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Executive Summary

Fuson is a potentidly inexhaudible energy source whose development entals
understanding complex plasmas under extreme conditions. The devdopment of a
science-based  predictive cgpability for high temperature, fusonrdevant plasmas is a
chdlenge centrd to fuson energy stience. The combination of extreme separation of
time and gspatiad scaes extreme anisotropy, the macroscopic effects of microscopic
physcs, the importance of geometric detall, and the requirement of causdity (inability to
padleize over time) makes this problem among the mos chdlenging in computationa
physics. The exponentid growth of computationa capability, coupled with the high cost
of opeaing large-scde experimenta facilitiess, makes the devdopment of a fuson
gmulaion initiative atimely and cogt- effective opportunity.

Numericd modeiing has played a vitd role in magnetic fuson for over four decades,
with increases in the breadth and scope of feasble smulaion endbled by improvements
in hardware, software and agorithms. Currently, sophisticated computationad modes are
under devdopment for many individud features of magneticaly confined plasmes.
However, full predictive understanding of fuson plasmas dso requires cross-coupling of
a wide vaiey of physcd processess While integrated modes usng smplified
descriptions of a number of physica processes exist and have been widdy used in the
program, the capabilities needed for full predictive Smulation and optimizetion of a
burning plasma require mgor quditative improvements in physcs models, agorithms,
computationd platforms, and the ability to integrate codes from a large number of
research teams working on different dements of the problem. Such a capability was cited
in the year 2000 FESAC IPPA integrated planning document as a tenyear god.
Worldwide progress in laboratory experiments provides the basis for a recent FESAC
recommendation to proceed with a burning plasma experiment (see FESAC Review of
Burning Plasma Physics Report, September, 2001). An integrated smulation capability
would dramatically enhance the utilization of such a fadlity and the optimization of
toroiddl fuson plasmas in generd. This undertaking represents a sgnificant opportunity
for the DOE Office of Science to create a capability that will advance the understanding
of fuson plasmasto aleve unpardlded worldwide.

The |SOFS subcommittee recommends that a major initiative be undertaken, referred to
here as the Fuson Smulation Project (FSP). The purpose of the initiative is to make a
ggnificant advance within five years toward the ultimaie objective of fuson smulaion —
to predict accurady the behavior of plasma discharges in a toroidd magnetic fuson
device on al reevant diverse ime and space scdes. This is in essence the capability for
carying out “virtud experiments’ of a burning magneticdly confined plasma, implying
predictive capability over many energy-confinement times, fathful representations of the
sient physcs processes of the plasma, and incluson of the interactions with the externd
world (sources, control systems and bounding surfaces).

Two fundamenta issues are common to many fuson phydcs integration areas coupling
of phenomena a disparate space and time scdes, and coupling models of different
dimensondity. To solve these generic problems and achieve the integration we ae
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seeking, drong collaboration and advances in physics, applied mahemaics, and
computer science will be required. This disciplinary integration will be an essentid
element of the program.

To succeed, a centra feature of this initiative must dso be an intensve and continua
close coupling between the caculaions and experiments. The phenomena in magnetic
fuson devices, the equations describing them, and the interactions among the various
citicd phenomena ae aufficiently complex that devdoping the most effective
approximations and establishing when the modds have the desred accuracy can only be
accomplished by continud iteration and testing of the models againgt experimental data.

We envison tha there will be three mgor categories of activity within the Fuson
Smulaiion Project: 1) ressarch to advance fundamental capabilities in fuson science,
goplied mahematics and computer science that address specific program critical needs;
2) devdopment of agpplications modules, the core building blocks of an integrated
moddling capability, in extended MHD, turbulence and trangport, the plasma edge, and
externa sources, including deveopment of the required computationa science
framework as wdl as the visudization and interpretation tools, and 3) project integration,
which includes development necessay to creste a comprehensve smulation including
the interconnection and interoperation of multiple applications modules, oversght of
software standards and release policies, collaborative tools, program governance, and
accountability. 1t will likely be necessary to support more than one gpproach to various
research areasin dl three categories listed above.

Provided below is an overview of the Fuson Simulation Project.
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|. Background

On 22 February 2002, Dr. James Decker [then Director (acting), Department of Energy
(DOE) Office d Science] issued a charge to the federal pand that provides advice to the
DOE Office of Fuson Energy Sciences (OFES), the FESAC (Fuson Energy Sciences
Advisory Committee). This charge, the letter of which is reproduced in the gppendix of
this report, requested advice on the development of a capacity for integrated sSimulation
and optimization of fuson sysems (ISOFS). The charge letter, further, indicated that the
capacity should be developed by researchers from the DOE OFES in collaborative
partnership with researchers from the DOE OASCR (Office of Advanced Scientific
Computing Research).

Here we address the first two requests in the charge letter: to overview the current status
of smulation of toroidd confinement fuson sysgems, and to describe a vison for a
computationd capacity for the full-integratled dmulation of toroidd magneticaly-
confined fuson systems. Subsequently, and by 1 December 2002, a comprehensve plan
for an ISOFS capability will be developed. This plan will include a detailed discusson of
the role of goplied mahematics and computer science in the initiative as wel as the
computational infrastructure needs of the initigtive. Thus, the later report will address the
remaining eements of the charge | etter.

