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Abstract

The paper introduces ome of the techndogies that could be used for storing
and managing the many PetaBytes of data that will be mlleded and
procesed at the Large Hadron Collider (LHC) accderator, which is
scheduled to begin operation at CERN in 2005.The state of the at of the
current mainline hardware techndogies is described, with a discusson o
the likely evolution duing the next five yeas. This paper is a summary of
the material provided in the ledure notes, which include more detail ed
descriptions of some of the fundamental techndogies and costs isaues. The
notes also introduce some more exaotic techniques, and dscuss the storage
cgpadty and performance requirements of the experiments that will use the
LHC acceerator.

1 MAGNETIC HARD DISKS

The principal techndogy wsed for permanent storage of digital computer data for the last thirty yeas
is the magnetic hard dsk. The state of the at hard disk product today can store 72 GigaBytes of data
in a container 10 cm wide and 4cm high, the format of the standard dsk slotsin a personal computer.
The data is dored ontwelve rigid disk platters mourted ona spinde that is rotated by an eledric
motor at around 10000 rpm. There is one recording head for eat dsk surface the heads being
mounted ona set of arms (the accessor) that can move the heals aadossthe recording surfaceof the
disk. The datais rearded in concentric tracks asthe disk platter rotates beneah the head.

Magnetic disk platters must provide amagnetic layer suitable for high-density recording and a
surface layer that is snooth and duable to suppat very low heal-flying heights. The platter is
usually made by sputtering a thin layer of material with high magnetisation and coercivity'
charaderistics on to a rigid aluminium or glass sibstrate. This is followed by applying a very thin
protedive layer (diamondlike cabon) and alubricant.

The magnetic layer is usually a cbalt alloy (CoCrTa, CoPtCr, ...). The duminium substrate is
generally first coated with a diromium layer before the magnetic layer is applied. When the disk is
powered df, the heads “land’ on an areanea the cantre of the disk, which is laser textured to avoid
the heals gicking to the otherwise perfedly smooth dsk surface Current production dsks are
recorded at a density of 3-4 Gbits per square inch (Gb/in?, while laboratory prototypes have been
demonstrated at over 35 Gb/in’. The ared density of delivered products is increasing at around 606
per yea, requiring continuows improvements in materials, manufaduring techniques and read
tedndogy.

The aeaused to store individual bits deaeases as the storage density increases. These smaller
bit sizes imply smaller grains in the magnetic material, and Hgher coercivity (to sharpen the
transitions between the hits). But there ae limits beyond which the magnetic poarisation becomes
unstable, when the fluctuations in thermodynamic energy at operating temperatures have amoderate
probability of causing magnetic state dhanges. Thisis cdl ed the super-paramagnetic limit. Thisis not

' coercivity: The mercive force is the magnetic field which must be gplied to neutralise the magnetic
orientation d amaterial. Coercivity isameasure of how stable the magnetic orientationis in the material .



afixed limit, asit depends onthe magnetic properties of the materias, the recording method, shape of
the bit pattern, etc. The limit with today’s materials and heads is in the region d 40 Gb/in®, but it is
expeded that this will be pushed progressvely up as new materials, heads and techniques are gplied
to the problem. Some industry experts think that 100 Gb/in® will be readed before magnetic
recording in the arrent sense will have to be replacel.

Data is recorded by pssng a aurrent through a tiny coil in the record head to generate a
magnetic field of sufficient strength to overcome the coercivity of the recording material. Until afew
yeas ago an inductive head was used to read badk the information: the fluctuations in the magnetic
field as the magnetised hits pass beneah the read head induce a arrent in the sensing coil. With
reducing [t sizes, progressvely weaker magnetic fields are available for the read head to sense and
during the 199G indwctive read heads were aandored
in favour of magneto-resistive (MR) tedindogy. MR

magneto-resistive read head

heads use amaterial such as an NiFe dloy, which has ARa H
the property that, placed in a magnetic field, its M\\'_’? a
resistance tanges with the strength of the magnetic &g v ¢ AVal AR

flux. In an MR hea such a materia is used to form a
condwctor placad perpendicular to the plane of the
recorded medium. A sense aurrent is passed throughthe
condiwctor, and the signal appeas as a voltage drop
propational to the strength of the magnetic field.

