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Energy Research Power Supercomputer Users Symposium

Supercomputing has always been a very important tool within the Department of
Energy and its predecessor agencies because of the computational intensive
nature of energy science applications and because of the need to conduct
computational experiments to preserve and protect our environment.
For almost ten years, the Office of Energy Research (ER) has been providing
time on its supercomputers to all ER researchers. The original rationale was
to provide widespread access to supercomputers to scientists who could benefit
by an ability to do more complex computations faster, thereby putting the ER
research on a faster track. The ER supercomputer use has grown so that now
thousands of hours on the most advanced supercomputers are dedicated to the
program. A unique aspect of the program has been the emphasis on "grand
challenges" - those important scientific problems that are amenable to
solution by the application of large amounts of computer resources.

The Energy Research Power Supercomputer Users Symposium was arranged to
showcase the richness of science that has been pursued and accomplished in
this program through the use of supercomputers and now high performance
parallel computers over the last year: this report is the collection of the
presentations given at the Symposium. "Power users" were invited by the ER
Supercomputer Access Committee to show that the use of these computational
tools and the associated data communications network, ESNet, go beyond merely
speeding up computations. Today the work often directly contributes to the
advancement of the conceptual developments in their fields and the
computational and network resources form the very infrastructure of today's
science. The Symposium also provided an opportunity, which is rare in this
day of network access to computing resources, for the invited users to compare
and discuss their techniques and approaches with those used in other ER
disciplines. The significance of new parallel architectures was highlighted
by the interesting evening talk given by Dr. Stephen Orszag of Princeton
University. The ER Scientific Computing Staff discussed with the attendees
the national initiative on High Performance Computing and Communications
Program (see DOE Document D0E/ER-0489P) slated to begin in FY 1992 at the
Symposium: this discussion helped shape the DOE role in this initiative.

The Office of Energy Research Supercomputer Access Committee



TABLE OF CONTENTS

1. Supercomputing Activities at the SSC Laboratory the Main Collider and
the HEB (Y. Y. Yan)

2. Plasma Turbulence Calculations on Supercomputers (B. A. Carreras, L. A.
Charlton, N. Dominguez, J. B. Drake, L. Garcia, J. N. LeBoeuf, D. K.
Lee, V. E. Lynch, and K. Sidikman)

3. Searching for New Compounds: "Quantum Architecture" of Novel Metals and
Semiconductors (A. Zunger)

4. Static and Animated Molecular Views of a Tumorigenic Chemical Bound to
DNA (S. Broyde, B. E. Hingerty, R. Xu, S. F. O'Handley, T. R. Krugh)

5. The Lattice QCD Grand Challenge (G. Kilcup)

6. Modeling Molecular Processes in the Environment (T. H. Dunning, Jr., S.
S. Xantheas, A. C. Hess, D. F. Feller, R. A. Kendall and R. L. Ornstein)

7. Directions for Computing for Experimental Fusion Research (M. C.
Zarnstorff and the TFTR group)

8. Cloud Radiative Forcing: A Modeling Perspective (G. L. Potter, J. M.
Slingo, and J.-J. Morcrette)

9. First Principles Simulations of Metallic Alloys and Liquids (J. W.
Davenport, G. W. Fernando, G.-X. Qian, R. E. Watson, and M. Weinert)

10. Particle Modeling of Plasmas Computational Plasma Physics (J. M. Dawson)

11. Applications of Large-Scale Computation to Particle Accelerators (W. B.
Herrmannsfeldt)

12. Moving Finite Elements: A Continuously Adaptive Method for
Computational Fluid Dynamics (Glasser)

13. Fluid-Particle Hybrid Simulation of Tokamak Plasmas (W. Park, S. Parker,
W. W. Lee, D. A. Monticello)

14. Ab initio Calculations of Properties of Crystals, Surfaces, and
Materials under Pressure (S. G. Louie)

15. Fluid Simulation of Drift-Resistive Ballooning Modes and the L-H
Transition in Tokamaks (P. N. Guzdar, J. F. Drake, A. B. Hassam, D.
McCarthy, and C. S. Liu)

16. Gyrokinetic Particle Simulation on Massively Parallel Computers: A
Computational Tokamak for Fusion Research (W. W. Lee, S. E. Parker, J.
V. W. Reynders and R. A. Santoro)



17. Linear Collider RF Structure Design Using Argus (K. Ko)

18. Emerging Computational Techniques to Predict Confinement in Fusion
Devices (M. Kotschenreuther and W. H. Miner)

19. Progress in the Development of a Numerical Tokamak (J. U. Brackbill)

20. Simulations at the SSCL Low Energy Booster and Coupled Cavity Linac (G.
Bourianoff)



1. Supercomputing Activities at the SSC Laboratory the Main Collider and

the HEB (Y. Y. Yan)



Supercomputiiig Activities at the SSC Laboratory
the Main Collider and the HEB

Yiton Yan
Superconducting Super Collider Laboratory,* Dallas, Texas 75237

Abstract. Supercomputers are used to simulate and track particle motion around the collider rings and
the associated energy boosters of the Superconducting Super Collider (SSC). These numerical studies
will aid in determining the best design for the SSC.

I. INTRODUCTION

The Superconducting Super Collider (SSC) is a
technologically advanced, high-energy physics re-
search facility. Its construction and operation will
ensure that progress continues in the search for
answers to some of the basic questions about nat-
ural phenomena. The SSC will enable the study of
fundamental particle interactions at energies ten
times higher than those now available, in an en-
ergy region in which significant new phenomena
are expected. The basic design goals for initial op-
eration are to collide beams of oppositely-directed
protons, with each beam at 20-TeY energy.

Besides the main collider itself which con-
sists of two vertically separated rings, each a 20-
TeY accelerator with a circumference of 87km -
the SSC complex includes a cascade of energy
booster accelerators (see Figure 1). Each acceler-
ator provides to the protons a successively higher
energy before they enter the next accelerator.
Protons are initially brought to 0.6 GeV in a linear
accelerator. They then enter each of three booster
synchrotrons: the low energy booster (LEB).
which accelerates to 11 GeY in a 0.54-km cir-
cumference ring of magnets; the medium energy
booster (MEB), which accelerates to 200 GeV in a
3.96-km ring; and the high energy booster (HEB),
which accelerates to 2 TeY (2000 GeV) in a 10.9-
km ring.

The initial design luminosity of 103t cm~"'s~l is
obtained with 17.424 circulating bunches spaced
5m apart, each with an intensity of about
1O10 protons. The LEB and MEB use conven-
tional magnets, while the HEB and collider ring
use superconducting magnets. Beams cross from
one collider ring to the other at four interaction

*Oprraled by the I 'niversities Research Association. Inc for
the I'.S. Department of Energy under Contract No DB-AC02-
R9KFU0486

Figure 1: A schematic layout of the SSC. The squares
indicate the initial interaction regions. The dotted lines
indicate future beam bypasses, which would make possible
up to four additional interaction regions.

points on the circulating beam orbits. Detec-
tor apparatus may be arrayed at each of the in-
teraction points in order to conduct high-energy
physics research experiments. In the future, al-
ternate magnet strings will be provided to direct
the proton beams around the detectors. The by-
pass will permit the collider to operate with beam
in one leg of the bypass while detectors are con-
structed or serviced in the other leg.

II. THE SSC LABORATORY

In January 1987, after extensive project review
of the SSC, the U.S. Department of Energy (DOE)
and the Reagan Administration supported the
project and recommended it to Congress. DOE
initiated the process of site selection by issuing an
Invitation for Site Proposals (ISP) in the spring
of 1987. States submitted more than 40 site pro-
posals to DOE. A special committee assembled
by the National Academies of Science and Engi-
neering recommended to DOE a select group of
"best qualified sites." From this list, DOE chose
the Texas proposal, with a site encircling Waxa-
hachie, about 30 miles south of Dallas (Figure 2).

Concurreritlv with the extensive site selection



Figure 2: Location of the SSC site.

efforts. DOK sought the services of a contractor to
manage the design, and construe!ion of the SSC,
and the research program at the SSC Laboratory.
It was announced in .January 1989 that I'niversi-
ties Research Association f( ' l \A), in partnership
with K(l \ ' ( ! Intertech and Sverdrup Corporation,
had been selected. I'HA announced the selection
of Prof. Hoy Schwitters of Harvard Cniversity as
the director of t he emerging SSC Laboratory. The
first members of the new laboratory began work
in the Dallas area in March 1989. By the end of
the sunim'T. more than 300 persons were working
on the accelerator design, and component devel-
opment, and were helping the launch of the new
organization. 1 here are now more than 1200 em-
ployees ai the SS(' Laboratory.

The SSC Laboratory will provide a full range
of research capability for experimenters and the-
orists from around the world. Construction and
utilization of a scientific instrument of the scope-
oft he SSC is a supremely challenging task. Its po-
tential to advance basic knowledge and innovative
technology is immense.

III. THK SlTI-.H Coi.UDKK

'1 he SS<' will be a proton-proton collider with
initial design luminosity of 10''! n i f " ' s " ' . ft will
accelerate and guide bunches of ultra- high-energy
protons into collision. | wu ti«hi ]y focused proton
beams, each with an energy of 'JO ]e \ . will move
m opposite directions around a racetrack-shaped
o r b i t . A - 1 lii p r o t o n s c o l l i d e , t h e i r < o u s t it u e r i t s

c a n m t e r a « t . t h e n - l i v r e l e a s i n g e n o r m o u s e n e r g y

a n d r ' - \ e a l i i ! ! _ ' <\ l e v e l o f d e t a i l t h a t h a s n e v e r b e e n

achieved before. Direct evidence about the most
fundamental physical forces and entities will be
carried by the collision products and may be cap-
tured in the sophisticated detectors which will sur-
round the interaction regions. Since the probabil-
ity of interaction will be comparatively low, the
proton beams can be recirculated to collide repet-
itively for many hours without significant attenu-
ation. Thus the SSC will be constructed as a pair
of storage rings capable of holding the tightly con-
fined proton beams on closed paths for a day or
more without replenishment. The rings confin-
ing the proton beams will be about 54 miles in
circumference and will be housed one above the
other in an underground tunnel.

A system of superconducting electromagnets
will guide the protons around the desired orbit
through a beam pipe. This magnetic confinement
system will consist of a periodic array of bending
(dipole) and focusing («juadrupole) magnets, with
the bending magnets establishing the curvature
of the orbit and the focusing magnets confining
the protons to a narrow region within the. vacuum
tube. The operating cycle of the SSC will begin
with the collider magnets maintained at low cur-
rent for about -10 minutes while the proton beams,
with an energy of 2TeV. are loaded into the col-
lider rings from its high-energy booster. With in-
jection complete, the acceleration system, pow-
ered with radio frequency (rf) waves, will be ac-
tivated. The slow increase in the beam energy
will be accompanied by a corresponding increase
in the strength of the bending and focusing mag-
nets, thus keeping the position of the beam orbit
fixed while also keeping the proton beams syn-
chronized with the accelerating system. This syn-
chronous acceleration will be complete when the
protons reach their final energy of 20 TeV. The ac-
celerating system will then be turned down, and
the beams will be steered into collision. The re-
sulting reactions can be studied for a day or more
before the beams are depleted to the extent that
the cycle must be repeated. During the collision
phase of the operation, some of the protons will
be lost due to catastrophic nuclear collisions. In
addii ion. t lie dynamics of t he surviving beam par-
t icles will be pert in bed by t he elect romagnet ic in-
ter a< lion between the two beams at each collision
pom1 .



Success of the SSC operation will depend very
much on the careful design of what is called the
lattice, which is a detailed description of how the
magnets of various types and strengths will be
placed to form the confinement ring. The lattice
encompasses both the physical arrangement and
the powering or strength of the magnets. The
most fundamental requirement for a good SSC
lattice is that the proton beams have adequate
lifetimes. Therefore, one has to understand the
motion of the protons in detail so that suitable
lattices for the SSC and its boosters can be de-
signed. This requires extensive numerical studies.
Supercomputers provided by the DOE supercom-
puter centers are very helpful in carrying out these
required calculations efficiently.

hi this paper, some of the typical numerical cal-
culations for the SSC and the IIKB, each of which
requires a largo amount of supercomputer time,
are presented.

IV. SSC APKHTI'RK STUDY

One of the important issues for the SSC was
the size oi the superconducting dipole magnets to
be used. More protons can survive in the collider
rings with dipoles of larger coil diameter because
larger coil-diameter dipole magnets can provide
more uniform bending magnetic field. However,
larger dipole magnets tire more expensive. There-
fore, one must study the proton motion for each
of the alternative magnet lattices under consider-
ation. This was done by simulating the motion of
the proton beam with numerical codes on super-
computers.

In these numerical studies, one starts with a
well-designed linear lattice and then assigns sys-
tematic errors, random errors, and misalignment
for the magnets, based on experience and mea-
surement. Correction magnets may also be in-
cluded. Ideally, protons are then tracked numeri-
cally for a limited number of turns to see if the mo-
tion is stable. At this stage, adjustment of the cor-
rection magnets i:-. usually necessary (somewhat
similar to the micro-tuning of a TV or a radio).
After the accelerator is well tuned, one can start
short-term Lacking (say. 500 turns) to study some
well-defined accelerator physics criteria to predict
the behavior oi the accelerator.

A typical short term-tracking phase space plot

Figure 3: Phase space plot px vs. a; for four protons with
different initial amplitudes, where a; is a Ploquct space co-
ordinate and px is its corresponding Floquot spac.o momen-
tum; that is, they are normalized such that a proton wilu
linear motion would trace out a circle. The variation in the
amplitude traced out. by a given proton serves as a diagnos-
tic of accelerator nonlinearity of that proton's motion. For
example, the protons here with the smallest initial ampli-
tude show so little nonlinearity that the data points merge
into a solid line. However, the protons with the largest
initial amplitude have correspondingly greater nonlinear-
ity, so that the data points are more widely spaced in the
circular band.

is shown in Figure 3. The variation in the am-
plitude traced out by given protons is greater for
those protons of larger initial amplitude. Here,
as shown in Figure 3, the amplitude is defined as
Jx2 + pj, where a; is a Floquet space coordinate
and px is its corresponding Floquet space momen-
tum; that is, they are normalized such that a pro-
ton with linear motion would trace out a circle in
(,r,/).r) phase space. This phenomenon serves as a
diagnostic of accelerator nonlinearity. If the am-
plitude variation is considered too big for a certain
desired amplitude, the corresponding accelerator
design should be modified.

Generally, one would be more concerned with
the long-term stability of the protons. One would
like to track hundreds of protons (with appro-
priate initial amplitude distributions) around the
ring element-by-element for 100,000 turns or more
(0.5 minutes of SSC operation will be about
100.000 turns). Using a current scalar com-
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Figure 4: A hundred-thousand-turn survival plot for a
collider 2-TeV injection lattice comparing the data for a
5-cm magnet aperture with the data for a <l-cm magnet
aperture. With the 5-cm aperture, no particles with ini-
tial displacement amplitude of less than 8.1 mm were lost,
By increasing the magnet aperture, the. dynamic aperture
for 100,000 turns enlarges from about 5.3 mm to about
S.I mm in radius, which increases the machine's linearity.
(This plot shows only the protons that were lost before
100,000 turns are reached.)

puter would require months of central process-
ing unit (CPU) time, since there are more than
10,000 magnet elements in the SSC machine. For-
tunately, however, the protons in the beam may
be considered to be independent from each other,
so that a tracking code can be completely vector-
ized over the number of particles; thus, a super-
computer is ideal for this purpose. One can track
many particles (say. 64 protons) simultaneously,
saving enormous CPU time over what a scalar ma-
chine would require.

Figure 4 compares the tracking data up to
100.000 turns for a collider injection lattice (at
2TeV energy) using 4-cni coil-diameter dipole
magnets with the corresponding data for the same
lattice using 5-cm coil-diameter dipole magnets.
None of the particles wit h initial displacement am-
plitude of less than S.I mm were lost in the 5-cm
coil-diameter dipole magnet case; but in the •1-ern
coil- diameter dipole magnet case, particles still
get lost until their initial displacement amplitude
is reduced to about 5.."$ mm. The only difference
between the two lattices was in the multipole con-
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Figure 5: A hundred-thousand-turn survival plot for a col-
lider 2-TcV injection lattice, comparing the data for a 5-
cm magnet aperture with A sets of different oibit distor-
tions. The RMS orbit distortions are Omm, lmm, 2mm,
and 3 mm respectively. Larger orbit distortions result in
smaller stable regions.

tent, due to the different size of the magnet aper-
ture. With the increase in magnet aperture from
4-crn coil-diameter to 5-crn coil-diameter, the sta-
ble region of the proton motion for 100,000 turns
enlarged from about 5.3 mm to about 8.1mm in
radius. Based on these numerical studies and
many other investigations, the 5-cm coil-diameter
superconducting dipole magnets have been cho-

sen.

V. ORBIT DISTORTION EFFECTS

Alignment of the magnets along the rings may
not be perfect. Therefore, correctors are needed
to correct the proton orbit along the ring. As a
guide for future commissioning, we have also car-
ried out computer simulations on different orbit
distortions. A typical result is shown in Figure 5.
The stable transverse region of the proton motion
in the collider ring is reduced with a larger RMS
orbit distortion. Although the stable region of the
protons is much reduced with a 3-mm RMS orbit
distortion, there is only slight reduction for the
transverse stable region from a 1-min RMS orbit
distortion to a 2-mm RMS orbit distortion.

VI. HEB AI'KRTLKF, STUDY

Successful SSC operation depends on the proper
design not only of the collider itself but also of its
associated energy boosters. Because both the col-
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Figure 6: 10,000 turn survival plots for the HEB aperture study. Each set of the symbols represents the data for each
of the 5 seeds.

lider and the HEB use superconducting magnets,
the HEB aperture study—like the collider aper-
ture study—requires much supercomputer time.
Figure 6 shows survival plots for a typical HEB
aperture study. Each of Figure 6(a) and Fig-
ure 6(b) shows 5 sets of tracking data from 5 differ-
ent random assignments of multipole errors from
the same RMS error description. The differences
between Figure 6(a) and Figure 6(b) are due to
different RMS multipole errors, which are larger
for the 5-cm coil-diameter dipole magnets than for
the 7-cm coil-diameter dipole magnets. Although
there are some differences in the transverse sta-
ble regions of the proton motion among different
random error assignments of the same RMS error,
there is a larger difference in the transverse stable
region between the two cases (a) and (b) using
different sizes of dipoles. These and other studies
as well as budget consideration have led to the se-
lection of the 5-cm coil-diameter superconducting
dipole magnets for the HEB.

VII. SUMMARY AND FUTURE SUPERCOMPUTING

NEED FOR THE SSC

Some typical numerical results for the study of
the SSC involving use of the supercomputers pro-

vided by the DOE supercomputer centers are pre-
sented. There are many other supercomputing ac-
tivities at the SSC Laboratory, including studies
of magnet design, cryogenics, and detector. Cal-
culations associated with the lower energy boost-
ers (the Linac and the LEB), which have also re-
quired large amounts of resources, are discussed
in a companion paper by George Bourianoff.

Each component of the SSC complex must be
designed properly to ensure successful operation.
Since all of these designs involve a high degree
of nonlinearity in mathematical formulation, nu-
merical calculations are required. Actually, large-
scale computer simulations are probably the only
way to obtain a detailed understanding of each
component of the SSC.
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PLASMA TURBULENCE CALCULATIONS ON SUPERCOMPUTERS*

B. A. CARRERAS, L. A. CHARLTON, N. DOMINGUEZ, J. B. DRAKE, L. GARCIA,
J. N. LEBOEUF, D. K. LEE, V. E. LYNCH, AND K. SIDIKMAN
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-8071

Fusion energy is the source of energy of the sun and the stars. This energy is released
during a nuclear fusion reaction in which two light nuclei combine into a heavier nucleus.1

In the sun, pairs of hydrogen nuclei react, producing deuterium and releasing 1.44 MeV.
This reaction is not the most likely one to be used in a future commercial electricity
production plant, because of the high temperature required. The "fuel" for the reactor is
more likely to be deuterium and tritium, because their fusion reaction, producing helium,
has the highest cross-section for temperatures between 10 keV and 100 keV. At lower
temperatures there is no fusion reaction with a scattering cross section large enough to be
relevant for energy production. At these high temperatures, matter exists only as a plasma.
That is, the nuclei and electrons are no longer bonded, forming atoms and molecules.

The principal goal of fusion research has been to contain, or confine, plasmas for a
long enough time. Of course, no material vessel can stand the high temperatures of a
fusion plasma. One way to confine a plasma is with magnetic fields, because charged
particles move mostly along magnetic field lines and only move across field lines if they
collide with other particles. By carefully controlling the magnetic field, it is possible to
confine a plasma away from the vessel. The plasma can be localized in a finite region by
bending the field lines in a doughnut-shape, or toroidal, configuration. A magnetic field
with a doughnut-shape configuration can be created solely by external conductors or by a
combination of < xternal coils and the magnetic field generated by a plasma current. The
former type of device is called a stellarator and the latter a tokamak.2

Although the single-particle picture of magnetic confinement is helpful in understand-
ing some basic physics of plasma confinement, it does not give a full description. Collective
effects dominate plasma behaviour. Any analysis of plasma confinement requires a self-
consistent treatment of the particles and fields. The general picture is further complicated
because the plasma, in general, is turbulent. The study of fluid turbulence is a rather
complex field by itself. In addition to the difficulties of classical fluid turbulence, plasma
turbulence studies face the problems caused by the induced magnetic turbulence, which
couples back to the fluid. Since the fluid is not a perfect conductor, this turbulence can
lead to changes in the topology of the magnetic field stricture, causing the magnetic field
lines to wander radially. Because the plasma fluid flows along field lines, they carry the

* Research sponsored by the Office of Fusion Energy, U.S. Department of Energy, under
contract DE-AC05-84OR21400 with Martin Marietta Energy Systems, Inc.



particles with them, and this enhances the losses caused by collisions. The changes in
topology are critical for the plasma confinement.

In present magnetic confinement devices, classical transport theory based on particle
collisions predicts electron and ion confinement times longer than those experimentally
measured by factors of 3 to 10 for ions and up to 30 for electrons. Therefore, anomalous
transport mechanisms that have not yet been identified are in operation. At the plasma
edge, detailed measurements of fluctuations are possible using material probes. Prom these
measurements, it has been inferred that anomalous losses in the edge can be explained
by turbulence-induced transport.3 Theoretical understanding of the anomalous transport
mechanism would enable one to not only calculate size and scaling parameters for fusion
reactors but also improve the confinement concept. The optimization of the reactor has
an important impact on its overall cost.

The study of plasma turbulence and the concomitant transport is a challenging prob-
lem. Because of the importance of solving the plasma turbulence problem for controlled
thermonuclear research, the high complexity of the problem, and the necessity of attacking
the problem with supercomputers, the study of plasma turbulence in magnetic confinement
devices is a Grand Challenge problem.

There are two main approaches for numerical calculations of plasma turbulence. One
is based on particle pushing techniques. This approach starts from basic principles, but
is formulated as a nonlinear problem in a six-dimensional space for a large number of
particles. This approach is discussed in detail by J. Dawson.4 The other approach is based
on a fluid representation obtained by taking moments of the primitive kinetic equations.
The problem is then reduced to the solution of a few fluid-like equations. This simplifies
the computational problem, although it is not clear that the present computer capabilities
are sufficient for this problem, but it misses some important physics.

Progress has been made by moving away from the two extremes. In particle tech-
niques, the gyrokinetic approach5 of averaging over the gyromotion eliminates one degree
of freedom and the fastest time scale in the problem, both of which are probably irrelevant
to the turbulent processes of interest. In the fluid approach, effects such as diamagnetic
rotation, finite Larmor radius corrections, and closure schemes compatible with Landau
damping6'7 have already been included. This method is commonly called gyro-fluid with
Landau closure and brings back into the fluid picture most of the relevant physics.

Furthermore, a hybrid fluid-particle code has been developed.8 This code treats one
particle species as a fluid and the other as particles. In this way, some of the relevant kinetic
effects are brought into the problem. We are developing a variation on this approach
for burning plasmas by treating the bulk plasma as a fluid and the alpha particles as
particles. This method offers an intermediate step between fluid codes and full gyrokinetic
computations.

The geometry of the magnetic configurations relevant to fusion is intrinsically three-
dimensional (3-D), with a finite range in the radial coordinate, and periodicity in the
two angular coordinates. As is typical of turbulence studies, high resolution is needed to
resolve all the scale lengths in the problem. Here, the longest scales are of the order of
the minor radius, a, of the device, which can be several meters (from 0.3-1.0 m in present



experiments to about 3-5 m in a reactor). The smallest scale lengths to be resolved are
of the order of the ion Larmor radius, about a fraction of a centimeter. Hence, the ratio
of scale lengths is of the order of 102 to 104. To study the development of steady-state
turbulence, the plasma evolution must be followed for a few decorrelation times, that is,
2 x 104 to 10s time steps for present experiments. An increase of at least an order of
magnitude is required for reactor conditions.

