MATHEMATICS AND €COMPUTATION

Quantum Pinball -

ERwWIN SCHRODINGER DEVISED THE WAVE EQUATION OF QUANTUM
MECHANICS IN 19263 As PAUL DIRAC REMARKED, IT CONTAINED MOST OF
PHYSICS AND (IN PRINCIPLE) ALL OF CHEMISTRY. BUT SCHRODINGER’S
FIRST PAPER WAS CONCERNED WITH SHOWING THAT HIS NEW EQUATION
CORRECTLY DESCRIBED THE HYDROGEN ATOM—A SYSTEM WITH JUST TWO
CHARGED PARTICLES, A PROTON AND AN ELECTRON.

FOR SYSTEMS WITH THREE OR MORE CHARGED PARTICLES, THERE ARE
STILL NO EXPLICIT SOLUTIONS TO THE SCHRODINGER EQUATION; INDEED,
UNTIL THE VERY END OF 1990 THERE WAS NO DEPENDABLE METHOD FOR
ACHIEVING COMPLETE RESULTS FOR THREE-CHARGED-PARTICLE PROB-
LEMS BY APPROXIMATION, EVEN WITH A SUPERCOMPUTER.

THEN A TEAM OF RESEARCHERS AT BERKELEY LaAB, LAWRENCE
LiverMorRE NatioNnaL LABORATORY, AND THE UNIVERSITY OF
CALIFORNIA AT DAVIS ANNOUNCED THAT ONE OF THE MOST PERSISTENT

PROBLEMS OF QUANTUM MECHANICS HAD BEEN SOLVED AT LAST.

The breakup of a system
of three charged parti-
cles may occur in many
ways. Some are repre-
sented here in wave
functions generated by a
new supercomputer
solution to one of the
most persistent prob-
lems in quantum
mechanics.

onization by electron impact is
at happens when an electron
hits an atom with enough ener-
gy to knock loose one or more
of the atom’s own orbiting electrons.
Such interactions are among the most
fundamental phenomena in atomic
physics, responsible for everything from
the glow of fluorescent lights to the
mas that engrave silicon chips.

As with all scattering problems, the
electron-ionization of a hydrogen atom
begins with a particle incoming at a cer-
tain velocity. After the interaction, the
two electrons fly out at an angle to each
other, leaving the proton behind;
because electrons are identical, there is

no way to distinguish between the initial-

ly bound and the initially free electron.
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The likelihood that a given incoming
state will result in an outgoing state with
the particles at specific angles and ener-
gies is the “cross section” for that result.
Cross sections for quantum-mechanical
processes are derived from the system'’s
wave function, solutions of the

Schrédinger equation which yield prob-
abilities of finding the entities involved ‘
in a certain state. What makes scattering ‘
problems so difficult is that the wave ‘
functions are not localized but extend
over all space. [

What makes scattering problems
involving charged particles even more ‘
difficult is that “Coulomb interactions
are forever,” says Bill McCurdy,
Berkeley Lab’s Associate Laboratory
Director for Computing Sciences. As far
as the mathematics of the S(:hriidingvr
equation is concerned, the (r‘lo(:tr()mag—
netic force between charged particles
acts over infinitely long distances.

These infinities make it essentially

impossible to find an exact formula for

the final state of scattering. McCurdy
says, “The form of the wave function
where all three particles are widely sep-
arated is so intractable that no comput-
er-aided numerical approach has been
able to incorporate it explicitly.”

McCurdy and his longtime collabora-
tor Thomas Rescigno, a staff physicist at
Livermore Lab, working with doctoral
candidate Mark Baertschy of UC Davis
and postdoctoral fellow William Isaacs
at Berkeley Lab, tackled the three-
charged-body scattering problem using
the Cray T3E supercomputer at the ‘
National Energy Research Scientific ‘
Computing Center (NERSC), located at
Berkeley Lab, and the 18M Blue Pacific
computer at Livermore Lab.

The intractability of the standard

approach “obviously hasn’t stopped

people from working with plasmas and

other ionization phenomena,” Rescigno ‘
notes. “Mathmnatically they’ve come up |
with incredibly ‘
artful dodges, and ‘
some of them ‘
even seem to
work”—but no ‘
such approxima-

tion gives all the ‘

details of the process correctly.

The method developed by McCurdy
and Rescigno and their colleagues, on
the other hand, allows the calculation of
a highly accurate wave function for the
outgoing state that can be interrogated
for details about the collision dynamics
in the same way an experimenter would
interrogate a physical system.

They begin with a mathematical
transformation of the S(:hr(’idinger equa-
tion called “exterior complex scaling,”
invented by Caltech’s Barry Simon in

1979, which makes it possible to treat

BILL
McCURDY

Bill McCurdy became fascinated with
the possibilities of scientific comput-
ing in the computational “dark ages”
of the 1970s, while studying chemistry
at Tulane and Caltech. Not one to wait
around, McCurdy promptly founded
the Ohio Supercomputer Center; later
he became director of the National
Energy Research Supercomputer
Center (NERSC’s previous incarnation)
at Lawrence Livermore National
Laboratory. Through his continuing
research, often in collaboration with
Livermore’s Tom Rescigno, McCurdy
has made fundamental contributions
to computational chemistry.

the outgoing particles not as if their
wave functions extend to infinity—as
they must be treated conventionally—
but instead as if they simply vanish at
large distances from the nucleus.

“Using this transformation we can
compute accurate solutions of the quan-
tum-mechanical wave function of the
outgoing particles,” McCurdy says,
because in regions that correspond to
physical reality, the transformation gives
the correct outgoing waveform. “From
these solutions we extract all the dynam-
ical information of the interaction.”

Once the wave function has been cal-
culated, it must be analyzed by comput-

ing the “quantum mechanical flux,” a

means of
l'inding the
distribution
of proba-
bility den-
sities that dates from the 1920s. This
computationally intensive process can
yield the probability of producing elec-
trons at specific energies and directions
from the ionized atom.

Although earlier methods of approxi-
mation, such as those developed by [gor
Bray and Andres Stelbovics, constituted
important advances and could give the
total cross section for ionization of a
scattering reaction, they could not reli-
ably give a complete description of the
directions or energies of outgoing elec-
trons. By contrast, says Rescigno, “our
work produces absolute answers at the
ultimate level of detail.”

Comparison with real scattering
experiments, such as those recently pub-
lished by J. Réder et al, who scattered
electrons incoming at precise energies
from hydrogen atoms, then carefully
measured the angles and energies of the
outgoing electrons, prove the accuracy
of the new method. The experimental
data points match the graph of the cross
sections calculated by Rescigno,
Baertschy, Isaacs, and McCurdy with
astonishing exactitude.

“Quantum chemistry was founded
when the helium atom with two bound
electrons was solved in the 1950s,”
McCurdy says. Even if specific methods
have changed, “those calculations
showed that the molecular problems of
quantum chemistry were in principle
solvable. What we have done is analo-
gous. The details of our method proba-
bly won’t survive, but we’ve taken a big
step toward treating ionizing collisions
of electrons with more complicated
atoms and molecules.”

While noting the irony, the researchers
find it encouraging that the same super-
computing power and sophisticated soft-
ware tools built to investigate the com-
plexity of increasingly larger systems
could be used—indeed, were essential—
“to answer a basic physics question for
one of the simplest systems imaginable in

physics and chemistry.” —Paul Preuss
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