Whil e inductive heads deted the rate of change in the magnetic field, MR heads ense diredly
the field strength. The output signal strength is propationa to the sense airrent, giving severa
advantages in owercoming nase in high density, high data rate systems. MR heads have an even
greder advantage over inductive sensors in low-velocity recording applicaions sich as low power
disk, and magnetic tape.

An MR rea hed still
needs an induwctive head for |
writing and erasing. The MR

W 8
sense

Read Current Write Current

I ShieIdZJ

eglement is  sandwiched -

between  two  magnetic Sensor P2
elements that shield it from Track Width Shield

the field of neighbouing 7 4

recorded hits - a bit like the /

way the tube of a telescope [ — X

keq:)s out Stray I|ght from the Magnetization Write Element  Recording medium
surroundngs. To reduce the

weight on the accessr the picture: IBM Research - Almaden

dual head is often
manufadured as a single thin
film compasite head.

Today's most advanced heads use the Giant Magneto-Resistive (GMR) effed. GMR sensors are
made of four layers. The sensing, or magneto-resistive layer changes magnetic orientation acwrding
to the field o the recorded material. This is covered by a conducting layer, separating it from the
pinned layer, which has a fixed magnetic orientation maintained by the permanently magnetised
exchange layer.

Composite head: inductive write, MR read




The sensing current passes
through the first three layers,
eledrons moving fredy within
these layers. The physicd
mechanism used depends on the
eledron spin. Eledrons with a
diredion d spin parallel to the
magnetic field encourter low
resistance, while dedrons with a
spin oppaite to the magnetic
orientation d the material
encourter higher resistance

Becaise a GMR hed
exploits the different behaviour

of condiction eledrons with spin perallel to or oppacsed to the magnetic orientation d the field it is
aso referred to as a Spin Valve. The following dagram explains the operation in more detail. When
both pinned and sensing layers have the same magnetic orientation, some dedrons are stopped in
both materials, while dedrons of oppasite spin flow fredy in bah materials. On the other hand,
when the pinned and sensing layers have oppdaite orientations, eledrons of both spins tend to be
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The dfedive density of rearding is measured as the number of bits per square inch of
recording surface Today the bits are much wider than they are long kecause the narrowness of the
tradk is limited by various medhanicd fadors concerned with pasitioning d the heals and track-




following. The length of the bit is less constrained, limited oy by the eledro-magnetic properties
mentioned above, and the size and sensitivity of the head. At an ared recording density of 10 Gb/in®
the bit isabou 1 micronwide and 0.06microns long.

The speead with which data can be recorded and read badk from a hard disk is propationa to
the linea rearding density (number of bits per inch measured along the tradk) and the rotational
speed of the disk. The linea density is increasing at abou the square root of the annual rate of
increase of the ared density, or some 26% per yea. However, the rotational speed has increased by
barely 50% in the past ten yeas. We shall therefore see agrowing dscrepancy between data rate and
disk cgpaaty. It has not been found padicd or cost-effedive to use parallel heals to increase the
data transfer rate, and this problem is more likely to be dleviated by the continued deaease in the
overal size(cgpadty) of the disk unit.

Before beginning to transfer data from the disk the head must be positioned ower the crred
tradk (seek time), and then we must wait for the beginning d the data segment to come under the
head (cdled the latency). The seek time has hardly improved by 5®6 over the past ten yeas. The
latency, the time taken for half arevolution d the disk, has aso na improved very much in that time.
Withou a data cate in the disk controller this would lead to very poa performance for small data
transfers. The data cate, several MBytes in sizein current disks, uses techniques like read-aheal
buffering, and speed matching between the disk and the data channel to improve performance.

There is sme way to goin further developing the airrent hard dsk techndogy, tefore the
physicd limits are readed, bu several aternative tedindogies are being explored which could
ultimately lead to much higher recrding densities. One such line of development uses materials
developed for magneto-opticd devices. These ae mmpasites of rare eaths and transition metals
(such as GdFeCo, ThFeCo), which have very stable magnetisation at normal operating temperatures,
and a low Curie point’. The material is heaed abowe its Curie point by a laser, and then magnetised
using an induction coil. The data is read bad using the conventional magneto-optic tedhnique - the
magnetic field changes the palarisation d the refleded laser beam (Kerr effed).

