootR{GRA, 1995]. The
resulting pulse decay time is much larger thanatitgh of the detector signal (Figure 12), resulting

a larger probability for pulse pile-up at higheunbrates. Next stage electronics needs to shape th
signal to a Gaussian-like pulse, whose amplitugeaportional to the energy of the radiation.
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Figure 12: Typical output of a resistive feedback gamplifier.

Pulsed-reset preamplifiersare often employed with detectors for X-ray spmogtry because they
have better noise performance due to the eliminatb the feedback resistor. In gamma-ray
spectrometry, they allow higher counting rates thesistive feedback preamplifiers. Pulsed-reset
preamplifiers will integrate the charge from theet¢or and produce a step output (Figure 13). The
height of the step is proportional to the integidatbarge from one event. In addition to the charge
steps from interactions in the detector, the charifjeslowly increase due to the leakage current of
the detector. The charge on the feedback capacaod also the output voltage - will continue to
increase until a certain threshold has been reaclteeh, the charge will be removed by closing a
transistor operated as a switch (transistor-resethy providing an optical pulse to the preampuinp
stage FET (pulsed optical). This reset mechanisultein a fast but large transition of the output
voltage, after which the next-stage electronicsdeesome time to recover. During recovery, the
detector system is dead. For this reason, resetypypamplifiers often have a logic inhibit output
pulse with adjustable width that will disable thB@ during reset and recovery. The reset mechanism
will add an extra source of dead time.
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leakage current reset
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Figure 13: Output of a pulsed-reset preamplifier.

Not all digitizers for pulse-height-analysis arelealio process the signal from pulsed-reset
preamplifiers since the signal sits on a ramp,hertcannot deal with the inhibit output pulse. The
latter could be solved by separate digitalisatibthe inhibit pulse connected to another input ciehn
of the digitizer. This way, software can propergatiwith the resets.
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2.11 Dead time and pulse pile-up

Digitizers are often advertised as allowing "deatetless acquisition”, even though a clear
description of the meaning of this wording is nltays given. There can be several sources of dead
time introduced by the digitizer:

« Dead time associated with every pulse, caused bydibitizer's pulse processing time.
Compared with conventional electronics, digitizéypically have a much shorter pulse
processing time. This results in a much shorteddeae and a reduction of pulse pile-up,
which effectively increases the detection efficigfidIH, 2007].

« Dead time caused by limited memory size and dataghput.

« When pulsed reset preamplifiers are used: dead &sseciated with the reset time and
required recovery time of the amplifier/filter inet digitizer's input stage.

« Dead time associated with the digitizer's inpugstaecovery after being exposed to large
signals, e.g. originating from cosmic radiationeddtd in large volume detectors.

These sources of dead time are not necessary prieseall types of digitizers. Accurate activity
measurements require the application of dead-tioreections, for which the knowledge of the
amount and type of dead time is essential. Somesswf dead time can depend on the settings of
the digitizer, e.g. the length of the charge iraign gate. Manufacturers should provide a clear
explanation of different sources of dead time, asers are strongly advised to scrutinise the etiect
dead time in the case when accurate measuremertts lag performed.

At high count rates, when the time between twogsils short, there is a risk that they are recoeded
a single pulse at a distorted energy. Consequeridbs pulse pile-up are a net loss of countsthed
assignment of piled-up events to the wrong enargysing a distortion of the spectrum [SAB, 2014].

The option to detect and correct for pile-up degemthe time between the pulses:

* When the second pulse sits on the tail of the, firs$ usually possible to process both pulses
correctly. All information can be obtained, but sooharacteristics might not be reliable;

* When the second pulse starts around the time wieefirst reaches its maximum, pile-up can
still be detected, but correct processing is nesjie;

« When the rising edges are overlapping, the pileapt be detected and consequently both
pulses are treated as one.

In all cases, a special pile-up flag shall indicateat type of pile-up has been detected so that dat
processing algorithms can properly deal with ppitup.

The effect of pulse pile-up and the different sesrof dead time can be assessed experimentally,
using the signal generators discussed earlier.ep-wise approach starting with a simple test and
gradually increasing the complexity is highly recoended, as the combination of the different
sources of dead time and pulse pile-up can becaffieul to untangle and correct for in real
applications.
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3 General performance criteria

The performance criteria listed in this section rdg relate to digital data acquisition equipment
specifically, but can be valid for any type of gmuent used in the field of radiation detection and
measurement.

3.1 Connectors

While digital data acquisition systems do not hate knobs, dials and switches found in
conventional analog electronics, they will always/dn connectors which can affect the long-term
reliability of a data acquisition system. Connestare used for:

e Supply of electrical power;

* Communication between modules or to a host PC;

« Analog signal inputs for detector signals;

< Analog outputs for signal monitoring, testing, gtc.

< Digital inputs/outputs for triggering;

< Digital inputs/outputs for clock synchronisationigim be optical);

< Digital inputs/outputs for synchronisation of action start and stop;

< Additional digital inputs/outputs of which the fuianing is flexible and can be programmed.

For signal connections, it is important to consider

* Type of connector;

¢ Impedance;

« Differential inputs or single ended inputs;
« Signal polarity;

« Active high or active low digital signals.

To avoid accidental loss of the connections, they @eferably realised with secured connectors
(screwed, locked, ...). A reliable connection is efgdly important for modules that have a build-in
high voltage generator to bias the detector orgahattiplier.