In a magnetic confinement device, it is important to distinguish between two plasma
regions: the core and the edge. At the plasma edge, the dynamics of the plasma can be
modeled by fluid-like equations; the fluctuations are, in general, large (of the order of the
equilibrium quantities), and detailed measurements can be made with probes. These large
fluctuation levels can only be modeled by including the atomic physics drives. Numerical
results seem to provide a good description of present experimental measurements9 (Fig. 1).
The study of core plasmas requires a kinetic theory treatment; the core fluctuation levels
are low (a few percent), and measuring them is difficult. At ORNL, we are following the
gyro-fluid approach in modeling the plasma core turbulence.

For turbulence calculations based on fluid-like equations, we use KITE-type codes.10

In these codes, all fields are written as a Fourier expansion in the angular variables. The
components of these fields are functions of the radius, and they are represented on a
finite-difference grid. Most of the CPU time used by these codes is spent in inverting
matrices and doing convolutions. These calculations have been carried out mainly with
the CRAY-II machines at the National Energy Research Supercomputer Center (NERSC)
in Livermore, California. From the computational point of view, there are two constraints:
(1) memory size, which is governed mainly by the size of the matrices, and (2) CPU time,
which is dominated by the convolutions. On the CRAY-II, typical calculations take from
50 to 500 hours of CPU time. These times translate into many months of real time, and
practical problems occur in stretching the work over such long periods of time. For jobs
with memory size below 107 words, there is a factor of about 25 between real time and
CPU time. This factor becomes much larger for larger memory sizes.

To improve the real-time efficiency, we have explored two main avenues: manual multi-
tasking or macrotasking in the CRAY-II11 and the use of massively parallel machines.12'13

Each has required a different adaptation of the numerical scheme. In the CRAY-II, we
separated the tasks in Fourier space, associating a task with each toroidal mode included
in the calculation. This was done because of the block structure of the matrices in toroidal
geometry. For jobs with more than 10 million words run on one eight-processor CRAY-II,
an average of less than two processors is the most we are able to achieve. Therefore, it is
seldom possible to effectively improve the efficiency of the calculations. The reason for
this is the priority in scheduling at NERSC. The overhead of programming complexities as-
sociated with macrotasking makes this avenue of little practical use. The second approach
was to use a parallel algorithm that we tested on several hypercubes, the most advanced
being the 64-node Intel iPSC/860 (RX) at ORNL. The algorithm was modified to allocate
a radial region to each node. In this way, convolutions at a fixed radius were performed
in parallel, and communication was limited to the boundary values for each radial region.
The effective memory configuration is a ring. Present results show that the number of



steps for CPU time is the same for the iPSC/860 (RX) machine using 32 processors as for
a single-processor CRAY-II (for 300 modes and 129 radial grid points). We have compared
the efficiency of these two machines and are also examining the efficiency of workstations
(Fig. 2). We have also started testing the same code on the CM-2 machine at Los Alamos
National Laboratory.

While current computer technology and algorithms are deemed adequate to perform
turbulence calculations for edge plasma parameters, the massively parallel mainframes of
the next generation and new algorithmic developments appear to be needed to tackle the
fluctuations at the core of present-day tokamaks. The toroidal nature of the geometry and
the ability to model hotter plasmas, by adopting a fully kinetic approach, by extending
the fluid-like models to include relevant kinetic effects, or by combining these techniques,
present formidable analytical and computational challenges.
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Figure Captions
Fig. 1. Comparison of experimentally measured and numerically calculated potential
fluctuation levels at the edge of the TEXT tokamak.
Fig. 2. Performance versus prices of different computers. The tests have been done with
the KITE code for a plasma turbulence problem with a grid of 380 radial points and 147
Fourier components.
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Searching for New Compounds:

"Quantum Architecture" of Novel Metals and Semiconductors

Alex Zuhger
Solar Energy Research Institute

Simple semiconductors such as Si, Ge, GaP, GaAs, InP, and AlAs have traditionally been

used as core materials for a wide range of electronic and optoelectronic devices, including

integrated circuits, lasers, light-emitting diodes, solar cells, and various light-detectors. Since the

existing number of such simple semiconductors is small, they provide but a limited range of

material properties (bandgaps, carrier mobilities, lattice parameters). It has hence been a common

practice to form solid solutions (of composition x) AJB}.X of the parent compounds A and B,

attempting thereby to obtain technologically useful material properties that are intermediate

between those of pure A and pure B. Unlike the parent crystalline semiconductors A and B,

however, the alloys AJB,.X are disordered, and hence generally have lesser electron mobility, and

are structurally unstable toward low-temperature disproportionation into their binary constituents.

Until recently, it was believed that all such isovalent semiconductor alloys between A and B

(where A and B are either IV-IV, III-V, or II-VI semiconductors) exist either as disproportion-

ation products of A + B, or as disordered solid solutions Afi^ More recently we have predicted

theoretically that hitherto unknown, long-range, ordered stoichiometric inter-semiconductor

compounds AJim can be thermodynamically stabler than the disordered alloy below some growth

temperature Tc. Such ordered compounds for a novel class of semiconductors in that their crystal

structures are unprecedented in conventional semiconductor physics (they can appear in tetragonal

CuAuI-like, rhombohedral CuPt-like, or chalcopyrite-like modifications, see Fig. 1); their band

structures (hence, bandgaps, effective masses, etc.) differ both from the average of the

constituents and from those of the disordered alloy. Many of them are thermodynamically stabler

than the disordered alloy of the same composition; some are even stabler than the phase-separated

systems.

Since our original prediction, more than 20 observations of such long-range ordered, inter-

semiconductor compounds have been made. It now appears that this phenomenon of long-range,



ordered, inter-semiconductor phases is likely to be the rule rather than the exception in

semiconductor physics.

A similar situation exists in metal physics: new compounds were so far difficult to

predict. Nature provides a number of intriguing examples for structural selectivity. While in

their elemental solid form, Cu, Au, Pd, Pt, and Rh are all face centered cubic (fee) metals, their

50%-50% combinations exhibit a range of structures: CuAu is fee, CuPd has the B2 structure,

CuPt is rhombohedral, and CuRh does not even form. Classic approaches to predictions of such

selectivity are based, among others, on total energy calculations. To find the stable crystal

configuration, one repeats the total energy calculation for a few assumed crystal structures that

by analogy with related compounds or by "chemical intuition" are expected to be likely

competitors for the stable ground state. Comparison of total energy vs volume curves for such

a set of "intuitive structures" permits the identification of the stablest structure in this set and

pcasibie phase-interconversions among them. While generally successful, the predictive value

of this approach does depend on one's ability to guess correctly at the outset a canonical set of

structures which includes the "winning" (minimum energy) configuration. One wondeis,

however, if a different, hitherto unexpected structure could have yet lower energy, or whether

linear combination of two other structures with compositions xa and Xp (and xa < xa < Xp) could

have a lower energy than a (hence, a will disproportionate into a + p). Addressing this problem,

even for binary AJBm compounds on a fixed lattice requires, in principle, calculation of the total

energies of the 2" atomic configurations for each type of lattice (fee, bcc,...). Even limiting N

to O(10) - 0(10*), this is a formidable task for first-principles electronic structure methods.

We have shown how calculations of the total energies of -10 structures can be used

instead to define a first-principles, multi-spin Ising Hamiltonian, whose ground state structures

on a fixed lattice can be systematically searched using lattice theory methods. This is illustrated

for the intermetallic compounds CuAu, CuPd, CuPt, and CuRh, for which the correct ground

states are identified out of more than 65,000 possible structures.

This approach opens the way to a systematic search of new intermetallic compounds and

semiconductors.
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ABSTRACT

Static and dynamic molecular views of a short segment of DNA modified by the tumorigenic

aromatic amine 2-acetylaminofluorene (AAF) have been realized by a combination of high resolution

nuclear magnetic resonance (NMR) studies in solution and molecular mechanics and molecular dynamics

simulations carried out on supercomputers. Thus, the effect of AAF on the structure of the Watson-

Crick B-DNA double helix has been elucidated, after two decades of intense interest, via a powerful

synergy between state-of-the-art supercomputing and NMR investigations. The AAF is situated in the

minor groove of a B-DNA double helix which flexes and bends, and the carcinogen moves between

positions where it is stacked with adjacent DNA base and positions where it protrudes farther into the

groove. The AAF modified DNA base, guanine, is displaced from its normal situation paired with

partner cytosine. Also, a base pair adjacent to the modification becomes more mobile. These molecular

views offer some possible insight into the early molecular events that may implicate AAF in tumor

initiation.

INTRODUCTION

2-Acetylaminofluorene (AAF) is a member of a class of chemical substances known as aromatic

amines. Members of this class include environmental substances present in products of fossil fuel

combustion, tobacco smoke, dyes and barbecued meat, among others. Aromatic amines have been

implicated in the induction of cancer in humans since 1895, when Rehn (1) observed that workers in

aromatic amine dye factories were unusually prone to bladder cancer. Since that time aromatic amines

have been shown to cause tumors in animals at a variety of sites, including bladder, liver, mammary

gland, colon and lung. In one summary of animal testing data which covered 506 chemicals, the aromatic

amines were the largest class represented, with 70 entries (2).

AAF itself was synthesized more than 50 years ago for use as an insecticide. Fortunately, it was

soon shown to be a potent carcinogen (3), and was never employed in its intended purpose. Instead, it

became the prototype aromatic amine for investigations into the biochemical mechanisms of cancer
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induction by these types of substances. An excellent review by Beland and Kudlubar (4) gives details,

with a literature survey, of our current understanding of these processes in a number of aromatic amines,

including AAF.

It is now known that aromatic amines are first biochemically altered to reactive moieties which

can attach to DNA, the genomic material. Once thus bound to DNA, natural repair mechanisms may

reverse the damage. This repair may be error-free, in which case no permanent harm has occurred.

However, the repair systems may themselves be error-prone, and produce a change in the genetic code

at the lesion site during the repair process. Alternatively, if no repair takes place, the carcinogen-bound

DNA may fail to act as a faithful template during replication, again causing a mutation. A number of

such mutations, either in regions of DNA that code for proteins, or in regions that act as controls for

protein synthesis, are now considered to be necessary for tumorigenesis to occur (5). The decision

whether the carcinogen bearing DNA is repaired of the lesion or is improperly replicated is believed to

be governed by the effect that the carcinogen has on the normal DNA double helical shape.

Consequently, the acquisition of atomic resolution views of the carcinogen-modified DNA has been an

urgent, although elusive, goal for decades.

For this reason, AAF, which is tumorigenic in various animal organs and mutagenic in a number

of systems, has been extensively studied in an effort to understand how it affects the normal right handed

shape of double helical B-DNA (see reference 4 for review). Solution studies reveal that AAF, when

activated to a derivative that attacks DNA, binds primarily to carbon-8 of the base guanine, as shown in

Figure 1. (In the normal Watson-Crick double helix each guanine base is paired with cytosine and each

adenine with thymine. During DNA replication the two strands unwind, and the replication machinery

places the appropriate partner opposite each single stranded template. If the wrong partner is placed

opposite a given base, a mutation results.) In 1970, Grunberger and co-workers (6) proposed the base-

displacement model, which suggested that the AAF, when bound to carbon-8 of guanine, causes the

guanine to which it is attached to be removed from its normal position within the B-DNA double helix;
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the AAF takes the place of the guanine so that it is within the helix, This distortion is accompanied by

disruption of base pairing between the AAF modified guanine and its partner cytosine. In 1971 a similar

model, termed insertion-denaturation was offered by Fuchs and co-workers (7). A large body of

experimental data in solution, albeit not at high resolution, emerged from these two groups over the

years, in support of these models. In 1989, computer modeling studies leri to a new proposal for a

molecular view of AAF modified B-DNA (8), based on the structure of a related adduct (9), which

places the AAF in the minor groove of the double helix

Now, a combination of high resolution nuclear magnetic resonance (NMR) studies in solution

and molecular mechanics and dynamics calculations has produced both static and animated atomic

resolution views of double stranded B-DNA bound to AAF. These view? are in accord with

experimental findings. Figure 2 shows the AAF-DNA segment that was studied. The computational

efforts in this combined endeavor are representative of the Grand Challenges that can be addressed only

with the aid of supercomputers.

METHODOLOGICAL CONSIDERATIONS

The NMR results produced a list of distance bounds between hydrogens in the AAF modified

DNA, as well as certain other information: the DNA is of the right handed B-DNA type, but the AAF

modified guanine is rotated from its normal position in B-DNA, known as "anti", to a conformation

called "syn", as originally proposed in the base displacement model (6). This information was

incorporated into molecular mechanics calculations, using the program DUPLEX (10). In the molecular

mechanics approach (for a review of this topic, see reference 11) the computer seeks to locate structures,

among the endless choices in the flexible DNA molecule, whose energies are at a minimum and within

the bounds of experimental data, if data is available and included in the calculations. Very large scale

computational searches are needed to achieve this goal because of the multitude of possibilities.

In the next stage the static views achieved by molecular mechanics are computationally animated

in an environment of water and with salt present. This setting corresponds to the situation present in
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solution and mimics the natural milieu of the cell as well as possible with the current generation of

supercomputers. The NMR derived distance bounds are not used in the molecular dynamics simulations,

in order to allow maximum freedom of motion. The molecular dynamics simulations (see reference 12

for an excellent review) can, with present supercomputers, be carried out for time frames in the range of

only 10"10 seconds (100 picoseconds). A major Grand Challenge is to extend this time span to the

millisecond or even to the second range, since NMR data indicates that important motions occur in

these much longer time spans. The molecular dynamics simulations were carried out with the program

AMBER 3.1. (13).

The computations were carried out on the Cray supercomputers at the Department of Energy

National Energy Research Supercomputer Center, and the National Science Foundation San Diego

Supercomputer Center. A 200 picosecond molecular dynamics simulation of the AAF-modified DNA

segment shown in Figure 2 with the 3542 water molecules and 16 sodium ions takes about 140 hours on

the Cray Y-MP. Full details of this work are presented elsewhere (14, and manuscript in preparation).

RESULTS AND DISCUSSION

The extensive computational searches, incorporating NMR derived distances between hydrogens

on the AAF-modified DNA segment of Figure 2, produced two structures that together provide good

agreement with the NMR data. These structures are shown in Figure 3. The structure of Figure 3a

represents roughly 80% of the conformations present in solution, with the remainder represented by

Figure 3b. In both these forms the AAF protrudes into the B-DNA minor groove, but it is also partly

stacked with an adjacent base in Figure 3a, as in the base displacement (6) or the insertion-denaturation

(7) models. The AAF modified guanine is displaced from its normal position and is not paired with its

partner cytosine in either form. The DNA is more severely bent in the structure of Figure 3b.

During the animation with molecular dynamics simulations, the NMR derived features were

preserved on average. Indeed, although the NMR derived distances were not used to constrain the

motions, the relevant separations between hydrogens were monitored, and in some cases their average
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values over the duration of the simulation showed improved agreement with the data. Thus, the

dynamic structures more accurately reflect the average structure in solution, and the molecular dynamics

serve to improve the quality of the structures computed, as well as to provide valuable insight into the

motions. The simulations starting from the structure of Figure 3a show the AAF moving between a

position where it is stacked with adjacent base to orientations where it is more fully protruding into the

groove. This form also bent strongly during the 200 picosecond simulation. In the more bent starting

structure of Figure 3b, on the other hand, the DNA helix becomes much less bent in this time frame,

and the AAF continues to protrude into the groove. In combination, these simulations indicate a

distorted AAF-modified B-DNA double helix, in which bending and flexing motions occur, with the

carcinogen moving between positions where it totally protrudes into the groove to positions where it is

more internal and stacked with neighboring base. Furthermore, both the dynamics and the NMR data

indicate increased mobility of a base pair next to the modification site, and that the base pair at the

lesion site remains ruptured.

These distorting features may be responsible for the high susceptibility of this particular AAF

lesion to repair, and also for its mutagenicity (4): the repair enzymes, it is currently believed, are likely

to recognize a perturbed double helix and to cleave out the AAF. However, in doing so, an error-prone

pathway may be taken which sometimes results not only in removal of the AAF, but also finally in a

mutation. Various mechanisms for the mutational pathways have been discussed (15,16), including the

possibility that the abnormally oriented AAF modified "syn" guanine fails to act as a faithful template

during DNA replication. The mutagenicity is very likely a critical event in the pathway to tumorigenesis

(5).

CONCLUSION

A combination of high resolution NMR studies and molecular mechanics and dynamics

calculations has produced static and dynamic atomic resolution views of DNA modified by AAF, an

aromatic amine that is tumorigenic in biochemically activated form. These views have provided some
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insights at the molecular level on how an initial event in carcinogenesis may be triggered by this

substance. The computational endeavor involved is representative of a supercomputing Grand Challenge

that is now addressable. With the advent of future supercomputers it should become possible to carry

out the animations for much longer times than the currently limited 100 picosecond (10"10 second) range.

Longer simulations are very important since NMR data indicate that significant movements occur even

over seconds. In addition, to more realistically represent the environment of the cell, we should include

important proteins in the simulations. The vastly longer time frames needed for the animations to be

more realistic, as well as the far greater number of atoms when proteins are included, will require the

much more powerful supercomputers that are already in various stages of planning and development.
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Figure Captions

Figure 1. AAF bound to guanine. dR represents the rest of the DNA chain.

Figure 2. AAF modified DNA segment investigated.

Figure 3. (a) Static views of (a) major and (b) minor conformers of AAF modified DNA
segment. The AAF is yellow and white (Ac moiety), its attached guanine with
sugar-phosphate DNA backbone are red, and the rest of the DNA is blue. The
left panels are dot surface views and the right panels are space filling. Color
graphics are copyright 1991, Regents of the University of California San Francisco
Computer Graphics Laboratory.
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Unti] relatively recently, a taxonomist of science would
divide most areas of physics into two types: theoretical and
experimental. With the advent of large scale computing, however,
there is now another recognized field: computational physics. For
High Energy Physics one of the most prominent manifestations of
this phenomenon is the emergence of the discipline known as
lattice Quantum Chromodynamics, or lattice QCD. Problems which a
decade ago seemed intractable are now succumbing to large scale
numerical simulations. These simulations are consuming vast
amounts of computer time these days, and promise to do so for at
least the next decade. To take but one example, in each of the
last three years, the Department of Energy has allocated several
thousand Cray-2 hours at NERSC for the computation of certain
"weal: interaction matrix elements." In the following pages I will
give a brief overview of this and some other projects.

The background for these calculations is two decades of great
progress in our understanding of the basic particles and forces.
Over time, the particle physics community has developed an elegant
and satisfying theory which is believed to describe all the
particles and forces which can be produced in today's high energy
accelerators. The basic components of the so-called "Standard
Model" are matter particles (quarks and leptons), and the forces
through which they interact (electromagnetic, weak and strong).
The electromagnetic force is the most familiar, and also the first
to be understood in detail. The weak force is less familiar, but
manifests itself in processes such as nuclear beta-decay, for
example. For putting the weak and electromagnetic forces together
in one unified quantum field theory, Sheldon Glashow, Abdus Salam
and Steven Weinberg were award the Nobel Prize in 1979. This
piece of the Standard Model is now called the electroweak sector.
The third part of the Standard Model is the strong force, which
binds quarks together into "hadrons", such as protons, neutrons,
pions, and a host of other particles. The strong force is also
responsible for the fact that protons and neutrons bind together
to form *~he atomic nucleus. So successful and compelling is the
Standard Model, that it has become almost a basic article of faith
that the model predicts the outcome of any currently feasible
experiment to vary high precision.

To extract the predictions of the Standard Model is not
always easy. For processes involving only the weak and
electromagnetic interactions one can do an accurate calculation
with pencil and paper (and perhaps a good symbolic algebra
program!). For most quantities in QCD, however, the usual
techniques are not adequate. The root of the difficulty is the



fact that QCD is a nonlinear theory, and the various modes can
interact in complicated ways. The situation is somewhat analogous
to that in hydrodynamics, where the interactions are very simple
at small scales, but can give complicated turbulent solutions on a
larger scale. To actually perform a calculation one has to resort
to the more brute force approach of large scale computing. The
same is true for processes involving the electroweak interactions
of quarks they always involve QCD as well, since the quarks are
surrounded by a cloud of strongly interacting gluons.

There are then at least three reasons for wanting to
undertake the difficult computations in QCD. The first (and
weakest) motivation is to check the details of QCD and make sure
that it is the correct theory of the strong interactions. No one
seriously doubts that this is the case. A second reason is to put
the theory to work, and to understand details of hadron structure.
Ultimately one should be able to solve the riddles of even nuclear
physics on the computer. A third motivation is to be able to
study the electroweak interactions of quarks. Here the goal is
more to remove the effects of QCD so as to see the strength of the
other interactions themselves.

No one expects that the Standard Model is the complete
picture of Nature. There are too many tantalizing hints that
there is some underlying theory which we have not yet found. If
this new physics is at low enough energy, we may be able to
uncover it at the Superconducting Supercollider, but if not, we
will have to search for it by looking for its relatively small
effects on physics at accessible energies. These effects may
range from small changes in the parameters of the Standard Model,
to totally new phenomena, such as proton decay. This then gives
another motivation to do accurate computer calculations: if we can
do them accurately enough, small deviations between theory
experiment may provide clues about the theory beyond the Standard
Model. As the scale of accelerators grow ever larger, in terms of
size, time, and money, the computational approach will become more
and more appealing in the decades to come.

The short description of lattice QCD calculations is to say
they are aimed at performing certain large dimensional integrals
by the Monte Carlo technique. The Feynman path integral formalism
allows one to express any quantity of interest as an integral over
all possible classical field configurations. This is a formal
expression only, since it involves integration over an infinite
number of dimensions. To turn the path integral into a
computational tool, one has to make a number of approximations.
One begins by discretizing space and time into a four dimensional
lattice with a small but nonzero lattice spacing. Then
restricting space and time to a finite box, one ends up with
finite (but large) dimensional integral which can be taken to the
computer. The weak matrix element project at NERSC has used the
largest grids to date, namely 32 cubed (in space) by 48 in time.
Taking into account the number of degrees of freedom at each
lattice site, the resulting integral is in about 60 million
dimensions, far too large to be done by straightfoward evaluation.
Instead, the integral is suitable for the Monte Carlo approach,
where one evaluates the function in question at a set of randomly
selected points in the domain of integration. A typical number of
Monte Carlo samples is two to three dozen configurations.
Finally, to save a factor of 10 to 100 in computer time, one often
begins by making an additional approximation to the form of the
integral to be done. The full expression involves a determinant



of a several million dimensional matrix. In the "quenched"
approximation, one neglects this determinant. Physically, this
means neglecting the effects of quartum fluctuations of the quark
field upon the quantum fluctuations of the gluon field. This
approximation is physically well motivated, but is uncontrollable,
and must simply be removed to complete a realistic calculation.
Whether one makes the quenched approximation or not, there are two
phases to a lattice QCD calculation: configuration generation and
measurement calculation. In the first phase, one uses Monte Carlo
techniques to select points from the space of all possible
configurations, and in the second one evaluates the functions one
wishes to integrate. The functions are relatively complicated,
and usually involve inverting a discretized differential operator,
i.e. finding the solution to a large set of linear equations.
Typically the solution is found by iterative methods, the most
popular being conjugate gradients.

To summarize, the computer calculation suffers from four
types of errors: (1) finite lattice spacing errors, (2) finite
volume errors, (3) statistical errors, and (4) errors due to
quenching. The first three defects can be gradually studied and
improved by repeating the calculations on ever larger lattices
with higher statistics. The last defect demands a large increase
in computer resources to do an unquenched calculation. The weak
matrix project at NERSC is unique in that it is the first to
attempt to systematically study the effects of each of these
approximations in a single calculation.

The primary physics goal of the weak matrix element project
is to compute quantities relevant for the decay of the neutral
kaon into two pions. This particular process is very sensitive to
effects from short distance physics, and an accurate calculation
can be combined with precision experiments to place strong
constraints on unknown parameters of the Standard Model. There
are three identifiable groups in the world undertaking such
calculations. Claude Bernard of Washington University and Amarjit
Soni of Brookhaven National Laboratory, plus students, form one
group. The author, Stephen Sharpe of the University of
Washington, and Rajan Gupta of Los Alamos National Laboratory form
the other American group, while Guido Martinelli and Luciano
Maiani of the University of Rome lead the European Lattice
Collaboration. Under the Department of Energy's "Grand Challenge"
program, the two American groups have been merged into one larger
effort. Together they have been granted several thousand hours of
Cray-2 time at NERSC. In each of FY 1989 and FY 1990, they used
about 8000 Cray-2 processor hours, while in FY 1991 they have an
allocation of about 16000 Cray hours. There are two basic
formalisms for putting quarks on the lattice, called "Wilson
fermions" and "staggered fermions", and the two American efforts
are complementary: Bernard and Soni have chosen Wilson fermions,
while Kilcup, Eiiarpe and Gupta use staggered fermions. The
formalism for the gluons is the same, and that part of the
calculation can be shared between the two groups. Overall, the
merger represents about a 20 percent savings in total
computational cost.

