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Final Executive Summary (June 2012)

This final report is a combination of progress mpcubmitted previously. It was originally
submitted 01/31/2012, and is now resubmitted with$BIR/STTR rights notice.

In this project, we had the following 5 Objectives:
Objective 1: Improvements and further evaluation of P500:
Objective 2: Develop Pixie-500 Express hardware:
Objective 3: Develop firmware for Pixie-500 Express:

Objective 4: Adapt existing host software and user interface Hotie-500 Express and
Pixie-500:

Objective 5: Performance testing of Pixie-500 and Pixie-500 Egpr

Overall, due to the unanticipated complexity of B@l Express interface, some aspects of
the project could not be completed with the timd &mds available in Phase Il. These aspects
include the high throughput “zero dead time” firnmean Objective 3 (only the basic firmware
has been implemented), final integration of ther isterface in Objective 4, and final testing of
the Pixie-500 Express in Objective 5.These aspeitiibe completed in self-funded Phase llI; in
fact, at time of writing the user interface (taskrd 7) is essentially complete. Production and
release of commercial spectrometer modules arenpthfor the end of 2012.

On the other hand, as the project was set up &b fievelop a simple demonstration
prototype (P500) and then work on advanced festwe were able to turn the P500 into a
commercial module (Pixie-500) and use the key dagraknts to upgrade the another product
(Pixie-16/250). These commercial developments ragtifunded by XIA, resulted in sales of
several hundred thousand dollars (by the end ofilP@bm products related to this project.
Already therefore the project can be consideragtaess commercially.
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1. Introduction

This report summarizes the progress made on DOR rE-FG02-08ER84981, “High-speed, multi-channel
detector readout electronics for fast radiatioredgtrs” in the period from 12/14/2010 through 82D4/1, i.e. from
the second progress report (4 months year 2 funutige) the end of the project. In this project are developing
a high speed digital spectrometer that

a) captures detector waveforms at rates up to 500 MSPS
b) has upgraded event data acquisition with additidatd buffers for “zero dead time” operation

c) moves energy calculations to the FPGA to incregsectsometer throughput in fast scintillator
applications

d) uses a streamlined architecture and high speedrdatéace for even faster readout to the host PC

These features are in addition to the standardtifume in our existing spectrometers such as dagfitn,
programmable trigger and energy filters, pileuppawtion, data acquisition with energy and time g®nMCA
histograms, and run statistics. In Phase |, weagmgt one of our existing spectrometer designs toodstrate the
key principle of fast waveform capture using a B08PS, 12 bit ADC and a Xilinx Virtex-4 FPGA. Thipgraded
spectrometer, named P500, performed well in inigskts of energy resolution, pulse shape analgsid,timing
measurements, thus achieving item (a) above.

In Phase Il, we are revising the P500 to build mmercial prototype with the improvements listedtems
(b)-(d). As described in the previous report, tvavides were built to pursue this goal, named thgiéF500” and
the “Pixie-500 Express”. The Pixie-500 has only anirmprovements from the Phase | prototype andtenided as
an early commercial product (its production andt pédrits development were funded outside the SBIRRlso
allows testing of the ADC performance in real apgiions. The Pixie-500 Express (or Pixie-500e)udek all of
the improvements (b)-(d). The Phase Il work cosgsi5 Objectives:

Objective 1: Improvements and further evaluation of P500: Immetonline processing and clock/trigger
distribution between channels and modules. Invastighoise characteristics in analog sections and
eliminate excess noise sources. Explore compensaiionon-linearities. Characterize improvements in
energy resolution, timing resolution, and linearity

Objective 2: Develop Pixie-500 Express hardware: Combine feattested on the P500 with a SHARC DSP,
a PCle host interface, and upgrades in data flavpsacessing architecture. Allow board variant wilith
bit, 400 MSPS ADC and monitor manufactures’ releafsenproved fast ADCs. Draw design schematic
and layout printed circuit boards, produce smaitbhaf boards.

Objective 3: Develop firmware for Pixie-500 Express: Adapt PS0tnware to hardware upgrades; later
improve for higher throughput and reduced dead.time

Objective 4: Adapt existing host software and user interfaceMisie-500 Express and Pixie-500: Adapt the
Pixie-4 C library to the PCle interface and theiB2hriables used in the SHARC DSP. Update existing
Pixie-4 user interface accordingly and develop dangpen source interface using ROOT as a starting
point for user’'s system integration.

Objective 5: Performance testing of Pixie-500 and Pixie-500 Ezpr test and debug hardware, firmware and
software, then characterize performance in houdéralabs of potential users.

Progress for each objective is described in se@jativided into tasks as defined in the Phasedppsal.



2. Status of Technical Objectives And Tasks

Executive Summary

Igor LabView ROOT Sample.exe
GUI
glue glue glue glue
] Common C library
C lib (specific functions for file download, time congig)in
PClI interface (PLX) PCle interface (gennum)
Pixie-4 and Pixie-500 Pixie-500e “system functions”
System| system FPGA (import from Pixie-4, add
SDRAM, PCle I/O)

Pixie-4 and Pixie-500 Pixie-500e DSP code (import
DSP DSP code with from Pixie-4/-16)
compiler switches

o Pixie-4 Pixie-500 Fippi and
Fippi Fippi Pixie-500e “Fippi functions”
Schematic Verilog
Module | Pixie-4 Pixie-500 Pixie-500e

Fig. 1: Overview of the Pixie hardware, software ad firmware developments. Fields in green are
completed new developments in this project, Fieldin red are new developments that are not yet fully
completed (about 80% done).

In months 17-24 of the project, we tested and dgbddhe hardware, firmware and software of thee”500
Express prototype boards delivered 12/3/2010. prosed substantially more complex than anticipafgdhe time



of writing, all hardware bugs have been fixed, €l Express interface is working, the SDRAM hasrnbee
successfully tested and the SHARC DSP has beerdodath preliminary code. All new ICs and circuitoy the
prototype are working properly, however some of plenned firmware and software functions have rettheen
completely implemented and debugged. This effoltta@ntinue in self-funded Phase Il

We continued to test the performance of the Pixie-with new detectors and sources. (Since the feodt
digitization and pulse processing is the same aief500 and Pixie-500 Express, the test results apply to the
Pixie-500 Express.) These tests include additiomshsurements involving timing of ultra short nentbursts in
cooperation with AASC, published at the 11th In&tional Conference on Applications of Nuclear Teghas
(Crete 11), and loans of Pixie-500 systems to ORIk, University of Michigan and Rensselaer Polytéch
Institute. Results of the Michigan tests have h@esented at the 2011 IEEE Nuclear Science Symmosiu

Following the evaluation at ORNL, it became cldaatta lower cost high speed spectrometer is désifab
applications with large numbers of channels. Oetdlte scope of this project, but based on the éqe of
developing the Pixie-500, we therefore developaiyh speed version of our Pixie-16 spectrometer

Overall, due to the unanticipated complexity of thel Express interface, some aspects of the profadd
not be completed with the time and funds availabl®hase II. These aspects will be completed iftfaabed
Phase Ill. On the other hand, by dividing developmefforts into one branch focused on immediatesaind a
second branch focused on more advanced improvemeetsere able to already make sales of severadiriedn
thousand dollars (by the end of 2011) from produetasted to this project.

2.1. Task 1 (Objective 1): Implement Online Processing And
Investigate Noise And Non-linearity In P500
Original Schedule: Months 1 — 3

Goals: Implement online processing, investigate/eliminasése and nonlinearity, consider implementation of
nonlinearity compensation scheme, optionally tdsbit 400 MSPS footprint compatible ADC

Percent Completed @ month 24100%

Status: No changes since month 9. See previous report

2.2. Task 2 (Objective 1): Implement Clock/trigger Distribution For
P500 And Characterize Timing Between Channels And Modules
Original Schedule: Months 4 — 6

Goals: Implement clock and trigger distribution in firmveg characterize timing resolutions between channel
and modules, explore doubling digitization ratecbynbining phase shifted channels.