In order to address the ISOFS charge, the FESAC formed a subpanel, the FESAC ISOFS
Subcommittee.  Members of this Subcommittee are listed on the first page of this report.
During the period 22 February to the present, the Subcommittee has taken as input for its
deliberations both written and verbd contributions from members of the fuson and
goplied mathematics communities, and, further, convened in a workshop environment on
23-24 May 2002, to discuss the ISOFS charge. This document, which represents the
reults of the Subcommittee activity to date, is the first report of the FESAC ISOFS
Subcommittee.  The Subcommittee notes that subgtantial community input for the fina
report will be solicited at a mgor 1ISOFS workshop that is currently being planned for 17-
18 September 2002; details about this upcoming meeting and extended Subcommittee
activities may be found a the website: http:/Mmwww.isofsinfo .

[lI. Overview and Recommendations

Numerica modding has played a vitd role in magnetic fuson for over four decades with
increases in the breadth and scope of feasble smulation enabled by improvements in
hardware, software and dgorithms. Recent developments in  computers, computer
science, and theory have created an opportunity to achieve dramatic advances from an
intendve effort to harness these emerging capabilities. These advances can  bring
amulation to a leve of sophidtication enabling it to be an equa partner with basic theory
and experimentsin advancing the fied.

The ability to undersdand and predict the dynamics of high temperature fusion-relevant
plasmas is a formidable physics chdlenge that is centrd to the gods of the Fuson Energy
Sciences program. It is widdy recognized that the complexity of the dynamics of these
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sysdems is such that the deveopment of computationd models to understand their
behavior is criticd. Numericad modding in magnetic fuson research, as exemplified by
the fuson SCiDAC projects, are providing important physics understanding and routingly
dretch the limits of avalable supercomputers. However, crosscutting issues crucid to
the further development of these models require a quditative change in the agpproach to
these problems. In particular, we find two fundamental issues that commonly gppear in
the integration of different fuson physics areas: the coupling of phenomena a disparae
time scales and the necessity of coupling modes of different dimensondity.

Further, research on fuson plasmas has often been compartmentaized into Specific
topicd aeas with little crosstak between these topics — eg., magnetohydrodynamics
(MHD) and turbulent-transport. Since the dynamics of a high temperature plasma does
not respect those categorizations, the inability to bridge the gap between the various
models inhibits the ability to achieve the needed depth of understanding of key
phenomena.  Indeed, these ae key issues for any chdlenging smulaion effort such as
climate modding, inetid confinement fuson or adrophyscs. To solve these generic
problems and achieve the integration we are seeking, strong collaboration and advances
in fuson physcs modeds, goplied mathematics, as wdl as computer science will be
required.

A properly desgned computationa initiative that advances both the understanding of the
key scientific processes which control plasma behavior, and the development of
innovetive techniques for cross linking these processes, would fundamentally advance the
ability to predict the behavior of and therefore optimize fuson plasma sysems. Such an
initiative would:

- dlow us to bring together the multiple disciplines necessary to take advantage

of modern computing and advances in fuson theory;
- go beyond what is scientificaly achievable by the disciplinesin isolation; and,
- enablethe full integration of theory, experiment, and Smulation.

In view of the importance of edablishing the feashility of the potentidly inexhaudible
energy source, fuson energy — coupled with the complexity and variety of magnetic
fuson physcs the exponentid growth of computationa power, the dramatic
improvement in high-temperature plasma diagnostics, and the high cost of operaing
experimenta facilities over the wide ranges of rdevant scenarios — the development of a
fuson gmulation initiative represents atimely and codt-effective opportunity.

The ISOFS subcommittee recommends that a major initiative be undertaken, here
referred to as the Fuson Simulation Project (FSP), of creating a comprehensive set
of theoretical fuson models, an architecture for bringing together the disparate
physcs modes, combined with the algorithms and computational infrastructure
that enable the modelsto work together.

The purpose is to make a dgnificant advance toward the ultimae objective of fuson
gmulaion — to predict in detall the behavior of any discharge in a toroidd magnetic
fuson device on al important time and gpace scdes. This is in essence the capability for
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carying out “virtud experiments’ of a burning magneticdly confined plasma, implying
predictive capability over many energy-confinement times, fathful representations of the
sient physca processes of the plasma, and the interaction with the externd world
(sources, control systems and bounding surfaces). The initiaive should be sructured to
add capability incrementdly and should adopt near and intermediate term objectives of:
supporting basic theoretical research; supporting the understanding, interpretation, and
planning of ongoing fuson experiments, exploraion of new confinement concepts to
improve the prospects for economicad fuson power; and predicting the performance of
future fuson devices.

The FSP should be comprised of three interacting levels of activities:

. Fundamentals: improvements in  physcs undersanding in individud aress,
including 4dl rdevant physcd processes, vdiddion by compaison  with
experiment and andytic models, development of advanced numerica approaches,
and needed computer science advances,

. Applications modules  “dand-alone’ integrated suites of codes, perhaps from
multiple developers, that address fundamenta problem areas such as MHD,
turbulent transport, and external sources. Each agpplications module must be
developed to high software engineering standards and be formulated in such a
way S0 as to be compatible with other modules and seamlesdy join to assemble
the comprehensive smulation capability; and

. Integration:  development necessaay to create a comprehensve smulation
capacity, i.e deveopment of flexible physcs and computationd frameworks
which a dl dages of the FSP provide dl functions necessxry to create a
comprehensve smulaion, induding the inter-operation of applications modules,
oversght of software standards and release policies, collaborative tools and the
likee ~We envison a vigorous program of comparison and iteration with
experiments a thislevel, aswell as @ the other levels.