The production programs at NERSC are suitably optimized. The
inner loops are vectorized, and many of the heavily used routines
are written in Cray Assembly Language. The peak speed of these
routines is about 240 Mflops per processor, and the sustained
speed is closer to 120 Mflops per processor. To fit the large
amounts of data into the Cray-2 memory, we use some compression,



storing some real numbers as 16 bit fractions (4 to a Cray word},
and others as 21 bit mantissas with a common exponent (3 to a Cray
word). The packing and unpacking accounts for some of the
performance degradation. The programs are multitasked, and the
various programs get CPU overlaps of between 3.1 and 6.0 on the 8
processor Cray-2.

As discussed above, the Weak Matrix Element Project aims to
understand each of the systematic errors of the calculation. To
this end we performed a reference calculation on a relatively
small lattice (16 cubed by 24) in the quenched approximation.
Comparing with this we can then check how the answer changes as we
improved various aspects of the calculation. In FY 1989 and 1990
we have performed additional quenched calculations with the same
lattice spacing as the reference lattice, but with a significantly
larger spatial volume (24 cubed by 24). This gave us a head on
comparison of finite volume effects, which we found to be
understandable and quite small. These results were published in
1990 (Kilcup et al., Phys. Rev. Lett. ???). In FY 1991 we are
repeating the calculation on a lattice of size 32 cubed by 48,
with twice as fine a mesh as the reference lattice. This the
physical volume of the two calculations is the same, and we have a
head-on comparison of finite lattice spacing effects. These
effects appear to be substantial, but understandable. This
calculation is still in progress.

The only remaining uncertainty in the calculation stems from
the use of the quenched approximation. To remove this
approximation requires about an order of magnitude more computer
time than was allocated to the project under the Grand Challenge
program. This is of course more time than one might reasonably
ask from conventional Cray-based supercomputer centers. However,
such resources are available in the form of special purpose
lattice QCD machines, of which the prime example is the Columbia
Lattice Parallel Processor (CLPP) built by Prof. Norman Christ
and colleagues. The CLPP is a 16 by 16 square mesh of processors.
Each of the 256 nodes has an Intel 80286 CPU, plus Weitek floating
point chips. The peak sipeed of this machine is about 16
Gigaflops, and the sustained speed on production code is in excess
of 6 Gigaflops. It was built with about $1.5 million of equipment
money from DOE. Compared to the cost per Gigaflop of a Cray, this
represents a substantial savings. However, the comparison is not
truly apt, as the CLPP is rather difficult to program, and is not
suitable for many calculations.

In FY 1991, the author has entered into a special arrangement
with the Columbia group. They generated gauge configurations with
in the full unquenched theory, with parameters chosen to match the
physical size and lattice spacing of the earlier 16 cubed by 40
quenched calculation. As the configurations were generated, the
author transported the data over the Internet to the Crays at
NERSC, and used them to compute weak interaction matrix elements.
Each lattice had about 20 Megabytes of compressed binary data, and
took about half an hour to transport from coast to coast. In all
some 100 lattices were transported. It is a tribute to the state
of the national networks that such an arrangement was possible.
The analysis of the results is still underway, but the preliminary
results indicate including the dynamical quarks does not make a
huge difference, that is, that the quenched approximation is quite
good. This is good news, and not completely unexpected, but one
needed to perform the calculation to make sure.



The bottom line is that through the Grand Challenge program
at NERSC, and through the research program at Columbia University,
the DOE has funded the first large scale lattice QCD calculation
in which each of the systematic errors is under control. We will
soon have a determination of of certain matrix elements to an
accuracy of at least 10 percent. This is a tremendous improvement
in the state of the art, and allows one to put interesting
constraints on presently unknown parameters of the Standard Model.
Even in their present unpublished form, preliminary results from
this calculation are finding their way into the latest analyses of
the status of the Standard Model.

Where do we go from here? The calculation described here was
able to make head-on comparisons as we changed, one simulation
parameter at a time: small versus large volume, fine versus coarse
lattice spacing, quenched versus unguenched. Still one would
like to repeat the calculation on a which simultaneously has a
large volume, a fine mesh, and dynamical quarks. Such a
calculation is not possible on any machine currently available.
Likewise, there are many other similar lattice QCD calculations
which are simply too expensive to consider at the present time.

Looking to the future, a number of lattice QCD physicists
have banded together and are proposing that the DOE fund a new
national facility, a parallel machine capable of performing at a
sustained teraflop on real QCD production code. The "QCD Teraflop
Collaboration" presently comprises some 30 physicists, who would
be the core users of such a facility. The proposed machine would
be built by Thinking Machines Corporation, would carry a price tag
of $39 million, and would be running in 1993. Compared to the
conventional wisdom concerning the timeframe for teraflops
computing, this project is about two years ahead of schedule.
This is an aggressive goal, but seems quite attainable. Such an
alliance between industry and the lattice QCD community is
natural, considering the multitude of efforts in parallel
computing which have stemmed from lattice QCD calculations. It is
a revealing fact that several high performance parallel
computers—-the Caltech Cosmic Cube, the Columbia University CLPP,
IBM's GF-ll, APE in Rome, and the ACPMAPS computer at
Fermilab have been built by lattice QCD physicists to solve
lattice QCD problems. Given the scale of problems and computers,
it is now appropriate to look to industry to ensure the success of
the next generation machine, and to make it possible for the
lessons learned in this pilot project to influence the design of
the commercial Teraflop machines which will follow by mid-decade.
With the appropriate amount of luck and help, we hope to be
talking about results from the QCD Teraflop Machine at the next
Energy Research Power Supercomputer Users Symposium.
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I. Introduction

The U.S. Department of Energy is committed to a 30-year plan for
environmental restoration at all of its sites. To meet these commitments
DOE has organized an ambitions Research, Development, Demonstration,
Testing and Evaluation program.1 The technical problems identified in
the RDDT&E plan are extremely complex and require thorough,
permanent and cost-effective solutions. Basic research lays the
foundation for each step in the RDDT&E program, providing new
knowledge and techniques for site characterization, needs assessment,
innovative remediation technology, and post-remediation evaluation and
monitoring.

Developing new knowledge and techniques for environmental restoration
requires a multilayered research approach. At the macroscopic level the
complex interdependent physical, chemical and biological pathways for
contaminant transport and transformation must be characterized. At the
microscopic level each of these pathways is controlled by molecular-level
processes, such as absorption, diffusion and reaction. A detailed
understanding of molecular processes will form the basis for marked
improvements in our ability to predict contaminant behavior and
movement in the environment and to develop more efficient and effective
techniques for remediating contaminated environments.

Theoretical and computational molecular science will play a critical role
in developing molecular-level descriptions of the complex systems found
in the environment. Theory provides the conceptual framework for the
analysis and interpretation of experimental data. Modeling and
simulation provides quantitative information which may be expensive,
difficult or impossible to obtain in the laboratory. Further, theory,
modeling and simulation provides insights into the fundamental factors
governing molecular structure and dynamics which cannot be obtained
from experiment alone. However, modeling molecular processes in the
environment is one of the most challenging problems ever undertaken in
computational molecular science. In the atmosphere both gas phase
processes and condensed phase processes involving particulates and
droplets must be modeled. On the surface of the earth, molecular
processes occurring at gas-liquid and gas-solid interfaces must also be
considered. Finally, in the subsurface environment, liquid and solid
phase, as well as liquid-liquid, solid-liquid and solid-solid, molecular
processes must be described. The task is clearly a formidable one.
However, continuing advances in theoretical concepts and methodology

1 Applied Research, Development, Demonstration. Testing and Evaluation Plan for
Environmental Restoration and Waste Management, U.S. Department of Energy,
November 1989, draft document.
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when combined with the ongoing nearly exponential growth in computer
processing speeds hold great promise for modeling the fundamental
molecular processes involved in contaminant transport and
transformation in the environment.

The Theory, Modeling & Simulation program in the Molecular Science
Research Center at the Pacific Northwest Laboratory has been established
to address the problems outlined above. The program combines efforts
devoted to rigorous studies of fundamental processes, e.g., reaction,
solvation. absorption and crystallization, in model molecular systems with
efforts devoted to the simulation of these processes in the complex
multispecies, multiphase molecular systems prevalent in the
environment. Research efforts presently underway include studies of
solvation and reactions in aqueous solutions, structure and chemistry of
minerals, and re-design of enzymes for bioremediation. Work in each of
these areas in FY1991 made possible by allocations of computer time on
the supercomputers operated by the Office of Energy Research at
Lawrence Livermore National Laboratory and Florida State University is
described below.

II. Solvation and Reactions of Hydride Ion

Solvation and reaction are key factors in the transport and transformation
of contaminants in the subsurface environment. Migration of a molecular
species in the subsurface is determined by its solubility in water and by
its absorption on soil particles, such as the clay minerals. Reaction, on
the other hand, can alter the molecular composition, making it more-or-
less soluble and more-or-less harmful. A better understanding of
solvation and reaction in aqueous solutions will form the basis for
improved models of contaminant behavior and movement in the
subsurface environment.

Ab initio electronic structure methods which include electron correlation
effects have been very successful in predicting structures, properties and
relative energetics for reactions of small molecules in the gas phase. This
level of theory has been successfully employed to model the elementary
chemical processes occuring in the earth's atmosphere and in
hydrocarbon flames. This work has proven to be invaluable in unraveling
the complex sequence of chemical reactions occuring in these systems.
We are extending these methods to describe molecular processes in
solution by modeling the solute-solvent system by a finite cluster of
molecules. This approach allows a rigorous description of these
processes, the only limitation being the number of molecules used in the
calculations.
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Figure 1. Structures and energies of the stable and transition
states for the H~(H2O) complex (experimental es-
timates3 are given in parentheses).

As a simple prototype of anion solvation, we have been studying the
interaction of hydride ion, H~. with water. Second order perturbation
energy (MP2) calculations coupled with new basis sets specifically
developed for correlated calculations2 were used to determine the
structures and energies of the H~(H2O)n clusters. The resulting
schematic diagram of the potential energy surface for the H3O~ complex
is given in Figure 1. The calculations predict the H~---H2O complex to be
bound by 18.3 kcal/mol relative to H" + H2O, in good agreement with the
estimate cf 17.3 ±1.2 kcal/mol from experimental studies.3 However, the
lowest dissociation limit, at 5.9 kcal/mol, is to OH" + H2. Thus, the H~
—H2O complex dissociates to OH' and H2, not H~ and H2O.

Note in Figure 1 that a second stable H3O~ complex exists, OH~-H2 which
lies only 0.6 kcal/mol higher in energy than H~---H2O. This complex plays

2 T. H. Dunning, Jr.. J. Chem. Phys. 90. 1007 (1989).
3 M. Henchman and J. F. Paulson. Radial. Phys. Chem. 32. 417 (1988).
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an important role in the isotopic exchange reaction4

OH" + D2 -> OD- + HD k - 3x 1011 cm3/molec-sec

The model proposed to explain the rapid rate of this reaction involves:
(i) formation of a stable HO"--D2 complex, (ii) deuteron transfer to form
the HOD -D- complex, (Hi) rotation of the HOD to form DOH•D",
(iv) proton transfer to form DO"-HD and (v) dissociation to DO" + HD.
Steps (i)-{ii) and (iu)-(u) are consistent with the results summaried in
Figure 1: the complexes in (i) and (v) lie below the OH" + D2 limit as does
the transition state connecting the complexes in (ii) and (iv). For step
(Hi) to be rapid the transition state for the hydrogen atom interchange
process must also lie below OH" + D2 . Our calculations place the
transition state for this reaction

2.110 A

at 3.7 kcal/mol. over 2 kcal/mol below the dissociation limit and, thus,
provide strong support for the proposed mechanism.

We are now extending these calculations to larger H"(H2O)n clusters.
Most of the previous attempts to perform cluster calculations in order to
simulate solvation effects have been performed - due to limitations in
both software and hardware - by using low-levels of theory (e.g., Hartree-
Fock) and/or by considering only high symmetry clusters (e.g., a trigonal
arrangement for the n = 3 cluster). Contrary to these studies, we find
that correlation effects can be quantitatively important and that the
H"(H2O)n clusters adopt asymmetric structures. For example, our
calculations predict that the optimum structure for the H"(H2O)2 cluster
is cyclic with one of the hydrogens of the second water bonding to the H"
while the other forms a hydrogen bond with the oxygen of the first water,
see Figure 2. A linear structure, which was the only structure considered
in prior calculations, lies 3.9 kcal/mole above the cyclic structure and
corresponds to a transition state, not a stable state. The asymmetric
structures retain a measure of the hydrogen bonding in the (H2O)2 cluster
while maintaining strong interactions with the anion. Studies of larger
clusters are underway.

M. Meot-Ner. J. R. Lloyd. E. P. Hunler, W. A. Agosla and F. H. Field, J. Am. Chem. Soc.
102, 4672 (1980); J. J. Grabowski. C. H. DePuy and V. M. Bierbaum, J. Am. Chem. Soc.
105.2565(1983).
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Figure 2. Calculated minimum
energy structure of the H'(H2O)2
cluster.

HI. Electronic Structure of Kaolinite

Over 83% of the earths continental crust is composed of the elements
silicon, oxygen and aluminum, which, when combined, form an abundant
class of minerals known as the aluminosilicates. The clay minerals are the
most common decomposition products of aluminosilicates and, because
of their large surface areas, these materials play a disproportionate role in
the transport of chemical species in soils. However, the extremely small
particle size of the clays (typically 2-10 |j,m), combined with the tendency
of the natural materials to exhibit both structural and substitutional
disorder, complicates experimental characterization of the fundamental
physical and chemical properties of these materials. By employing state-
of-the-art theoretical methods many of these properties can be
elucidated.

The theoretical method employed to investigate these materials is based
on solution of the Hartree-Fock equations (HF) subject to periodic
boundary conditions. The first step in this process is construction of the
direct-space Fock matrix. The resulting Fock matrix and associated
overlap matrix are then Fourier transformed to reciprocal space, where
the equations take on a block diagonal form. The eigenvalue equations
are self-consistently solved to yield the wave function and one-electron
eigenvalues. This method has been fully implemented in the program
CRYSTAL.5 By evaluating the ground state energy as a function of the
nuclear coordinates one can obtain information on the equilibrium
geometry, elastic constants and binding energies of the system. This
method can also provide information on the relative energies of various
crystalline phases, interaction energies and chemisorption binding
energies, and a host of other observeables related to the wave function.

R. Dovesi. C. Pisani. C. Roetti, M. Causa and V. R. Saunders. Quantum Chemistry
Program Exchange. Publication 577, University of Indiana.
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Figure 3. Layered structure of kaolinite.

We have recently used this method to investigate the properties of the
clay mineral kaolinite, Al2Si2O5{OH)4. In this study we computed the bulk
band structure, total and projected density of states, electrostatic charge
densities, and electrostatic potentials. These calculations were carried
out on a 17 atom PI description of the triclinic cell using atomic
positions obtained from an experimental x-ray study reported by Bish and
Von Dreele.6 Figure 3 depicts the layered crystal structure of the
mineral. From that figure it can be seen that the structure is composed of
a "sheet" of corner sharing SiO4 tetrahedra linked, by common oxygen
atoms parallel to the c-axis, to a "sheet" of edge sharing A1O6 octahedra.
The two sheets together form a single clay "layer". The resulting
"layers" then stack to yield the crystal structure.

6 D. L. Bfsh and R Von Dreele, Clays & Clay Minerals 37, 289 (2989).
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Figure 4. Contour plot of the electrostatic potential of kaolinite
midway between the two layers.

The layered structure is typical of clays and indicates a propensity for
these materials to undergo perfect basal cleavage parallel to the (001)
plane. This exposes surfaces composed of either a pseudo-hexigonal
silicate ring system or an aluminum hydroxide network. The ind! ""dual
layers in kaolinite are charge neutral and the centers of the silicates rings
have been proposed to be the chemically reactive sites in the mineral.
The centers of the silicate rings, known as ditrigonal cavities, are thought
to behave, chemically, as weak Lewis bases. The basic nature of the
ditrigonal cavities is attributed to the presence of non-bonding p-orbitals
centered on the oxygen atoms in the ring. Sposito7 has proposed that
the presence of these non-bonding electrons could contribute an
appreciable electron density to the center of the silicate ring, making it
an active site for the uptake of positively charged or neutral species. In
order to test this assertion, we evaluated both the electrostatic potential
and the charge density distribution in planes bisecting the ditrigonal

7 G. Sposito. The Surface Chemistry of Soils, (New York, Oxford. 1984).
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cavity, perpendicular to the c-axis of the crystal. Figure 4 shows a cross
section of the electrostatic potential at the center of the interlayer space.
In the plot only negative values of the potential have been plotted. The
tetrahedral coordination of the silicons is evident in Figure 4, as is the
p-type atomic potential around the oxygens. The center of the ditrigonal
cavity is found to be slightly negative, approximately -12 kcal/mol relative
to the zero of the nearby silicon positions. The potential around the
oxygen atoms, on the other hand, is much deeper with wells up to -
77 kcal/mol. These results suggest that cations in solution in the clay
interlayer would be preferentially absorbed near the oxygens, in contrast
to the intuitive arguments advanced by Sposito.7

IV. Hydrogen Bonding in Biomolecules

In some cases, synthetic or foreign substances released to the
environment may be readily decomposed by natural microorganisms due
to coincidental metabolism or to fortuitious evolution of new enzymatic
pathways. However, extant catabolic pathways in microorganisms able to
degrade these compounds may have low throughput so that timely
removal of compounds is not adequate from an environmental or human
health perspective. In addition, some compounds may be extremely
recalcitrant and their degradation may require extensive evolution of one
or many enzymes. Although microorganisms have the capacity to evolve
enzymes able to attack most chemical groups, the evolution of modified
catabolic pathways may proceed very slowly if multiple genetic changes
are simultaneously required for enzyme adaptation. 'Designing' multiple
changes into an enzyme can be more efficient than waiting for them to
occur biologically either via natural selection or under laboratory-
controlled conditions. However, in order to carry out a rational redesign
study to alter an enzyme's specificity, it is necessary to have adequate
structural data about an enzyme, its active site, its interactions with
substrate, and an understanding of its mechanism(s) of action.

Hydrogen-bonding interactions play ar. essential role in the structure,
dynamics and function of biomolecules and in their interactions with
ligands. The secondary and tertiary structure of proteins and enzymes
are in large measure due to intramolecular hydrogen bonding. Gene
regulation and other kinds of protein-nucleic acid recognition
interactions are dependent on precise hydrogen bonding. The
stereochemical and energetic features of hydrogen bonding are also
crucial to many essential nucleic acid processes. For example,
polymerase-mediated nucleic acid processes such as DNA replication and
RNA transcription as well as ribosomal mediated codon-anticodon
interactions are dependent on the specificity of hydrogen bonding

8
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Figure 5. Structures and hydrogen bond energies from preliminary
calculations on the imidazole-water complex.

interactions. Conventional biochemical models8 consider hydrogen
bonded interactions involving only two donor groups: OH or NH bonds,
and O and N lone pairs. There is, however, evidence to indicate that a
relatively effective hydrogen bond can be formed involving certain CH
donor groups.9 In simple hydrocarbons, the CH bond lacks any
significant capacity for electrostatic or hydrogen bonding interactions.
Due to the presence of heteroatoms and conjugated rings in nucleic acid
bases and certain amino acid sidechains, CH---H2O bonding may play a
significant role in biomolecular structure, dynamics, and function. This
notion is supported by a limited body of empirical quantum chemical and
molecular mechanics studies as well as evidence from neutron crystal
structures and liquid phase NMR (see references in 9). Although CH
donor hydrogen bonds may not afford much stability under typical
solution or competitive conditions, such interactions may play a
significant role in a sequestering environment such as the interior of a
protein, enzjone active site, or in large polymerase or ribosomal
complexes during nucleic acid replication, transcription and translation.

In order to better understand the relative energetics of CH and classical
donor hydrogen bonds, we are currently performing ab initio electronic
structure calculations on methane-water and imidazole-water complexes.
The CH4-H2O complex is being used to gage the 'standard' interaction

For example as embodied In the popular AMBER molecular modeling software (P.
Kollman, University of California, San Francisco).

R. L. Ornstein and J. R. Fresco. Proc. Natl Acad. Set USA 80. 5171 (1983); R L. Ornsteln,
THEOCHEM 48. 311 (1988); R. L. Ornstein. Prog. Clin. BtoL Res. 289. 131 (1989).



Modeling Molecular Proce»Bc» in the Environment Punning etaL

between a hydrocarbon and water. Calculations on this complex indicate
that hydrogen bonding to the CH bonds in alkanes is negligible, with
bond strengths only on the order of 0.5 kcal/mole. Imidazole is a good
model of both protein and nucleic acid CH donor hydrogen bonding
potential. Preliminary Hartree-Fock calculations on the imidazole-water
complex, see Figure 5. show that the nitrogen donors (NH and N) have a
hydrogen bond energy of ~5.9 kcal/mol, while the carbon donor (CH) has
a bond strength of -2.3 kcal/mol. Thus, the strength of the "neglected"
CH-H2O bond is -40% of the strength of the NH--H2O bond. These
calculations are continuing.
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Background;

Fusion has the potential to provide an essentially inexhaustible energy source that

is environmentally attractive. During the last 15 years, magnetic fusion has advanced

substantially, increasing the fusion output power by a factor over 10e to the 60 - 100 KW

level. Experiments planned for 1993 on the US facility TFTR usirg deuterium and tritium

should produce 10 - 30 MW of fusion power. The FPAC[1] has recommended and the

Department of Energy has proposed the initiation of a fusion power development program

that would result in a demonstration fusion power plant by the year 2025. The next steps

in this program are the construction in the US of a Burning Plasma Experiment (BPX)

that would produce 100 - 500 MW of fusion power, and an International Thermonuclear

Experimental Reactor (ITER). ITER would be an engineering test reactor capable of

~ 1 GW of fusion power, and would be designed and built in collaboration with Europe,

Japan, and the Soviet Union.

Computers have become a fundamental tool at all stages of experimental fusion re-

search, and are crucial for engineering design, process control and safety monitoring, data

acquisition, data analysis, and group communication. The role of computers in exper-

imental fusion research continues to evolve, and to change the manner of the research

itself. Here, I will outline the present direction of evolution for two areas: data analy-

sis and group communication. TFTR is taken as an example for discussing the present

situation, but most of the perspectives are common to other fusion experiments.

Data Analysis;

TFTR is a large axisymmetric tokamak with major radius of 2.6 m, minor radius of

0.96 m, magnetic field of 5.2 T, plasma current up to 3 MA, and total heating power

up to ~ 47 MW. Present tokamaks are pulsed devices; TFTR's pulses typically last 8

seconds and occur every 5 to 15 minutes throughout a 2 shift runday (typically ~ 100

pulses/runday). For each pulse, up to 60 MBytes of raw data are acquired, archived,

and preliminarily analyzed. The general sequence of TFTR data analysis is shown in

Fig. 1. The raw data is acquired by a set of front-end acquisition computers, partially

analyzed, and then transferred to a Vax cluster for archiving and further analysis. Ex-



tensive analysis is performed automatically between pulses to provide prompt feedback

to the experimenters and machine operators. The initial analysis converts a subset of

the raw data into physical plasma parameters (e.g. line-densities from interferometers)

and produces results from individual diagnostic systems (e.g. plasma position from mag-

netic probe arrays). The next level of analysis combines the measurements from several

diagnostic systems to provide a composite assessment of the plasma and to test for con-

sistency. This type of analysis includes the SNAP code, which analyzes the cross-field

transport at a single time point (assuming steady-state). SNAP uses measured density

and temperature profiles, the measured edge particle recycling, and the measured energy

inputs. Prom these, SNAP calculates the expected energy and particle source profiles,

and the inferred transport coefficients. SNAP also calculates comparisons to a variety of

integrated measurements of the plasma, such as fusion reaction rate (from emitted neu-

trons) and total stored energy (from the diamagnetism), to test the consistency of the

data set. The results of the between-pulse analysis are available in the control room on

dedicated displays, to help guide the experiment. In addition, databases of these results

are automatically updated and displayed, allowing experimenters to track how conditidns

and plasma parameters evolve through a runday.

After an experiment is performed, the data for interesting pulses is reanalyzed with

higher time-resolution and more sophisticated models to obtain final results. This anal-

ysis includes full time resolution inversion of line-integrated measurements, tomographic

reconstructions, and full time-dependent transport analysis using the TRANSP[2,3] code.

TRANSP is similar to SNAP, but can analyze the full time evolution of a tokamak plasma

with arbitrary cross section using more sophisticated models and more input data. TRANSP

is a large Fortran code, consisting of a number of alternative models, that has been de-

signed to be reasonably machine independent. It currently executes on the Vax, IBM

3090, Cray 2, and Decstation (a RISC workstation). TRANSP runs typically consume one

to two CPU-days per data-set on a Decstation 5000/200 (or a single Cray 2 processor),

producing ~ 20 MBytes of output which is interactively explored on the Vax cluster. To

support the TRANSP analysis of TFTR data, we use a group of 4 Decstations as dedi-

cated compute servers. The scheduling, managing, and failure recovery of the Decstation

production runs is performed by software running on the Vax cluster, without human in-

tervention. Similarly, the TRANSP software on the Decstation is supported and developed

using Vax based software management tools. In the 1.5 years of use so far, the Decstations



have provided a very economical., stable, and flexible production environment.

