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Do young stars blow bubbles or dig tunnels as they age?
"Early type stars blow bubbles in the
interstellar medium," assert John Cas-
tor, Richard McCray and Robert Weav-
er of the Joint Institute for Laboratory
Astrophysics and the University of Col-
orado in a recent paper1 in Astrophysi-
cal Journal Letters. These bubbles are
seen as arising when the strong wind
emanating from a star sweeps up the
surrounding interstellar gas and com-
presses it into a shell. After a million
years, such a bubble would have a radi-
us of 30 parsec with a shell, about 4 pc
thick, that expands at about 20 km/sec.
While this theory is supported by a va-
riety of observational data, it is being
compared with an earlier theory postu-
lating hot interstellar tunnels, which ex-
plains some of the same data—some of
it apparently with greater accuracy.

Bubbles provide a possible explana-
tion for the uv spectroscopic data
brought back by the Copernicus astro-
nomical satellite. In particular, they
explain the presence of Ovi ions (O5+),
the absorption lines of which were stud-
ied by Edward Jenkins and Debra
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The radial dependence of density (black line) and temperature (color) in a typical structure sur-
rounding a star after about 106 yr, according to calculations of Castor, McCray and Weaver.

Highly excited atoms excite interest in many labs
"Since I'm an atom as big as bacterias
I've got to take microwaves serious.
No matter what I do, I'll be cryin'. . .
After they hit me, I'll be an ion."

So begins a poem written last year by
Peter Koch of Yale, during the stresses
of preparing his PhD thesis. With
James Bayfield, Koch had been
studying highly excited atoms (often
called "atoms in high Rydberg states,"
or even simply "Rydberg atoms"); the
interesting behavior of such atoms has
become the subject of current experi-
mental and theoretical work at many
centers around the world.

The unusual properties of these
Rydberg atoms (some of which have
been prepared with principal quantum
number n as high as 105) arise because
of their large size and small ionization
potential. With electron orbital radii
approaching 10~5 cm, such atoms are,
as Koch's poem suggests, the size of
simple bacteria, and they therefore
have very large geometric collision cross
sections. Because these high states lie
so close to the continuum, ionization
potentials become very low; when n ex-

ceeds about 25, the ionization potential
falls to less than 25 millielectron volts.
When left to itself, a Rydberg atom has
a relatively long lifetime, increasing
roughly as re3, for a fixed orbital angu-
lar-momentum quantum number /.
Yet even thermal collisions can transfer
enough energy to ionize the atom. On
the other hand, it also appears possible
that a neutral could pass through a
Rydberg atom without causing serious
perturbation.

As well as the intrinsic interest gener-
ated by such systems, there are applica-
tions of these studies in radioastronomy
(for example, hydrogen transitions in-
volving atoms with re up to more than
250 have been observed in interstellar
regions), possibly for laser-induced iso-
tope separation, and for basic atomic
physics such as the determination of
fundamental constants to improved ac-
curacy.

A session on collisions of Rydberg
atoms was organized as part of the
Ninth International Conference on the
Physics of Electronic and Atomic Colli-
sions, held last July at the University of

Washington in Seattle, and papers have
been appearing in Physical Review Let-
ters and elsewhere this past August and
September.

The first modern work on highly excited
atoms was reported by A. C. Riviere and
D. R. Sweetman (Culham, UK) in 1963,
when they extended their technique de-
veloped earlier for molecular hydrogen
ions to investigate the Rydberg states of
hydrogen atoms excited with n up to 23.

When an atom sees an externally ap-
plied electric field, the potential-energy
surface of the electron-nucleus system
is distorted so that there may be a re-
gion outside the atom with potential
equal to or lower than the potential of
one or more of the bound electrons.
Then tunnelling of an electron through
the potential barrier to the continuum
will occur if the tunnelling time is short
compared to the lifetime of the bound
state. This condition is met for the
long-lived high Rydberg states in mod-
erate fields, and Riviere and Sweetman
(and many other experimenters since)
have used this "field-ionization" meth-
od to detect Rydberg atoms. They
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tion for the hydrogen spectrum, the
measurement would in effect serve to
create an optical frequency standard.
An improved value of the Rydberg
would also yield a better value of the
electron-proton mass ratio.

The work at Rice University is motivat-
ed, appropriately enough for a depart-
ment of space physics and astronomy,
by an interest in transitions such as the
anomalous recombination lines seen in
the radiofrequency spectra of HII re-
gions. These lines arise from high
Rydberg states of hydrogen with values
of n up to one or two hundred. Colin
Latimer, Phil West, Thomas Cook,
Barry Dunning and Ronald Stebbings
reported to the Seattle meeting their
work with xenon atoms in high Rydberg
states (n now up to about 40) in colli-
sion with SF6 molecules, which Steb-
bings says is a relatively easy system
suitable for tuning up their experimen-
tal techniques in preparation for an
eventual attack on the astronomically
more important collisions of hydrogen
Rydberg atoms.