Percent Completed @ month 24100%

Status: No changes since month 9. See previous report

2.3. Task 3 (Objective 2): Develop Hardware Design Concept For
Pixie-500

Original Schedule: Months 1 — 6

Goals: Develop hardware architecture; choose parts.

Percent Completed @ month 24100%



Status: No changes since month 9.
The concept is to build an immediately availablesian called the “Pixie-500” and a fully featured
version called the “Pixie-500 Express”. The Pix@5s derived from the Phase | prototype with minor
changes as a first commercial product. The Pixi@Bgpress has the same front end (ADCs etc) as the
Pixie-500, but uses a PXI Express interface foit h& faster DSP, and increased memory to support
items (b)-(d) from the introduction.

2.4. Task 4 (Objective 2): Hardware Design Entry And Production
Original Schedule: Months 7 — 12

Goals: Enter design in CAD tools for schematic captureé BEB layout, have boards produced
Percent Completed @ month 24100%

Status (Pixie-500):No changes since month 16.
A first commercial batch has been produced andrabweodules have been sold.

Status (Pixie-500 Express)No changes since month 16.
The design was entered into the new Altium CAD sovinent, copying the front end from the Pixie-500
and creating new parts as needed for the processidd/O back end. The layout has been completed,
including detailed length matching and controlletbedance routing for the many high speed lines. A
small number of boards has been produced and wiasrdel 12/3/2010, which completes this task. The
task was thus completed ~3 months behind the @ligitchedule described in the phase Il proposailypar
due to i) the added work in designing and releatiegPixie-500, ii) the funding delays in yearil), the
higher than expected complexity of the design widmy high speed lines that required special attenti
and iv) production lead times for ordering PC bsaadd assembling components.

il -
TL9S VIXNOYL

Fig. 2. Picture of the Pixie-500 Express spectromert



2.5. Task 5 (Objective 3): Firmware Development

Original Schedule:
Stage 1: Months 7 — 12
Stage 2: Months 13 — 21

Goals:
Stage 1: Merge logic from P500 trigger/filter FP®Wth interface logic, add PCle host interface to
FPGA, update FPGA’s DSP interface for Sharc DSRiatggmerge Pixie-16 and P500 DSP code for
Sharc DSP
Stage 2: Move pulse processing from DSP to FPGAiginer throughput, implement “zero dead time”
processing; streamline DSP code.

Percent Completed @ month 24:
Stage 1: 100%
Stage 2: 0%

Status (Stage 1)No changes since month 16.
We have integrated a) the PCle supplier provideahviiare design, b) the logic from the Pixie-500
trigger/filter FPGA, c) timer and trigger distrilbom logic from the Pixie-500, and d) new logic fibee
Sharc DSP booting and data 1/O in a single FPGAgded his included translation of (c) into verilog
coding, rewriting of the top level interface witlewm port and pin definitions, and “weeding out” of
unnecessary logic from (a). The design has beesnsixiely modeled to ensure proper operation. It has
been debugged and tested on the Pixie-500 Expegdw/re.
The DSP code has been upgraded from the Pixie-bljvalso uses a Sharc DSP) to match the specific
chip used in the Pixie-500 Express. To maintain matibility with the Pixie-500, the input parameters
are identical in both modules (16 bit integers)] ane formatted in the Pixie-500 Express DSP code t
match the style used in the Sharc code (32 bitifiggoint). In addition the Sharc code has beeatatgd
to use the same FPGA register map as the PixiedgO€hat the trigger/filter logic can remain ideati
for the two boards.

Status (Stage 2)Stage 2 requires that the Stage 1 firmware is fidlyugged (Task 7) and has not started yet.

2.6. Task 6 (Objective 4): Host Software Development

Original Schedule:
Stage 1: Months 7 — 12
Stage 2: Months 13 — 21

Goals:
Stage 1: Upgrade 1/O driver for PCI Express, agapameter I/O to new DSP
Stage 2: Develop ROOT interface

Percent Completed @ month 24:
Stage 1: 95%
Stage 2: 100%

Status (Stage 1): Tie vendor provided C++ sample code has been adaptedimpler C utility program that
can be used for C debugging of the key functiorGteFbridge register 1/0, FPGA download, FPGA
register 1/0, DMA transfer, and read/write of the-lmoard PROM. An unexpected expense in this step
was the requirement to purchase a PCle driverritia compile the lower level routines of the saenpl
code. These functions have been tested successfititiythe PCle evaluation module (and its firmware
has been modified and recompiled by XIA). Commutidcawith the Pixie-500 Express prototype boards



used the same utility program for debugging; thbudged functions are now being integrated in the
standard Pixie C library so that the module caoperated through the standard Pixie-500 graphsai u
interface. Completion of this integration constisithe remaining 5% of work in Stage 1 and is ebgquec
to be finished by the end of the year.

Status (Stage 2)Initially a simple Linux utility for the existing iRie-16 product has been adapted for use
with the Pixie-500 C library and the Pixie-500 aisition parameters. This included updating of the C
library for Linux compatibility issues; it has beéssted on 2 major Linux variants. A graphical user
interface based on ROOT has then been developedagks like booting the module, adjusting
parameters, acquiring data, and viewing the outpAgsthe C library ultimately handles any differeac
between Pixie-500 and Pixie-500 Express, and th®©Rnterface only communicates with the C
library, this interface serves both the Pixie-50@ ghe Pixie-500 Express (and the existing Pixiea4)
indicated in Fig. 1. Screenshots of the Linux ifgee are shown in Fig. 3.
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Fig. 3. Screenshots of the Pixie Linux interface

2.7. Task 7 (Objective 5): Test And Debug Hardware, Firmware, And
Software For Pixie-500

Original Schedule: Months 11 — 24
Goals: Debug Hardware, firmware and software
Percent Completed @ month 2480%

Status: Having spent a small amount of time in year 1 toudethe Pixie-500, the debugging started in earnest
after the delivery of Pixie-500 Express prototypesl2/3/2010. At the time of writing, all hardwdregs
have been fixed, all new ICs and circuitry on thetgtype are working properly, the FPGA firmware is
stable, the PCI Express interface is working, tD&RAM has been successfully tested and the SHARC
DSP has been booted (with preliminary code). &iilbe debugged are the details of the DSP firmware
and some elements of the FPGA firmware that reltherDSP.

2.8. Task 8 (Objective 5): Performance Testing

Original Schedule: Months 1 — 24



Goals: Test performance in cooperation with interestestsigeport and publish
Percent Completed @ month 16100%

Status: During the 2010 SBIR exchange meeting, contactse vestablished with Alameda Advanced
Science Corporation (AASC) and we agreed to coliaigoin timing measurements with their ultra short
neutron bursts. Several sets of data have beenredganalyzed, and results have been presenti at
11th International Conference on Applications ofthéar Techniques (Crete 11). A preprint is attached

Further performance tests of the Pixie-500 haven lpszformed at ORNL to evaluate the requirements
for the electronics in the VANDLE experiment (tirginesolutions), at the University of Michigan, aatd
Rensselaer Polytechnic Institute. Results fromMighigan test have been presented at the IEEE Hucle
Science Symposium (see abstract below).

2.9. Other Developments

Pixie-500 and Pixie-16/250 salegit the time of writing, approximately 18 monthseafthe introduction of
the product, at total of 5 Pixie-500 systems hasentsold, 2 of them in the 400 MHz, 14-bit versiamd
2 more sales are pending. The sale of a large -R&isystem, upgraded for digitization at 250 MHz
based on experience in this project, is pending wibdules scheduled to be shipped before the end of
the year. Sales literature has been added to thpawy website, and demo modules have been loaned to
several labs. A demonstration has also been peefbrin early January at PTB Braunschweig in
Germany.