In addition, there are a number of computationally significant codes used for non-

routine analysis of data. Often, these are codes were developed in the Theory program,

and are analyzing experimental data to confront specific'theoretical questions. Examples

include toroidal kinetic linear microstability codes [4], 3D MHD stability cedes, fluid

turbulence simulations, and gyrokinetic particle simulations. These codes can use ~ 100

Cray hours to analyze a single experimental situation.

Looking ahead, it is clear that workstations will proliferate, and will handle almost

all computationally intensive tasku. The projections for the next large experiments, BPX

and ITER, near the er.d of the decade, indicate raw data-set sizes of ~ 10 GBytes per

pulse. This will require a substantial improvement in our archiving and data organization

technology. In addition, due to the high cost of the next experiments, more data analysis

will be required promptly. In the previous generation of experiments, TRANSP-like anal-

ysis was manpower intensive, rare, and expensive. For current experiments, it is routine

but only performed when needed. For BPX and ITER it will be needed between pulses

(if not in real-time) and will probably be feasible. Analysis that is currently not-routine

(e.g. microstability) will need to become routinely available, with perhaps a one day

turn-around.

Computer Communication:

The other area where computer developments are having a large impact is in com-

munications within the research group, both during an experiment and during analysis.

With the availability of high speed reliable networks, and the completely computerized

data environment, it is no longer necessary for an experimenter to be located on site in

order to participate in the experiment. During this last year, with our collaborators at

the Univ. of Wisconsin, MIT, and Columbia Univ., we developed software allowing them

to participate in experiments from their remote institution. Remote experimenters are

able to monitor the experimental status in real time, control diagnostics and some devices

(a pellet injector), analyze data between shots, and participate in experiment planning.

Safety and device integrity interlocks are not remotely controllable. The system uses work

stations at the remote site, communicating over ESnet/Internet to the TFTR Vaxes, see

Fig. 2. The workstations support a number of terminal emulation windows connected to

Vax programs to provide the desired information (e.g. real-time count-down clock, oper-

ator's comments), data display, and analysis functions. The initial system was primitive



in that most of the coordination was via standard telephone connections. This system

is being upgraded this year to use video capture, compression, and periodic dispersal to

distribute coordination information not available electronically. The terminal emulation

windows are being converted to standard X-windows. *The goal is to give the remote

physicist access to all the information and functionality they have in the control room.

In pursuing this capability it has become clear that by systematizing the control room

information for remote access we can make it more accessible everywhere.

For the next large US experiment, BPX, which is a national collaboration, remote

experimenters and operators will be standard, probably including video-conferencing for

multipoint coordination. For ITER, the international experiment, remote control rooms

in each of the principal participating countries have been proposed. This would relieve

the long-term international relocation problems and allow each of the national teams to

maintain a somewhat separate identity.

Computerized communication has also become significant within research groups dur-

ing the analysis phase, both for message passing and for archiving and communicating

information that used to be kept in notebooks. As a research group becomes separated

geographically and in time (for long lived experiments), the advantages of prompt elec-

tronic accessibility are substantial. We are beginning to investigate ways of organizing

the entire data stream from a large experiment as a hyper-file like system, recording the

intrinsic relations between diagnostics, the data they take, appropriate calibration infor-

mation, and analysis results that depend on the data. Such a system will also allow the

researcher to record the relationships and conclusions he finds about the data and make

them available to the rest of the group. If practical, such a system should greatly increase

the efficiency of research by large groups over an extended time.

This work was supported by USDOE contract DE-AC02-76-CHO-3073.
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In order to produce a projection of future climate, models used for climate
research must produce realistic cloud amount, cloud structure and cloud
radiative properties. To this end, a series of simulations were performed at
the Program for Climate Model Diagnosis and Intercomparison (PCMDI)
at LLNL using the supercomputer resources at NERSC to help determine
why different climate models produce different cloud feedbacks. The simu-
lations were designed to first facilitate model validation with a high resolu-
tion model and second, to evaluate methods for model intercomparison.

1 Lawrence Livermore National Laboratory, Livermore, CA
2 University of Reading, Reading UK
3 European Centre for Medium-range Weather Forecasts, Reading, UK
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Abstract

Radiation fields from a perpetual July integration of a high resolution version of the ECMWF operational
model are used as surrogate observations of the radiation budget at the top of the atmosphere, to illustrate
various difficulties that modelers might face when trying to reconcile cloud radiative forcings derived from
satellite observations with those generated by models. Differences between the so-called Methods I and II of
Cess and Potter (1987) are addressed. Method I is shown to be the least robust of all methods, due to the po-
tential uncertainties related to persistent cloudiness, length of the sampling peuod, and biases in retrieved
clear-sky quantities due to insufficient sampling of the diurnal cycle.

1.0 Introduction
The concept of cloud radiative forcing was first discussed in the open literature by Coakley and Baldwin
(1984) and was first used by Ramanathan (1987) to identify the impact of clouds on the radiation budget at
the top of the atmosphere, It may be defined as the difference between the radiative flux which actually oc-
curs with cloudiness and that which occurs for clear skies. The change in cloud radiative forcing which ac-
companies a change in climate is known as cloud feedback. In a recent study by Cess et al. (1989,1990) of
the response of 19 atmospheric general circulation models (GCMs) to an imposed change in sea surface tem-
perature (used as a surrogate climate change), an almost threefold variation in the cloud feedback from
weakly negative to strongly positive was obtained. This led Cess cl al. to conclude that cloud-climate feed-
back could be a significant cause of inter-model differences in climate change projections. While this varia-
tion in feedback can be attributed to the difference in the treatment of clouds amongthc various models, a
contributory factor may also be the definition and method of compulation of the cloud radiative forcing it-
self.

In terms of tht energy lost or gained by the canh-atmosphere system, cloud radiativeforcing (CRF) can be
defined as:

CRF = Fcieir-Ftou,+ Q l o u l-Q c , e i r (EQ1)

where F and Q are, respectively, the emitted infrared and net downward solar fluxes at the top of the atmo-
sphere (TO A). The concept of cloud radiative forcing was originally introduced with satellite data because it
allowed the impact of clouds on the TO A radiation budget, and therefore on the earth/atmosphere system, to
be determined without requiring any knowledge of the cloud fraction or cloud height, both of which are dif-
ficult to measure. Similarly, the modeling community has adopted cloud radiative forcing because it circum-
vents the problems of comparing or validating cloud amount and cloud radiative properties, both of which
are highly model dependent.

The primary uncertainty in the calculation of cloud radiative forcing lies in the determination of the clear
sky fluxes. The original estimates of cloud radiative forcing were computed from satellite data in which the
clear sky flux could only be obtained from cloud-free pixels. The basic assumption was made that, over a
reasonable length of lime, say one month, the majority of pixels would experience clear skies at some time
and thus allow measurement of clear sky flux. While this appears to be the only practical way for estimating
the clear sky flux from satellite data, it has the disadvantage that the clear and cloudy fluxes do not apply to
the same atmospheric state. Additionally, it is conceivable that there may be areas of the globe where the sat-
ellite is unable to find any clear pixels and thus unable to estimate the cloud radiative forcing. Cess and Pot-
ter (1987) identified this calculation of the clear sky flux as Method I and used it in the context of a general
circulation model by equivalencing the model grid to the satellite pixels. An alternative procedure exists for
models, in which the clear sky flux is computed whatever the cloudiness. This flux is often already available
from the radiation code or can be computed easily by running the code again with clear skies. This method
of calculating the cloud radiative forcing was defined as Method II by Cess and Potter and gives a cloud
forcing thath represents the impact of the clouds on the radiative fluxes for the same atmospheric state.
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2.0 Methodology
In the ECMWF model, the prognostic variables are represented in the horizontal by truncated scries of
spherical harmonics.The model uses a triangular truncation; TI06 horizontal resolution therefore refers to
the representation retaining the first 106 spectral coefficients. Physical tendencies are calculated by the phys-
ical processes parameterizations on a Gaussian collocation grid where the mesh size is (1.125 degrees lati-
tude)2 at T106 and (5.625 degraas latitude)2 at T21. All results presented hereafter were obtained with the
ECMWF model running at NERSC (cycle 33 of the libraries, operational in July 1989). In particular, the
model includes the new mass-flux scheme for parameterizing convective processes (Tiedtke, 1989) and the
new radiation scheme (Morcrette, 1990). Cloud fields are diagnosed with the original cloud scheme of Slin-
go (1987). The model includes the diurnal cycle of insolation. Full radiation computations are performed ev-
ery 3 hours and the radiation fields are updated at every time step (At = 900s at T106, At = 2700s at T21)
taking into account the correct solar zenith angle in the shortwave and the correct temperature profile in the
longwave computations.

2.1 Computational requirements
The model was integrated for 90 days for perpetual July conditions using either the climaiological SSTs of
Alexander and Mobley (1976) in the control case, or±2K SST perturbations to that climatology in the per-
turbed cases (SST-2K, SST+2K). In all the integrations, instantaneous total and clear-sky radiation fields
were saved every 3 hours. Most results are means over the last 30 days of the integrations and therefore in-
clude 240 instantaneous fields.

These simulations were only possible with the allocation of a "Grand Challenge" computer allocation be-
cause the model requires nearly 3 Computer Resource Units (CRUs or CRAY -1 equivalent hours) per day
of simulation and produces several hundred megabytes of data at each time samplcThe simulations required
nearly 3000 CRUs to complete and the data occupies nearly 200GB on CFS. The data is stored in 32 bit
IEEE format for case of analysis with a direct access data handler developed at the LLNL Program for Cli-
mate Model Diagnosis and Intcrcomparison (PCMDI).

2.2 Clear sky flux retrievals
In Method I as described by Cess and Potter (1987) and used by Harshvardhan et al. (1989), the time aver-
aged clear sky flux for any model grid point is obtained from:

<EQ2)

where N is the total number of samples (here the total number of radiation time-steps) and Si is 1 if the grid
is totally clear and 0 otherwise. F, is the total flux so that only the fluxes for clear sky conditions arc summed
in this case. This method can be used with satellite observations provided that information on the state of the
atmosphere (clear sky or cloudy) is available. This method gives areas with missing clear sky "observations"
wherever there is some fractional cloudiness (not necessarily overcast) at the pixel resolution when dealing
with satellite observations or at the resolution of the model grid when dealing with model fluxes. If a model
includes a diurnal cycle, then Method la is also likely to lead to a different sampling for longwave and short-
wave fluxes.
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With Method II, the clear sky flux is computed from the simulatedtempenture and humidity profiles and is
therefore available at every point and at every time. Thus the time averaged clear sky flux in a grid box is
simply given by:

1
rcle«i

rdeti

(EQ3)

where Fjcle4T is the clear sky flux computed by the model. This method, which, in principle, can always be
applied in model calculations of the cloud radiative forcings, is an unbiased technique for intercomparison
model results, since the clear sky flux is always defined whatever the conditions. In practice, depending on
the actual details of the radiation code, this method may require running the radiation code twice; once for
computing the diagnostic clear sky fluxes and once for calculating the total fluxes and radiative heating rates
required by the thermodynamic equation of the model.

In fact, neither of these methods is entirely consistent with the elaborate data processing carried out on Earth
Radiation Budget Experiment (ERBE) measurements. As detailed in Harrison et al. (1988), once the radi-
ance measurement has been converted to a TOA longwave flux and a scene identification determined, (giv-
ing the most probable cloud cover over the observed scene in terms of clear (0-5%), partly cloudy (5-50%),
mostly cloudy (50-95%), and overcast (95-100%)), this flux is assigned to one of the 24 local hours in one of
the 10,368 regions (2.5 latitude x 2.5 longitude). Even with a multi-satellite ERBE data set (usually two
satellites contributing), measurements can provide only a few estimates of the TOA flux during each day for
a given region.

3.0 Results
Although the ECMWF model is a global model the authors selected Southern Asia as a representative area
that demonstrates regions that are dominated by persistent clouds and therefore prevent calculation of a clew
sky flux.

3.1 Method I
As already described, the cloud radiative forcing calculated using Method I is dependent on the number of
samples for which the sky is clear during the time period in question. Figure 1 shows the incidence of clear
skies for the mean of days 61 to 90 from the T106 model.

« • • • • ! • ' . T i ••• • f - a

FIGURE 1. The percentage of cfcar-sky observations during the last 30 days or a T1W 90-day
perpetual July integration. Grey Indicates 0%

Cloud Radiative Forcing: A Modeling Perspective



Cloud amounts greater than 80% are shown in Figure 2. The grey area in Figure 1 outlines the missing data,
i. e. those grid points for which there were no cloud-free days. These occur primarily over the convcctively
active areas of the tropics and over the region of persistent stratus associated with the cold waters of the
North Pacific (not shown). The area of missing data over the Himalayas is primarily due to the model's ten-
dency for the monsoon flow over India to track northwards, releasing its precipitation over this region rather
than over India itself.

1 1 1 1 1 1

FIGURE 2. The mean cloudiness (%) during the last 30 days of a Tl 06 90-day perpetual July
Integration

It is clear from Figures I and 2 that the main areas of missing data are coincident with the areas of max-
imum cloudiness, precisely where the cloud radiative forcing will be torge.Where the cloud radiative forc-
ing is likely to be large, Method I will therefore rely on a small number of samples.

Thus, both in terms of missing data and of sample size, the cloud radiative forcing is likely to be poorly rep-
resented by Method I precisely in those regions where it is important.

The areas of missing data in this 30-day mean from the ECMWF model run at T106 horizontal resolution are
quite extensive and probably arise from the model's tendency to produce a persistent location for the ITCZ,
which is more marked at higher resolution. Thus, it could be argued that an intercomparison of the cloud ra-
diative forcing from different models or from different resolutions might not be particularly informative be-
cause the areas of missing data will not be the same. The question of sample size also has to be considered.
For model intercomparison, it is possible that the sampling may be dependent on the type of cloud scheme
used in a model. An "on/off" cloud scheme may show a greater incidence of clear skies than a fractional
cloud scheme.

It is clear from the description of Method I thM it is valid at most in a time mean sense and cannot be used to
identify the instantaneous cloud radiative forcing. It will also be dependent on the length of the time mean.
The longer the averaging period the more likely it is that a region will experience clear skies so that the areas
of missikg data should become smaller. There are substantial differences between the distributions based on
10 and 30-day averaging periods at most latitudes. With an increase in the averaging period to 90 days, the
decrease in the number of missing data is less marked, reflecting the persistent nature of the ITCZ and, the
clouds over the Himalayan plateau. The results suggest that a 30-day average is the minimum necessary to
remove the effects of the transient features such as the southern hemisphere depression belt. The dependence
of the cloud radiative forcing determined from Method I on the length of the averaging period must be seen
as another disadvantage both for model intercomparison and validation.
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The diurnal variation in convecu'vc activity over the tropical continents has been well documented (e.g. Min-
nis and Harrison, 1984: Harrison et al., 1988). Typically, over land, it shows a peak in cloudiness in the after-
noon with a minimum in the early hours of the morning. This suggests that a diurnal bias in the sampling,
particularly for the shortwave cloud forcing, might be a problem for Method 1. The shortwave cloud forcing
(SCF) computed using Method I for the T106 model is shown in Figure 3. It is derived from monthly aver-
aged fluxes:

(EQ4)

where Qtottl is the total downward shortwave flux, averaged over the 240 samples, and Qdeir is the clear sky
downward shortwave flux, averaged over the clear sky samples only. The extreme negative and positive val-
ues in Figure 3 are artifacts of the diurnal sampling problem already discussed.

T T I

FIGURE 3. The shortwave cloud Forcing (Wm'2)computed using Method I from time averaged fluxes,
for the last 30 days of a T106 90-day perpetual July integration

While the global mean shortwave forcing of -44.0 Wm'2 is reasonable, the details of the two horizontal dis-
tribution are clearly not. The excessive negative values occur because the clear sky flux is only sampled near
local noon, with the consequence that the time averaged clear sky flux is an overestimation of the true daily
averaged clear sky flux. Similarly the extreme positive values of the forcing are due to the clear sky flux only
being sampled either LD ihe early morning or late afternoon, thus giving a value which is unrealistically small
and hence implying a large positive shortwave forcing. It is interesting to note that these extreme values of
shortwave cloud forcing are located close to areas of missing data and are coincident with the areas of low
percentage incidence of clear skies (generally less than 10%) shown in Figure 1.

3.2 Method II
The shortwave cloud forcing computed using Method II is shown in Figure 4. Comparison with Figure3
confirms the supposition that the areas of missing data with Method I may bias the shortwave cloud forcing
by a considerable amount.
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FIGURE 4. The shortwave cloud forcing (Wm'2)computed using Method II, for the last 30 days of i
T106 90-day perpetual July integration

4.0 Discussion

4.1 Intercomparison requirements
It is evident from the above results that the advantages of Method II arc substantial when the purpose is
model intercomparison or analysis of cloud feedback. Because Method II is free from any sampling biases,
the clear sky fiuxes can be compared readily between models, and the differences in the cloud radiative forc-
ing can be directly related to differences in the physical parameterizations. On the other hand, Method I is
dependent on a host of characteristics specific to each model which include the horizontal resolution, the
type of cloud parameterization scheme employed (fractional or "on/off"), the presence of a diurnal cycle,
and the length of the averaging period.

4.2 Sensitivities and cloud feedback
It is instructive to study how the various determinations of the clear sky fluxes influence the climate sensitiv-
ities in the framework of the surrogate climate change experiments of Cess et al. (1989,1990). Following the
notation of that paper, a clear sky sensitivity \ . and a total sensitivity X are defined by the following expres-
sion:

(EQ5)

AF _ AQ
I " ATI

where AF is the change in clear sky (total) outgoing longwave flux, AQ the change in clear sky (total) ab-
sorbed solar radiation and A T S the change in global mean surface temperature. Table 1 lists the globally av-
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eragcd values of all relevant fluxes in the control experiments and the differences in the same quantities
between the SST+2K and SST-2K experiments. Clear sky fluxes and corresponding cloud radiative forcings
are reported as obtained by Methods 1 and II.

Although the results discussed in the previous sections were taken from an integration with the highest hori-
zontal resolution, the analysis was also conducted for sets of integrations using lower resolution, more typi-
cal of those models in the intercomparison study of Cess et al.(1989,1990). Table 1 thus includes a summary
of the results obtained with the T21 version of the model so that the dependence on resolution can also be
addressed. This question is very relevant, since some models seem to have difficulties in coping with higher
resolution, at least regarding their distribution of humidity, and therefore cloudiness and corresponding
fields (Kiehl and Williamson, 1990). Another study (Morcrette et al. 1991) documents the details of the sen-
sitivity to horizontal resolution of the cloud and radiation fields in the ECMWF model. Here, it is sufficient
to say that the humidity, cloudiness and radiation fields are quite robust features in the ECMWF model, as
can be seen in a comparison of T106 vs. T21 global means of the radiation fields and cloud radiative forc-
ings in Table 1.

TABLE 1. Global means of radiation parameters at the top of the atmosphere for two sets of
experiments run at T106 and T21 horizontal resolution. Methods I and II refer to the method used for
deriving the clear-sky fluxes and corresponding cloud forcings and sensitivities. Except where noted
units are in Wm"2

Control

cloud amount(%)

surface remp(C)

total OLR

Method I

clear sky OLR

clear sky SW

longwave forcing

shortwave forcing

net cloud forcing (CRF)

Method II

clear sky OLR

clear sky SW

longwave forcing

shortwave forcing

net cloud forcing (CRF)

Changes (SST+2C) -

Cloud amount(%)

surface temp(C)

total OLR

total abs SW

X(Km2w')

T106

53.11

16.57

245.98

T106

286.99

286.02

38.41

-43.96

-5.55

T106

281.12

287.39

35.14

-52.59

-17.45

(SST -2C)
T106

-1.95

3.40

5.66

-4.87

0.32

T21
55.93

17.18

235.81

T21

286.72

285.96

43.84

-38.75

5.04

T21

279.92

287.46

39.11

-51.65

-12.54

T21

-1.76

3.47

7.63

-5.05

0.27
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Method 1

Clear-sky OLR

clear-sky SW

longwave forcing

shortwave forcing

net cloud forcing (CRF)

XcflCmV1)

Me
Method II

Clear-sky OLR

clear-sky SW

longwave forcing

shortwave forcing

net cloud forcing (CRF)

X
XAc

T106

7.72

-0.27

1.49

-3.20

-0.17

0.44

0.76

T106

7.59

0.54

1.94

-5.41

-3.47

0.48

0.66

T21
8.13

-0.07

.29
-2.88

-2.58

0.42

0.64

T21

8.04

0.66

0.41

-5.71

-5.31

0.47

0.57

The global mean values for the control integrations confirm the earlier result that, independent of resolution,
Method I overestimates the clear sky OLR because of its bias towards warmer and drier conditions. The
clear sky shortwave absorption is underestimated by Method I, primarily because it is biased towards areas
with higher surface albedo. This arises for a variety of reasons. Firstly, the areas of missing data are mainly
over the tropical oceans (Figure 1) where the surface albedo is lower than for the extratropical oceans, bear-
ing in mind the zenith angle dependence of albedo. Harshvardhan et al. (1989) attributed the large differenc-
es between Methods I and II clear sky shortwave absorptions in the UCLA/GLA GCM to the diurnal cycle
in cloudiness, this effect has been largely eliminated in this study by use of albedos rather than fluxes for
computing the shortwave cloud forcing.

The net cloud radiative forcing computed by Method I differs by more than 10 Win'2 from that computed by
Method II, the difference being greatest at lower resolution. Indeed, both the results from the control integra-
tions and the changes associated with the SST perturbations show that the dependence on resolution is ac-
centuated when Method I is used to compute the cloud radiative forcings and climate sensitivities. It should
also be noted that the difference between Methods I and II exceeds the dependence on resolution identified
in the Method II results.

The lower portion of Table 1 presents the changes and the climate sensitivity parameters calculated from the
SST+2K and SST-2K integrations. As with all the GCMs reported in Cess et al. (1989,1990), the total cloud
amount decreases. However, the magnitudes of both the shortwave and longwave cloud forcing increase.
This can be attributed to the model's cloud radiative properties which are a function of cloud liquid water,
the cloud liquid water content increasing with the wanner climate. The increase in cloud liquid water con-
tent influences the cloud's shortwave albedo more than its longwave emissivity so that the increase in short-
wave forcing dominates; this leads to a negative cloud feedback, characterized by a value of\t which is
less than unity.

Cess et al. (1989,1990) showed a large variation in sensitivities and cloud feedbacks obtained by various
models with various resolutions, from weakly negative, as in the ECMWF model, to strongly positive (X/\.
in excess of 2). Some of this variation could be attributed to the differing resolutions, as identified in the
comparison of the T21 and T106 results in Table!, although it should be noted that the ECMWF model ap-
pears quite robust in terms of resolution dependence. It is also evident from the comparison of Methods I
and II given in Table 1 that uncertainties in the definition of the cloud radiative forcing itself will not greatly
alter the results shown in Cess et al.. However, it is hoped that in the future much closer agreement between
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models on the sign and magnitude of the cloud feedback will be reached. In that case, the differences among
the methods for computing cloud radiative forcing may be more critical. In this context, it should be noted
from Table 1 that the difference in the change ofCRF between Methods I and U is comparable to the
change in the net radiation associated with a doubling ofC02 (Schlesinger and Mitchell, 1987) and
therefore must be considered important.

5.0 Conclusions
As shown in (his study, only Method II allows the clouds radiative forcing to be defined clearly and simply
without ambiguity, so that it can be readily compared from model to model. Only Method II ensures that the
temporal and spatial sampling of the clear sky fluxes is the same in every model. The results are highly de-
pendent on ihe number and location of missing clear sky "observations" which generally occur in areas
where the cloud radiative forcing is large. Moreover, different models will have different spatial and tempo-
ral distributions of these areas of missing clear sky "observations", which themselves depend on the length
of the sampling period. It should be emphasized that none of the methods used to compute the clear sky flux-
es in general circulation models allows a direct comparison with the cloud radiative forcing derived from
ERBE observations. This would require that the clear sky fluxes be calculated in a way which is consistent
with ERBE data processing (Harrison el al. 1988). Thus, the validation of model cloud radiative forcing with
the ERBE data must be seen as an issue separate from (hat of model intercomparison.

As noted by Kichl and Ramanaihan (1990), the cloud radiative forcing approach based on only Method I
produces diagnostics relevant to monthly mean time scales. While this is useful information, it can give little
insight into the detailed interactions that link together the large-scale circulation, r.:cist processes (in partic-
ular convection), clouds and radiation. In that respect, Method II is more able to document properly the diur-
nal cycle and day-to-day variability of the cloud radiative forcing. An intercomparison of climate models
aimed at understanding the differences in sensitivities will have to address (among many other things) how
these interactions are dealt with by the different models.