The initiative should be carried out a a scde such that within five years certain goas can
be achieved:

1) Robust computational modules are developed in each of the fundamental science
aress representing the state- of-the-art in physics content, numerical methods, and
computationa science methods enabling efficient incorporation into the
integration framework.

2) Approaches are developed for the fundamental problems of disparate time or
space scaes, and coupling of modds of processes having different
dimensondities.

3) An intid inter-operable code capability that dlows for three-dimensond
geometry is available for widespread testing as a research tool.
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4) The effectiveness of the integration gpproach is demongrated by application to
interpreting experimentd data, and testing the validity of various physics models.

To bring these disparate components together will require the dedicated tdents of many
accomplished physicigts, gpplied mathematicians and computer scientists.  There is no
doubt that the sociology of the FSP will be a chadlenge. On the one hand, a strong fusion
physcs effort is requred, involving a number of inditutions and the rdevant theory,
gmulaion, and experimentd communities. On the other hand, setting priorities and a
consderable degree of centrd direction will be essentid. Even more chalenging will be
effective integration of fird-rate computer scientists and applied mathematicians as equa
partners with fuson physcds in this venture. The issue of project governance includes
the establishment of an effective cooperdive arrangement between and within OFES and
OSCAR and dear ddinegtions of working reationships with other initiatives and
activities such as the DOE Office of Science SCiDAC, OFES fudon experiments, and
OSCAR computing resources.  Success will reguire planning, leadership, and likdy new

management approaches.

This initiative rests entirdly on a progressng science base.  Therefore it is paramount that
FSP funding be new to the program rather than redirected from present, critica aress.
Also, it must be a a level adequate to accomplish the FSP gods. To esimate funding, we
use the successful DOE Acceerated Strategic Computing Initiative (ASCI) Levd 1
University Centers Program as an example, and recognize that a criticd mass, as redized
in that $25M/year program, must be gpplied to the dements of the applied and integration
activities of FSP. This leads to the edimate that a tota of $20M in new FSP funding will
be required in the first year of the project, with an increment projected for the second
year, followed by a levding-off of funding in subsequent years of the activity.  Through
the course of the project, funding should be approximately equaly dlocated between
OFES and OASCR research e ements.

I1l. Fuson Simulation Project Elements

Bringing the power of advanced computing to the comprehensve smulaion of fuson
devices will entall three mgor categories of Fuson Simulation Project (FSP) activity:
fundamenta needs, applications modules, and project integration.  Work within the
category of fundamental needs addresses specific project critical needs. In some cases
this work will include the solution of basic research problems in the areas of plasma
science, applied mathematics and computer science. It will likely be necessary to support
more than one approach to the same problem a this level of activity. Applications
modules are the core building blocks of the initistive. These are integrated suites of
codes or tools for the smulation of categories of phenomena as well as collaborative
tools or dgorithmic suites as required. The project integration activity includes al
functions necessxy to create a comprehensve smulation including the inter-operation of
goplications modules, oversght of software standards and release policies, collaborative
toals, program governance and accountability.
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A. Fundamentas

In the past fifteen years, enormous progress has been made in the fuson program in
experimenta  discoveries, theoretica ingght, and computation. Internd transport barriers
and other advanced regimes in tokamaks have been found and quditatively explained in
teems of the interaction of plasma flow shear and turbulence. Large-scde plasma
turbulence smulaions now promise to provide a complete quantitative description of
these processes. A new understanding of tokamak disruptions has emerged. New stable
MHD configurations for dternative concepts, such as delarators, reversed-fidd pinches
and other devices are being desgned by means of advanced computationa tools.
Through MHD <udies in the plasma edge, the limiting plasma pressure, densty, and
current are being better explained. The scrape-off layer outsde the magnetic separatrix is
being well modded in the callisond regime by fluid codes, together with caculaions of
neutrd-particle recyding. Ingabilities driven by injected radio waves, paticle beams,
and, by extenson, dpha paticles, are being diagnosed and interpreted by theory and
gamulation. In addition to the above, there are many other examples.

Nevertheless, a number of mgor unsolved problems reman, which must be investigated
and resolved in the course of this amulation initigtive, including, for example, incluson
of kingtic effects in MHD fluid-like models, dectron kinetics and the exploration of the
electron gyroradius regime, paticle and momentum transport, and the physics underlying
trangent and nonlocd effects. In the edge plasma, an outstanding problem is the width of
the H-mode pedestd, which has an enormous effect on the overdl plasma confinement.
Kinetic codes, vdid in the long mean-free-path regime of the edge and scrape off layer
reman to be deveoped. Anomdous transport in Sdlaraors is only beginning to be
addressed.  These ae only a few of myriad tantdizing examples of FSP-reevant
fundamenta research that will lead to the modules described in the following sections.

B. Applications Elements

The applications dements are key sysem components. They integrate fundamenta work,
perhaps from multiple developers of the same process. These modules can be viewed as
“dand aone” integrated suites of codes that address problems aress eg. MHD, plasma
microturbulence, and externd sources. Each applications element must be developed to
be compatible with other dlements s0 that it is posshble to join these eements together
samlesdy to  assemble the comprehensve  smulation  suite. Software
enginegring/sandards and collaborative tools are included in this category. Applications
eementswill be built to dedl with the broad concepts outlined below.