3. Cost Status

The approved total budget for phase Il (August2l®)9 — August 14, 2011) is $690,672. All funds hagen
spent by the end of the project. Additional XIA fisnspend in Phase Il up to the time of writing iaréhe order of
$100,000. On the other hand, Pixie-500 and Pixig¢d®sales (projected to end of 2011) amount tersé\undred
thousand dollar.



4. Summary of Performance Schedule
Quarte 1 2 3 4 5 6 7 8

Task

1. Online processing

Clock distributio

2.
3. Hardware concept
4

. Schematic design
PCB layout
Board manufacture
5. Initial FPGA firmware
Initial DSP code
High throughput firmware 2 4 4
High throughput DSP code 1 2 1

6. PCle software

Host software adaptation

ROOT interface

Test/debug HW/FW/SW 6

8. P500 performance
Pixie-500 performance
Total man-weeks 13 13 21 16 16 12 17 12

N

Milestones
Fully working P500, HW concept finalizgd
Pixie-500 HW produced, initial FW/SW implementgd

Initial FW/SW fully debugged

High throughput FW/SW implementgd

High throughput FW/SW fully debugged, performaresting of Pixie-500 completed

In progress In progress Work not started
on/ahead of schedu| behind schedulg postponed to Phase I

Table 3: Performance Schedule

174

5. Personnel Changes

none



6. Attachments

6.1. Univ. Michigan paper at IEEE Nuclear Science Symposium:

Requirements and Qualitative Comparison of Fast Wagform Digitizers for Data-
Acquisition Systems Designed for Nuclear Nonprolif@ation Applications

M. Flaska G. Chaud, R. T. Schiffer, S. A. Pozzi, D. D. \\Wxoff

University of Michigan, Ann Arbor, USA
Conference record N50-4

Accurate pulse shape discrimination (PSD) is esadot organic scintillators such as EJ-301s
(309s) because these detectors are sensitivelianbatrons and gamma rays. Because of the
background gamma-ray presence the accurate nelgteation requires accurate discrimination
of neutrons from gamma rays. This is especiallyartgnt for applications where fast and robust
systems are paramount, such as nuclear nonpraiifierand safeguards. Recently,
characteristics of digital PSD systems were desdrdnd discussed [1] and the results clearly
indicate that there is an advantage of using digitar analog PSD systems. It has been shown
in the past that the digital PSD provides accuradelts for various organic scintillation
detectors and the results are superior to anal@y P& nuclear nonproliferation and safeguards
applications, accurate discrimination of neutrawsf gamma rays significantly influences the
outcome of material identification/characterizati®pecifically, particle misclassification can
lead to longer measurement times needed or eviatstidentification/misclassification of
measured material. With recent developments iratba of fast waveform digitizers it is clear
that the digital PSD will eventually replace olderalog PSD systems in most applications due to
simplicity, applicability, and accuracy of the neystems. A major question needs to be
answered before completely replacing the analdgi@ogy: What sampling properties are
needed for the replacement waveform digitizers® Wuarks objective is to answer the question.

6.2. AASC paper at Crete 11

See attached
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7. Introduction

This report summarizes the progress made on DOR rE-FG02-08ER84981, “High-speed, multi-channel
detector readout electronics for fast radiatioredetrs” in the period from 05/14/2009 through 122040, i.e. from
the first progress report (9 months after phastdited) to 4 months after the year 2 funding ®otic this project,
we are developing a high speed digital spectrombsr

e) captures detector waveforms at rates up to 500 MSPS
f) bhas upgraded event data acquisition with additidagh buffers for “zero dead time” operation

g) moves energy calculations to the FPGA to incregsectsometer throughput in fast scintillator
applications

h) uses a streamlined architecture and high speedrdatéace for even faster readout to the host PC

These features are in addition to the standardtifums in our existing spectrometers such as dagfitin,
programmable trigger and energy filters, pileuppawtion, data acquisition with energy and time g®nMCA
histograms, and run statistics. In Phase |, weagmgt one of our existing spectrometer designs toodstrate the
key principle of fast waveform capture using a B08PS, 12 bit ADC and a Xilinx Virtex-4 FPGA. Thipgraded
spectrometer, named P500, performed well in inigskts of energy resolution, pulse shape analgsid,timing
measurements, thus achieving item (a) above.

In Phase Il, we are revising the P500 to build mmercial prototype with the improvements listedtems
(b)-(d). As described in the previous report, gpectrometer will be built in 2 variants named tRiie-500” and
the “Pixie-500 Express”. The Phase Il work commiSeDbjectives:

Objective 1: Improvements and further evaluation of P500: Immetonline processing and clock/trigger
distribution between channels and modules. Invastigioise characteristics in analog sections and
eliminate excess noise sources. Explore compensaiionon-linearities. Characterize improvements in
energy resolution, timing resolution, and linearity

Objective 2: Develop Pixie-500 hardware: Combine features testethe P500 with a SHARC DSP, a PCle
host interface, and upgrades in data flow and msing architecture. Allow board variant with 14, bit
400 MSPS ADC and monitor manufactures’ releasengiroved fast ADCs. Draw design schematic and
layout printed circuit boards, produce small bai€boards.

Objective 3: Develop firmware for Pixie-500: Adapt P500 firmwatehardware upgrades; later improve for
higher throughput and reduced dead time.

Objective 4: Adapt existing host software and user interfacePiaie-500: Adapt the Pixie-4 C library to the
PCle interface and the 32bit variables used inSHARC DSP. Update existing Pixie-4 user interface
accordingly and develop sample open source interfsing ROOT as a starting point for user’'s system
integration.

Objective 5: Performance testing of Pixie-500: test and debugiviare, firmware and software, then
characterize performance in house and in labs tefnial users.

Progress for each objective is described in thiovdhg section, divided into tasks as defined ie tRhase Il
proposal.



8. Status of Technical Objectives And Tasks

Executive Summary

Igor LabView ROOT Sample.exe
GUI
glue glue glue glue
] Common C library
C lib (specific functions for file download, time congig)n
PClI interface (PLX) PCle interface (gennum)
Pixie-4 and Pixie-500 Pixie-500e “system functions’
System| system FPGA (import from Pixie-4, add
SDRAM, gennum)

Pixie-4 and Pixie-500 Pixie-500e DSP code (import
DSP DSP code with from Pixie-4/-16)
compiler switches

o Pixie-4 Pixie-500 Fippi and
Fippi Fippi Pixie-500e “Fippi functions”
Schematic Verilog
Module | Pixie-4 Pixie-500 Pixie-500e

Fig. 1. Overview of the Pixie hardware, software ad firmware. Fields in red are new developments

In months 10-16, we finalized the schematic desigd layout of the Pixie-500 Express and manufadt&re
modules -- the first prototype boards were delidede/3/2010. The initial phase of firmware and wafte
development for the Pixie-500 Express has been atet) resulting in basic code to test and debagriixie-500
Express. Debugging of firmware, hardware and safivieas begun with the delivery of the prototypertiea



We further tested the performance of the Pixie-80th new detectors and sources. (Since the fromt en
digitization and pulse processing is the same odef500 and Pixie-500 Express, the test result afgay to the
Pixie-500 Express.) These tests include gamma arewdiscrimination measurements with CLYC and Stikhe
performed at LBL, and subsequent analysis of the taquantify the effectiveness of the discrimiorat Results of
the test measurements have been reported at tifielE&E Nuclear Science Symposium and a conferescerd
has been submitted. Further measurements involuimigg of ultra short neutron bursts have beengreréd in
cooperation with AASC and are now being analyzelde article on the results of the P500 performamestst
previously submitted to the IEEE Transactions oftlar Science has now been published: IEEE Traiosacbn
Nuclear Science, Vol. 57, No. 4, August 2010, [©6522370.