However, the recording censity of laser-based systemsis limited by the resolution d the optics
to abou one half of the wavelength, which is 0.35microns for red light. A novel technique used to
reduce the laser spot size @mbines a Solid Immersion Lens (SIL) with the near field effed, or
evanescent coupling. The SIL, based onwork performed at Stanford University, focuses the laser
beamn internally onthe surfaceof the lens, which is made from a materia with avery high refradive
index. The energy o the
laser is then transferred mirror
between the lens surface '
and the recording layer
using the nea field effed
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? Curie point: The temperature @ove which a material loses its magnetic orientation



2 MAGNETIC TAPE

Magnetic tape has traditionally been used as an inexpensive storage medium for badkup d disk data,
and for archiving dd versions of files. It used to be a dea two orders of magnitude chegper than
disk, and had excdlent shelf storage dharaderistics in terms of volumetric storage density, and
ruggedness More recently, for the past fifteen yeas or so, large reliable tape robds have enabled
gigantic quantities of data to be available degply with an accesstime of a few minutes. StorageTek,
the leader in the development of high vdume tape robds, uses the name Nealine to describe this
classof storage. However, in recent yeas, hard disk and ogicd storage have begunto provide strong
competition for magnetic tape in terms of both vdumetric storage density and cost.

Magnetic tape is made from a thin flexible substrate, abou 10 microns thick, made from
Polyethelyne’. The recording layer used by most high quality magnetic tapes today is microscopic
metal particles held in a binder which coats the substrate - MP tape. Metal Evaporated (ME) tape is
manufadured using a processin which the substrate is passed throughcobalt or cobalt-nickel vapour,
which condenses in a thin layer on the surface ME tape has better recording charaderistics at very
high frequencies.

The tape is usually stored in a single-red cartridge. When mourted ona drive the end d the
tapeispulled ou of the catridge and attached to a take-up spod. The drive then moves the tape badk
and forth past the recording heals by controlli ng the catridge red and the take-up spod. The tape
path is carefully designed to minimise friction and tape tension. Some systems use cattes where
both reds are mourted in the mntainer. This avoids extrading the tape and is usually much faster in
loading. However, the casette hold lesstape than can be padked into asinglered cartridge.

Thererding and read technd ogies use developments from the higher performance axd higher
density hard disk industry, but there ae major mecdhanicd problems with tape which are not present
in hard disks.

Magnetic tape is basicdly a sequential accessmedium. The tape is loaded at the beginning, and
must then be pasitioned by spadng aaossintervening data urtil the desired pasitionis found. Thisis
not entirely true, as modern tapes are recrded in parallel bands recorded alongthe length of the tape
(as we shall seelater), bu data written onatape caina be deleted, a re-written (there is no updie
posshility). New data must be gppended to the arrrent end o data. Most tapes maintain a diredory
that iswritten in aspedal area @ the start of the tape, and upaited before the tape is dismourted. This
contains the aldresses of the beginning d ead file on the tape, and alows the drive to use
pasitioning information in pre-recorded servo tradks to space relatively quickly to the start of a
spedficfile.

There ae two basic techniques for recrding data on magnetic tape: linear, where the tracks are
recorded peralel to the length of the tape; and helical, where the tradks are recorded at an angle
agossthe width of the tape.

21 Linear Recording

In linea tape rewrding, the tape passes over a .
fixed head, which usually contains ®veral sets /”te element
of recording elements to enable several tradks

to be recorded o read badk in peralel in order
to increase the dfedive data transfer rate. Each
set comprises a write and read element, so that read elements
recorded data can immediately be re-read and
cheded for errors. In arder to suppat bi-dirediona recording, a third element (read) is required on

tape

* PET: polyethylene terephthalate, or PEN: polyethylene naphthalate



the other side of the write dement. Erase dements may also be required. In linea recording the tape
barely touches the head, reducing wea of the head elements and the risk of damage to the tape.

The multi-track head writes a series of parallel tradks
along the tape until the end-of-tape marker is deteded.
Then the head is moved dightly aaoss the tape, and
recrding proceals with the tape running in the oppaite
diredion. This continues urtil al of the data bands have
been written. Since the head elements are generally wider
than the trad, tradk groups adualy comprise a set of
paralel tracks, separated by tradks that belong to ancther | ‘@ i nininnnin
tradk group. This multi-tradk-group method d recording is
cdl ed serpentine recording.