Element i. Turbulence and Transport

Plasmatransport or confinement will be amaor component of the integrated smulation
project. We envison atime when reliable calculations of transport fluxes, informed by
theory, and vaidated of experimental comparisons, will “inter-operate” with the other
components of the computation. Loss of plasma particles and energy acrossfied lines
results from at least three categories of phenomena diffusion and convection based on

FESAC I SOFS Subcommittee First Report
12 July 2002



individua orbits and collisons (dassicd, neoclassica), anomaous diffuson and
convection from turbulent microingabilities (usudly thought to be dominant), and
phenomenathat are instantaneous and nonlocal.

1) Neoclassical codes for both 2- and 3-dimensiond configurations are available
subject to certain gpproximations. Additiona work will be required to fully
implement the exigting theories and to account for additiond effectsin the
inter- operative environment, particularly in 3-D configurations (stellarators)
and in tokamaks with transport barriers.

2) Micro-turbulence-driven anomalous transport will be dedt with on three levels
a) fine-scale stand- done gyrokinetic smulations of core plasma turbulence will
continue to be developed, interpreted by theory, and compared with experiment
to firmly vaidate the fundamenta theory and benchmark the other
descriptions, b) reduced smulations will be coupled directly to the trangport
equation solvers. In some cases, it may be possible to directly couple the full
turbulence amulations with the transport equation solvers; and ¢) dgebraic
models of trangport will continue to be developed, again informed by theory,
experiment, and the just-described smulations. When supported by turbulence
samulations for sdected cases, they will provide the most rapid parameter
scans.

3) Work will continue on development of models of observed rapid and nonloca
phenomena (e.g. avalanches, radiative trangport, or globa magnetic
interactions) that do nat fit into the diffusive-convective approach. The
architecture must include provision for these from the outset, so they can
become incorporated when available.

A messure of success for these efforts and their vaidation will be the ability to predict
and mode atransport barrier, aregion of steep gradients where turbulence is suppressed.

Element ii. Extended MHD

Modern fuson plasmas are subject to low frequency, long waveength, fully three-
dimensona hydromagnetic phenomena that can degrade confinement, and in some cases
lead to mgor diguptions. The only computationally tractable modd to describe these
dynamics is based on fluid egquetions, which are derived from veocity moments of the
more fundamenta kinetic equation. These equations are solved smultaneoudy with the
low frequency Maxwell equations. The resulting modd is locd in space but requires
additiona closure rdations to obtan a sdf-contaned sysem of equations and teke
account of kinetic effects. Models of magnetized plasmas based on this approach are
collectively caled (eXtended) MagnetoHydroDynamics (X-MHD).

There are two approaches to developing an appropriate system of closed Extended MHD
equations. One approach is to caculate andytic expressons for the highest order
moments of the digtribution function for use in the fluid equations. Another gpproach is
to solve the kingtic equations numericaly to obtain the didribution function, and then
evduate its moments to obtain the required contributions to the fluid equetions. The
result of an X-MHD cdculdion is often that an initid equilibrium that hes crossed a
gability threshold will exhibit ungtable behavior and then reax to a saturated date in a
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faw Alfvén wave trangt times. This is the case, for example, in a sawtooth oscillation.
For an integrated plasma modd, the effects of this MHD profile reaxation must be
encgpsulated into the description of the plasma evolution on the even longer transport
timescde.

Element iii. BExternad Sources

External sysems that add mass, momentum, or energy to a plasma have been essentid
tools in the successful efforts to obtain good performance in present experiments and are
sure to be a necessary part of plasma control in any future experiments and reactors. At
present, the external sources include beams of neutrd aoms that can cary energy,
paticles and angular momentum across magnetic fidds radio frequency waves (RF)
whose interactions with a plasma can be used for hesting, current drive or flow drive
high-speed pelets of frozen fud gas that can deliver particles deep into the plasma core;
and gas fuding which supplies particles to the plasma edge.

The computationa capabilities related to neutral beam injection are very wel developed
and are presently integrated into many codes. The work could be easily ported to @des
developed in new initiatives Wave-plasma interactions a RF frequencies (from ion to
electron cyclotron frequencies) are the subject of intense ongoing research including
fuson SciDAC activity. However, the scope of needed work, and the ability to provide
interactive coupling with other plasma codes, extend far beyond the SciDAC activity.
This area includes many digsinct problems and will be an essentid dement of future
plasma prediction, interpretation, and control schemes. Work on the ablation and
subsequent  transport and depostion of fud from injected pdlets is in a reaivey ealy
phase of development but certainly amenable to computation. However the physics of
fuding in generd is not in a satidfactory date a present and would benefit from basic
theory studies of particle transport.

Element iv. Physics of the Plasma Edge and Connection to the Core and Wall

Edge plasma, which bridges the hot plasma core and the maerid wadl, plays a crucid
role in both overdl plasma confinement and plasma-wdl interactions. Our current
understanding of the physics of edge plasma and the tools to modd it are rather sketchy.
We know that the physcs of edge plasma is very complex and ranges from turbulent
plasma transport to atomic physics and radiaion, and to surface and condensed matter
physcs. Moreover, edge plasma turbulence is highly intermittent with a strong
contribution to particle and energy fluxes from large but rare events, eg. the so-cdled
edge-locaized modes (ELMs). Therefore, the conventionad separation of spatio-tempora
scaes for the description of turbulence and transport is questionable. New approaches
should be developed for both turbulence and transport phenomena that relax this
ordering. Additiond complications result from a drong vaidion of the plasma
parameters from highly collisond to collisonless regimes. Therefore, the smpler fluid
description is not adways adequate and should be replaced by a much more complex
hybrid or kinetic one. Because of the open fidd lines, such a code will have different
boundary conditions from those of the core. Thus, the understanding and modeding of
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edge plasma and its coupling to the core from firgt principles are a red chalenge for both
theory and computing.