Due to delays in the year 1 funding agreement, softlee later tasks were approached slower thaginadiy
described in the proposal. Additional delays hagerbcaused by the added work in designing andsiatpdahe
Pixie-500, the unforeseen high complexity of thdePi@terface as well as production lead times far prototype
boards. Overall we are now approximately 3 mon#tsira schedule. Future developments strongly deperttie
outcome of testing and debugging, so it is undfeae can catch up on the delay in the coming menth

8.1. Task 1 (Objective 1): Implement Online Processing And
Investigate Noise And Non-linearity In P500

Original Schedule: Months 1 — 3

Goals: Implement online processing, investigate/eliminasése and nonlinearity, consider implementation of
nonlinearity compensation scheme, optionally tdsbit 400 MSPS footprint compatible ADC

Percent Completed @ month 16100%

Status: No changes since month 9.

8.2. Task 2 (Objective 1): Implement Clock/trigger Distribution For
P500 And Characterize Timing Between Channels And Modules

Original Schedule: Months 4 — 6

Goals: Implement clock and trigger distribution in firmveg characterize timing resolutions between channel
and modules, explore doubling digitization ratecbynbining phase shifted channels.

Percent Completed @ month 16100%

Status: No changes since month 9.

8.3. Task 3 (Objective 2). Develop Hardware Design Concept For
Pixie-500

Original Schedule: Months 1 — 6

Goals: Develop hardware architecture; choose parts.

Percent Completed @ month 16100%

Status: No changes since month 9.
The concept is to build an immediately availablesian called the “Pixie-500” and a fully featured
version called the “Pixie-500 Express”. The Pix@5s derived from the Phase | prototype with minor
changes as a first commercial product. The Pixi@Bgpress has the same front end (ADCs etc) as the



Pixie-500, but uses a PXI Express interface foit W3, faster DSP, and increased memory to support
items (b)-(d) from the introduction.

8.4. Task 4 (Objective 2): Hardware Design Entry And Production

Original Schedule: Months 7 — 12

Goals: Enter design in CAD tools for schematic captureé BEB layout, have boards produced
Percent Completed @ month 16100%

Status (Pixie-500):A first commercial batch has been produced andraém@dules have been sold.

Status (Pixie-500 Express)The design was entered into the new Altium CAD mvinent, copying the front
end from the Pixie-500 and creating new parts aslee for the processing and 1/0 back end. The layou
has been completed, including detailed length niagcand controlled impedance routing for the many
high speed lines. A small number of boards has meduced and was delivered 12/3/2010, which
completes this task. The task was thus complet8dmenths behind the original schedule described in
the phase Il proposal, partly due to i) the addedkwn designing and releasing the Pixie-500, i t
funding delays in year 1, iii) the higher than esteel complexity of the design with many high speed
lines that required special attention, and iv) picibn lead times for ordering PC boards and askegb
components.

Fig. 2. Picture of the Pixie-500 Express spectromert

8.5. Task 5 (Objective 3): Firmware Development

Original Schedule:



Stage 1: Months 7 — 12
Stage 2: Months 13 — 21

Goals:
Stage 1: Merge logic from P500 trigger/filter FP®Wth interface logic, add PCle host interface to
FPGA, update FPGA’s DSP interface for Sharc DSRiatggmerge Pixie-16 and P500 DSP code for
Sharc DSP
Stage 2: Move pulse processing from DSP to FPGAiginer throughput, implement “zero dead time”
processing; streamline DSP code.

Percent Completed @ month 16:
Stage 1: 100%
Stage 2: 0%

Status (Stage 1)We have integrated a) the PCle supplier providadviiare design, b) the logic from the
Pixie-500 trigger/filter FPGA, c) timer and triggaistribution logic from the Pixie-500, and d) néwgic
for the Sharc DSP booting and data I/O in a sifg?&A design. This included translation of (c) into
verilog coding, rewriting of the top level interagvith new port and pin definitions, and “weeding”o
of unnecessary logic from (a). The design has leeéensively modeled to ensure proper operatiois. It
now ready to be debugged and tested on the readitlyered Pixie-500 Express hardware.
The DSP code has been upgraded from the Pixie-h&lvalso uses a Sharc DSP) to match the specific
chip used in the Pixie-500 Express. To maintain matibility with the Pixie-500, the input parameters
are identical in both modules (16 bit integers) ane formatted in the Pixie-500 Express DSP code t
match the style used in the Sharc code (32 bitifiggoint). In addition the Sharc code has beeatatgd
to use the same FPGA register map as the PixiedsD€hat the trigger/filter logic can remain ideati
for the two boards.

Status (Stage 2)Stage 2 requires that the Stage 1 firmware is fi#lyugged (Task 7) and has not started yet.

Note: The start of this work was delayed somewhat bygtleyy DOE contract negotiations and Stage 1 was
timed to complete with the delivery of the PixieBgBxpress prototypes.

8.6. Task 6 (Objective 4): Host Software Development

Original Schedule:
Stage 1: Months 7 — 12
Stage 2: Months 13 — 21

Goals:
Stage 1: Upgrade /O driver for PCI Express, agapameter I/O to new DSP
Stage 2: Develop ROOT interface

Percent Completed @ month 16:
Stage 1: 90%
Stage 2: 10%

Status (Stage 1): Tie vendor provided C++ sample code has been adaptedimpler C utility program that
can be used for C debugging of the key functiorGteFbridge register 1/0, FPGA download, FPGA
register 1/0, DMA transfer, and read/write of the-lmoard PROM. An unexpected expense in this step
was the need to purchase a PCle driver libraryotopile the lower level routines of the sample code.
These functions have been tested successfullytvitiPCle evaluation module (and firmware modified
and recompiled by XIA). Communication with the miype boards will initially use the same utility
program for debugging, then the debugged functwitide integrated in the standard Pixie C librand
the module can be operated through the standaii@-B30 interface. This integration constitutes the
remaining 10% of work in Stage 1 and is expectdaetcompleted by the end of the year.



Status (Stage 2)Stage 2 was scheduled to begin after stage ormpleted, but since the work can initially
be performed in parallel (using the Pixie-500 inst®f the prototype), work has already begun. ¢ th
point, a very basic Linux interface for the exigtiRixie-16 product is adapted for use with the i
parameters. The next step will be to develop atineubf the controls and panels in the user intafa
which will then be implemented in ROOT.

8.7. Task 7 (Objective 5): Test And Debug Hardware, Firmware, And
Software For Pixie-500

Original Schedule: Months 11 — 24
Goals: Debug Hardware, firmware and software
Percent Completed @ month 1620%

Status: Having spend a small amount of time in year 1 toudethe Pixie-500, the debugging started in earnest
after the delivery of modules on 12/3/2010. Sirttat was very recent, this task is still at its begig.
At this point, it has been verified that the powsemplies work ok (with minor rework). Current
debugging focuses on the PCle interface with thst R€, which yet has to recognize our module. utur
debugging steps will include 1/0O with the PCle lgedregisters, FPGA download, DSP download,
communication between DSP and FPGA, test of the Elé conversion, FPGA I/O with the memory
chips, and the DMA transfers

8.8. Task 8 (Objective 5): Performance Testing

Original Schedule: Months 1 — 24
Goals: Test performance in cooperation with interesteztsjgeport and publish
Percent Completed @ month 1665%

Status: The article describing performance testing with 800 Phase | prototype was accepted for
publication (IEEE transactions of Nuclear Sciencd. 87, No. 4, August 2010, p. 2365-2370).

The P500 was also tested in gamma/neutron distaiion experiments with Stilbene andb,3¥Cl¢: Ce
scintillator (called CLYC) at XIA and LBL, which Isabeen reported at the 2010 IEEE Nuclear Science
Symposium. This work focused on characterizingahitty of CLYC to distinguish gamma interactions
from neutron interactions, and the high digitizatiate of the P500 was a valuable tool in acquitirey
“fast gamma” type of waveforms ascribed to the mmeenon of Core-to-Valence-Luminescence. Pdf
files of the poster and the conference record tiaetzed.