o)
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T

There ae anumber of pradicd problems that must be aldresed by the designers and
manufadurers of magnetic tape systems. Friction between the tape and head leads to head wea and
the risk of tape damage. Dust and cebris from the dlitti ng rocess used to cut half-inch tapes from
broad strips of medium can exacebate this problem. The path foll owed by the tape & it moves from
ore red to the other must be & smple & passble, to ensure that minimum tension is required to
maintain the extremely thin medium in contad with the heads. The castans in the path usually
employ air beaings to reduce friction. As the temperature and humidity change, so the substrate
expands and contrads. The lateral expansior/contradion d the tape poses a major problem for
paralel trak recording, as the distance between tradks may vary between the time the tradks are
written and read. Finally, when the tape is gored ona shelf or in aroba slot gravity slowly distorts
the red of tape, making it more difficult for the tape guidance system to pasition it. Tape shoud
always be stored verticdly, and shoud be re-spoded regularly to minimise this problem.

2.2 Heélical scan recording

Helicd scan recording was developed for the entertainment business in order to oltain higher
recording densities - both higher track densities and higher linea densities.

In these systems (used in the mass
market VCR) the tape is partialy
wrapped around a scanner mourted at

an angeto the diredion d the tape. The
tape moves dowly past the scanner, seanner Q\
which contains a set of heal elements | «~ «2° % N
that spin at a much higher speed. The fence
effedive relative speadl of head and tape

head

is therefore increased without incurring

the medhanicd difficulties of moving the tape dongthe
tape path at high speed. Data transfer rate can be fracks

maintained by increasing the rotational speed of the
scanner or by including more than ore set of recording /
elements in the scanner. But it is not necessary to resort

to parallel tradk reaording.

There ae some fundamental problems encourtered with helica scan tedindogy, which make it
more difficult to achieve the level of data integrity that can be obtained with linea techniques. The
main problems are:

¢ Heal wea dueto the increased contad pressure coming from the tape wrap onthe scanner
(capstan effed).



¢ The helicd wrapping aroundthe scanner is achieved by riding the tape on a fence or step
that protrudes from the scanner. This requires that the tape edge has been formed very
acarately during dlitting, and there is a high risk of edge damage. Once the alge is
damaged the recorded tradks develop a airvature which makes it difficult for the read head
to follow. In contrast, linea tapes reserve aguard band at ead edge of the tape to minimise
problems arising from manufaduring a usage damage.

Helicd scan tape systems achieve today substantially higher trad densiti es than that posshle
with linea recording methods. For example, the StorageTek Redwood drive adieves 2,800tradks per
inch, enabling it to record 50 GBytes of user dataon 1,200fed of half inch tape. In contrast the 9840
linea tape system from the same company ony stores 20 GBytes of user data on a 900 foct tape, at
abou 600 tradks per inch. New tedhniques adapted from hard dsk techndogy will alow linea
recording to narrow this gap.

2.3 Datacompression

One significant advantage of sequential recording systems like magnetic tape is that data compresson
can be used by the recording system to improve the gparent recording density. Thisis not posshle
with a random access ystem like hard disk, where the physicd address of any data block must be
able to be coomputed dredly from its logicd pasition in the file. Early compresson systems used
algorithms that were dfedive for commercial data streams, bu gave littl e advantage in the case of
the randam patterns encourtered in scientific data or data where straightforward compresson
techniques had already been applied - such asraw physics events.

More recently, the availability of inexpensive but high performance processors has enabled
more sophisticaed compresgon algorithms to be used. In common wse today is DLZ1. Thisis one of
the set of Lempel-Ziv compresson agorithms which map variable length inpu strings to variable
length ouput symbals. During compresson, the dgorithm builds a dictionary of strings which is
accesed by means of a hash table. Compresson accurs when inpu data matches a string in the table
and is replacal with the output symbol. Advanced DLZ1 algorithms perform well even on pe-
compressed scientific data.

24 Technology trends

Unlike in the cae of the hard disk market it is rather difficult to identify clea trends in magnetic tape
developments. Historicdly there have been long eriods in which a single standard and recording
density has dominated the market. During the past 25 yeas, as can be seen from the diagram below,
there have been threedistinct generations of data centre quality tape systems.

e the9-trakk “6250 bp” techndogy wingiron oxde which wasintroduced in 1974

o the 348090 techndogy, wsing 18 @ 36 tradks on a dirome dioxide medium, which was
first introduced in 1984

e in 1995the first of a number of new products appeaed, all incompatible, but using MP
tape, and gving aleg from 800 MByte catridges to multi-GByte systems

Helicd scan has proven to be too dfficult atechndogy for the quality required at the high end
- data goplicaions have a ompletely diff erent definition o reliability from video applications, where
helicd scan is the standard. Produwcts with acceptable reliability for digital applicaions are
unaccetably expensive. We ae not likely to see this change, as linea techndogy is gedlily
achieving higher ared densities.