With large-scde efforts in this area, it is redidic to anticipate a number of advances.
These include crucid improvement (eg. adding neutrd effects, some kinetic features,
impurity trangport, atomic physics, and geometry) of fluid edge turbulence codes to the
level required to do more detailed modeing of the pedestal physics as well as to sudy
macroscopic transport phenomena (e.g., heat loading, plasma-wadl interaction, and tritium
retention). Ultimately, edge plasma turbulence gyrokinetic codes should be advanced to
aleve adequate for the study of core-edge synergy effects.

Element v. Computationa Science Framework

Advancing smulaion capabilities in each condituent module of fuson smulation, and
developing the &bility to couple codes from multiple modules to create integrated
gmulations, will require deveopment of new computationd science research and
methodologiesin at least three aress.

1) Fuson smulations present a unique characterisic when compared to other PDE
goplications — the diffeent physcs modded by different codes ae often
overlapping in space, ingead of being decomposed into physica sub-domains.
This implies tight coupling between modules, necessaxily large communication to
computation ratios, and close collaboration among physciss, applied
mathematicians, and computationd scientigts.

2) Building software infrestructure and middeware for cregting multi-physics
gmulatiions enabling dynamic interoperability of codes from different researchers
and dtes Business and indudrid computing now use software component
architectures for such integration, but it is dill a mgor chdlenge to connect large,
distributed, and parallel physics codes.

3) Daa management and shaing technologies. The chdlenges range from
devdoping sdf-describing and portable file formats, to full-fledged data and
meta-data frameworks such as MDS-plus which is dready in extengve use by the
fuson community. New scientific data sysems can gregly esse the sharing of
results between experiments and smulations and form a necessary fird step
towards code inter-operability for different regimes. Storage systems are now
relidbly supporting large scde (petabyte) data.  Providing users with the ability to
navigate, search through, and manage the large digtributed data sets that will be
generated and used in an integrated Smulation is another mgjor research problem.

The FSP software architecture will provide exciting new chdlenges for mathematicians
and computer scientists, and can leverage the research from other programs, such as DOE
SCDAC projects now developing numericd methods and computationa  infrastructure
for large digributed smulations and models being developed within the ongoing theory
program within OFES. Basic computational infrastructure has recently been deployed
that will hdp: rdiddle authentication mechanisms for security, tools for wide-area
scientific collaborations, software component systems supporting efficient data trandfers,
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large-scae didtributed data management systems, and capabilities that provide end-user
access to these fadliiess The FSP will, moreover, provide vauable misson-driven
impetus for the development of user-friendly modules, infrastructure, and training, which
will then be provided to code teams beyond the FSP.

Element vi. Interpretation and Visudization Tools

An integrated smulation will only be beneficd to our community if we can undersand
what it is tdling us To this end, it is imperdive that the FSP have built-in a powerful
diagnostic and analys's capability from the beginning.

There are severd categories of diagnostics that are needed:

1) The ability to query the cdculation regarding virtudly any combingion of
internd  varidbles, be they physcd or numeicd in origin, and including
integrd and differential operations.

2) The &bility to essly graphicdly dislay any of the results of a cdculaion
together with smilar results from previous smulaions, theoreticd models, or
experimenta results.

3) Capahilities that facilitate experimentd comparisons. Thus, we envison a
number of software packages that provide a sgna that can be directly
compared with an experimentd diagnogtic on a given machine,

C. FSPIntegration

As discussed in SectV of this report, MFE physcs damulaion presently indudes
primarily two categories of codes. 1) detailled smulations of a particular physicd process
(eg. micro-turbulence, macroscopic MHD, RF-plasma interactions), and 2) transport
codes that use reduced descriptions of the detalls to follow a sgnificant portion of the
plasma (eg. the core or the edge) in reduced dimensondity (1 dimension for core, 2 for
edge) over long timescales.

Our approach to integration is to develop an architecture that will:
promote the development of the physcs modules and ther vaidation through
experimenta comparison, beginning in the near term;
- fadlitate sudy of mutud phygcs interactions presently modeded in separate
codes as such interconnections become appropriate; and
- increese dgnificantly the depth and breadth of physics compared to today’s
trangport codes, incrementdly as better modules become available.

Two fundamentd issues are common to many fuson physcs integration areas. coupling
of phenomena a disparate time and spatiad scaes, and coupling models of different
dimensondity. To solve these generic problems and achieve the integration we ae
seeking, drong collaboration and advances in physics, gplied mathematics, and
computer science will be required.  This disciplinary integration will be an essentid
element of the program.
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To succeed, a centrd feature of this initiative must dso be an intensve and continua
close coupling between the caculaions and experiments. The phenomena in magnetic
fuson devices, the equations describing them, and the interactions among the various
citicd phenomena ae sufficiently complex tha devdoping the mog effective
goproximations and establishing when the models have the desired accuracy can only be
accomplished by continud iteration and testing of the modds aganst experimentd data
Hence, a continua process of testing and iteration is required to advance both modeling
and the characterization of experimentd results. From these objectives flow a number of
requirements that the integration framework must satisfy:

It must be extensible.