During the 2010 SBIR exchange meeting, contacts vestablished with Alameda Advanced Science
Corporation (AASC) and we agreed to collaboratengasurements with their ultra short neutron bursts.
A first set of data has been acquired and is ctiyrbéring analyzed.

Further performance tests of the Pixie-500 are rogmess at LBL by Bill Moses, and at ORNL to
evaluate the requirements for the electronics&@ANDLE experiment (timing resolutions)

8.9. Other Developments

Pixie-500 salesAt the time of writing, approximately 6 months aftee introduction of the product, at total of
four Pixie-500 systems have been sold, 2 of therthén400 MHz, 14-bit version. Sales literature has
been added to the company website, and demo motiales been loaned to several labs. A future
demonstration is planned in early January at PT&iBschweig in Germany.



Possible new hardware: In recent months, there has been interest at ORNinstrument the VANDLE
experiment with high speed electronics. This redegroup has long been using Pixie-16 modules and
found that their 12-bit, 100 MHz digitization ratemarginally suitable for the experiment’s neeuls,
higher rates and/or more bits are desirable. AeP3J0 module is currently used to better deterrttiee
requirements. In the desire to stay compatible thithr existing Pixie-16 system and keep costs loe/,
are in discussions to develop a new module, esdlgrdi Pixie-16 upgraded with a 250 MHz ADC. This
low cost module would be the“3member of the “high speed Pixie” series of moduksy such
development will be conducted outside the scophisfgrant, but will largely be based on the exgrece
in the Pixie-500 development.

9. Cost Status

The approved total budget for phase Il (August 289 — August 14, 2011) is $690,672. The actuat cos
incurred in Phase Il up to November 11, 2010 isaygmately $450k (not all of which have been billget). The
remaining balance for the current budget pericabisut $240Kk, roughly on schedule in time, but sohaahead in
respect of the work completed. We believe we cilncsimpleted the essential tasks in the origitralet frame and
within the budget of the grant, and if necessary fend some of the less critical tasks (e.g. tHeQR interface)
with internal funds. Details of the project costsxde found in the financial reports submittedhte DOE by XIA

LLC.

10. Summary of Performance Schedule

Quarte 1 2 3 4 5 6 7 8
Task

1. Online processing

Clock distributio

2.
3. Hardware concept
4

. Schematic design
PCB layout
Board manufacture

5. Initial FPGA firmware
Initial DSP code
High throughput firmware 2 4
High throughput DSP code 1 2 1

6. PCle software
Host software adaptation

. 4
5 7500 perormance [N

ROOT interface 2 3 3

7. Test/debug HW/FW/SW 8 2 2 6
Pixie-500 performance B 2 6
Total man-weeks 13 13 21 16 16 12 12 12

Milestones
Fully working P500, HW concept finalizgd
Pixie-500 HW produced, initial FW/SW implementgd

Initial FW/SW fully debugged




High throughput FW/SW implementgd
High throughput FW/SW fully debugged, performaresting of Pixie-500 completed

In progress In progress Work not yet
on/ahead of schedu| behind schedul¢ started

Table 3: Performance Schedule

11. Personnel Changes

none

12. Attachments

1) “CLYC versus Stilbene: Optimization and comparisof two neutron-gamma discriminating
scintillators”, a poster presented at the 2010 IEB¥clear Science Symposium
(CLYC_IEEE10poster.pdf);

2) “CLYC versus Stilbene: Optimization and comparisoh two neutron-gamma discriminating
scintillators”, a paper in the Proceedings for tB@10 IEEE Nuclear Science Symposium
(CLYC_IEEE1Ocr.pdf);



- - ats 13
Hayward CA 544
Fhone: (510) 401-5760
FAX: (510) 401-5761

Instruments that advance the art

High-speed, multi-channel detector readout electronics for
fast radiation detectors

1% Progress Report
for DOE Grant DE-FG02-08ER84981

Grant Recipient XIALLC

Principal Investigator Wolfgang Hennig

Date of Report 5/14/2010

Period Covered 08/14/2009 through 05/14/2010

For Distribution

This document contains no proprietary technicabnmiation and can be made available to
individuals involved the administering and reviegiof DOE grant DE-FG02-08ER84981 as
well as the general public.



Progress report: High-speed, multi-channel detector readout €l ectronics for fast radiation detectors

Table of Contents

R 10T [0 Tox 1 o) o PR 3
2. Status of Technical ObjectiveS AN TASKS ...c.uauiiiiiiiiiiiiiiiiiiiiiiiiiiiiviieieeere e 3
2.1. Task 1 (Objective 1): Implement Online Prooegs#nd Investigate Noise And Non-
NEANTEY 1N PBO0 ...ttt s st snn e 4
2.2. Task 2 (Objective 1): Implement Clock/triggestribution For P500 And Characterize
Timing Between Channels ANd MOAUIES ... 5
2.3. Task 3 (Objective 2): Develop Hardware Degigmcept For Pixie-500 ................eeuennnns 7...
2.4. Task 4 (Objective 2): Hardware Design EntrydAT0dUCTION ........cvvvvvvviiviiiiiiieiveies cemmnn e 9
2.5. Task 5 (Objective 3): Firmware DevelopmMeNt . ..o 10
2.6. Task 6 (Objective 4): Host Software Developmen............ccccceeieeiiiieeeeeeee 11
2.7. Task 7 (Objective 5): Test And Debug Hardw&enware, And Software For Pixie-500.11
2.8. Task 8 (Objective 5): Performance TeStNG ..ccccooeeeeeeieiieiieeeeeee e 11
G T O 0 B = (L PP PPPPPPPPPI 12
4. Summary of Performance SChedule....... oo 12
5. PersONNEl ChANQES .....cooiiiiiiiiii i ettt ettt te st tes e bbb ts e e e ne e e e eeeeeeeeeeeeeeeeeeeeeeeees 12
6. ALACHMENTS ... ettt e e e et e e e e e e e e e e 13

© XIALLC 25 6/22/2012



Progress report: High-speed, multi-channel detector readout €l ectronics for fast radiation detectors

13. Introduction

This report summarizes the progress made on DOR rE-FG02-08ER84981, “High-speed, multi-channel
detector readout electronics for fast radiatioredetrs” in the period from 08/14/2009 through 052040, i.e. the
first nine months of Phase Il of the grant. In thisject, we are developing a high speed digitatgpmeter that

i) captures detector waveforms at rates up to 500 MSPS
j) has upgraded event data acquisition with additidatd buffers for “zero dead time” operation

k) moves energy calculations to the FPGA to increasectsometer throughput in fast scintillator
applications

I) uses a streamlined architecture and high speedrdatéace for even faster readout to the host PC

These features are in addition to the standardtifume in our existing spectrometers such as dagfitn,
programmable trigger and energy filters, pileuppawtion, data acquisition with energy and time g®nMCA
histograms, and run statistics. In Phase |, weagmgt one of our existing spectrometer designs toodstrate the
key principle of fast waveform capture using a B08PS, 12 bit ADC and a Xilinx Virtex-4 FPGA. Thipgraded
spectrometer, named P500, performed well in initsks of energy resolution, pulse shape analgsid,timing
measurements, thus achieving item (a) above.