3.2 Immunity to vibrations

In field use, vibrations affect the performancetioé detector system. These effects are typically
called "microphony"”. The exact process is diffictdt understand, and might be caused by the
inductions of phonons in the detector system dnange in capacitance between wires as they move
[KOC, 2010]. This kind of microphony mainly manitestself as noise in the low energy (below 100
keV) part of a pulse height distribution thoughréhean be other effects. Figure 14 demonstrates the
effect of microphony on a HPGe detector. An endrigjogram of &*'Cs source was measured twice
with the same detector. In measurement 2, the tbete@s agitated, resulting in a large distortion a
low energy.
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Figure 14: Two measurements of a Cs-137 source ieintical measurement geometries. In measurement the
detector was agitated.

In this experiment the effect was limited to lowesgy, but in-field high-resolution gamma ray
spectrometry measurements have shown distortiorie @GP0 keV. A DAQ system acquiring data in
list-mode could reject the typical repetitive sign&om microphony, or correlate the data with
accelerometers.

3.3 Leakage current noise caused by moisture

Another important source of noise in field-use @ised by leakage current due to moisture. The
leakage current can in some cases induce a high titea on the detector system. In the case of
leakage currents between dynodes in a PMT, additipeaks may appear in the pulse height
distribution. Digital electronics could ultimatelgcognise signals from leakage current noise, ngakin
use of specific properties of the noise (e.g. patape or frequency components).

3.4 Temperature effects and gain stabilisation

Outside temperatures can change quickly due togoh@mveather conditions or due to the sun setting
or rising. Similarly, moving from inside to outsidgor example a vehicle) can easily lead to
temperature changes of more than 30°C.

The electronics associated with a detector syseaambe sensitive to a change in temperature and the
most obvious effect is a change in gain. Figuresiéws the drift of the energy calibration of a
detector system after placing the detector eleitsofexcluding the pre-amplifier and the HPGe
detector) in a refrigerator at 5°C. The electroro€sa field detector system should be designed to
minimise the effects of changing temperature om gaid the effects should be specified by the
manufacturer.
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Figure 15: Cs-137 centroid position as a functionfdime after the detector electronics was put in aefrigerator at a
temperature of 2°C.

Besides effects such as a change in pulse rateeangkrature (affecting the scintillator crystathere
are several other effects that can change theajardetector system, such as variations in thal loc
magnetic field. For this reason, a detector systemfield use should have a gain stabilisation
function. The algorithm for how the gain stabilisat works should be specified and it should be
possible to turn it on or off.

3.5 Supply of power in field operations

For a detector system to be usable in the fielthust have a battery. The battery should be able to
supply the system with power for several hours rsthould preferably be possible to change the
battery for extended use in the field. An extrakiog@cbattery or super capacitor for short time
operation while the battery is changed is alsoulseffield applications. Specifications for opénat

the electronics of a detector system under bagtewer should be provided by the manufacturer. This
includes expected battery operation time in higth law temperature environments.

Commonly, field teams use a vehicle from which thaperate. The vehicle can be used as a
recharging station for computers and electroniexharging the equipment is usually done through
the use of power supplies which run on mains velt&80 or 110 V AC). In their turn, the power
supplies are powered by the 12 V DC from the vehinl the use of DC to AC power inverters. A
similar setup is usually used in car-borne detesystems. Many power inverters do not supply a
mains voltage AC sine wave but instead use a squave to supply power. The high frequency
component of the square wave is not always proddthred by the power supply and can cause
noise in the measurements (see Figure 16). Moloieep generators can also be a source of noise
which can distort pulse height distributions. Aetgor system for field use should be tested by the
manufacturer for sensitivity to noise in the powepply. Preferably, the DAQ should be powered
directly from the vehicle's 12 V DC power, elimiimgt the need of an inverter.
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Figure 16: Two measurements of a Cs-137 source oH@&Ge detector, in identical measurement geometriefn
measurement 2, the computer collecting data from #detector and powering the detector was powered k&/square
wave AC power supply.

When digitizers are used, the analysis of the tinterval distribution of pulses can be helpful to
assess the susceptibility of interference with maiower.

3.6 High pulse rates

The pulse rate in a detector system used for majzlema spectrometry can experience several
orders of magnitude difference in pulse rate dudifferent amounts of deposited radioactivity after
an accident or encountering a high activity radiwacsource. This change in pulse rate can affect t
energy calibration of the detector system [GIA, Z0IThe electronics of a field detector system
should be insensitive to gain change due to a @hampulse rate and specifications for this paramet
should be specified by the manufacturer. It is gacsed that a detector system can not handle
arbitrarily high pulse rates. It should be ableg¢oognise and warn the user of the situation when t
pulse rate is too high to provide reliable results.

3.7 Protection to harsh environments

Doing field measurements can be harsh on the equpand the detector electronics. Exposure to
moisture, dust and mechanical shock is common.€eldwronics should for this reason be water and
dust tight. It should also be possible to dropatf a small height without damage. Connectors shoul

be ruggedized as much as possible taking into dereion the connecters used in most detector
systems today. It should be possible to cover thanectors when not in use so as to facilitate
decontamination of the equipment. Resistance toston@, dust and mechanical force should be
specified by the manufacturer. If connection betweo devices is lost due to mechanical shock or
cables being cut, the electronics should be coctstfiuso as to protect itself from damage due to the
improper disconnection.

3.8 Displays

As field measurements are done in both low lightditions and in direct sun light, displays and
indicator lights should be readable in both ca&asplays should have a backlight and low glare
properties whereas indicator lights should outpidugh light to be clearly visible in all conditions
The intensity of the backlight and indicator ligktsould preferably be adjusted automatically thioug
the use of an ambient light sensor so as to mieilmétery drain and maximise low light vision of th
operator.
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LCD displays have tendency to stop operating attlemperatures as the mobility of the crystals in
the LCD decreases with temperature. If the instninuses a display, its low temperature operation
characteristics should be specified by the manufact If the instrument is expected to be used in a
cold environment, it should be fitted with a suleadisplay.
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