- Easy connections can be made early in the project while more difficult ones, for
example those involving very digparate time-scales, can be added when
appropriate.

- Itsarchitecture must permit continuous improvements and additions.

It must be flexible.

- Only the particular physics modules required for a given study need be
interconnected.

- It must be robust to changesin physics paradigms. For example atraditiond
diffusive transport model will be inadequate if non-local effects turn out to be
essentidl.

- It must be interpretive aswel as predictive. That isit must be possible to make
use of both experimenta information such as profiles, and predicted information
such as source rates, to interpret other needed quantities such as transport
coefficients.

- It mugt support choice in appropriate level of description for any of the modules
in the particular study. It must dlow for 3D effects but dso be cgpable of lower
level 1D and 2D models where appropriate.

It must support collaborative research.

- It should interface well with experimental databases and provide appropriate tools
such as synthetic diagnogtics to facilitate understanding its output.

- It must include protocols for effective communication among geographicaly and
scientificaly diverse physics participants and code devel opers.

It must complement existing research.

- Thefadlity mug provide vaue to theindividud involved in basic physics
research, who may himself be doing large-scale computation.

- It must not impose a Significant overhead (computationa or human) on the use
and development of the separate physics modules. It must provide needed
services so as to be of value even to a single module.

At this stage it is not necessary to specify how these connections are to be made. That
will be a mgor pat of the research program and will require the involvement of applied
mathematicians and computer scientists to define. In fact, to satisfy the above
requirementsit islikely that severd integration schemes will be necessary.
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V. Project Governance

The FSP initigtive should be focused, highly interdisciplinary, and involve a dgnificant
number of people.  For these reasons it is extremdy important that careful atention be
given to governance of the project. The governance structure needs to effectively baance
the professona needs of the creative and individudistic people who will carry out the
work with the programmatic needs for focus and timey delivery of results. In addition
the structure needs to work effectivdy with the two programs offices (OASCR and
OFES) that will support and manage the initistive. A sketch of a proposed governance
dructure is provided below. It is recognized that extensve discussons with the relevant
communities are needed to assure buy-in of this or any other structure.

An andogous st of issues has been addressed by the Community Climate Systems
Modd activity (see http://www.ccsm.ucar.edu ). While there are significant differences
between the nature of the science involved in the CCSM and the initiative discussed here,
there nonethdess are aufficient amilarities that the CCSM activity can help provide the
needed dructure. Three criticd eements are needed: a scientific steering group, a series
of working groups including one which addresses software management issues, and an
externad advisory board. The organizationd chart for these groupsis:

[Scientific Seering GroupJ

[Ad/ isory Board }_

{ Working Group ’ [ War king Group W [deingGroup ‘1

Thefunctions of these groups are:

Scientific Steering Group:  This group provides the overal scientific direction and vision
for the project. It provides oversght and coordination of scientific activities. It is the key
group for assuring the integration described above is effected. It coordinates with
program offices on resource dlocation issues.

Working Groups: Each working group is focused on one of the agpplied modules (see
above) as wel as a software engineering group. A working group oversees the scientific
direction of the module development including determination of required fundamentd
work. It assures integration of components within the modules and compatibility of the
module with therest of the system. Thisis where the red work gets done.
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Advisory Board: This group is made up of people with scientific breadth that are not
directly engaged in the initiative. The group will provide scentific and management
advice to both the Steering Group and the program offices.

V. Fuson Smulation Capabilities Status

This section summarizes the current status of integrated computationad modeling and
gmulaion of toroidd confinement fuson sysems The intent in this section in the
present document is to provide a generd perspective of the status of this very active and
mature fidd. This section responds to the explicit request in the subcommittee's charge
letter to report on the datus of fuson smulaion capabilities. These capabilities form a
ggnificant part of the critica underpinning of the FSP.

There are over 50 mgjor toroida physics desgn and andyss codes being maintained by
the magnetic fuson community. The mgor multi-user codes are depicted in Figure 1,
which shows how they divide into groups, and indicates with arows the flow of
information from one code group to another.

The axisymmetric free boundary equilibrium codes solve the force baance eguaion by
cdculating the poloidd magnetic flux in cylindrical coordinates for given pressure and
current profile parameterizations. These can be used to define the boundary for the
inverse equilibrium codes. There are dso two mgor fully 3-D equilibrium codes in use
VMEC, which assumes the existence of good magnetic surfaces a priori, and works in a
coordinate system based on these, and PIES, which caculates the existence of sufaces as
part of the solution, if they exi<.

The collection of linear macroscopic dability codes maintained by the MFE community
is quite mature and can assess the dability properties of a given equilibrium with respect
to both idead and non-ided (resgtive) MHD, including the effects of an energetic particle
component.

The nonlinear codes fdl into four mgor groupings. In descending order of the
frequencies addressed, these are the 1) RF Heating and Current Drive codes, 2) the
Nonlinear Gyrokinetic codes, 3) 3-D Nonlinear Extended MHD codes, and 4) the 2-D
Transport codes.