In Phase Il, we are revising the P500 to build mmmmercial prototype with the improvements listedtems
(b)-(d). As described in more detail below, thieadpometer will be built in 2 variants named théxi®500” and
the “Pixie-500 Express”. This work includes invgation, and where necessary and possible elimmatio
compensation, of the noise and non-linearity is$aesd in the testing of the Phase | prototype. Phase Il work
comprises 5 Objectives:

Objective 1: Improvements and further evaluation of P500: Immetonline processing and clock/trigger
distribution between channels and modules. Invastigioise characteristics in analog sections and
eliminate excess noise sources. Explore compensfiionon-linearities. Characterize improvements in
energy resolution, timing resolution, and linearity

Objective 2: Develop Pixie-500 hardware: Combine features testethe P500 with a SHARC DSP, a PCle
host interface, and upgrades in data flow and msing architecture. Allow board variant with 14, bit
400 MSPS ADC and monitor manufactures’ releasengiroved fast ADCs. Draw design schematic and
layout printed circuit boards, produce small bai€boards.

Objective 3: Develop firmware for Pixie-500: Adapt P500 firmwdpehardware upgrades; later improve for
higher throughput and reduced dead time.

Objective 4: Adapt existing host software and user interfacePiaie-500: Adapt the Pixie-4 C library to the
PCle interface and the 32bit variables used inSHARC DSP. Update existing Pixie-4 user interface
accordingly and develop sample open source interfsing ROOT as a starting point for user’'s system
integration.

Objective 5: Performance testing of Pixie-500: test and debughvare, firmware and software, then
characterize performance in house and in labs tefnial users.

Progress for each objective is described in thiovidhg section, divided into tasks as defined ie thhase I
proposal. Since up to the time of writing a finahfling agreement was not in place, we had to aperay with the
amounts approved in the initial funding agreem&i®2bk from 8/14/2009) and self-finance any furtbepenses.
This lack of funding caused some of the later taskse approached slower than originally plannetigescribed in
the proposal.
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14. Status of Technical Objectives And Tasks

Executive Summary

In the first 9 months, we upgraded the processimd) @ock distribution firmware of the P500 prototypo
include all the essential functions of a final coemaial spectrometer module. In a variety of perfance tests at
XIA and collaborating research labs, we found thatdesign of the prototype has no significant §avith the only
exception that a more precise DAC is required talbe to implement an on-board nonlinearity comp&os. We
designed the hardware architecture for the commlepmbtotype of the fully featured “Pixie-500 Expsg, and
implemented most of the schematics in the CAD sarftwIn addition, we upgraded the Phase | prototgpe
commercial spectrometer module “Pixie-500” to captsome early sales; the first set of boards haea produced
and we expect to offer them commercially by Jun&020Firmware and software development for the Pixie
Express have begun, somewhat delayed by lengthy Bddact negotiations. Results of the performatests
were presented at the 2009 IEEE Nuclear Sciencg8sitim and a paper was submitted to the IEEE Tctioss
of Nuclear Science. We expect to have manufactiredirst prototypes of the Pixie-500 Express bedrd August
or September 2010.

14.1. Task 1 (Objective 1): Implement Online Processing And
Investigate Noise And Non-linearity In P500

Original Schedule: Months 1 — 3

Goals: Implement online processing, investigate/eliminaése and nonlinearity, consider implementation of
nonlinearity compensation scheme, optionally tdsbit 400 MSPS footprint compatible ADC

Percent Completed @ month 9100%

Status: The online processing was implemented by mid $elpée 2009 and fully debugged by early October
2009. Subsequent tests of the noise and resolatiowed very good performance, in some cases even
slightly better than the Pixie-4 with its high pisdon 14 bit ADC. Sample plots of resolution vs aobu
rate and resolution vs energy filter peaking timme shown in Figure 1. For online processing with a
HPGe detector, the P500 comes close to the enesgjution of the Pixie-4 and reaches ~2 keV FWHM
(0.15%) for the 1.3 MeV*°Co peak. The strong degradation of the resolutmmldrger filter times
observed in offline processing in Phase | (lighteyr curve in Fig. 1 left) was eliminated with oelin
processing (brown curve), so we conclude thermamoise problems in the P500 design.

When the input count rate is varied in HPGe measengs, energy resolutions hardly change for the
Pixie-4 but vary strongly for the P500: P500 retohs were ~1.7 keV (0.13%) at ~1000 counts/s but a
higher count rates peaks broaden and/or form douddds. We attribute this behavior to the ADC non-
linearities described below, since at high couteggulses begin to overlap and the input signahsgm
larger fraction of the total ADC range. However ferformance of the P500 is more than sufficient f
fast scintillators such as La3which have lower intrinsic resolutions than HRi&¢ectors (Fig. 1 right).
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Fig. 1: (right) Energy resolution with HPGe as a function of peaking time at 3 energy values. (The
right plot combines offline data from Phase | [gree] with the new online data from Task 1

[brown]) (left) Energy resolution and output count rate with LaBr; at 1.3 MeV as a function of

input count rate.

S/N 100 ch.1
SIN 101 ch.1
15+ —— S/IN102 ch.1
S/N 103 ch.1
S/N 104 ch.1
—— P4 S/N 169 (scaled)
10 - —— S/IN104ch2
SIN 104 ch.3
(400 MHz, upper 12 of 14bit)

Residual from linear fit (12 bit ADC steps)

20 30 40 50x10°
Offset (16 bit DAC step)

Fig. 2. Measurement of integral nonlinearity (INL). Residual from a linear fit to measured ADC
output as a function of input voltage set by an ofroard DAC

Measuring the integral nonlinearity (INL) of the &3 on the 500 MSPS channels for all existing P500
boards resulted in similar curves as observed as@l, i.e. the measured output from the ADC shaws
series of jumps as the input voltage is ramped fr@imimum to maximum (red curves in Fig. 2). A P500
board where the ADC was replaced with a footprintpatible 14-bit, 400 MHz ADC, which is
nominally more precise, shows the same behavioe(blrves). A Pixie-4, having a very similar analog
front end except for the ADC, showed no jumps (blaarve). However, the overall envelope of
variations are about 10-15 L$fpeak to peak for both Pixie-4 and P500. We coredutiat the on-board
digital to analog converter (DAC) used to ramp ithygut voltage, which was originally chosen only for
offset compensation with a specified precision &, Hominates INL and thus the lower specified INL
values for the ADC can not be confirmed in thes@sueements. However, since DAC and other circuit
elements are essentially the same for the P50@henBixie-4, we conclude that the jung® specific to
the high speed ADCs, likely due to their desigrifakling ADCs”. Thus we confirmed that the Phase |
measurement was not an isolated bad ADC, but tigatésign of the ADC itself causes the jumps and
this behavior should be compensated for best pagnce.

Any practical compensation scheme should use onlpaard functions to avoid external calibration
procedures that can not be performed in the flaldthe DAC limits the precision of such on-boaahn
linearity measurements. Therefore there is no liteireimplementing a compensation scheme at this
point for the P500 Phase | prototype. Instead, e Phase Il hardware will be equipped with a more
precise DAC, and a compensation scheme can beapexdkhs part of year 2 work if there is demand
from potential users. It is unclear that there Wél such demand since the effects of the nonlityeainiy

are visible with very high resolution detectore(iHPGe, but not LaBy, which are not the main
application for this module.

