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1.0  SCOPE 

This IceCube Project Engineering Note discusses the functional, performance, and interface requirements of the IceCube Observatory Data Acquisition System (DAQ).  The Observatory consists of three major components: In-Ice Devices (IID), a Data Acquisition System (DAQ), and a Data Handling System (DHS) as illustrated in Figure 1-1.  This document covers the Primary requirements of the DAQ for the DOM main board electronics.
This document was originally written as an interim requirements document, but now serves to archive the discussion of system level requirements  for DAQ.  It is expected that the requirements documented here will become part of the IceCube System Requirements document in February 2003.
2.0  GENERAL
2.1  Purpose.  This document states the requirements to be met by the specifications and plans relating to the development, construction, operation, and support of the IceCube Observatory DAQ and consists of Primary Requirements based on the Science requirements of the IceCube Observatory.  Detailed Secondary Requirements for  the Dom Main Board hardware and software are described in DOM Main Board Hardware Requirements and DOM Main Board Software Requirements.

2.2  Precedence.  In the event of a conflict between the provisions of this document and any other IceCube DAQ documents,  the provisions of this document shall govern.  

2.3  Authority.  Approval of this document for initial release and subsequent changes are authorized only by the DAQ group along with the concurrence of IceCube project management.

2.4  Units.  Weights and measures in this document are expressed in the MKS International System of Units (SI). 

2.5  Glossary and Acronym List.

AC


alternating current

cm


centimeter 

DAQ


Data Acquisition System

DC


direct current

DHS


Data Handling System

DOM


Digital Optical Module

DOMMB

DOM Main Board electronics

DSA


Detector String Array

ERD


Engineering Requirements Document

G


Giga (109)

GRB


Gamma Ray Burst

HV


high voltage

Hz


hertz

IID


In-Ice Devices

ITA


IceTop Array

k


kilo (103)

kg


kilogram

LAN


Local Area Network

LED


Light-Emitting Diode

MKS


meter-kilogram-second

M


mega (106)

m


meter

mv


millivolt

mW


milliwatt

n


nano

Nt


newton

OM


Optical Module

P


Peta (1015)

PE


photoelectron

PMT


photomultiplier tube

RAP


Reciprocal Active Pulsing

rms


root mean square

s, sec


second

SPE


single photoelectron

sps


samples per second

T


Tera (1012)

TBD


To Be Determined

TBS


To Be Supplied

UTC


Universal Time Coordinated

UV


ultraviolet

V


volt

W


watt
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Figure 1-1.  IceCube Observatory System Block Diagram

3.0
DAQ SYSTEM  REQUIREMENTS

3.1
Primary Requirements related to the DOM Main Board (MB)

3.1.1
Requirement: Muon Trajectory Direction Reconstruction 
Cherenkov light generated by high energy muons traversing the active volume of IceCube must be detected and recorded with a precision, accuracy, and dynamic range that permits reconstruction of the muon trajectory, such that purely instrumental effects contribute insignificantly to directional reconstruction errors.  In other words, the trajectory reconstruction errors are dominated by the irreducible physical processes that generate the light, the optical properties of the intervening ice, and the performance of the optical detector (PMT).

Justification: To search for the possible existence and location of intense point sources of ultra-high energy neutrinos, it is necessary to determine the trajectory, direction, and energy of secondary muons with the highest practical resolution. The sensitivity of this search is determined by the square of the angular reconstruction resolution of the parent neutrino incident direction.  At sufficiently high energies, E > 1 TeV, muons follow closely the direction of the parent neutrino which, through interaction within or near the sensitive volume, gave rise to the muon. The measurement of the muon direction is the essential avenue to this scientific goal. 

Status: Extensive simulations have shown that individual PMT time measurement errors contribute insignificantly to muon trajectory reconstruction errors if these errors are less than 5 ns rms. Energy measurement capability has been shown by simulation and calculations to be necessary to distinguish between atmospheric neutrinos above a muon energy of ~10 TeV. The performance of the optical detector of relevance here is the dynamic range of the PMT, which in practice is bounded by the gain employed and irreducible electronic noise. 