6.0 Acknowledgments
The authors would like to thank Professor Robert D. Cess for his valuable comments and inspiration and Dr.
W. Lawrence Gates for his continuing support. We would also like to thank Robert Mobley, Robert Drach
and Dean Williams for their programming efforts. The simulations were performed at the National Energy
Research Supercomputer Center. This worked was supported by the Division of Environmental Research,
Office of Energy Research, US Department of Energy and conducted at the Lawrence Livermore National
Laboratory under US Department of Energy Contract W- ''AOS-EngAi with the University of California.

7.0 References
Alexander, R. C , and R. L. Mobley, Monthly average sea-surface temperature and icepack limits on a 1°

global grid, Mon. Wea.Rev., 104.143-148,1976.

Brooks, D. R., E. F. Harrison, P. Minnis, J. T. Suttles and R. S. Kandel, Development of algorithms for un-
derstanding the temporal and spatial variability of the Earth's radiation balance. Rev. Geophys, 24,422-
438,1986.

Cloud Radiative Forcing: A Modeling Perspective 10



Cess, R. D., and G. L. Potter, Exploratory studies of cloud radiative forcing with a general circulation model,
Tellus,39A, 460^73.

Cess, R. D.. G. L. Potter, J.-P. Blanche!, G. L. Boer, S. J. Ghan. J. T. Kiehl, H. Lc Treul, Z.X. Li, X. -Z. Li-
ang, J. F. B. Mitchell, J. -J. Morcrette, D. A. Randall, M. R. Riches, E. Roeckncr, U. Schlcsc, A. Slingo,
K. E. Taylor, W. M. Washington, R. T. Weiherald and 1. Yagai, Interpretation of cloud-climate feedback
as produced by 14 atmospheric general circulation models. Science, 245,513-516.1989.

Cess, R. D., G. L. Potter, J.-P. Blanchet, G. L. Boer, A. D. Del Genio, M. Deque, V. Dymnikov, V. Galin, W.
L. Gates, S. J. Ghan, J. T. Kiehl, A. A. Lacis, H. Le Treut, Z. X. Li, Z. -X Liang, B. J. McAvaney, V. P.
Meleshko, J. F. B. Mitchell, J. -J. Morcrette D. A. Randall, L. Rikus, E. Roeckner, J. -F. Royer, U.
Schlese, D. A. Sheinin. A. Slingo. A. P. Sokolov, K. E. Taylor, W. M. Washington, R. T. Wetherald and
I. Yagai, and M.-H. Zhang, Intercomparison and inteipretation of climate feedback processes in 19 at-
mospheric general circulation models. / . Geophys. Res., 95D, 16,601-16,617,1990

Coakley, J. A., Jr., and D. G. Baldwin, Towards the objective analysis of clouds from satellite imagery data,
/ . Climate Appl. Meteor., 23,1065-1099,1984.

Harrison, E. F., D. R. Brooks, P. Minnis, B. A. Wielicki, W. F. Staylor, G. G. Gibson, D. F. Young, F. M.
Denn and the ERBE Science Team, First estimates of the diurnal variation of longwave radiation from
the multiple-satellite Earth Radiation Budget Experiment (ERBE), Bull. Amer. Meteor. Soc, 69,1144-
1151, f989.

Harshvardhan, D. A. Randall, T. G. Corseui and D. A. Dazlich, Earth radiation budget and cloudiness simu-
lations with a general circulation model. / . Atmos. Sci., 46,1922-1942,1989.

Kiehl, J. T. and V. Ramanathan, Comparison of cloud forcing derived from the Earth Radiation Budget Ex-
periment with that simulated by the NCAR Community Climate Model,/. Geophys. Res., 95,11,679-
11.698,1990

Kiehl, J. T., and D. L. Williamson, Dependence of cloud amount on horizontal resolution in the NCAR
Community Climate Model. Submitted to / . Geophys. Res.

Minnis, P., and E. F. Harrison, Diumal variability of regional cloud and clear-sky radiative parameters de-
rived from GOES data. Part II: November 1978 cloud distributions,/. Climate Appl. Meteor., 23,1012-
1031,1984.

Morcrette, J. -J., G. L. Potter and J. M. Slingo, Sensitivity of the ECMWF model radiation fields to model
resolution, In preparation.

Ramanathan, V., The role of Earth Radiation Budget studies in climate and general circulation research,/.
Geophys. Res., 92,4075-4095,1987.

Schlesinger, M. E., and J. F. B. Mitchell, Model projections of the equilibrium climatic response to increased
CO2,Rev. Geophys., 89,760-798,1987.

Slingo, J. M., The development and verification of a cloud prediction scheme for the ECMWF model. Quart.
J. Roy. Meteor. Soc, 113,899-928,1987.

Tiedtke, M. A., comprehensive mass-flux scheme for cumulus parameterization in large-scale models, Mon.
Wea. Rev., 117.1779-1800,1989.

Cloud Radiative Forcing: A Modeling Perspective 11



9. First Principles Simulations of Metallic Alloys and Liquids (J. W.

Davenport, G. W. Fernando. G.-X. Qian, R. E. Watson, and M. Weinert)



FIRST PRINCIPLES SIMULATIONS OF

METALLIC ALLOYS AND LIQUIDS

J. W. Davenport, G. W. Fernando, G.-X. Qian,

R. !;•. Watson, and M. Weinert

Department of Physics

Brookhavcn National Laboratory

Upton, New York 11973

The submitted manuscript has been authored under contract DE-AC02-76CH00016 with the Division of Materials
Sciences. I'.S. Department of Energy. Accordingly, the I'.S. Government retains a nonexclusive, royalty-free license to
publish or reproduce the published form of this contribution, or allow others to do so. for U.S. Government purposes.

1



In recent years it has become possible to calculate the structual and thermodynamic

properties of materials from first, principles. The words "first principles" refer to the fact

that there are no adjustable parameters in these theories. The calculator need only specify

the atomic constituents the rest is handled by the computer. In this sense the calculations

are "unbiased" and can be used to search for new materials with interesting new properties.

Work at Brookhaven has focussed on metallic systems because of their nearly universal

use as structural materials. New alloys could have tremendously important economic

impact in the form of weight savings and the ability to perform at higher temperatures

which increases the efficiency of gas turbines and other heat engines. Yet the search

for new alloys by traditional techniques (based largely on trial and error) has become

much too costly. Being both accurate and cheaper, guidance from computational and

analytical theory is needed to narrow the search. In addition, it is important to extend

these calculations to nonzero temperature including the liquid phase. This is so because

liquids form an essential part of the phase diagram and a theory which aims to calculate

phase diagrams should be able to handle liquids. This also gives a theoretical maximum

temperature (operation certainly can't exceed the melting temperature). In addition,

processing of new materials often involves quenching from the melt or annealing at high

temperature.

First principles calculations arc nearly all based on the local density approximation

(LDA).1 This is a technique for solving the quantum mechanical motion of the electrons

in solids. It resembles the Hartree Foek approximation in the sense that a single particle

Schrodinger equation must be solved and the resulting wave functions used to construct the

electronic charge density. That charge density determines the electrostatic potential via

Poisson's equation which is inserted into the Schrodinger equation and the entire process

is repeated until the densities and potentials are "srlf-rnnsistrjit." that is hardly changing

from one iteration to the next. Given the self-consistent density there are standard for-

mulas to compute the energy and the force on each of the nucleii. The nucleii are usually
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positioned oa a crystal lattice, corresponding to a particular crystal structure such as cu-

bic, or hexagonal. The total energy will be lowest for the structure which is stable and in

this way the crystal structures of materials can be predicted. In addition, the energy of a

compound made up of two or more atomic constituents can be calculated and compared

with those of the pure materials. If the overall energy is lowered (exothermic) then the

compound is stable; if it is raised (endothermic) then the compound is unstable (or possi-

bly metastable) relative to those constituents. (Of course, an exothermic compound may

be less stable than some other compound of the same or nearly the same composition).

As an example of this kind of calculation, we show in Figure 1 the heat of formation

of various platinum titanium alloys. This system was chosen for study because the exper-

imental heats were available to provide a test of the theory. The technique used to solve

the Schrodinger equation was the linear augmented Slater type orbital method (LASTO).

This method- uses a basis set which consists of numerical .s-, p, d, etc. functions inside

spheres centered on the atomic uucleii and a Bloch sum of Slater-type orbitals in the region

between spheres. Slater-type orbitals consist of powers of r times decaying exponentials.

The charge density and potential are expanded in spherical harmonics inside the spheres

and in plane waves (Fourier expansion) between spheres. There are no shape approxima-

tions to the density or potential. This method has been tested and found to give results

in excellent agreement with other first principles techniques2 and, as seen in the figure,

with experiment. To calculate the heat of formation of a particular compound a crystal

structure is chosen, the total energy calculated, and the heat obtained from

AH = £,„,„,, — XptEpt — XT,ET,

where Evotni> is the energy of the compound (per atom), and .Y is the atomic concentra-

tion of Pt or Ti in the compound. Platinum and titanium are expected to form strong

compounds because the average number of d electrons (6) is close i<; h.-.lf filling the d

band. Indeed the calculated and experimental heats are '^ ~ If V over most of the con-

centration range. This correlates with the very large melting temperatures indicated by



the uppermost line in the (experimental) phase diagram at. the top.3 PtTig, forms in the

A15 structure, an ill-packed Laves phase in which superconductors such as Nb^Sn form.

It is of interest that theory does as well in predicting the heat of formation of this phase

as it does for the other, better packed, systems represented in the figure.

The calculations on Pt-Ti were carried out for a fixed crystal structure and at zero

temperature. In the second example, we will show how the theory can be extended to

finite temperatures through the use of molecular dynamics simulations. In this case, we

make use of another feature of the local density approximation - that it can accurately

give the force acting on a particular ion. The force is the gradient of the total energy

with respect to the ion position and it can be calculated if the charge density is known.

Molecular dynamics simulations have been carried out for many years,'1 but nearly always

with forces derived from ad hoc pair potentials. The problem with that approach is that it

has not been possible to construct pair potentials which yield accurate forces especially for

metallic systems when* volume dependent terms are crucial. Use of the LDA to perform

firsi principles molecular dynamics simulations was suggested by Car and Parrinello.5

Recently, we have extended their method to the simulation of metals.6

In these calculations the ions move (classically) with velocity Va. The temperature is

defined by the mean kinetic energy.

where N is the number of particles. Typically 50 100 particles can be treated. This is

fewer than in simulations using pair potentials (which may be 1000-10,000), but is usually

sufficient to describe properties such as the specific heat, thermal expansion, or melting

temperature.

The key innovation of Car and Parrinello was to utilize an iterative diagonalization

technique to solve the LDA Schrodinger equation. This is effective because the basis

set size is very large (typically ~ 10.000) requiring the diagonalization of 10,000 x 10,000
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mat rices. Yet only the lowest 1% or so of the eigenvalues are required. Further, the matrices

become diagonally dominant for the highest Fourier components of the eigenfunctions,

Car and Parrinello formulated this in a particularly e.^gant way in which they derived the

iterative equation from a fictitious Lagrangian5 but more general formulations are possible

and indeed important for metals.6'7 The details of our calculations have been described

elsewhere.8'9

Briefly a simulation cell containing 64 aluminum atoms with periodic boundary con-

ditions was used. The energy cutoff for the plane wave basis set was 9 Rydbergs leading

to approximately 6,000 plane waves.

The result shown in Figure 2 is for the pair correlation function of liquid aluminum

at its melting temperature (933/v). The pair correlation function is the density of atoms

in a thin shell at a distance r from a given atom divided by the average density in the

liquid. In the crystalline phase, this would be given by sharp peaks at, the various neighbor

distances in the lattice. For example, solid aluminum has a face centered cubic structure

with 12 nearest neighbors at a distance of 2.9A. The large peak in Figure 2 is actually

close to 2.9A. The integral over the peak is close to 12. This shows that on average liquid

.4/, near its melting temperature, has a structure similar to that of the crystal.

One reason for computing the pair correlation function is that it is directly measured

by neutron and x-ray scattering experiments. The experimental values10 are also given in

Figure 2 and the agreement with the calculation is excellent.

Similar results have been obtained previously for liquid sodium.8'9 In that work the

coefficient of self diffusion was also calculated and was in excellent agreement with exper-

iments. The coefficient of self diffusion was also calculated for aluminum, but we are not

aware of any experimental data with which to compare.

It would be interesting to calculate the liquid part of the phase diagram of the platinum

titanium system given in Figuic 1. However, with the LASTO (and other) "all electron"

methods it has so far not been possible to accurately calculate the forces required for the

5



simulation. The Car-Parrinello method makes use of pseudopotentials and plane wave

expansions and therefore has been limited to nearly free electron metals such as sodium

and aluminum. We expect that an important development will be the introduction of new

pseudopotentials capable of dealing with transition metals or the routine calculation of

forces in the all electron methods or both.

The calculation reported here makes extensive use of fast Fourier transforms and

iterative diagonalization techniques. The heats for the platinum titanium system required

~ 100 hours of time on the CRAY 2 at NERSC. The memory requirements are in the range

of 25 Mbytes, The molecular dynamics runs also required ~ 100 hours and comparable

memory. It is anticipated that these simulations are good candidates for parallel machines.

In summary, we have given two examples of first principles calculations of the elec-

tronic and thermal properties of metals. In the future this type of theory, which requires

no adjustable parameters as input, should prove extremely useful in searching for materials

with interesting new properties and in helping to understand those properties.

This work was supported by the Division of Materials Sciences, Office of Basic Energy

Sciences, U.S. Department of Energy under Contract No. DE-AC02-76CH00016 and a

grant of computer time at the National Energy Research Supercomputer Center, Liver-

more, CA.
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Plasmas are ionized gases (gases in which the electrons are detached from the
constituent atoms and molecules); the electrons and ions are free to move around
independently. These charged particles respond to electrical and magnetic forces.
Electric currents and charged regions are produced within the plasma and as a result
the plasma generates its own electric and magnetic fields which act back on it; the
plasma response to applied fields is a coherent self-consistent one. Electric and
magnetic forces are long range (similar to gravity) and this leads to collective plasma
motions (motions in which many particles move in unison). Because of this, the
physics of plasmas are extremely rich; plasmas support a large number of different
types of waves. Often its motion is nonlinear and turbulent.

Plasmas are found widely throughout the universe; most of the ordinary matter
(not the mysterious dark matter) is in the form of plasma (stars and tenuous ionized
gas). However, mans direct experience with plasma is relatively short, dating from the
development of the electrical industry. In fact, most of our understanding of plasmas is
less than 40 years old, having come about because of efforts to achieve Controlled
Fusion Energy and from our exploration of space.

Despite the relatively newness of plasma science, plasmas find a wide range of
applications in our daily lives, in industry, in defence, and in science. In industry these
range from control of our electric power system; to electric lighting; to the manufacture
of computer chips; to metallurgical processing; to potential new forms of energy
production; to the effects of the solar wind on spacecraft; to the behavior of the earth's
ionosphere and it's effects on communications, and countless more. In defense it finds
applications in microwave sources for radar; in propulsion engines for satellites; in a
wide variety of advanced weapons systems; and in studies of weapons effects. In the
scientific area, plasma effects are being encountered in high energy accelerators; in
ideas for new advanced forms of accelerators; in synchrotron light sources; in new and
unique forms of lie,ht sources; in confinement of non-neutral clouds of cold ions or
electrons by electromagnetic traps; in understanding the sun and its atmosphere and
its influence on the earth's atmosphere; in understanding other stars and astrophysical
objects; and the evolution of the universe in general.



Notwithstanding the wide range of industrial and scientific applications of
plasmas, they are still only poorly understood. This is partly because of their newness
as a subject of study and partly because they are very difficult to study. They are
usually very hot and cannot be readily handled, probed, or measured. Measurements
are difficult, often indirect and generally give quite an incomplete picture of what is
happening; they are often quite expensive.

Recently, through the development of supercomputers, a powerful new method
for exploring plasmas has emerged; it is computer modeling of plasmas. Such
modeling can duplicate many of the complex processe's that go on in a plasma and
allow scientists to understand what the important processes are. It helps scientists
gain an intuition about this complex state of matter. It allows scientists and engineers
to explore new ideas on how to use plasma before building costly experiments; it
allows them to determine if they are on the right track. It can duplicate the operation of
devices and thus reduce the need to build complex and expensive devices for
research and development. This is an exciting new endeavor that is in its infancy, but
which can play an important role in the scientific and technological competitiveness of
the U.S.

There are a wide range of plasma models that are in use. There are particle
models, fluid models, hybrid particle fluid models. These can come in many forms,
such as explicit models, implicit models, reduced dimensional models, electrostatic
models, magnetostatic models, electromagnetic models, and almost an endless variety
of other models. Here I will only discuss particle models. I will give a few examples of
the use of such models; these will be taken from work done by the Plasma Modeling
Group at UCLA because I am most familiar with that work. However, it only gives a
small view cf the wide range of work being done around the U.S., or for that matter
around the world.

Particle models try to emulate nature by following the motion of a large number
of charged particles in their self-consistent electric and magnetic fields plus any fields
that may be imposed from outside. How this is done is shown schematically in Fig. 1.
Present computers are limited to following at most 10's of millions of particles. This is
much less than the total number of particles making up nearly all plasmas of interest.
Because of this, the plasma models are much grainer than real plasmas. This means
that the results show much larger fluctuations (in density, in electric field, etc.) than real
plasmas. Sophisticated methods have been developed to get around this problem
such as using finite sized particles, using noise filters, using reduced numbers of
dimensions, and so on. These techniques have allowed us to simulate accurately the
essential behavior of many important plasmas. In addition to the graininess problem,
there is one of time scales. Plasma motions can range from extremely fast plasma
oscillations (perhaps a trillion oscillations per sec.) to relatively slow diffusion of
plasma across a magnetic field (perhaps taking seconds). A number of techniques



have been developed to handle phenomenon on different time scales. For example,
explicit full dynamics codes to model the fastest phenomenon, implicit methods for
suppressing high frequency motions for treating moderately fast phenomenon, orbit
averaging to eliminate rapid particle motions, and particle transport codes to model the
lowest time scales. Ail of these (except possibly the explicit full dynamics model)
involve approximations that may or may not be accurate. However, all have achieved
important successes.

Now let me turn to a few examples of particle simulation. I will discuss four such
examples. These are:

1. Modeling the freezing and melting of a cold pure ion or electron plasma.
2. Modelling plasma lenses for applications to high energy physics.
3. Modeling the artificial comet AMPTE (experiment carried out in 1984).
4. Modeling of Controlled Fusion plasma confinement.

1. Modeling Freezing of a Pure Ion or Electron Plasma

Recently there have been a number of groups carrying out experiments on cold
plasmas made up of only electrons or only ions confined in suitable electromagnetic
traps1.2.3,4 Crystallization has been observed in the pure ion case3. These studies
have potential applications to precision timekeeper and to measurements of atomic
properties. This problem is also of considerable theoretical interest since it is a simple
system in which we know the forces between the particles. We can try out our ideas of
phase transitions and our understanding of solids including effects of defects. This has
lead to many theoretical and Monte Carlo computer studies5. Here I will just show
some results we obtained using a full dynamic particle nvdel (these use a two-
dimensional model anv-f are unpublished results). We stau the system in a pure
gaseous phase and gradually cool it until it freezes. We can cool it rapidly or slowly. If
we cool it slowly it goes into a crystalline form which, however, has defects. This result
is shown in Fig. 2a. If we cool it rapidly, it goes in to a glassy state as shown in Fig. 2b.
We have been able to also measure the shear modules, the shear strength and the
change in the specific heat with freezing. We can also see the onset of diffusion as
melting occurs and it would be possible to study the liquid state.

2. Plasma Lenses for Focusing High Energy Particles

Recently at UCLA we have been exploring the possibility of using plasmas to
accelerate and focus particle beams used in high energy physics6. Our computer
modeling of these possibilities has shown that potentially large gains in performance
might be obtained. Here I show some results we have obtained on the use of plasma
lenses. These work by neutralizing the space charge of the beam; the magnetic forces
are not neutralized and they cause a focusing of the beam which is thousands of times



stronger than can be obtained using conventional magnetic lenses. One of our results
is shown in Fig. 3. This shows the passage of a high energy electron bunch through a
plasma lense. The plasma electrons are blown out, leaving the ions which neutralize
the beams electric charge. The beam is focused to one tenth of its original radius. The
luminosity is increased by one to two orders of magnitude (this is a measure of the
effect'veness of the bunch for producing interesting high energy physics events). Here
computer modeling has clearly pointed to an interesting direction to explore. What are
needed are experiments to determine whether or not this promise can be realized.

3. Modeling the Artificial Comet AMPTE

On December 27, 1984, a cloud of Barium was released into the solar wind in
front of the earth. The cloud expanded as neutral atoms which were gradually ionized
by solar ultraviolet radiation to produce a plasma. The cloud ultimately reached a
diameter of about 500 Kim. The purpose of the experiment was to observe how such a
cloud would would react with the solar wind and the bow shock in front of the earth and
the earth's rnagnetosphere. The cloud was observed both by satellite and optically
from the earth. The cloud showed some unusual behavior. It first underwent a
sideways deflection with respect to the solar wind flow direction and tongues of plasma
were ejected from one side. We had been developing a hybrid code (particle ion, fluid
electron model) for use in our fusion research; this was a full three-dimensional model.
We felt this model could duplicate many of the important phenomenon observed. We
applied the code to this problem and indeed it did reproduce many features including
those mentioned above. It has also produced some unexpected and still unexplained
results. In Fig. 4 an image is shown of the cloud density about halfway through our
simulation. The tongues of material being ejected are clearly visible.

4. Modeling of Controlled Fusion Plasma Confinement

One of the most challenging problems in the development of Controlled Fusion
is understanding plasma and heat confinement by a magnetic field. At present
empirical scaling laws have been developed from experiments. However, there is a
range of uncertainty to these. To insure success in experiments, one must design
experiments on the conservative side; therefore, larger and more costly than would
otherwise be the case. Since these experiments are already very expensive, this is a
serious obstacle to progress. It is also very expensive to build machines to tryout ideas
for improving confinement and so many such ideas are left undone. At UCLA we have
been developing particle models which we believe can incorporate the essential
physical processes. When combined with recent developments in parallel computing,
we believe these models will be able to simulate Fusion Plasma Confinement in a
Tokamak. The model is one that averages out the rapid gyrations of the ions and
electrons about the magnetic field and also eliminates other fast oscillations; it is called
a gyrokinetic model and it is fully three-dimensional. We have carried out a number of



investigations of situations of interest to Fusion; they correspond to existing small
Tokamak experiments. These have shown that they can model steady state
turbulence similar to that seen in real Tokamaks and that the transport is of the right
order of magnitude. They have shown that they often give electron heat transport
which is larger than the particle transport; this is also found in many experiments and is
of great importance to the success of Fusion Energy. The calculations have shown
that they can illuminate the physical processes responsible for the turbulence.

In Fig. 5 I show results from one of our simulations. This shows potential
contours fore a plasma confined by a magnetic fielo in a cylinder. The magnetic field is
twisted as it is in a Tokamak. This plasma is subjected to what is known as a Drift
Wave instability; the instability follows the twisted field lines which gives it its helical
shape.

1. J. H. Malmberg and T. M. O'Neil, Phys. Rev. Lett., 39, 1333 (1977).
2. Search and Discovery, Phys. Today, 41, 17 (1988).
3. D. H. E. Dubin, T. M. O'Neil, Phys. Rev. Lett., 60, 511 (1988).
4. S. L. Gilbert, J. J. Bollinger, D. J. Wineland, Phys. Rev. Lett., 60, 2022, (1988).
5. J. P. Hansen, "Molecular-Dynamics Simulation of Statical-Mechanical

Systems", North-Holland, Amsterdam, Netherlands, 89-129( 1986).
6. J. M. Dawson, Scientific American, 260, No. 3, 54, (March, 1989).
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Figure 1 Schematic of computation method for particle simulation of a plasma.



Potential Initial Veq ~ 1.4 (Vo

e = -0.02

at Veq ~ 0.03

It's overcooled with some
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Figure 2a Low temperature crystalline pure electron plasma showing
defects in domain boundaries.

Potential Initial Veq - 2.8 (Vo = 4.0),

at Veq - 0.23

It's not crystal.

It's glass.

Figure 2b Low temperature glass state of a cold pure electron plasma.



Figure 3 Plasma lenses iocusintf electron beam (green).
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Abstract

The rapid growth in the power of large-scale computers has had a revolution-
ary effect on the study of charged-particle accelerators that is similar to the impact
of smaller computers on everyday life. Before an accelerator is built, it is now the
absolute rule to simulate every component and subsystem by computer to estab-
lish modes of operation and tolerances. We will bypass the important and fruitful
areas of control and operation, and consider only application to design and diag-
nostic interpretation. Applications of computers can be divided into separate cat-
egories including:

• component design,

• system design,

• stability studies,

• cost optimization, and

• operating condition simulation.