14.2. Task 2 (Objective 1): Implement Clock/trigger Distribution For
P500 And Characterize Timing Between Channels And Modules

Original Schedule: Months 4 — 6

Goals: Implement clock and trigger distribution in firmveg characterize timing resolutions between channel
and modules, explore doubling digitization ratecbynbining phase shifted channels.
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Percent Completed @ month 9100%

Status: The firmware updates to program the cloc delay cable

. . Mode A (.
generation chip on the P500 wer [ Puisesoure: -

implemented by mid October 2009 and tr | e, P500 N
clock and trigger distribution  was PMT _%5”“ AT
implemented and fully debugged b N
December 2009. Performance tests

measure timing resolutions were complett Modo B

by early February 2010, and separate tests [ puise source:

short cable

? 500 B

explore 180 degree phase shifts betwe | Puseror. - N
channels for a double digitization rate we PMT —% AN o
completed January 2010. \ ne

The timing resolution tests were performed

4 different modes shown to the right: A)
single signal source split into two branche [ Fuise source:
pulser or

one of them delayed, and then merged 8| niator+
fed into a single ADC channel; as in Phase PMT

?500 P500 }

short cable

. A L. 5 P500
B) a single signal source split into 2 branche | [ foars AT

one of them delayed and each branch fed il yg4ep

a separate ADC channel in the same modt Pulse source:
C) as in B), but using two separate AD PMT

. . . del bl
channels in two modules; and D) 2 coincide __} ey cane %sun Mo
signals, one of them delayed, each fed intc j’ﬁ”“ﬂ P500 M.
separate ADC channel in the same modu ‘ %son AT

. . Pulse source: short cable
The signal source was either a programmal | scintilator +

PMT

pulse generator or a photomultiplier tuk
(PMT) attached to a LaBrcrystal. In each
case, we measured the time differendebetween the two rising edges by applying a candtaction
algorithm offline to captured waveforms. Histogramghseveral hundred measurements, we obtain a
distribution of AT with a timing resolution dT (FWHM of Gauss fifnp mode A), we measured dT ~
20 ps FWHM with the pulser and ~53 ps with LaBn modes B) and C), pulser measurements with the
P500 resulted in timing resolutions of ~20 ps aAd ps, respectively (Fig. 4). Equivalent measuramen
with a Pixie-4 resulted in timing resolutions of0t800 ps in mode B, but histogramsAdf often showed
double peaks or shoulders. Applying a rise timetauimit the analysis to pulses with a certairerisne
reduced these effects and improved the timing wéisol to about 100 ps, but removed about 70% of
collected events. Mode B) and C) measurements twéHP500 and LaBmresulted in timing resolutions

of on average ~75 ps in both modes B, though dTimwasme cases as good as 23 ps.

—8— Pixie-4, Mode B
1000 | =@~ Pixie-4, Mode B, with RT cut
]| —w— P500, Mode C
1| —m— P500, Mode B

dT (ps)

Agilent pulser

[ T I T T T I 1
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Fig. 4. FWHM timing resolution for P500 and Pixie-4in modes B and C using an Agilent pulser. A
rise time cut improves results for the Pixie-4, whih otherwise has a non-Gaussian distribution.

In mode D), using a pair of LaBcrystals and PMTs, we measured ~900 ps with a&fand ~630 ps
with the P500 when including all events. Limitingeeats to those with energies >1 MeV and applying a
rise time cut to Pixie-4 data that removes apprex@ty 50% of the >1MeV events, we achieve ~400 ps
and ~250 ps for the Pixie-4 and P500, respectivEhg timing resolution attributed to each chansel i
then 1/sqrt(2) of these values, i.e. ~282 ps ardpEfor the Pixie-4 and P500, respectively.

In comparison, for a traditional timing measurem@iM A, 567 (2006), p31] similar to mode D) with
an analog constant fraction discriminator to meadthe delay between coincident pulses from two
scintillators/PMTs (Bafand LaBg), the timing resolution attributed to the LaBhannel is reported to
be ~140ps FWHM witfi°Co. These measurements used a PMT model XP20Diégmanved model of
the model XP2020 used in our tests.

1400 —

1200 —

1000 4 FWHM: FWHM:

800 | 0.45 ADC steps 36 ps

N counts

600 —|

400 —

200 —

T T T T T T T T T I e e e T
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Rel. Gain Rel. Offset (ADC steps) Rel. Phase (ns)

0 —

Fig. 5. Histograms of measured relative gain, offs@and phase shift for several thousand waveforms
from 2 ADCs clocked at 250 MHz with 1.95 ns phasdt at the source.

To test the feasibility of doubling the digitizaticrate, the clock generation chip on the P500 was
programmed to output a 250 MHz clock signal, foe @hannel delayed by 1.95 ns. (The chip is limited
to delays in steps of 150 ps, and we chose a brageeihcy of 250 MHz to be able to compare the
interleaved data with single-channel full rate jlakag. 5 shows histograms of relative gain, offaetl
phase from several thousand pulses acquired symahisty in channels 2 and 3. Gain mismatch is ~0.2%
with a jitter of 0.11% FWHM; offset mismatch is ~TIADC steps with a jitter of 0.45 ADC steps, and
phase mismatch from the ideal 2 ns is ~130ps wjittea of 36 ps. The offset mismatch could be fert
reduced by finely adjusting the offset DAC for eattannel, and the phase mismatch (most likely due t
PCB clock line delays) could be further reduceddejaying the clock in the PLL by one additional
150 ps step. The P500 thus fulfills a necessarylition for interleaved operation, i.e. small andide
mismatch, and is potentially able to generate 12iia streams at double or even four times the ADC
clock rate, though the quality of such data rem&inise investigated. This feature can be implenteirte
year 2 if there is demand from potential users.

14.3. Task 3 (Objective 2): Develop Hardware Design Concept For
Pixie-500
Original Schedule:Months 1 — 6

Goals: Develop hardware architecture; choose parts.
Percent Completed @ month 9100%
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Status: The goal of this task was to define the hardwachitecture for the commercial prototype Pixie-500,
based on a) experience with the Phase | protot@®® Rnd b) desired features for a next generation o
spectrometer modules.

In addition, since it became clear in discussioith wotential users that there is immediate denfanad
high speed spectrometer module, we decided to raetwré the P500 prototype (with minor changes) as
a first commercial product. This module will beledl“Pixie-500” (Fig. 6), and the fully featured chde

will be called the “Pixie-500 Express” (Fig. 7).

As a consequence of this decision, some of the fgilmened for tasks 1 and 2 — which were completed
faster than expected as no significant problem&wacountered — was moved to a new subtask ofitask
i.e. the hardware update of the P500 prototypd¢ocommercial Pixie-500. Firmware and software for
the Pixie-500 require only very minor updates fritn@ P500.

Pixie-500: The only significant changes from the P500 to tlideP500 are the replacement of the
125 MSPS reference channel with a full speed 500 & &hannel, addition of a gain relay, and the fise o
a more precise DAC. The ADC-FPGA connections wége apgraded to accommodate bits 13 and 14
of the footprint compatible 14 bit ADC. The Pixi@®will be limited in pulse processing throughput t
roughly the same 100,000-200,000 events/s as the-#j but will be useful as a lower cost altervati
for applications that do not have highest courggand it is expected to capture a number of saths.

It will also serve as a test bed of the DAC and dh& option planned for the Pixie-500 Express. The
Pixie-500 architecture is shown in Fig. 6.

Analog,gain 500 p====----% 32 bit
1 andoffset ] MSPS i 33MH‘ PCI
ADC ! ‘1 o
! PCI
i (J1)
Analog,gain 500 i I
*+11 andoffset [T “;'\SDES | 1 FPGA
Virtex 4 System
FPGA
Analog,gain 500 [
*T1 andoffset [ MSPS - ]
ADC |t---1 1l pgp I clock,
: 1 MCA, LM trigger
Analog,gain 500 L memory v2)
-~ = MSPS PLL,
andoffset el VCO, f==d====m=-1
ol Veio phase |-==1=/0S( 37.E

Fig. 6. Architecture of the commercial version of he P500 prototype “Pixie-500". Changes to P500
Phase | prototype are shown in red

Pixie-500 ExpressWork on the Pixie-500 Express includes selection o

- Spectrum memory

- List mode memory

- PCI Express interface

- Digital Signal Processor (DSP)

- Field Programmable Gate Array (FPGA)

- Clock distribution

- Power requirements and supplies

- Moadifications in analog front end.