The RF Heating and Current Drive codes cdculate the propagation of eectromagnetic
waves of a given frequency through a prescribed background plasma, including reflection
and absorption. The codes are of two maor types. ray-tracing (or geometrica optics),
and full wave (globa solution). There are adso depicted antenna and Fokker-Planck
codes, which are closdy coupled with the RF codes, and provide boundary conditions
and background digtribution functions. The RF codes are desgned to caculae the
indantaneous heeting and current-drive profiles for a given plasma equilibrium subject to
agiven RF oscillator source and antenna.
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Major U.S. Toreidal Physics Design and Analysis Codes
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FIG. 1. Major U.S toroidal physics design and analysis codes used by the plasma
physics community.

The gyrokinetic codes are based on an andytic reduction of the full 6-dimensond plus
time plasma digribution function obtained by averaging over the rgpid gyro-mation of
ions in a srong megnetic field, and by neglecting the digplacement current in Maxwel’s
equations to remove “light waves’ from the sysem. These codes are appropriate for
studying 3-D turbulent trangport in a background system with fixed profiles,

The 3-D nonlinear Extended MHD codes are based on taking velocity moments of the
Boltzmann equation to yied 3-D magneto-fluid equations for the evolution of the average
plasma velocity, dendty, and pressure, dong with a closure procedure. These codes are
appropriagte for describing globd  dability phenomena such as sawtesth oscillations,
magnetic idand evolution, and plasma disruptions.

The 2-D trangport codes presently form the core capability in our community for
integrated modding. There are Sx mgor codes, with consderable overlap, that exist
largely for historicd reasons. These codes are al based on the Grad-Hogan evolving
equilibrium description where the inetid terms in the momentum equation are neglected
and the remaining MHD equations are averaged over the flux surfaces, where they exid.
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The 2-D transport codes are dl very modular. They are each a collection of equilibrium
modules, transport modules, solvers, and source and sink modules representing Neutral
Beam Injection (NBI) and RF hedting, pdlet and gas injection, impurity radiation, and
the effects of saturated MHD activity such as sawteeth and idands. These codes have
recently benefited from the Nationd Transport Code Collaboration (NTCC), which has
formed a modules library so that modules taken from individua codes can be exchanged
and shared (see, eg., w3.pppl.gov/NTCC for more details on this). While these codes
address integrated modding, the individud modules represent smplified reduced
descriptions of the full three-dimensiond physical phenomena being modeled.

Typical Time Scalesin a next step experiment
withB=10T,R=2m, n,=10% cm3, T = 10 keV
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FIG.2. Summary of the four major code groups and the timescales being addressed.

A summary of these four mgor code groups and the timescales being addressed by them
is given in Figure 2. The RF codes address frequencies of order the ion cyclotron
frequency, W, , and above, up to the eectron cyclotron frequency Wee. The gyrokinetics
codes typicaly teke time steps about 10 times longer than the ion cyclotron frequency,
whose motion is andyticdly averaged over, ad ae normdly run for 10° to 10* time
deps to cdculate dationary turbulent fluctuation levels. Recent additions to these codes
to include some dectron timescale phenomena bring in the dectron trandt time, which
lowers the maximum timestep. The Extended MHD codes need to resolve phenomena
occurring on the Alfvén trandt time, ta, dthough most codes are a least partidly implicit
to avoid a drict redriction on the timestep based on this. These codes can normally run
10* to 10° time steps to address MHD phenomena such as sawteeth and idand growth.
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The 2D transport codes are very efficient and can take many long timesteps to modd the
entire discharge. However, the 2-D edge transport codes need to resolve the pardld
dynamics and use a time-step based on the parale sound-wave propagation near the edge
region.

The cdculations now being performed with the gyrokinetics codes, the Extended MHD
codes, and the RF codes, are draning the limits of the existing computing capabilities
and capacities.  For example, recent attempts by the core-turbulence gyrokinetics codes
to include both eectron and ion dynamics in a sdf-consstent smulation require upwards
of 10* processor-hours (over one processor-year) on the IBM SP3 at NERSC to generate
one result for a sa of fixed background profiless ~ Similar times are required by the
Extended MHD codes to cdculate the growth and sdf-consstent saturation of a
neoclasscal tearing mode. Thus, we can teke solace in the fact that the capability is
modly in place, but must ded with the fact that the computationa requirements for a
fully integrated 3D comprehensive Smulation cgpability are truly daunting.

Examples of fundamentaly important experimenta phenomena which involve 3D

physca processes that cross theoretical boundaries and thus cannot adequately be
addressed by the present suite of above-described codes include:

- Pedestal physics — A description of the transport barrier that forms in the
region of the plasma between the core and the edge, and of the associated
edge localized relaxation events,

- Long time scale profile evolution — A way to sdf-condgtently evolve the
globd profiles of plasma temperaiure and dendty on the energy-confinement
time scde from turbulent transport and in the presence of magnetic idands
and other MHD phenomena.

- Edge transport: A deription of long-meanfree-path particle and hesat
transport outside the closed magnetic flux surfaces, on the open fidd lines that
impect the firs wal or divertor and involve multi- phase physics

-  Sdf-consistent heating and current drive A fundamentd mode of the
interaction of Radio Frequency (RF) waves with plasma in the presence of
plasma turbulence.

- Sawtooth phenomena — Internd MHD-type modes in the hot core of tokamak
plasmas for which fas ion and kinetic effects ae cdealy rdevant
experimentally but are only beginning to be addressed computationdly.