For the purposes of this report, we will choose a few examples from the above
categories to illustrate the methods used, and discuss the significance of the work
to the project. We also briefly discuss the accelerator project itself. The examples
that will be discussed are:

• The design of accelerator structures for electron-positron linear colliders
and circular colliding beam systems (B-factories).

• Simulation of the wake fields from multibunch electron beams for linear
colliders.

• Particle-in-cell simulation of space-charge dominated beams for an exper-
imental linear induction accelerator for Heavy Ion Fusion.

In a separate paper at this meeting, Dr. Yitan Yan is presenting simulations of
the orbit stability of the Superconducting Super Collider (SSC). A more complete
discussion of the computer design of accelerator structures is the subject of a poster
presentation by Dr. Kwok Ko.

Invited talk presented at the Power Supercomputer Users Meeting,
Gaithersburg, Maryland, May 21-22, 1991.

* Work supported by Department of Energy contract DE-AC03-76SF00515.



Design of Accelerator Structures

The purpose that, t'.ie accelerator structure serves is to provide a means for
converting the electromagnetic power into fields that can efficiently and accurately
couple power into the charged particle beams. Thus the structure must have an
entrance, or port, through which electromagnetic energy can flow, and cooled walls
to remove the heat generated by surface currents in the structure walls. Typically
the structure must be' designed to be resonant at the frequency that is chosen for the
accelerating mode. It is often just as important that the structure not be resonant
at frequencies that correspond to modes that can improperly steer the particles.
From just the above conditions, we have several requirements on the structure:

• dimensionally accurate—to resonate at frequencies ranging from a few hun-
dred megahertz to several million megahertz,

• dimensionally stable and properly cooled—to maintain the dimensions
needed to stay tuned to the drive frequency, and to keep away from dam-
aging resonances, and

• non-cylindrical symmetry—to allow for a port to permit the flow of elec-
tromagnetic power.

Structures can be either made of normal conductors, usually copper, or of super-
conducting materials, usually niobium alloys. Superconducting cavities are espe-
cially useful for continuous operation for installations such as the Continuous Elec
tron Beam Accelerator Facility. For pulsed operation, with very high electric fields
and high beam currents, normal conducting copper cavities are appropriate. In ei-
ther case, it is important to consider fields left by the particles themselves, as they
can affect particles coming through the structure later.

Figure ] is a view of the parts of a test cavity [1] for a future electron-positron
linear collider. To achieve very high electric fields, which are important if the
accelerators are to be kept to a reasonable length, it is necessary to go to very
high frequency RF power. The device in Fig. 1 is designed for 11.42 gigahertz,
which corresponds to a wavelength of 2.62 cm, about one inch. This frequency
corresponds to the range that is designated as X-band.

Figure 2 shows the three-dimensional (3-D) mesh zoned for the structure
shown in Fig. 1. In order to conserve on computation time and memory, only one
half of the structure is modeled. With 500,000 zones, as shown in Fig. 1, two to
three hours of Cray-2 time are needed to model the RF filling of the structure to
study transient effects. Although higher resolution would be very useful, another
factor of two increase in the number of mesh points is not currently possible with
present facilities.

Figure 3 shows an accelerating structure [2] for the asymmetric storage rings
operating at the production resonance for B particles, thus earning the designa-
tion B-factory. Although not at the highest center-of-mass energy, B-factory de-
sign is especially demanding because of the very high circulating electron currents
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Fig. 1. Test structure for an X-band accelerator.
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Fig. 2. Three-dimensional zoned model of the X-band structure shown in Fig. 1.
About 500,000 zones are needed.

required. Because the RF fields are provided continuously, the high average power
needed-to maintain the collision rate requires exceptional care in designing for heat
dissipation and cavity cooling. The results of the design study with this simula-
tion were used to provide input to a cavity heat-load study.
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Fig. 3. The 3-D zone for the B-factory RF structure includes reentrant nose cones
and an input coupler. A memory space of 10 million words is needed to
make the simulation of the fields.

Wake Field Simulation

The residual fields—or "wake" fields, as they are named by analogy to the
wake of a boat—can disrupt particles in bunches that follow in the wake of leading
bunches. This problem can be controlled if the accelerating structures can be
designed so that the damaging modes are sufficiently loaded—for instance, by
providing an escape path for the fields, or if the structures are designed so that a
wide variety of resonant frequencies are present for higher modes.

The wake fields from a moving bunch of charged particles can be calculated
using the programs BCI and TBCI (transverse beam-cavity interaction) by T. Wei-
land [3]. These programs are similar to the large particle-in-cell programs, such as
ARGUS (in 3-D)or Condor in (2-D), and are related to the more recent work by
Weiland for the MAFIA code group. Figure 4 shows the transient wake fields of a
bunch of charged particles passing through a cavity, as calculated by Bane, Chao,
and Weiland [4].

A somewhat different problem is presented for the wakes within a single bunch
of particles, where particles off the axis cause fields which can displace particles
within the same bunch. Single bunch effects were simulated by Bane [5]. The
effect of these fields can be seen in the computer simulation shown on the left side
of Fig. 5. Based on suggestions by Balakin et al. [6], Bane calculated the effects
of introducing a small, controlled energy spread into the bunch. This effect—
known both as Landau Damping and as BNS damping, for the Soviet scientists
who suggested this solution—dissipates the wake fields and allows the bunch to
remain well-aligned, as shown on the right side of Fig. 5. The energy differences
remain correlated with position in the bunch, so that manipulations of the phase
of the RF power at the end of the accelerator can cancei the spread in energy.



Fig. 4. The transient electromagnetic fields in a cavity as a bunch of electrons
(shown in the position of the Gaussian curve below the axis) passes through
the tube. The cavity in each view is the same cavity at a later instant.
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Fig. 5. Bunch shape without Landau Damping (on the left) and with the damping
effect (on the right).

Compression of Heavy Ion Beams for Fusion

Intense beams of heavy ions can be used to implode and ignite targets of
deuterium and tritium, to make Inertial Fusion Energy (IFE). Studies of focusing,
bending, and especially the longitudinal compression necessary to increase the peak
current in a bunch, are made with a new 3-D simulation program called WARP [7].

In Fig. 6, a bunch of heavy ions is shown before beginning final compression
and then again after undergoing some compression. Compression is accomplished
by imposing a longitudinal velocity tilt on the ion beam, by accelerating the trailing
(left) end of the bunch more than the leading end. After two-thirds of the compres-
sion process, the bunch profiles are as shown in the lower two figures. The shapes
are controlled at any one point by the quadrupole focusing system that alternately
focuses and defocuses the beam in the two orthogonal planes. As a result, at any
one point along the beam, the beam profile will be elliptical in shape. The pri-
mary concern in beam manipulations of this type is the degree to which the beam
quality, or emittance, is disturbed by the compression. Therefore, it is necessary
to use a great many particles—20,000 macro particles were used in this example—
and very small time steps in order to maintain the accuracy of the calculation.
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Fig. 6. Longitudinal compression is studied using the 3-D program WARP. The

longitudinal spatial distribution is shown for both the X-Z and Y-Z pro-
jections in the upper pair of figures. The compressed bunch is shown in
the two lower figures.
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Fig. 7. Line-charge density of the compressed bunch shown at several different
times during the compression process.

As the compression continues, the longitudinal line-charge density increases
as shown in Fig. 7. Early experiments at LBL with the MBE-4 experiment have
demonstrated longitudinal compression of this type. The simulations shown here
are for conditions as the beam is focused towards the target in the reactor vessel,
which are far bevond what is available experimentally.



Conclusions

Computers play an ever-expanding role in the study of particle accelerators.
Accelerators are growing in importance for both research and industry, and may
one day be an important part of the energy production industry. In some areas,
especially those involving 3-D modeling of RF cavities and of intense beams, appli-
cations are limited by the size and speed of the computers. Economic arguments
clearly favor the purchase of larger, faster computers, which are far less expensive
than the machines that they help design.
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Moving Finite Elements:
A Continuously Adaptive Method

for Computational Fluid Dynamics

Alan H. Glasser, Los Alamos National Laboratory
Keith Miller and Neil Carlson, University of California at Berkeley

Introduction

Moving Finite Elements (MFE),1 '5 a recently developed method for computational fluid dy-
namics, promises major advances in the ability of computers to model the complex behavior of
liquids, gases, and plasmas. Applications of computational fluid dynamics occur in a wide range
of scientifically and technologically important fields. Examples include meteorology, oceanography,
global climate modeling, magnetic and inertial fusion energy research, semiconductor fabrication,
biophysics, automobile and aircraft design, industrial fluid processing, chemical engineering, and
combustion research. The improvements made possible by the new method could thus have sub-
stantial economic impact.

Numerical methods for treating such problems have been studied for more than forty years,
starting primarily with the work of John von Neumann and coinciding with his development of the
programmable digital computer in the early 1950s. In spite of these efforts, there are important
features of fluid flow which remain difficult or impossible for most numerical methods. MFE
provides a new approach for handling these challenges.

Modeling a fluid on a digital computer requires approximating the smooth variation of fluid
quantities, such as density, velocity, temperature, and electromagnetic fields, by a large number of
discrete values. The inost common approach is to represent these quantities by their values on a
regular im h or grid covering the spatial domain of interest. The behavior of the fluid at successive
moments oi time is calculated by converting the known fluid equations to a large system of algebraic
equations which can be solved on the computer. The finer the mesh and the shorter the time steps,
the more accurate the solution becomes, at the expense of greater demands on computer time and
storage capacity. In fact, the fastest and largest supercomputers have been developed mainly to
allow accurate solution of such complex fluid problems.

Some of the most challenging fluid problems are those characterized by small regions of rapid
variation which must be accurately resolved to get the right behavior. Examples are shock waves,
burn fronts, and boundary layers. For a method which use& a fixed, uniform grid, it may require
such fine grid spacing and short time steps to resolve the shock that solution is impractical even
on the most powerful supercomputers.

Moving Finite Elements is a moving node adaptive grid method which has a tendency to pack
the grid finely in regions where it is most needed at each time and to leave it coarse elsewhere.
It does so in a manner which is simple and automatic, and does not require a large amount of
human ingenuity to apply it to each particular problem. At the same time, it often allows the
time step to be large enough to advance a moving shock by many shock thicknesses in a single
time step, moving the grid smoothly with the solution and minimizing the number of time steps
required for the whole problem. For 2D problems (two spatial variables) the grid is composed of
irregularly shaped and irregularly connected triangles which are very flexible in their ability to
adapt to the evolving solution. While other adaptive grid methods have been developed which
share some of these desirable properties, this is the only method which combines them all. In
many cases, the method can save orders of magnitude of computing time, equivalent to several
generations of advancing computer hardware.

1



While the MFE method has been tested on a variety of 2D problems and shown to behave as
desired, several essential improvements are still required before it is ready for routine application.
The code currently uses a simple direct method for solving large, sparse linear systems of algebraic
equations, which would be inefficient and impractical for large problems. Work is in progress to
replace this technique with a more efficient iterative solution procedure. This should also make the
code adaptable to efficient use on massively parallel computers, such as the Connection Machine
and the Intel Hypercube. It is desirable in certain cases to allow the grid to break and reconnect
infrequently in order to permit a be':ter fit to the evolving solution. Such a procedure has been
tested on a few simple, special-purpose applications, but has yet to be incorporated into the general-
purpose code. Once these improvements have been made, it should be straightforward to extend
the code to 3D problems, using a grid of tetrahedra instead of triangles.

The range of applications of the MFE method is both somewhat broader and somewhat nar-
rower than computational fluid dynamics. In addition to fluid problems, the method can also
be applied to studying the behavior of evolving manifolds and films, such as soap films. This is
made possible by the fact that the independent spatial variables and the dependent variables are
treated on an equal basis, allowing the method to follow the behavior of quantities which are not
single-valued functions of the independent variables.

There are fluid problems for which MFE is not suitable. The clearest cases are systems with
widespread strong turbulence. The strong point of the MFE method is its ability to resolve sharp,
smoothly-moving fronts by automatically concentratig the grid nodes in the front and moving them
with the front. In turbulent systems, however, the motion is quite chaotic and nonsmooth, and
a fine grid is often often required essentially everywhere. Such problems are better handlled by
methods which require less computation per grid point and per time step. Problems in which
turbulence is modeled by empiiical enhanced transport coefficients might nevertheless be fair game
for the method.

Visualization of the complex results of our computations is treated with the help of the state-
of-the-art graphics hardware and software provided by the Silicon Graphics Iris Workstations.
Computer-generated movies with hidden surfaces, real-time animation, nearly continuous variation
of color, and flexible user interaction have been developed to provide maximum comprehension.

The remainder of the this paper is devoted to a mathematical formulation of the method and
an examples of results.

Mathematical Formulation

We treat a general system of fluid equations of the form

— + V - F = S, (1)

where t is the time, x is a vector of independent spatial variables, u is an n-vector of unknowns.
For each component of u there is a flux F and a source S with the general form

F = C(t ,x ,u)-D(«,x ,u)-Vu, S = S((,x,u,Vu), (2)

where C represents convective flux and D is a diffusion tensor, and all functions may depend in
an arbitrary nonlinear manner on their arguments. A variational for Eq. (1) is obtained by noting
that

1 ffdu iJL = \ / [ J i + V-F- s ] u(<,x,u,Vu)dx, (3)



with w an arbitrary weight function, is variational in the sense that

SL
6(du/dt)

= 0 (4)

recovers Eq. (1).
The general class of conventional Galerkin methods is obtained from Eqs. (3) and (4) by

expanding u in a set of basis functions,

u(x,t) = Ui(t)ai(x), (5)

where the Uj(i) are time-dependent amplitudes and the a,(x) are the spatially-varying basis func-
tions, which may, for example, be Fourier series, orthogonal polynomials, or conventional fixed
finite elements. Since the time derivative of Eq. (5) contains only the amplitude variations,

u(x,0 = u,(0«i(x), (6)

the discretized equations of the method are obtained from

£
which yields a coupled system of ordinary differential equations,

(«t,Oj)Uj = (os,g), (8)

where g = S - V • F.
The key issue for any adaptive grid method is how to move the grid. In Moving Finite

Elements, this issue is resolved by treating the grid positions in exactly the same manner as the
amplitudes, i.e. as variational parameters, For basis functions we choose linear finite elements on a
grid of irregularly shaped and connected triangles in 2D, tetrahedra in 3D, and simplkes in general.
Because the grid is allowed to move, we replace Eqs. (5) and (6) by

u(x,0 = u((0<*<[x,Bj(0], (9)

u(x,<) = Ui(t)ai(x,t) + s,(0A(x,0, (10)

where /?, is defined as the coefficient of s, obtained by differentiating Eq. (9). Then Eqs. (7) and
(8) are generalized to

(Qi,Qj)iij + (Oi,/3j)sj = (a,,g), (12)

(&,<*>, + (/?,,/9J)sj - (ft,g). (13)

Just as Eq. (8) determines the amplitudes by minimizing the positive-definite variational over the
space of amplitudes, Eqs. (12) and (13) determine the amplitudes and node positions by minimizing



over this larger space, and thus obtain a better minimum. This causes the nodes to move whore
they are needed to resolve the solution.

While the basic idea is simple, there are computational details which are essential to make the
method work correctly. In regions where the solution is flat, the prescription for moving the nodes
becomes indeterminate because a range of different node motions give equally "best" fits. This is
manifested mathematically in the vanishing of the determinant of the mass matrix in Eqs. (11) and
(12), and is resolved by adding regularization terms to L which can be interpreted as internedal
viscosity and grid tension. The weight function in Eq. (3) is chosen to be w = [1 + (Vu)2]"1/2,
which converts the integral over the domain into an integral over the area of the solution manifold,
resulting in much better node motion and in placing the independent spatial variables x and the
dependent variables u on more of an equal basis. The time step must be implicit in order to exceed
the Courant condition and use efficiently large step sizes. This requires the solution of large, sparse
linear systems, which is currently done with a direct band solution but will shortly be replaced
with a more efficient iterative method using buffered relaxation as a preconditioner for a nonlinear
Krlov subspace method.

Illustration: Shock Formation

We conclude with an illustration of the ability of the MFE method to efficiently treat the
development of a very thin moving shock front. We study the 2D Burgers' equation,

Here u represents a velocity which is nonlinearly convected in its own direction. If the initial value
of u is positive on the left and negative on the right, the solution convects toward the middle and
forms a shock. The final thickness of the shock is determined by the diffusion coefficient D. In the
example shown below, the diffusion coefficient is 10~3, and so the shock width is about 1/lOOOth
the width of the domain. For a method using a fixed grid, accurate resolution of this shock front
would require a grid size of several thousand on each side and a similarly small time step. The
solution shown below uses a grid of 13 x 15 and required about 1.5 minutes of cpu time on an IBM
RS/6000 Model 320 workstation. The pictures represent four equally spaced times during the run.
The long straight lines denote x, y, and z axes. These are examples of the Silicon Graphics 3D
animated graphics developed for this code, with colors replaced by patterns.
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Illustration of Moving Finite Elements

Four equally spaced time steps illustrating the formation of a shock in the solution of the 2D
Burgers' equation. Trangular cells of the moving grid is shown in these perspective views, with
straight lines denoting x, y, and z axes.
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1. Introduction

Present-day tokamaks, such as TFTR at Princeton University, and JET in Eu-

rope, have produced hot plasmas(ionized gas) which are approaching the break-even

condition. At the break-even condition, the heat input required would be equal to

the fusion power output if deuterium-tritium plasmas were used instead of the cur-

rently used deuterium-only plasmas. Such deuterium-tritium TFTR experiments are

currently planned for 1993. In these experiments, the energetic Alpha particles pro-

duced by fusion reactions will piay an important role in determining the outcome of

the plasma discharge. Alpha particle physics will become even more important in the

proposed Burning Plasma Experiment (BPX).

In this paper, we describe our method for the numerical simulation of the Alpha

effects, namely the fluid-particle hybrid model where the Alpha particles are followed

numerically as individual particles, while the background plasma is treated as a fluid.

We will start by first describing the fluid model.

2. MHD Fluid Model

Tokamak plasmas are one of the most complex systems studied using numerical

simulation. Ions and electrons make complex trajectories due to interaction with

electric and magnetic fields. Moreover, with extreme temperatures of several hundred

1



million degrees centigrade, particle velocities can reach one tenth of the speed of light.

The high speed and the low density of the plasma make the collision between particles

negligibly small, and thus the plasma loses the usual fluid like character. Fortunately

however, the strong magnetic fields present in tokamaks tend to make particles move

together coherently, restoring a semblance of fluid-like character to their behavior.

The magnetohydrodynamic (MHD) model uses this fluid-like character, and dras-

tically simplifies the dynamic equations of the plasma. This simplified model has been

quite successful over the years in modelling global plasma characters. The following

figure shows one such example from a three-dimensional(3D) MHD fluid simulation

which is compared with the experimental measurement.fi]

Fig. 1. Pressure contours during a sawtooth crash phase[2] of the discharge. The

numerical result on the right agrees well with the experimental result.



3. MHD Fluid-Gyrokinetic Particle Hybrid Model

Unlike the background plasma, The Alpha particles, due to their extreme energy,

cannot be treated as a fluid. Moreover, numerically following their complete orbits

is prohibitive, because the particles make many fast circles called gyro-orbits as they

move through the tokamak. A particle typically makes one gyro-orbit in 10~8seconds.

In the gyrokinetic particle model, this short time scale motion is averaged and the

mean particle trajectory is followed.[3] This gyrokinetic particle model is used to

compute the Alpha particle trajectories, and the resulting Alpha particle pressure is

coupled back to the MHD fluid background plasma. Mathmetically, this adds only

one pressure tensor term V • P^ to the momentum equation of the MHD fluid model:

The following figure shows an example of a 3D fluid-particle hybrid simulation.

; : 8 t-

Fig. 2. The (trapped) Alpha particles shown on the left causes the state of Fig. 1 to

change as shown. The shaded (hot) spot is no longer pushing outward. This is

because the instability is stabilized due to the trapped particles.
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Introduction

Advances in theory and the availability of supercomputers have made
possible the computation of materials properties from first principles. With only
information on the constituent atoms, calculations have been carried out to ex-
plain and predict the structure and the electronic, optical, structural, mechanical,
and superconducting properties of a variety of systems including bulk crystals,
surfaces and interfaces, semiconductor superlattices, small clusters, and new
phases of materials under high pressures. Since much of the progress in
materials/solid state sciences and in technology depends on new materials and
on understanding materials und9r extreme conditions, a predictive theory for
materials is of fundamental and technological importance. In particular, first
principles calculations are of great value in exploring novel materials and sys-
tems such as surfaces and interfaces for which often only limited experimental
data are available.

In this paper, we briefly discuss some of the recent progress in theory
and some results from selected applications. The cohesive and structural prop-
erties of semiconductors and insulators are determined using a variational
quantum Monte Carlo approach; the electron excitation spectra of the Si(111)
2x1 reconstructed surface are calculated using the quasiparticle self energy
approach; and the behavior of solid molecular hydrogen under megabar pres-
sures is investigated. An accurate treatment of the many-electron effects arising
from the strong Coulomb interaction between electrons is shown to be important
for quantitative results.

Quantum Monte Carlo Simulation of Materials Properties

A major limitation in the past in calculating materials properties has been
in the treatment of exchange-correlation effects associated with the quantum
nature of the electrons in a solid being a system of interacting identical
Fermions. It is shown recently that the ground-state properties of real crystals
such as Si can be calculated accurately using a correlated wavefunction ap-
proach together with Monte Carlo sampling techniques.[1] This approach treats
electron correlation effects in solids going beyond standard self-consistent field
theories. In the calculation, the ground-state energy E and wavefunction *F are
determined from the variational principle by minimizing the total energy

-a*



Table i. Calculated cohesive energies of silicon,
diamond, and graphite (in eV).

Theory Experiment

diamond

silicon

graphite

7.45 (7)

4.81 (7)

7.40 (7)

7.37

4.7 ±0.1

7.39
Fig. 1. The pair - correlation function in diamond

for (a) parallel spin and (b) opposite spin
with one electron at the bond center.

To describe the correlated motions of the electrons, a wavefunction of the form

fN l
T(ri,...rn) = x(rj) - £ u(rjj) x det

j i J
(2)

is used. Here H is the electron Hamiltonian including the exact electron-
electron Coulomb interaction, x and u are one-body and two-body correlation
factors with variational parameters, and <t>nk's are single-particle orbitals from
self-consistent field theories. The 3N dimensional integrals for the energy of N
electrons and other physical quantities are evaluated using Monte Carlo
techniques.

With this approach, highly accurate cohesive energies for crystals have
been obtained.[1] (See Table I). Also, the calculations yield various structural
properties such as lattice constants and bulk moduli in excellent agreement with
experiments. Equally important, calculations of this kind provide microscopic
information on electron correlations^] such as those given in the electron pair
correlation functions goiqolM'1?) which are not accessible in standard elec-
tronic structure theories. The function go^a 2 ( r 1 > r 2 ^ d e s c r i b e s *ne correlation of
finding a second electron at r2 with spin 02 given an electron at r-\ with spin 01.
(See Fig. 1.) The calculated results reveal striking anisotropy and spatial-
dependent structures in the way that electron motions are correlated in a crystal.

Structure and Properties of SiM 11) 2x1 Reconstructed Surface

The physical and chemical properties of a surface is intimately related to
its geometric and electronic structure. In particular, the electronic properties of a



Structural Paramelars (In A)

Experiment
LEED MEIS

Theory

2.5

2.0

1.5

1.0

5-
2,-2,

2,-2,

2,-2,

2.-2,o

0.38

-0.07

-0.07

0.20

0.13

0.30

•0.15

•0.10

0.27

0.14

0.47

-0.05

-0.07

0.28

0.15

0.0

•0.5

•1.0

-1.5

Fig. 2. Calculated surface geometry of the
Si (111) 2x1 reconstructed surface.

Fig. 3. Quasiparticle surface-state band
structure for Si(111)2x1
compared to experiments.

surface are sensitively depended on the existence and the nature of surface
states. These are states with wavefunction localized on the first several atomic
layers. First-principles methods are now available for the calculation of these
quantities. Here, as an illustration, we discuss a recent calculation on the
Si(i 11) 2x1 reconstructed surface.[3] Although this is one of the most well-
studied surfaces, there remains many open questions. The goat of the study is
to determine the structure and to explain its photoemission and optical
properties.