The resulting architecture is summarized in FigN@w parts are shown in red. Following the outiime
the proposal, we selected a 32-bit, floating pBiSP, a Gennum x4 PCI Express bridge, a largeromrsi
of the processing FPGA used on the P500 to mertge piocessing and data 1/0O in the same chip, a
SDRAM for list mode memory, a separate SRAM for M@%&mory to avoid contention for list mode
and spectrum access, and a separate low cost IBARE® protect the expensive processing FPGA from
user connection errors on the front panel. Anatogtfend, clock distribution and ADC are the sarse a
on the Pixie-500.
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Fig. 7. Architecture of the commercial prototype ‘Pixie-500 Express”. New parts are shown in red.

14.4. Task 4 (Objective 2): Hardware Design Entry And Production

Original Schedule: Months 7 — 12
Goals: Enter design in CAD tools for schematic capture BEB layout, have boards produced
Percent Completed @ month 930%

Status (Pixie-500):The updates in schematic and layout for the Pigi@-&vere implemented and submitted
for production by late February 2010. The firstemsbled boards were received May 4 2010. A picttire o
this module is shown in Fig. 8. Testing of thesards is now in progress and showed no errors tiito
point. We expect an official product release byyedune 2010.

Fig. 8. Photograph of the Pixie-500 spectrometer

Status (Pixie-500 Express)The design was entered into the new Altium CAD mvinent, copying the front
end from the Pixie-500 and creating new parts asle for the processing and I/O back end. The major

© XIALLC 32 6/22/2012



Progress report: High-speed, multi-channel detector readout electronics for fast radiation detectors

parts have been placed in a preliminary PCB layasishown in Fig. 9. Final placement and routiny wi
begin when pin assignments for the FPGA have bewliZed in Task 5. Since production of the
commercial Pixie-500 was added to this task, weabmut 4-6 weeks behind schedule in the PCB layout,
but still expect to take delivery of the first Rb&00 Express boards by August or September 2010.

Fig. 9. Screenshot from Altium CAD software of thePixie-500 Express spectrometer showing
preliminary parts placement of major parts and oneanalog channel.

14.5. Task 5 (Objective 3): Firmware Development

Original Schedule:
Stage 1: Months 7 — 12
Stage 2: Months 13 — 21

Goals:
Stage 1: Merge logic from P500 trigger/filter FP®#th interface logic, add PCle host interface to
FPGA, update FPGA’s DSP interface for Sharc DSRtatggmerge Pixie-16 and P500 DSP code for
Sharc DSP
Stage 2: Move pulse processing from DSP to FPGAnigiher throughput, implement “zero dead time”
processing; streamline DSP code.

Percent Completed @ month 9:
Stage 1: 20%
Stage 2: 0%

Status (Stage 1):We have implemented and compiled the PCle supplievided firmware design and
performed simulations of the PCle and memory iame$ to verify the selected FPGA chip can contain
the planned logic. Integration of the trigger/iillegic is now in progress. This will also produgepin
assignment map for the PCB layout (Task 4).

The work on the DSP code upgrade has begun in NI4.2

Status (Stage 2)Stage 2 is scheduled for year 2 and has not stgeted
Note: The start of this work was delayed somewhat bgtlen DOE contract negotiations
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14.6. Task 6 (Objective 4): Host Software Development

Original Schedule:
Stage 1: Months 7 — 12
Stage 2: Months 13 — 21

Goals:
Stage 1: Upgrade 1/O driver for PCI Express, agapameter I/O to new DSP
Stage 2: Develop ROOT interface

Percent Completed @ month 9:
Stage 1: 5%
Stage 2: 0%

Status (Stage 1)An initial work outline for stage 1 of the softwadevelopment has been established. The
PCle evaluation module has been procured. Actualdpment began in May.

Status (Stage 2)Stage 2 is scheduled for year 2 and has not stgetedut some of the work (i.e. the ROOT
interface will be shifted to year 1 because therface is also a valuable feature for the Pixie-S00s
work will thus begin shortly

Note: The start of this work was delayed somewhat bygtlepn DOE contract negotiations

14.7. Task 7 (Objective 5): Test And Debug Hardware, Firmware, And
Software For Pixie-500

Original Schedule: Months 11 — 24
Goals: Debug Hardware, firmware and software
Percent Completed @ month 910%

Status: Originally, this task would not yet have startedt Hue to the decision to make a commercial version
of the P500 prototype, some of its newer firmwanecfions (e.g. waveform capture) were tested more
thoroughly and required some bug fixes. This lagitbe fully reused on the Pixie-500 Express almaist
this debug work is essentially shifted from yedo Jear 1.

14.8. Task 8 (Objective 5): Performance Testing

Original Schedule: Months 1 — 24
Percent Completed @ month 925%

Status: Performance testing was done with the P500 Phasetbtype at XIA (see tasks 1 and 2) and by
interested parties at ORNL and LANL. ORNL reportet40 ps FWHM timing resolution with BaF
detectors, similar to the results found at XIA. Aotshal performance testing is planned at LBL bash
been postponed multiple times due to schedulingblpmes. The P500 will also be tested in
gamma/neutron discrimination experiments withL@6Clg: Ce scintillator (called CLYC) at XIA and
LBL or LLNL once a test date with access to a maugource is secured.

The results of these performance tests, togethtérseime of the results from Phase |, were preseatted
the 2009 IEEE Nuclear Science Symposium and albmited to the IEEE Transactions of Nuclear
Science. These publications are attached separately
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15. Cost Status

The approved budget for the current budget peradygst 15, 2009 — August 14, 2010) is $375k. Howeve
until now, we are operating only under the inifiading agreement for $125k. The actual cost ireirp to April
23, 2010 is approximately $175k, of which $125kevkilled. Since we had to temporary self-financeesses over
$125k, we had to limit and delay the work in taSkand 6; these are less time critical than taskdivee expect to
make up for the delay in the coming months. Theaiemg balance for the current budget period isual$200k,
obviously higher than planned for thige in the project because of the delay. However,esit@-15 man-weeks of
work for quarter 3 will have to be moved into qeart due to the delay in contracting, the amounmohey
remaining for this budged period is roughly projmval to the amount of work remaining. Details bé tproject
costs can be found in the financial reports suleaiitb the DOE by XIA LLC.

16. Summary of Performance Schedule
Quarter 1 2 3 4 5 6 7 8

Task
1. Online processing 9
2. Clock distributio 7
3. Hardware concept 3 K
4. Schematic design 3

PCB layout 6

Board manufacture 1
5. Initial FPGA firmware 3 5

Initial DSP code 3 3

High throughput firmware 2 4 4

High throughput DSP code 1 2 1
6. PCle software 3 2

Host software adaptation 2 1

ROOT interface 2 3 3
7. Test/debug HW/FW/SW 4 8 2 2 6
8. P500 performance 1 3 1

Pixie-500 performance 3 1 2 6

Total man-weeks 13 19 21 16 16 12 12 12
Milestones

Fully working P500, HW concept finalizgd
Pixie-500 HW produced, initial FW/SW implemented
Initial FW/SW fully debugged
High throughput FW/SW implementgd
High throughput FW/SW fully debugged, performaresting of Pixie-500 completed
completed In progress In progress Work not yet
on/ahead of schedule behind schedul¢ started

Table 3: Performance Schedule

17. Personnel Changes

none
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18. Attachments

3)

4)

5)

6)
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“Development of 500 MHz multi-channel readout alenics for fast radiation detectors”, a poster
presented at the 2009 IEEE Nuclear Science Sympo@8EEEO9 poster01.pdf);

“Development of 500 MHz Multi-Channel Readout Etedics for Fast Radiation Detectors”, a
paper in the Proceedings for the 2009 IEEE Nucesnce Symposium (P500_IEEEQ09cr06.pdf);

“Development of 500 MHz Multi-Channel Readout Etedics for Fast Radiation Detectors”, a
paper submitted to IEEE Transactions of NucleaerBm® (P500_TNS.pdf);

Product flyer for Pixie-500 (P500_flyer.pdf)
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