- Idand physics. incorporation of the effect of 3-D idand formaion on
equilibrium evolution and turbulent trangport

These are but some of the important problems to be addressed by the integrated
smuldion initiative.

VI. Summary

The essentid god of the Fuson Smulation Project (FSP) is to devdlop a computationd
capacity that can peform integrated smulations of toroidd magnetic confinement
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devices  This capability is envidoned to span fundamentd dynamics of evolving
plasmas, incuding diagnoss and control of toroidal configurations, and the coupled
properties of fuson devices, in the presence of the widest expected range of plasma
dynamics.

The FSP is envisoned to be comprised of three mgor dements that are funded
agoproximately equaly over the life of the project: fundamentals capabilities, applications
modules development, and project integration. This development will be made feasble
by close coupling of the integration initiative research with ongoing program activities in
theory, experiment, smulation, computer science and agpplied mah caried out under
OFES and OASCR. It will be enabled fundamentaly by the SCiDAC efforts dso
presently under way in the DOE Office of Science. Taking as an example effective
capabilities devdopment from the DOE NNSA Accderated Strategic  Computing
Initiative (ASCI), new funding necessary for the success of the FSP is presently estimated
a approximately $20M for the firs year of deployment (FY04), ramping up to a
procurement and Centers formation phase in FY05, and followed by steady, personne-
driven levd of effort funding for FY06, FYO7 and FY08 inclusve. To achieve the
greatest productivity, this new research should be split between OFES and OASCR, with
fuson scientists provided by OFES and gpplied mathematicians, computer scientists, and
the computationa toolkits provided under the auspices of OASCR.  This joint
undertaking represents a sgnificant opportunity for the DOE Office of Science to create a
capability tha will advance the undergtanding of fuson energy to a leve unpadided
worldwide.
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VIIl. APPENDIX

February 22, 2002

Professor Richard D. Hazeltine, Chair

Fusion Energy Sciences Advisory Committee
Ingtitute for Fuson Studies

Universty of Texasa Audtin

Augtin, TX 78712

Dear Professor Hazdltine:

Thisletter provides acharge to the Fusion Energy Sciences Advisory Committee (FESAC) to
assig the Office of Fuson Energy Sciences (OFES) in preparing aroadmap for ajoint initiative
with the Office of Advanced Scientific Computing Research (OASCR). Recent reports, such as
the FESAC report “Priorities and Balance within the Fuson Energy Sciences Program,” the
“Report of the Integrated Program Planning Activity” (IPPA), and the NRC report “An
Assessment of the Department of Energy’ s Fusion Energy Sciences Program,” have identified a
predictive understanding as ameasure of the quality of the science and the maturity of the
knowledge base of afield. The IPPA report lists severd challengingl10-year objectives for the
fusgon program, including “develop fully integrated capability for predicting the performance of
externdly-controlled systems including turbulent transport, macroscopic stability, wave-particle
physics, and multi-phase interfaces.” This objective, aswell as severa other IPPA objectives
related to innovative confinement configurations, will require Sgnificantly enhanced smulation
and modeling capability. Therefore, the god of thisinitiative should be to develop an improved
capacity for Integrated Smulation and Optimization of Fuson Systems.

The initiative should be planned as a 5-6 year program, which would build on the improved
computational models of fundamenta processesin plasmas that are being developed in the base
theory program and in the ScIDAC program. Rough estimates are that an integrated smulation
initiative would require atota funding level of about $20 million per year, with funding for the
plasma scientists provided by OFES and funding for the gpplied mathematicians, computer
scientists, and computational resources provided by OASCR. Thus, the roadmap should include
not only human resources but aso computer and network resources.

Please carry out the preparation of the roadmap using experts outsde of FESAC membership, as
necessary, including experts recommended by the Advanced Scientific Computing Advisory
Committee. The sub-pand of experts should obtain community input through a series of
workshops covering at least the following questions:

*  What isthe current Satus of integrated computationd modeling and smulation?
*  What should be the vison for integrated Smulation of toroidal confinement fuson
sysems?
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*  Wha new theory and applied mathematics are required for smulation and optimization
of fuson sysems?

*  Wha computer science is required for smulation and optimization of fuson sysems?
*  What are the computationd infrastructure needs for integrated smulation of fuson
sysems?

* How should integrated smulation codes be validated, and how can they best be used to
endble new scientific ingghts?

The ultimate product should be a roadmap document similar to the one developed for the
Genomesto Life Initiative (http://Amww.doegenomestolife.org/roadmap/index.ntml). Please
conduct aworkshop on the firgt two questions above and provide a summary document with
overal program gods and objectives, mgor program deliverables, and a brief description of the
OFES and OASCR funded elements of the program by July 15, 2002, so that OFES would be
able to include a description of the program in the FY 2004 OMB budget request. Please
complete work on the final roadmap by December 1, 2002, in order to provide the detailed
information needed by OFES and OASCR to develop detailed program plans, program
announcements and grant solicitations.

| appreciate the time and energy that members of FESAC and FESAC sub-panels have provided
to the continuing efforts to develop program plans and roadmaps for the OFES program. | am
confident that the Committee's recommendations on aroadmap for I ntegrated Smulation and
Optimization of Fuson Systems will form a sound basis for beginning ajoint OFES/'OASCR

program.

Sincerdly,

James F. Decker
Acting Director
Office of Science
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