The surface geometry is calculated by minimizing the total energy with
respect to the atomic positions using the local density functional formalism.[4]
To compare theory with experimental excitation spectra ouch as photoemission
data, we however need to calculate the quasiparticle energies associated with
the surface states. (Quasiparticles are particle-like excitations in an interacting
many-body system which have properties different from the bare particles be-
cause of interactions. Transitions between the quasiparticle states are probed
in typical spectroscopic measurements.) This is achieved by using a Green's
function self-energy method.[5] The surface state energies are calculated by
solving the quasiparticle equation (in atomic units)

VjOn (3)

where VjOn is the ion potential, VH is the Hartree potential and I is the electron
self-energy operator which contains the many-electron effects and is deter-
mined to first-order in the screened Coulomb interaction.[6]



Figure 2 shows a schematic diagram of the calculated structure for the
Si(111) 2x1 surface together with a comparison of some structural parameters
to available experimental data. The determined geometry is consisted of a
large rearrangement of the atomic positions at the surface extending down to 5
layers into the bulk. It is characterized by a it-bonded chain of surface atoms.[7]
The calculated positions show a large buckling of the chain atoms and are in
very good agreement with those deduced from low energy electron diffraction
(LEED) and medium energy ion scattering (MEIS) measurements.[8] Further,
as seen in Fig. 3, the calculated quasiparticle surface state energies explain
well the observed spectral features found in direct photoemission experiments
for the occupied states and those in inverse photoemission for the unoccupied
states.[9]

Solid Molecular Hydrogen Under Megabars Pressure

When subjected to sufficiently high pressures, most crystals will undergo
a transition into a new phase with very different properties. The transitions may
or may not involve a structural change, and often a material will undergo a
series of transitions as function of pressure. With the advent of the diamond
anvil cell achieving pressure as high as that of the center of the earth, high
pressure research has attracted great interest in materials physics (as a mean
to study materials properties and to fabricate new ones) and other areas such
as geophysics. The theoretical methods mentioned above have been used to
compute the properties of materials under pressure and to predict pressure-
induced phase transitions. We describe here a recent investigation on the high
pressure properties of solid hydrogen.[10]

The properties of hydrogen,
being the simplest element, under
pressure has been a topic of fascination
to physicists since the early days of
quantum mechanics. The high pres-
sure phases are of great interest be-
cause of the predicted unusual proper-
ties such as high temperature super-
conductivity in the metallic phase and
because of their possible relevant to
understanding the interior of Jupiter.
Experimentally hydrogen molecules are
known to crystallize into the hexagonal
close-packed (hep) structure up to 260
kilobars. Although diamond anvil
experiments have been performed to
above 2 megabars, the exact structure
at higher pressures remain unknown
and the question of the critical metal-
lization pressure remains unanswered
at this time. Thus calculations are car-
ried out in an attempt to predict the
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structure and electronic properties of molecular solid hydrogen in the megabar
range.

In the study, total energy calculations within the local density functional
formalism are carried out to determine the structure. Quasiparticle energy cal-
culations using the Green's function self-energy approach are performed to
determine the electronic band gap and hence metallicity. The very light mass of
the hydrogen molecule however introduces an additional complication. At
lower pressures, molecular hydrogen is an orientational quantum solid with the
molecules freely rotating even at zero temperature. This orientational disorder
at higher pressures may be modeled for the hep structure by a maximum libra-
tional angle of the molecular axis from the crystal c-axis. As shown in Fig.4, the
calculated minimum quasiparticle band gap for H2 in the hep structure is very
sensitive to the orientation disorder of the molecules. Because of this uncer-
tainty, the metallization pressure due to band overlap mechanism can only be
predicted to be near 2 megabars for this model. Further studies[10,11] going
beyond the hep symmetry have shown that it is likely that a new class of ori-
ented structures may be more stable in this pressure range. This would implied
an even higher pressure for metallizing hydrogen.

Summary

Some selected results of first-principles calculations of the properties of
crystals, surfaces, and materials under pressure are presented. It is shown that,
with modern computers, it is now possible to explain and predict materials
properties using only atomic input.
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ABSTRACT

We have developed a 3D fluid code to study edge turbulence in tokamaks and its role

on the L-H transition. An understanding of this phenomenon has major implications for

the design of future large tokamaks.



I. INTRODUCTION

The tokamak is a potentially promising device for achieving the goal of thermonuclear

fusion. Over the last few years, extrapolation of results from deuterium plasmas to

deuterium-tritium plasmas indicate that both TFTR in the USA as well, as JET in UK,

are very close to scientific breakeven. Scientific breakeven is defined as the condition

when the output power contained in the fusion by-products is equal to the input power.

However, to make a thermonuclear reactor, a major fundamental constraint presently

is economics. The acceptability of an alternate source of energy is predicated on its

production being economically competitive with existing sources at the present time.

One of the currently accepted scenarios for continued activity in the area of magnetic

fusion is through international cooperation. This allows for sharing of the financial burden

for construction and operation of an experimental reactor. The cost for such devices have

become prohibitive for any single country to undertake the task because of the present

economic climate in the developed countries. A case in point is the international tokamak

experimental reactor (ITER)1, which is a collaboration between USA, Europe, Japan, and

the USSR. The present estimated cost for the construction of ITER is five billion dollars.

Over the last decade one of the significant scientific findings in tokamak research is the

existence of two modes of operation: the L (low confinement) and H (high confinement)

modes. In L mode operation the introduction of auxiliary power raises the temperature

(as expected) but at the same time degrades the energy confinement. However, as the

auxiliary power increases beyond a critical level the tokamak discharge makes an abrupt

transition to the H mode.2 The confinement time is about 2 tc 3 times better than in L

mode discharges. The present design of ITER is based on L mode operation. Because

of the low confinement, the size of the machine has to be appropriately scaled up. This

readily translates into a scaled up budget for the program. This pessimistic L mode

scenario is used in the design of ITER since there is no detailed understanding of the

L-H transition. The estimated cost for ITER based on the H-mode operation is $1B



compared to $5B for the L-Mode scenario. Thus the understanding of L-H transitions

in magnetic fusion research is an important problem both from the scientific as well as

economic point of view.

In this study we make a modest first principles approach towards understanding the

process of L-H transitions. The basic framework is the use of fluid equations to charac-

terize the plasma in the edge region of tokamaks. These 3D fluid equations (Braginskii)

are solved using a CRAY II at NERSC in Livermore, California. The basic scenario is the

following. The edge region of a tokamak plasma is unstable to curvature driven instabili-

ties. These instabilities grow up and give rise to plasma turbulence which transports the

panicles and heat out of the plasma anomalously fast. This corresponds to the L-mode

operation. The turbulence has a tendency to produce an organized shear flow.3 In the

L mode phase the shear flow is maintained at a nominal level by damping processes like

magnetic pumping. However, when the magnetic pumping is reduced (due to the heating

by auxiliary sources), the shear flow starts to increase. Once these shear flows reach a

critical level, they begin to stabilize the turbulence. The stabilization of the turbulence

leads to a reduction of the particle (and heat) transport. Plasma transported from the

center of the plasma into the edge piles up and a pedestal in the edge density profile

begins to develop. This is the L-H transition.

II. Basic Equations and Simulation Results

The following set of dimensior.less equations describe the electrostatic drift resistive

ballooning modes in tokamak edge plasmas

•£ + ^+V-[vj .MJ + .*Vni-|, = 0. (1)

(2)



and

- V i o + ? • [vxVio] + [^(cos(27r2) - t) + -2Sm2jrsj + Vjfttf- em) = 0, (3)
eft oy ox "

a = (tol>,cjLnL0), /3 = (l/27T9o)((In/i2)1/2), <t> = (ei/Tt)(aLJL0), n = (n/

i'!| = i-n/c vx = £ x V<A, and V|( = (d/#e) + 2:ri(i - 2){d/dy).

Here Ln is the density gradient scalelength, p, the ion gyroradius, c, the ion acoustic

speed. R the major radius, q0 the safety factor at the edge flux surface, Te the electron

temperature, n, 0, v||, Vi are the normalized density, potential and ion parallel and per-

pendicular velocities, respectively. The time and transverse space scales are normalized

to f0 = (RLny'2/c, and Lo = 2irqo(Rpa)
l>HR/Ln)

x<2(ise</ne)V
2 with i/et the electron-ion

collision frequency and Ji, the electron gyrofrequency. The direction z is along the field

line of the reference flux surface qo.

The basic geometry is displayed in Fig. 1. The region of computation is the twisting

box. The dimension of the box in the y direction is dictated by the long wavelength cut

off of the linearly stable modes. The size of the box in the x direction is set by the density

gradient scale length in the edge.

In Fig. 2 we show a sequence of contour plots of </>(x, y) (streamlines) at z = ZQ from

the initial linear phase to a nonlinear phase. In these figures the density increases to the

left. In Fig. 2a, the instability is stronger near the right boundary because the growth

is stronger in the region of larger density gradient (low density region). At a later time

(Fig. 2b) the coherent vortex structures develop a secondary instability (due to the strong

shear flows). This breakup gives rise to a turbulent state (Fig. 2c). Finally the instability

has permeated to the left boundary and the whole region looks turbulent (Fig. 2d). What

is also evident from the contours is the existence of a large shear flow vy(x).

In Fig. 3 we display a sequence of the surface averaged square of the fluctuating

potential < |o|* >y.z and the poloidal velocity < vy >y_: as a function of x. The braxket

< > v : denotes the surface average. In Fig. (3a) we see that the fluctuating field is

localized to the right. These fields give rise to a shear flow < vy >y.z. When the shear



gradient d < i\ >y . /dx becomes comparable to the growth rate, the instability begins

to stabilize the fluctuations (Fig. 3b). The stabilization of the fluctuations causes the

turbulent layer to propagate to the left where new regions of instability develop.

Finally in Fig. 4 we show the effect of this turbulence on the transport and henc on

the density profile. The initial fluctuations tend to flatten the density profile (Fig. 4a).

However, as the shear layer stabilizes the turbulence the transport from the unstable
4

region readily transports density to the right (Fig. 2b). However due to a transport

barrier (due to lack of fluctuations) on the right, the density piles up giving rise to a

pedestal. Thus the L-H transition has been triggered.

III. Conclusions

The 3D nonlinear Braginskii equations have been solved numerically to study elec-

trostatic drift resistive ballooning modes in tokamak edge plasmas and to explore the

physics of the L-H transition. The choice of parameters were for a small tokamak like

TEXT. However, this study can form the basis of understanding L-H transition in bigger,

hotter devices like DIII-D and JET.
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Figure Captions

1. Schematic of the computation box in relation to the tokamak.

2. Contour plots of <£(x, y) at z = ZQ at different instants of time with time increasing

from (a) to (d).

3. < \4>\2 >yz and < vy >„,, versus i at different instants of time with time increasing

from (a) to (c).

4. n(x) =< n(x,y, z) >y,- versus i for (a) early nonlinear phase and (b) late nonlinear

phase.
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One of the most challenging problems in tokamak fusion research is the

identification of the mechanism(s) responsible for the particle and heat loss across the

confining magnetic field, known as anomalous transport. Although great strides have been

made over the past forty years in understanding the behavior of magnetically-confined

plasmas, the transport issue remains largely unresolved. With the recent advances in

plasma modelling using particle simulation techniques and the availability of the

massively parallel computers, we are now in a position to initiate a comprehensive study

of this important problem. In doing so, we hope that a reliable scaling law will emerge,

which can give us a better projection of the ignition margin for the future tokamaks,

such as ITER (International Tokamak Engineering Reactor) and BPX (Burning Plasma

Experiment), and. in turn, can bring fusion energy a step closer to reality.

Particle simulation is almost as old as fusion research. Over the years, it has

developed into a useful tool for understanding the highly complicated charged particle

interactions in laboratory and space plasmas [1.21. The basic idea is to use the computer

to calculate the position and velocity of the individual plasma particles (electrons and

ions) whose trajectories are given by Newton's law. The particles interact with the

externally applied electric and magnetic fields as well as with those generated by the

particles themselves. The latter, which are commonly known as the self-cons is tent (or

collective) fields, are given by Maxwell's equations. Since the purpose is to reproduce

numerically the particle behavior of a real plasma, we cart view particle simulation as an

experiment performed via computer [1-3]. Mathematically, we are solving the

Vlasov-Maxwell equations in the phase (configuration and velocity) space.

However, there is one hitch The typical density of a laboratory plasma is

1012-10H particles/cm3, and it is not feasible to use that many particles in the

simulation even with all the supercomputers in the world. The breakthrough came with

the invention of the finite-size particle simulation model [1.2]. It utilizes the

existence of Debye shielding, a very unique property for the plasma, which occurs through

the Coulomb interaction between the plasma particles. This property enables us to make

1



each (atomic-point-size) particle in the simulation the size of the Debye cloud, XQ, and,

in turn, to use a much reduced number of particles. Thus, particle simulation is not an

attempt to describe the phase space dynamics in gory detail. Instead, it is simply a

sampling technique to capture the long-range self-consistent interactions, which are

essential for fusion plasmas. This important concept wil l be discussed later.

Although the application of the finite-size particle model to investigate high

frequency physics has met considerable success in the past [1,2], its utilization to study

low frequency phenomena associated with plasma transport in tokamaks has been plagued

with numerical difficulties 13]. This is because the requirements for the time step,

grid size and numerical noise level are too strigent for this class of problems. On the

other hand, the magnetohydrodynamic (MHD) simulation, which treats the plasma as a

conducting fluid, is the dominant workhorse in magnetic fusion research. However, MHD

is based on a reduced description for the plasma and, consequently, it can not treat the

physics of anomalous transport arising from the microinstabilities driven by the spatial

inhomogeneity of the confined plasma.

"Anomalous transport" refers to the complex and not-yet-understood phenomena

associated with the particle and heat loss observed in the tokamak experiments.

Transport dilutes the density and energy at the center of the confined plasma through the

radially outward movement of the particles. It can not be explained by the standard

neoclassical transport theories and is believed to be casued by the highly nonlinear plasma

interactions (turbulence). The U.S. fusion community recently inaugurated a Transport

Initiative to coordinate and focus research on this important issue. As a result, the

possibilty and the adequacy of using particle simulation for studying tokamak transport

have again received widespread attention in the magnetic fusion community.

In the early 80's. the researchers at Princeton Plasma Physics Laboratory (PPPL)

initiated the search for a better particle simulation technique. Since the original

Vlasov-Maxwell equations contain too much superfluous information, the approach was to

first derive a set of reuced equations. This has been accomplished by using the

well-known gyrokinetic ordering and a set of nonlinear gyrokinetic equations was obtained

[4]. However, unlike the MHD equations which are also a set of reduced equations, the

gyrokinetic equations retain the all-important finite gyroradius effects as well as the

wave-particle interactions. These physical processes are believed to be the most

important ingredients responsible for the anomalous transport in tokamaks. The

numerical properties of these equations have been found to be satisfactory and the

necessary numerical schemes for solving them have also been subsequently developed [3].



In the gyrokinetic particle simulation, each individual particle is transformed into a

rotating charged ring and its gyrocenter is pushed with the appropriate forces at every

time step in the computer [3]. Another unique feature for the gyrokinetic model is the

role played by the ion sloshing motion. This is an essential component for the

microinstabilities as well as the shear-Alfven waves for the MHD modes). This ion

motion enlarges the shielding cloud from X^ to ps , where ps ( » \Q) is the ion

gyroradius measured with the electron temperature [3]. With the introduction of the

magnetic perturbations in the simulation, the size of the shielding cloud becomes even

larger because of the electron response to the shear-Alfven waves [G], These properties

result in a considerable relaxation of the numerical requirements in the simulation.

Another interesting property of the nonlinear gyrokinetic equations is that they are

related to the well-known "reduced MHD equations" [5], and the usual equilibrium MHD

equation now becomes a part of the gyrokinetic Maxwell equations. Thus, this new

formulation enables us to describe, with a single set of equations, the small-scale

fluctuations associated with the kinetic effects, i.e. mieroinstabilities, as well as those

arising from the global MHD behavior. Since the numerical requirements are the same for

these two types of phenomena, one single code wil l be sufficient to describe all the low

frequency phenemena for the tokamak discharge. Therefore, we believe that we have

finally found a unified numerical scheme for the construction of a "computational

tokamak" for studying tokamak fusion physics.

While considerable progress has been made in terms of plasma modelling, the

realization of a computational tokamak also depends critically on the new computer

hardware. This is because any realistic simulation, say. of the entire tokamak core with

the gyrokinetic model has to wait for the next generation of supercomputers. To that

end, we have devoted considerable effort recently to mount and optimize our

three-dimensional gyrokinetic particle code on different supercomputers with different

architectures and to compare their performances. We have found that the massively

parallel computers are the most promising. For example, a peak speed of 5.7

microsecondOis) per particle per step and a maximum domain of 16 million particles have

been achieved on the Connection Machine (CM2) with 64 thousand processors. The results

of 5 jis/particle/step and 8 million particles on the Intel Hypercube with 128 CPU's are

also very impressive. By and large, the parallel architecture seems better suited for our

purpose than the serial machines. The improvement comes from better algorithms for

gather/scatter operations [6]. According to our estimate, it would take about 16 days to

run on the CM2 with 16M particles on a 512x512x32 grid in simulating one millisecond



(ms) of discharge for a typical tokamak. However, from the projected performance for

the soon-to-be released Connection Machine (CM3), the same simulation would take only

two hours, which is very encouraging. In addition, we need a gigabit network for data

transmission and three-dimensional visualization capabilities for diagnostics.

With such an effort supported by the High Performance Computing and

Communication Initiatives (HPCCI), we should be able to address immediately some very

important problems concerning anomalous transport. For example, what are the

mechanisms responsible for the observed transport, fine scale electrostatic turbulence or

magnetic braiding? We may also attempt to resolve the issue with regard to the strong

dependence of the energy confinement time, z^, on the plasma number density and the

plasma size. Such a dependence has been predicted by the theory, but has not been borned

out by the experiments. Another unresolved paradox is the atomic mass dependence of tg,

for which the theoretical prediction and the experimental trend are just opposite of each

other. Furthermore, we need to understand t ie reason why the theoretical xg scales with

the toroidal magnetic field, but not with cho plasma current as reported by nearly all

the expriments. Satisfactory resolutions of these problem J essential for obtaining a

reliable scaling law. We can then use it to make a better prediction for the ignition

margin for the next generation of tokamaks. e.g., 1TER and BPX.

To demonstrate the usefulness of gyrokinetic particle simulation, let us describe

several ongoing research projects. For example, using our 3D code on the Cray2 at

National Energy Research Supercomputing Center (NERSC). we have been studying the ion

temperature gradient drift (ITG) instabilities in toroidal geometry. The resulting

electrostatic potential in Fig. 1, indicating clearly the existence of the m = 3 modes.

The radially outward energy flux has also been observed and is shown in Fig. 2. The issue

of inward particle flux of the impurity ions from the tokamak edge to the center of the

discharge has also been studied. Here, we have the first evidence that the experimentally

observed inward particle flux may be related to the presence of microinstabilities. The

velocities of the inward pinch for the various impurities are shown in Fig. 3 and the

associated fluctuation spectrum due to the ITG modes is given by Fig. 4.

Clearly, what we have described here can be considered as a complementary program

to the actual tokamak experiments (at a fraction of the cost). Thus, this is a perfect

project for HPCCI to support.

"Present work is supported by DoE Contract No. DE-AC02-76CHO-3073 and DoE ORAU

Magnetic Fusion Science Fellowship Program.
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GENERAL REMARKS

In a linear collider, both the driving system

(klystrons) and the accelerating system (linac) consist

of RF structures that are inherently three-

dimensional. These structures which are responsible

for power input/output, have to satisfy many

requirements in order that instabilities, beam or RF

related, are to be avoided. At the same time, system

efficiencies have to be maintained at optimal to

minimize cost. Theoretical analysis on these

geometrically complex structures are difficult and

until recently, numerical solutions have been limited.

Their engineering, therefore, had been and still is to

a large degree, a time-consuming process, relying

heavily on accumulated experience as well as trial

and error.



With the advent of supercomputers and the

development of more efficient codes, numerical

simulations for design purposes are getting close to

being practical. The large memory space of a

supercomputer allows the structure geometry to be

realistically modelled on a sufficiently fine grid.

Tolerance in the Next Linear Collider (NLC) is

expected to be high; for example, accelerator cavity

frequencies have to be resolved to within a few

percent. Equally important is the machine's fast

processing speed which enables accurate results to be

generated within a reasonable time frame.

At SLAC, there has been a continuing and close

collaboration among accelerator physicists, engineers

and numericists to integrate supercomputing into the

design procedure which involves 3-D RF structures.

The outcome is very encouraging. Using the 3-D/

electromagnetic code ARGUS (developed by SAIC)



on the Cray computers at NERSC in conjunction

with supporting theories, a wide variety of critical

components have been simulated and evaluated.

Aside from structures related to the linear collider,

the list also includes the RF cavity for the proposed

Boson Factory and the anode circuit for the Cross-

Field Amplifier, once considered as an alternative to

the klystron as a possible power source. This

presentation will focus on two specific structures:

(1) the klystron output cavity; and (2) the linac input

coupler. As the results demonstrate, supercomputing

is fast becoming a viable technology that could

conceivably replace actual cold-testing in the near

future.

The following work involves both time and

frequency domain simulations in which the S-band

and X-band frequencies refer to 2.856 and 11.424

GHz respectively.



X-BAND KLYSTRON

COLLECTOR
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ADVANTAGES

• LOWER GAP VOLTAGES

(AVOID BREAKDOWN)

• HIGHER EFFICIENCY

(EXTENDED INTERACTION)

ISSUE

• PARASITIC OSCILLATION

(MODE COMPETITION)



S-BAND DOUBLE-GAP OUTPUT

An S-Band klystron using a
double-gap output with two coupling
slots symmetrically placed had suf-
fered from self-oscillations near 4
GHz. Experimental coldtests con-
firmed a dipole mode close to that
frequency but it exhibits very low
Q (=94). ARGUS simulations re-
vealed a nearby dipole mode which
is below the output waveguide cutoff
and therefore trapped (high Q). The
near degeneracy is split by rotating
the coupling slots which destroys the
symmetry.

TRAPPED MODE SHOWING
EVANESCENT FIELD IN

OUTPUT WAVEGUIDE



SYMMETRIC SLOTS

EXPERIMENT = 3.989 GHz
ARGUS CALC = 4.037 4.003
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X-BAND DOUBLE-GAP OUTPUT

A - SINGLE ASYMMETRIC
COUPLING SLOT
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ARGUS NUMERICAL GRID

(320,000 MESH POINTS FOR FULL STRUCTURE)



XC-2 KLYSTRON WITH DOUBLE-GAP OUTPUT
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OPERATING MODE FIELD PATTERN

ELECTRIC FIELD DISTRIBUTION FROM ARGUS

SIDE VIEW SHOWING
OUTPUT WAVEGUIDE

TOP VIEW SHOWING COUPLING SLOT



OPERATING MODE FIELD PATTERN

MAGNETIC FIELD DISTRIBUTION FROM ARGUS

FIRST GAP COUPLING SLOT SECOND GAP
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DESIGN ISSUES

• IRIS MATCHED FOR

GOOD POWER COUPLING

• CAVITY TUNED TO

ACCELERATOR STRUCTURE

• CAVITY CONFIGURED TO

AVOID FIELD ASYMMETRY



X-BAND ACCELERATOR STRUCTURE
WITH COUPLER
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ARGUS NUMERICAL GRID

(530,000 MESH POINTS FOR HALF STRUCTURE)
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RF POWER COUPLED INTO THE ACCELERATOR
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TIME SEQUENCE SHOWING FILLING OF
STRUCTURE

(ARROWS REPRESENT ELECTRIC FIELD VECTORS)
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FIELD ASYMMETRY IN COUPLER
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Abstract

Newly developed computational techniques are used to better quantitatively define

a fundamental technical capability needed for controlled fusion energy: the degree to

which a hot thermonuclear plasma can be contained by magnetic fields. First, the

ramifications to the Magnetic Fusion Energy program of uncertainties in this basic

technical element are indicated, to set the context for the importance of such calcula-

tions. Limitations of previous calculations to deduce confinement are noted, which are

overcome by the new techniques used here. An application of these techniques shows

that a particular instability mechanism which had been widely believed to control con-

finement is, to the contrary, of relatively minor importance. This demonstrates the

importance of the greater accuracy and completeness offered by the new algorithm.



Introduction

Fusion energy research is a long-term energy R&:D program, funded in the U.S. largely by

the Department of Energy (DoE), and aimed at developing an electricity generating source

powered by a process similar to that of the sun and stars. Fusion holds the promise of

an environmentally acceptable energy source having an abundant fuel supply at affordable

cost. Compared to fossil fuels, fusion avoids totally the problems of acid rain, greenhouse

effect. etc.; compared to fission, fusion has no high level waste, has much reduced low level

waste, and has no risk of core meltdown.

Called the most difficult technical challenge ever undertaken, fusion research since the

1950s has been carried out in an atmosphere of close international cooperation (the U.S.,

th<> European Community, Japan, and the U.S.S.R.). This exciting research has borne fruit

by approaching in the laboratory the conditions necessary for sustained fusion reaction and

by developing the physics of the underlying processes. With these successes, fusion now

shifts more towards the engineering and technological phases. Nonetheless, even as this

shift in focus proceeds, there remains much of the underlying physics to be understood

and quantified.

The resolution of these physics uncertainties is of paramount importance in the fu-

sion program. This would have several important ramifications. At present, in order to

guaranty their success, projected future experiments can only be a modest extrapolation

beyond present devices. This increases the number of intermediate experiments which are

needed to go from small, proof of principle scale to reactor level experiments, thereby in-

creasing development time and cost. Similarly, uncertainties result in greater over design

margins in experiments to insure performance, thereby increasing costs. Physics uncer-

tainties also lead ft) a development path with fewer branches to alternative approaches,

due to the risks when departing from something with an established track record and due



to budget constraints on the number of experiments. Thus, alternatives with potentially

major advantages cannot be strongly pursued. In summary, a better understanding of the

underlying physics would reduce the time and cost of the RicD phase, and would allow

the technology to be better optimized for widespread commercial adoption.