3.1.2
Requirement: Muon Energy Reconstruction

With increasing energy, muons deposit more energy in the form of electromagnetic cascades along their trajectory. The energy of high-energy muons is measured through the frequency of occurrence and magnitudes of multiple electromagnetic cascades along the muon trajectory.  Cherenkov light generated by high energy muons traversing the active volume of IceCube must be detected and recorded with the highest practical dynamic range, not less than 200 photoelectrons per 15 ns. It is required that purely instrumental effects shall contribute insignificantly to energy reconstruction errors.  Due to occasional "catastrophic energy loss by the muon,  an exception is allowed such that the instantaneous Cherenkov light can, in these rare cases, exceed the capability of the PMT to transform light into current.

Justification: The measurement of energy is essential to discriminate against the copious but relatively low-energy atmospheric neutrino flux. Energy is an essential quantity to characterize an event, and to be able to separate the data into populations of relatively pure atmospheric and non-atmospheric neutrinos. Energy spectra measurements are needed to characterize the ensemble of data for tests against theoretical models. Optical sensors close to the extreme energy losses may saturate without compromising overall characterization of event energy.

Status: Simulations have shown that energy resolution in IceCube for muons is approximately 0.25 in log(E).   This coarse energy resolution is barely sufficient, and further degradation due to instrumental deficits will degrade scientific reach.
3.1.3
Requirement: Energy Calibration

While many factors enter into the overall calibration of event energy, for DAQ, it is essential to be able to interpret the recorded optical signals in terms of photoelectrons. The calibration accuracy shall be not worse than 5% rms over the dynamic range of the recorded data.

Justification: Energy is an essential quantity to characterize an event, and to be able to separate the data into populations of relatively pure atmospheric and non-atmospheric neutrinos. Energy is also needed to characterize the ensemble of data for tests against theoretical models.

Status: Singe Photo-electron pulses (SPE) can be characterized with high purity

3.1.4
Requirement: Electromagnetic Cascade & Hadronic Shower Reconstruction

Cherenkov light generated in high-energy electromagnetic cascades and in hadronic showers must be detected and recorded with a precision, accuracy, and dynamic range that permits reconstruction of the cascade/shower origin, energy, and direction such that purely instrumental effects contribute insignificantly to reconstruction errors.  In other words, the reconstruction errors are dominated by the irreducible physical processes that generate the light, the optical properties of the intervening ice, and the performance of the optical detector (PMT).

Justification: High energy electron-type neutrinos are expected to be nearly comparable in flux to muon-type neutrinos. A resonance at 6.4 PeV will enhance the presence of electron-type neutrinos in the data for this region. Interacting electron-type neutrinos will generate compact (~10 m length) cascades, producing intense sources of initially focussed Cherenkov light. Tau neutrinos will generate hadronic showers (with some component of electromagnetic cascades), and beyond several PeV, will tend to produce distinguishable primary and secondary showers. It is essential to measure these showers and cascades as precisely as possible to determine as much as possible about the incident neutrino type, direction, and energy in order to characterize the neutrino sky as completely as possible.

Status: Energy resolutions for electromagnetic cascades and hadronic showers  are expected to be better than that for muons, since the energy is completely contained in a small volume. Scattering of light in the ice mitigates the secondary requirements for dynamic range, since the instantaneous pulse becomes spread out in time.

3.1.5
Requirement: Single PhotoEelectron Sensitivity

The detection efficiency of each DOM for single photoelectrons must be known to 5%. This involves many factors, but for DAQ the essential quantity is the fraction of single photoelectron (SPE) pulses that exceed the detection threshold, i.e., trigger the discriminator. 

Justification: Many of the detected signals for an event will be SPE pulses, especially at the periphery of the event. For many events the detection efficiency will depend on these SPE pulses to pass a software trigger threshold.  Hence, the detection efficiency for the event will depend on the SPE detection efficiency to the nth power, where n is the number of contributing DOMs with SPE signals.  