The Rice group excite Rydberg states
in a two-step process, but unlike SRI
and MIT, their method is to excite first
to the metastable 3P level of Xe by elec-
tron collision, and follow this up with
laser photoexcitation to selected pure
Rydberg states. Detection is by field
ionization, for the lifetime studies: ab-
solute cross sections for ionization of
Rydberg atoms in collisions with vari-
ous targets are now being determined.

At Yale University several years ago
James Bayfield's group had extended
the earlier work at Culham while
studying electron-transfer collisions of
protons with hydrogen atoms. The fast
neutral beam, prepared by passing a
fast ion beam through an atomic-hydro-
gen target, contained highly excited
atoms that arose in the neutralizing col-
lisions. The yield of atoms in state n
varies as n~3. A subsequent experi-
ment that used this neutralization as a
source of atoms for a merged-beam
study of collision processes below 10 eV
initially yielded anomalous results;
these led to the experimental discovery
reported in a February issue of Physical
Review Letters that low-energy cross
sections for Rydberg atoms do scale
geometrically as nl. The Yale group
also reported in 1974 on microwave and
rf field-ionization studies of these weak-
ly bound Rydberg states with their
unique fast-beam method. Koch,
Larry Gardner and Bayfield reported
more recent studies of this for n be-
tween 30 and 56 at the Seattle meeting
and at the September Gatlinburg Inter-
national Beam-Foil Spectroscopy Con-
ference, the latter work using fast laser-
pumped Rydberg atoms. One research
objective is to determine strong field
multiphoton ionization cross sections,
which are usually studied with high-

power pulsed lasers and ground-state
atoms. According to existing theory,
many aspects of the problem of a nor-
mal atom in a strong optical field of
strength, say, 108 volt/cm, can be close-
ly matched for hydrogen with n about
50 by a microwave field of 102 volt/cm.
As Bayfield says, "much of the physics
of strong laser interaction with gases
can be studied under the controlled
conditions of highly excited atomic
beams passing through a microwave
cavity or waveguide."

Theories of Rydberg atoms and their
collision processes are still rather scat-
tered, but the work that has been done
is beginning to yield promising results.
Michio Matsuzawa of the University of
Electro-Communications in Tokyo uses
a model in which the highly excited and
loosely bound electron behaves nearly
as if it were free and slow, although it is
nevertheless characterized by a momen-
tum distribution. His report to the
Seattle meeting showed how he has im-
proved on his earlier work (with a
planewave approximation for the rela-
tive motion in the final channel) by
using the Coulomb wave function for
relative motion in the final channel.
With this model he has calculated cross
sections for reactions of the type

(n,l) A+ + B"

(where the double asterisk indicates
high excitation) to obtain qualitative
agreement with experimental results
such as those of Hotop and Niehaus,
and Chupka and Berkowitz. Stebbings
pointed out to PHYSICS TODAY that
Matsuzawa's predictions have been
"well borne out" by the absolute Xe-
SF6 data at Rice.

Ray Flannery (Georgia Tech) devel-
oped in 1970-73 semiquantal theoreti-
cal descriptions of A-B(n) collisions be-
tween a neutral atom A or molecule and
an atom B in a highly excited Rydberg
state n, relevant to radiofrequency ob-
servations of Hi regions of hot stars.
His approach assumes that ionization of
B(n) occurs via an elastic binary colli-
sion, treated quantally, between A and
the highly excited, loosely bound elec-
tron which is moving with a quantal ve-
locity distribution generated by its par-
ent core A+. Simultaneous transitions
in A can also occur when the binary en-
counter is inelastic, thereby permitting
the study of many interesting resonant
energy-transfer processes between A
and B(n). More recently, in Seattle,
Flannery proposed a full quantal treat-
ment of the excitation, de-excitation
and ionization of B(ra) by collision, not
only with neutrals but also with elec-
trons and ions.

Derek Banks, Clive Gee and Ian Per-
cival (all of Queen Mary College, Lon-
don) and Derek Richards (The Open
University, UK) and their collaborators
started investigating charged-particle

collisions with highly excited atoms be-
cause of applications to recombination
in astrophysics and laboratory plasmas.
They started in 1964 with classical-tra-
jectory methods like those of molecular
dynamics, to obtain ionization and
charge-transfer cross sections, the latter
being in reasonable agreement with the
experiments of Bayfield and Koch.
More recently they used a variety of
classical, semiclassical and quantal
methods to obtain excitation cross sec-
tions for incident energies between
(50/n2) eV and 105 eV. The key to
their methods lies with Heisenberg's
1924 form of the old Bohr correspon-
dence principle, which equates quantal
matrix elements and Fourier compo-
nents of classical motion, with errors of
no more than about (100/n) per cent.
Comparison of this and other theories
suggests that resultant errors in cross
sections of no more than 6 per cent need
be made, with a variety of approxima-
tions within well defined ranges of va-
lidity. However, outside its range of
validity, the binary-encounter approxi-
mation, for example, can be out by
about two orders of magnitude. —JTS