The advent of truly large-scale computational capability offers an indispensable tool for

simulating at a level of the atomic particles the complex behavior of a large and expensive

experimental device. The role of such microscopic processes on critical large-scale behavior,

e.g., the fundamentally critical ability to insulate the hot fuel from material walls, has been

established but is only incompletely understood in detail.

The following sections describe how, even with existing computers, the application of

an improved numerical algorithm can be used to simulate the generation of small-scale

turbulence in a hot fusion fuel (called a plasma). Turbulence of this type is believed

to control the heat confinement in plasmas, although there are more than one possible

causative mechanism. In the work reported here, a type of turbulence caused by the plasma

ion temperature gradient, that had been widely believed to control heat confinement, is

shown not to be responsible.

These results illustrate the utility and power of computational simulation techniques

applied to problems of the fundamental physics of fusion plasmas. When a complete

simulation capability has been fully developed, it will have far-reaching applications in the

interpretation of existing experiments and in the design of new facilities, and it will hasten

the day of realizing fusion power.

Heat Loss Calculations

Background

Experiments have provided an empirical understanding of the heat confinement capabilities

of the experimental devices. Good confinement is critical in order to keep the plasma hot

3



enough for the energy producing fusion reactions to proceed. Strong candidates for the

mechanisms which determine the energy losses (energy is equivalent to heat here) have

been identified as being small scale turbulent plasma flows. This plasma turbulence is

similar to turbulence which arises in fluids and gases in applications such as aerodynamic

design, weather prediction and combustion engineering. The fundamental difficulty in all

these applications is the same: although the microscopic laws of physics controlling the

dynamics are well known, in practice it is difficult or impossible to obtain accurate solutions

from mathematical formulations of the dynamics.

Great progress has been made in understanding the instability processes which lead to

the turbulence in confined plasmas, but the turbulence itself, which ultimately determines

the energy confinement, is still poorly understood. Up till now, the state of the art in

confined plasma turbulence research has been to devise approximate plasma models which

are complete enough to include the known instability processes, but use dynamics which

are otherwise simplified in order to be solvable. One of the most prevalent simplifications

is to describe the plasma as a fluid. A more complete description, called a kinetic model,

includes the different velocities of the atomic particles which make up the plasma.

Large scale computers are used to simulate these models. Even so, up till now, com-

puter hardware limitations in speed and memory necessitated either simplified fluid models,

or precluded simulations of realistic experimental conditions in kinetic models. However,

computer algorithms have recently been developed which improve the computational effi-

ciency of kinetic simulations by a factor of up to roughly 100. These improvements make

realistic kinetic simulations possible with foreseeable hardware. In some cases, realistic

simulations are possible even within the limitations of presently existing hardware.



Applications

These algorithms have been applied to turbulence from an instability driven by the ion

temperature gradient between the hot interior and the cold wall in a confined fusion plasma.

This instability was a prime candidate to explain the large ion energy losses which are

observed to seriously degrade confinement in strongly heated plasma experiments.

Previous calculated predictions from fluid models indicated that this instability led to

strong heat losses and completely controlled the temperature in the hot plasma interior.

Results from the kinetic algorithm show that these previous calculations greatly overesti-

mate the heat losses, due to the fluid model's oversimplification. In fact, the heat losses

from this instability are much less than those observed experimentally. This demonstrates

the need for simulations with more accurate kinetic models. This work also demonstrates

that kinetic simulations can be performed for realistic parameters.

Comparisons of experimentally observed plasma energy losses on the Tokamak Fusion

Test Reactor with three calculations from various models is shown in Fig. 1. The local

heat insulating capacity of the magnetic field is inversely proportional to the local heat

conductivity X, which is plotted verses the radius from the magnetic center of the plasma.

The experiment shown is typical of strongly heated shots.

The first calculation used a fluid model and obtained a result for heat conductivity X

from mathematical analysis alone, with no computer simulation. This conductivity is very

large; in fact, it is much larger than the experimental conductivity, especially in the criti-

cally important hot interior near the center of the plasma. This result for the conductivity

had lead to the widespread inference that the temperature gradient in experiments is com-

pletely controlled by this instability, so that it cannot significantly exceed the threshold

for the onset of the instability. (The argument is this: if the temperature gradient sub-

stantially exceeds the threshold, huge heat losses will quickly cool the interior and bring



the gradient back to marginal stability, whereupon the instability is quenched.) It was

expected that more accurate kinetic calculations would bear this qualitative conclusion

out, and also obtain better quantitative agreement with experiment. Results from fluid

computer simulations for \ are also shown in Fig. 1; though smaller than the analytically

obtained \ , it is still very large in the center compared to the experimentally inferred value

of \.

Finally, results from simulations of the more accurate kinetic model are shown. They

reveal that the instability is far above the onset threshold, but even so, energy losses from

this instability are relatively insignificant compared to losses in experiments. This discrep-

ancy with previous expectations shows the need for the more accurate kinetic simulations

in order to understand energy confinement in fusion devices.

Though the kinetic calculations above are more complete than previous results, they

are still far from all-inclusive. In particular, all the calculations above neglected toroidal

curvature in the magnetic field. The kinetic simulation computer code is currently being

modified to include this. Preliminary results show energy losses much closer to those found

experimentally. The new kinetic computational algorithm, which was successfully applied

above, will be used to determine the effect of such turbulence on confinement in fusion

experiments and reactors.
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I. The Numerical Tokamak
The development of highly concurrent computers is causing a revolution in numerical

modeling. One can now anticipate a time when constraints on computational power are removed.
That anticipation motivates the identification of grand challenge problems, those problems which
combine significance and generality, and benefit from enormous computing power.

Magnetic confinement fusion faces a grand challenge problem that will stimulate the energy
and creativity of the entire community of computational physicists. That challenge is the
development of a numerical model for a Tokamak. The successful modeling of a Tokamak would
lead to a better understanding of the operation of these machines. As John Dawson comments, "it
would give much greater confidence in the predicted machine performance; it would provide the
capability to test out our new ideas and machine improvements without committing them to
hardware, and it would be a powerful tool for machine builders." Since success with the
Tokarnak is the principal hope for magnetic fusion in the forseeable future, real contributions from
numerical modeling would be invaluable.

The challenge in modeling Tokamaks lies in the variety of physical processes that occur, and
the complexity of their interaction. There is at the core of a Tokamak a hot, collisionless plasma
confined by magnetic fields, and sustained by microwave and neutral beam heating. There is at
the wall of a Tokamak a cold, collisionless plasma where atomic physics and surface physics
determine the impurity levels and overall energy confinement. Both of these regions of the
Tokamak present problems whose solution is a major challenge. The complexity of a calculation
that treats both regions simultaneously must be addressed from the outset Software tools must be
developed that allow scientists with many interests to work together, so that, for example, one can
ask how a neutral beam injector modifies the radial plasma profile, and thus the
magnetohydrodynamic stability; how large excursions from the reactor operating point affect the
lifetime of the first wall, or how to match the properties of the magnet power supply to the
inductance of the plasma.

There is agreement on certain essential components of Tokamak physics. The modeling of
Tokamaks requires the means to represent complex geometries, long-range interaction of charged
particles through electric and magnetic fields, non-equilibrium plasma phenomena, and the
nonlinear interaction of many complex and dissimilar processes. It is clear that no one method can
encompass all of the physics of a Tokamak. However, because of the range of plasma conditions
encountered in a tokamak, there is reason to believe that plasma simulation using the full kinetic
equations has the greatest chance of achieving this goal *.

Plasma simulation uses particle methods to model the dynamics of a plasma in a magnetic
field. From a computational point of view, particle methods are challenging candidates for
computing on highly concurrent computers. Their successful implementation requires tackling
problems in load balancing and communication whose solution will drive the development of new
software and hardware tools and point the way for a wide variety of computational algorithms and
applications. In addition, particle methods have found very wide application, including turbulence
modeling, tracer transport in global climate modeling, biological flows, and space plasmas, all of
which will benefit from the development of a numerical Tokamak.

II. Plasma Simulation On Magnetohydrodynamic Time Scales
To understand the kinetic processes that determine energy confinement and impurity

production in magnetic confinement experiments, one must solve the plasma kinetic equations on
the time scales of magnetic'fusion experiments. This is a major challenge, both in size of the
computational problem and its complexity. One not only must increase the capabilities of plasma
simulation by developing methods that can be used on the highly parallel computers of the future,



but also must incorporate the best of the methods that are currently available. For example, the
implicit method that is described below extended the range of plasma simulation a hundredfold.
The capability to model kinetic effects in three dimensions on magnetohydrodynamic time scales
in realistic geometries is the ultimate goal.

In a numerical calculation, the equations of motion for a plasma in a static magnetic field
include an equation to calculate the particle position, Xp, from the particle velocity, Up

XP = xp° - u p / 2 A t - xP°=xP ( t )- xp = V t + A t ) - u p / 2 = K U p ( t ) + Ufi(t+At)^ (1)

a momentum equation to calculate the particle velocity in the electric, E, and magnetic, B, fields,

1/2 0 Hsun = u + —
P P m E6 "p x B

c ?
(where qs/ms is the charge to mass ratio, and c is the speed of light), and Poisson's equation to
calculate the long-range interaction among the particles through an electric field,

V • Ee = 4 n n8 . (3)
where At is the time step and n& and E& are the charge density and electric field at (t+0At).
The particles are labeled by the subscript p, and the species (e.g. ions and electrons) by the
subscript s. The charge density is calculated by interpolating the particle charge to the grid with a
particle shape, S.

P
x p 6 , for example, is given by, xp=(l-6) xp(t)+6 xp(t+At). Evaluating (4) from the particle

data, solving (3), then solving (1) and (2) advances the solution from t to t+ At.

When 8=0, the difference equations (1-4) are explicit and the time step is limited by a linear

stability condition which depends on the plasma frequency, o)p. When u)pAt<2, the difference

equations are stable. When u)pAt>2, the equations are unstable. Since cup usually is much higher
than the frequency of interest, one pays a very high price to model low-frequency phenomena
because the time step is so small.

Implicit difference equations eliminate the stability constraint. When 1/2<8<1, Eqs. (1-4)

are implicit and the equations are stable, even with very large A t . However, one cannot solve Eqs.

(1-4) with 9>l/2. Instead, one must derive fluid-like equations by expanding the charge density

about XpO in powers of 8=k<8x2> V2t vvhere k is a characteristic wave number, and <8x2> is

the mean square particle displacement in a time step. The expansion introduces higher order

moments of the particles, including the current density, J, and the pressure, IT, but the sequence

of moments can be truncated by neglecting terms of O(82). From the moment equations one can

evaluate n^ in terms of known quantities and derive an equation for the electric field to replace
Eq. (3),

V • e • E = 4 7t n" (5)

where n1 is calculated from the particle data. The dielectric tensor, e, has the form,

Various terms are defined in Vu and Brackbill^. and implicit plasma simulation is reviewed in
Brackbill and Cohen^. All of the intermediate variables are easily calculated.

The dielectric tensor contains information to anticipate the response of the plasma to the
electric field, so that while the right side contains information at time t, the electric field can be



calculated at time t+At. When the field equation, Eq. (5), is replaced by a finite difference
approximation to model an inhomogeneous and magnetized plasma, one must invert a
non-symmetric matrix with variable coefficients. We use an incomplete Cholesky decomposition
and conjugate gradient iteration^ to solve the field equation in CELESTE.The best solver for a
highly concurrent computer is a research question.

III. Plasma Simulation in Real Geometries
To do plasma simulation in real geometries requires many changes in the basic method5. In

CELESTE, a code developed at Los Alamos, the particle equations of motion are solved on a
structured grid of arbitrarily shaped, six-sided cells. For example, a body-fitted grid tmay be
used o model the geometry of magnetic confinement experiments by causing the computational
domain to conform to the structure and shape of the boundary as shown in Fig. 1, where a mesh
for a torus is shown**.

Fig. 1A particle orbit in a toroidal magnetic field is superimposed on a plot of he outer surface of
the computation grid on which the orbit is calculated.

The solution of the plasma simulation equations on an arbitrary grid uses both physical and
natural coordinates. The natural coordinates (£,r|,v), give the location on the grid, and are
calculated by mapping each of CELESTE'S six-sided cells in physical space on to a unit cube in
natural space. At each vertex, the natural coordinates assume integer values, (i jjc), which are
constant as the mesh moves. Elsewhere, the mapping between physical and natural coordinates is
given by trilinear interpolation.

The grid may be completely redefined from one cycle to the next, except that the new grid
also must map on to a logical cube. In CELESTE, the number of grid points is fixed, but the grid
points may be moved about as needed This allows one to use an adaptive grid.

Adaptive grids have been applied extensively in modeling singular phenomena in two
dimensions. A partial list of applications includes magnetic reconnection, shocks, and
hydrodynamically unstable interfaces. The use of adaptive grids has resulted in more accurate
numerical solutions than would have been possible with uniform grids.The adaptive grid is
generated by solving a variational problem, in which one minimizes a functional'. A simple
functional is,

f f fJ J Jdxdydzw {V^}2, UUU 3 ) = (tn,v) (7)
i 1

With w=l, minimizing I s gives a body-fitted grid like the one shown in Fig. 1. When w is
not constant, the grid points are closer together where w is larger, and further apart where w is
smaller. If w is an appropriate function of the data, the grid will adapt to provide increased



resolution where it is needed by moving grid points. For example, if w is proportional to the
current density in a calculation of flow in a time-dependent magnetic field, the grid will cluster to
resolve steep gradients in the magnetic field intensity °.

Body-fitted grids for fluid and magnetohydrodynamic flows have been used for many
years^. Their use for particle simulations is a new development^, 11, and new methods for
moving particles through the grid have been developed. In a recent method developed by Mike
Jones at Los Alamos., the particle orbit is calculated on the body-fitted grid using an algorithm that
can be implemented easily on a concurrent processor. The orbit is calculated in natural
coordinates, which Eire generated by mapping each cell in the mesh to a unit cube. The natural
coordinates locate die particle within die mesh, and eliminate the expensive local calculations that
are otherwise necessary on a non-rectilinear grid'*, 13.The physical coordinates of a particle are
advanced by solving Eq. (1). The natural coordinates of a particle are calculated using the
covariant and contravariant mesh vectors °.

The covariant arid contravariant vectors are defined by,

a , - ^ . (8)

j
where (i, j , k) = (1,2,3) in cyclic permutation and the Jacobian, J, is defined by,

j_

J = ( c i e t ( g u ) ) 2 = a, • (aJ x a k ) , (10)
The natural coordinates of a particle are advanced from the equation,

The covariant mesh vectors are computed on the grid and interpolated to the particles as needed.

IV. Some Early Results
A computational study of edge effects in magnetized plasmas has yielded the discovery of

high frequency sheath oscillations with implications for future experiments14.
In CELEST1D, a one-dimensional code^, the full electromagnetic interactions are solved

directly with arbitrarily large time steps. With small time steps, the accuracy of an implicit
calculation is as good as an explicit calculation using the standard leapfrog differencing in time.
With large time steps, the accuracy and stability of the implicit method are much better than the
explicit method.

In two dimensions, transport driven by the ion temperature gradient instability is calculated
with CELESTE *5. Similarly to Lee, a 16x16 cell mesh with 64 particles per cell was used1**.
The plasma is magnetized, with a strong field perpendicular to the plane of the calculation, and a
small component in the vertical, or periodic direction. Temperature and density gradients are

maintained in the horizontal direction. The time step is wpeAt=2500, 1250 times the explicit

stability limit, and £ic^At=1.36. The calculation is continued for 800 time steps, or 173 ion

gyroperiods. Linear theory predicts instability when the ratio, T|j, of the ion temperature to the ion
density gradient length scales is greater than one. In Fig. 2, a selected ion orbit is plotted with
rjj=0.5, which is stable. Each point corresponds to the position of the ion on a time step. The ion
drifts along the magnetic field direction, with little motion in the horizontal direction. (When the
ion leaves the top boundary, it returns through the bottom.)

When T|j is increased to 2, the same particle executes the orbit shown in Fig. 3. Because of
the electrostatic field caused by the ion-temperature gradient instability, there is now lateral motion
by the ions. This motion leads to increased heat transfer from the hot boundary on the right to the
cold boundary on the left. The heat transfer is between 5 and 10 times that calculated from



classical theory.

Figure 2. An ion orbit for an stable plasma is plotted.

Figure 3. An ion orbit in an unstable plasma is plotted.
In Fig. 1, a particle orbit in a static magnetic field with winding number 1 is shown. The

orbit is calculated on the toroidal grid whose outer surface is shown. The temperature is high to
make the gyromotion visible.
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I. INTRODUCTION

Since humans became curious about the world around them, they have sought answers to two basic
questions: What are things made of? How do they work? The answers to these questions have
evolved over time, affecting in deep and pervasive ways how we live and how we view the universe
and humankind's place in it. In just the past two decades, spectacular progress using ever more
powerful particle accelerators and more sensitive detectors has found new answers with
remarkable insights into the evolution of the universe and the natural laws that govern the behavior
of matter at all times and places.

However, s ye of the deepest questions can only be addressed by observing phenomena at
energies that are significantly higher than today's accelerators can reach. So, several years ago, we
began asking ourselves how best to explore, in a timely and thorough manner, the territory richest
in clues to a more complete understanding of matter and energy.

The SSC Laboratory has been established to design, build, maintain and operate the
Superconducting Super Collider, a high energy subatomic particle accelerator that will be used in
basic research to learn more about the fundamental nature of matter and energy. When completed
in 1999, the Super Collider will be the most powerful subatomic particle accelerator in the world.
It will propel two beamr of protons in opposite directions at velocities near the speed of light before
colliding them in huge detector halls. There the debris from these collisions will be recorded so that
scientists may study the results to learn more about the fundamental particles and forces of the
universe. The energy of the proton collisions will be so great that it will recreate conditions that
may have prevailed at the very moment of creation of the universe, the moment of the "Big Bang".

During the past year, the SSC has made significant use of the MFE computer center for simulating
the low energy accelerators in the SSC complex. Simulation associated with the high energy
superconducting accelerator have also required large amounts of resources, but they are discussed
in a companion paper by Yiton Yan. The work reported in this paper was done by others with the
author merely serving us a reporter. The people most responsible for the actual work are: S.
Machida, and Chu-Rui Chang.

There are two primary supercomputer applications reported here. They are the calculation of
emittance growth in the LEB due to space charge effects and simulation of the side coupled cavities
used in the linac.

H SPACE CHARGE EFFECTS IN THE LEB

The SSC is designed to have a luminosity of 10 interactions per second per square centimeter. It
directly determines the amount of physics which can be done with the collider and is therefore of
critical importance. The luminosity is inversely proportional to the emittance of the two colliding
beams. Since emittance increases monotonically through the chain of accelerators, an emittance
budget has been set up denning what the allowable emittance increase is in each individual
component of the accelerator. The emittance budget for the LEB calls for the emittance to enter the
LEB at AK mm - nirad and leave the LEB at .611 mm - mrad. Therefore, a set of simulations was
done to determine the actual emittance growth.



The simulation was done with TEAPOT, a general purpose accelerator tracking code modified to
include space charge effects. The space charge module computes the transverse electrostatic forces
on a given particle created by the other particles. The primary effect of the space charge is to
produce an electric field which increases linearly with radius and will therefore produce die same
effect as a quadrupole magnet, i.e. a tune shift The tune shift for a Gaussian beam is given by eq.
(1).

(1)

Since Av is inversely proportional to (fy2, the tune spread is largest where Py2 is smallest, i.e. the
LEB. In addition to the tune shift, there is a tume spread produced by non uniform beam
distribution. The effect of tune spread is to bring the beam into contact with resonances it would
not normally encounter as shown in Figure 1.

h.C

Figure 1. Tune Space Operation of the LEB



The figure shows the region of tune space occupied by the beam as well as primary resonance lines in
the accelerator. The operating point of the LEB was taken to be 11.85 and 11.80 and the total tune shift
Av is .6. Therefore, the effect of rune shift is to spread the beam accross the 1/2 and 1/3 integer
resonances which are well known to produce emittance growth. The study consisted of a thorough
investigation of the LEB lattice in an attempt to find an optimal solution. The study included varying the
operating tune, several different lattice arrangements, two injection energies and a sensitivity analysis to
different levels of multipole fields.

The principle result is shown in Figure 2. It shows the emittance growth for 600 MEV injection energy.
The figure shows that after 8000 turns the emittance has almost stopped increasing and the goal of
.6rcmm - mrad is approximately met..

The calculation shown in Figure 2 required about 30 hours of CPU time on the Cray 2. The addition of
the space charge calculation increases the running time of the code by a factor of 10 relative to the same
calculation without space charge. The reason for this dramatic increase is that the space charge
calculation imposes a numerical stability requirement on the frequency of calculation which would not
otherwise exist. The result, is that the space charge calculation has to be performed every 5ns of the cycle
whereas the calculation associated with magnetic elements is performed every 50 ns. The entire study
described here required approximately 300 hours of machine time.

A final part of this study was to calibrate the code against experimental data taken at Fermilab. The basic
measured data gave the emittance as a function of beam intensity as shown by the squares in Figure 3.

Emittonce growth in LEB
600 MeV injection energy Code calibration data
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The magnitude of magnetic multipole errors in the experiment was not known so the simulation was
done for two cases, one in which the errors were zero and one containing a worst case estimate of the
errors indicated respectively by the circles and dots in Figure 3. It can be seen that the simulation results
bracket the experimental results thereby providing a convincing check of the code accuracy. It can be
seen that the code even reproduces the knee in the curve at 1.25 x 1012-



m . DESIGN OF SIDE COUPLED CAVITIES IN THE LINAC

The linac is designed to accelerate 25 mA of H" ions from 70 MEV to 600 MEV. There are several
possible cavity designs which might be used but the side coupled cavity design operating in the 71/
2 mode has a number of advantages concerning operating stability and ease of manufacture. It has
therefore been chosen for the linac accelerator.

Figure 4 shows the conceptual layout of one module consisting of 6 tanks powered by one 20 MW
klystron.
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Figure 4. Schematic Diagram of One CCL Module

Each module has 6 tanks that is coupled by 5 bridge couplers. A detail of one accelerating cavity
is shown in Figure 5. It can be seen that the coupled cavity linac is inherently a three dimensional
object. However, it can be shown that the coupling slots in the accelerating cavities make only a
small change in the accelerating cavity fields and hence a majority of the design work can be done
with SUPERFISH. The coupling cavity design work however must use MAFIA-3D. The three
dimensional nature of the simulation requires use of 3 hours of cray time per design run on 450,000
mesh points.

A critical parameter for the accelerating cavity is the shunt impedance, defined to be ratio of the
square of the accelerating field to the power dissipated. The shunt impedance is determined by the
cavity geometry, especially the cavity radius and the dimensions of the nose cone. After a
systematic study, the cavity radius was chosen to be 8.5 cm and the curvatures Rni, R,^ and R^
were chosen to be 0.6 cm, 0.5 cm and 0.25 cm respectively. The electric fields associated with the
TM010 mode are shown in Figure 6.

— - 3 .5 * . . ( . i
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Figure 5. Geometry of an Accelerating Cavity Figure 6. Electric Fields In An Accelerating



The length of the accelerating cavity must be [JA/2 to efficiently accelerate the particles. Therefore,
the length of each cavity changes to compensate for the change in (5 down the accelerator.

Each module contains 5 quadrupoles to maintain the focus down the linac. The electromagnetic
energy must be coupled around the quadrupoles by bridge couplers. The bridge couplers in the
CCL vary in length from 5/2A. on the low energy side to 3/2A. on the high energy side. The longer
bridge couplers (5/2A.) tend to have problems with mode mixing, unless they are carefully
designed. Mode mixing excites frequencies other than the desired frequency in the bridges and this
leads to additional dissipation. The unwanted modes can be suppressed by inserting resonant posts
at strategic locations or by using conducting rings to separate the long bridges into a multicavity
resonator. The later method seems to do a better job of discriminating against unwanted modes
Figure 7 shows a MAFIA fm of a multicavity bridge along with end tank accelerating cavities and
coupling cavities. The simulations that generated this plot are some of the most demanding that
have ever been done for this type of problem requiring 400,000 mesh points and 3 hours of CRAY
time per run.

Figure 7. Electric Fields in Bridge Coupler



The fina] phase of CCL design is to check the beam dynamics through the modules. The strength
of the focusing quads was determined with the program TRACE 3D. The beam envelope equations
were then integrated through the linac using the program CCLDYN. Figure 8 shows the energy
spread, phase spread and x envelope spread as a function of energy. The predicted emittance at the
end of the linac is .271 n mm - mrad. This will feed into the LEB and meet the LEB input
requirement of .47lmm - mrad.
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Figure 8. Beam Energy, Phase and Size Down the Linac