Status: This can be measured by pulsing a weak on-board DOM LED (not the beacon board), and simultaneously initiating forced ATWD acquisition.  The resulting data stream will contain waveforms that will occasionally contain SPE pulses. Some fraction of these pulses will also be accompanied by a status bit that indicates that the discriminator triggered as well.  The ratio of the triggered SPE population to the total  recognized SPE pulse population is a direct measure of the SPE detection efficiency.  This has been exploited successfully in KamLAND.

3.1.6
Requirement: Background Muon Rejection

"Background muons" are downward-going muons created by cosmic rays in the atmosphere and must be discriminated against, such that contamination of the signal region (upward-going muon or electromagnetic shower) by such background muons is insignificant.  The DAQ must perform in a manner that prevents unnecessary or avoidable contamination of the signal region.

Justification:  Background muons are ~ six orders of magnitude more copious than the upward-going neutrino-induced muons, Contamination of the signal region, by mis-reconstruction of downward-going muons as upward-going muons, or by any other mechanisms, will confuse the interpretation of data, degrade the sensitivity to point sources, and will introduce anisotropic backgrounds into the diffuse source measurements. Background muons may also appear as isolated electromagnetic cascades due to the "catastrophic" energy loss process, presenting a potentially copious background to the detection of electron-type neutrinos. 

Status: Simulations show that the km scale of IceCube will be able to achieve both high efficiency (depends on energy) and excellent rejection of downward-going muons. Electromagnetic shower directionality requires more simulation effort to understand fully the level to which backgrounds may exist.
3.1.7
Requirement: Deadtime 

All sources of instrumental dead-time must contribute not more than 1% loss of global sensitivity (array-wide availability), and must be measured continuously.  In addition, elemental dead-time (individual  DOM deadtime) must be less than 1%, and measured continuously.  This also includes an implicit requirement that the IceCube array be capable of operating during the hole-drilling operation, which may generate considerable electrical noise.

Justification: Dead-time constitutes a direct loss of scientific sensitivity and investment. It is not defensible to permit significant dead-time, either global or elemental, since the digital architecture based on the DOM will be able operate in a nearly dead-timeless manner.  Elemental dead-time affects the reconstruction efficiency as the nth power of the required number of participating DOMs, at least for the lower energy events. Since deployment will occur over the 2.5 month summer season for several years, it is important not to sacrifice live-time during these periods due to an inability to reject noise. 
Status: Dead-time for the DOMs has been measured using current firmware and real data from a PMT in the laboratory. Extending these results to include ping-pong ATWD operation, anticipated Icecube operational modes, and a 500 Hz PMT noise rate provides an expected deadtime per DOM of 0.25%.  Global dead-time is expected to essentially zero, since data are time-stamped and buffered after processing in the DOM.  

3.1.8
Requirement: Supernova Sensitivity

The noise rates of each PMT in the array must be monitored and reported for time-stamped integration intervals under programmatic control. The noise rates will be measured using a "paralyzable" algorithm that introduces a programmable lockout period after each hit.

Justification:  The detection of a supernova event (SN) in the galaxy requires careful measuring of the PMT noise rates.  An upward fluctuation in the aggregate sum may indicate the occurrence of an SN.  By reporting the PMT noise rates in short time intervals such as 10 ms, data may be summed ex post facto to realize the optimum sensitivity. 

Status: Presently unimplemented, and not part of Phase 1 Work Plan.  This capability is expected to be straightforward to realize, and not critical for Phase 1.

3.1.9
Requirement:  ICETOP/ICECUBE Trigger Relationship  

ICETOP and ICECUBE shall each enjoy the capability to "trigger" the other system for data falling within a time window of interest. This capability will be based on global triggers of each system and realized at the Event Builder level.

Justification: Both IceCube and IceTop need data from each system to understand the nature of events and backgrounds.

Status: Unimplemented, but part of the DAQ Architectural  Design requirements.  

4.0 Interfaces.

The following interfaces are recognized and are detailed in DOM Main Board Hardware Requirements and in DOM Main Board Software Requirements.

4.1
Physical. 

4.1.1   Electrical.

4.1.2   Mechanical



4.1.3   Signal. 

4.2
Environmental.

4.2.1   Operating and Non-operating. 

4.2.1 Storage.

4.2.2 Transportation.

4.2  Software



4.3.1   DOM to DOMHUB 
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