The major applicaions for magnetic tape ae badkup and archiving - which require adifferent
level of reliability from applicaions which ke the master copy d the aurrent data on tape - like
high energy physics applications. The model of using tapes as a storage medium for adive data needs
to be reconsidered.
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Since it is difficult to generdise éou industry trends, we have to look at spedfic
manufadurers and products in order to have an idea dou how things may develop ower the next 5
yeas. The situation at the top end o the market is quite satisfadory, with three or four competitors
using proven linea techndogy aimed at the data cantre. The manufadurers have anourced “road
maps’, explaining hav they can redisticadly develop their systems to improve the cgadty and
performance by a fador of 2-4 ower the next 5 yeas, withou requiring fundamental changes in
techndogy.

At the low end d the market the mgjor products at present use helicad scan. As we have seen
thisis a more difficult techndogy than linea recording. More important however is the competition
that these prodcts, aimed at the massmarket, will experiencefrom opticd systems.

3 OPTICAL RECORDING

For over twenty yeas claims have been made that opticd recording will displacemagnetic recording
for secondary or at least tertiary storage. The reasonis (or was) that optica systems have the potential
for much higher ared densities - up to 5 Ghits per square inch in the cae of ared laser. There have
been many products using ogicd techniques, aimost all write-once systems, bu the adieved density
(user data bits per square inch) has been disappdnting, performance modest, and costs for media and
drives too high. Recordable opticad disk was used orly for spedal applicaions - such as thase where
the fad that it was write-once was an advantage. Meanwhile magneticdly recrded hard disk has
steaily improved in density, performance and cost, to the point where it has now exceealed the
maximum recording density of purely opticd systems.

Paradoxicdly, although opica recording hes lost this fundamental advantage, for the first time
we ae beginning to seered competition, at least for magnetic tape, coming from opticd products.
The reason is that recordable CDs and DVDs, prodwcts emerging from the mass market of
entertainment, have adieved reliability and pricelevels which placethem in dired competition with



low end tape systems. In addition, as these ae randam access ystems, they offer a substantialy
different (better) level of functiondlity.

31 WriteOnce- CD-R and DVD-R Disc Structures of CD-R
Reoordable (write once) CDs and DVDs Gold layer

use a disk made from a pdycaborate N
substrate. The recording layer uses hea-
sensitive material, usualy Cyanine dye.
The hea of the recording laser chemicaly Dye layer -~
demmpaoses oats in the dye layer and
physicdly deforms the aljacent substrate.
During pdaybad, the decomposed spot PC substrate <

absorbs light from the playbad laser, and
the substrate deformation scaters the
light, together making the spot look like a
pit which can be read by a CD or DVD
ROM drive. The disk is medchanicdly pre-
formatted with a flat-bottomed helicd
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during manufadurer.

The disks can be made doulde sided, and DVD-R disks can store upto 4.7GBytes on ead side.
This techndogy daes not suppat the dual layer per side technique used by mechanicdly formed
DVD-ROM disks. The recording speed of current productsis abou 1.3 MBytes/second.

3.2 ErasableDVD-RAM

Re-writeable opticd disks use phase change techndogy. The recording layer consists of an aloy o
tellurium, germanium and antimony. A laser bean heds the material above the 600°C melting pant.
The layer cods to a aystalline or amorphouws gate depending onthe power level of the laser. With
high paver the material melts quickly and cod's quickly forming an amorphows gat. At lower power
the processis dower and the surface @aumes its crystaline state. When reading takes place the
amorphous gots have much lower refledivity than the aystalli ne spots - so they look li ke “pits’.

The DVD-RAM format uses a substrate with pre-formed groove and sedor healers. Data is
recorded in the groove and onthe “land’, or ridge between the groowves, to increase the cgadty. This
involves re-focussng the laser. The origind DVD-RAM format has a cgadty of 2.6 GBytes per
side, bu a send ersion d the standard has been agreed by the DVD Forum which uses a reduced
spot sizeto hdd 4.7GBytes per side.
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