Young stars
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Meloy of the Princeton University Ob-
servatory.2 The bubble theory also ex-
plains, as recently reported by David
Hollenbach and McCray,3 the presence
of hydrogen molecules with total angu-
lar momentum J greater than about 4,
in agreement with observations of OB
stars such as Zeta Ophiuchi. Further-
more, photographs of loop structures
that might, McCray suggests, be the
visible aspects of such wind-driven cir-
cumstellar shells have been reported by
Peter Brand and William Zealey of the
University of Edinburgh in a paper pro-
vocatively titled "Cloud structure in the
galactic plane: a cosmic bubble
bath?"4

An alternative theory was published
last year by Donald Cox and Barham
Smith of the University of Wisconsin
(Madison), in which the interstellar me-
dium is seen as being permeated by a
mesh of interconnected tunnels con-
taining hot gas of very low density.5

These tunnels are said to have formed
by the interaction of bubble-like super-
nova remnants, which have lifetimes of
about four million years and remain hot
during this entire time. When a youn-
ger supernova remnant encounters an
older one it reheats it, saving it from de-
struction. This process continues so
that roughly half of interstellar space is
estimated to be now filled with the re-
sulting tunnel network. This theory
yields an approximately correct value
for the soft x-ray background and ex-
plains the approximate intensities of
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the Ovi absorption lines, Cox told us.
The stellar-bubble hypothesis is sup-

ported by experimental evidence that
goes back to 1968, when George Herbig
(University of California, Santa Cruz)
inferred from optical studies the exis-
tence of a sheet in front of the early-
type star f Oph that is less than about
0.15 pc thick and of density greater
than about 500 cm"3. In 1973 results
from Copernicus on many more OB
stars began to come in. They showed a
great number of rotational excitation
lines for H2, with J up to 6, their non-
thermal distribution indicating that the
high levels were being pumped. Since
such a strong pumping source would
also rapidly destroy these excited rota-
tional states, it must be assumed that
the molecular cloud is close to the
source of excitation^the star—and fur-
thermore, dense and thin. These inter-
pretations of the data in terms of thin
dense sheets in front of such stars are
due to John Black and Alexander Dal-
garno (Harvard University) and Mi-
chael Jura (University of California at
Los Angeles). The unexpected obser-
vation of Ovi in almost all stars ob-
served—but only the uv-emitting early-
type stars can be observed—has already
been mentioned; this and other highly
ionized atoms observed with Coperni-
cus were also studied by Donald York
of Princeton.

In the theory of Castor, McCray and
Weaver, the bubble around a hot mas-
sive star is made up of either four or
five regions, the number depending on
the age of the system and the ambient
density. In region 1, the innermost
around the star, a hypersonic wind of
cool (roughly 104 K) gas blasts freely
from the star at about 2000 km/sec. At
a radius of about 10 pc it encounters a
shock wave in plowing up interstellar
gas. Immediately beyond this shock is
region 2, which consists of shocked stel-
lar wind. In this zone the gas has a ve-
locity of about 20-30 km/sec and heats
up to 106 K. Most of the mass of the
bubble is contained in region 3, which
contains the swept-up interstellar gas.
It is here that most of the ionization
due to the uv radiation emitted by the
central star occurs. However, region 3
is relatively cool (about 104 K), so that
heat conducts into it from region
2—and this in turn causes mass diffu-
sion back from 3 into 2. Finally, if the
ionization front (where all of the star's
photons have been used up in ionization
processes) is within the bubble, there
will be a region 4, which is a cold (about
102 K), dense, neutral shell only about
0.1 pc thick.

Region 4 (when it exists) will be
mainly composed of neutral hydrogen
atoms and H^ while region 3 contains
mainly Hll (H + ) ions. The Ovi is pre-
dicted to be mainly concentrated in the
transition region between 2 and 3.

McCray told PHYSICS TODAY that the
amount of Ovi predicted by the model
agrees very well with the Ovi column
densities observed by Jenkins and
Meloy.

The conclusion that the observed Hll
is often concentrated in circumstellar
regions rather than widely distributed
between stars was reached earlier by
Gary Steigman (Yale University) and
Peter Strittmatter and Robert Williams
of the University of Arizona's Steward
Observatory.6

Can further analysis of observations
distinguish whether the absorbing ions
are part of the general interstellar me-
dium or in compact regions around
stars? Jenkins says that it is difficult
to separate the two models, partly be-
cause the column densities predicted by
Castor, McCray and Weaver are rather
insensitive to the spectral type of the
star. Regional correlations are also
problematic, but it may help to look for
other ions because of their characteris-
tic temperature dependences. In par-
ticular, the fact that we almost never
see Nv (N4+) or SlV (S3+) is consistent
with the temperatures in the Cox-
Smith model, Jenkins says. On the
other hand, the column densities of
these ions predicted by Castor, McCray
and Weaver are just about at the upper
limits of the observations. This, says
Jenkins, is making it "a bit uncomfort-
able" for the Castor-McCray-Weaver
model. Jenkins is completing a new
survey of the Ovi data, hoping to be
able to distinguish the two theories.

—HRL
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Sandia to build largest
solar-energy test plant
A five-megawatt thermal solar test fa-
cility, said to be the largest solar test
plant in the world, will be built at San-
dia Laboratories in Albuquerque, New
Mexico. The Energy Research and De-
velopment Administration's Division of
Solar Energy will manage the new
plant, and Sandia Laboratories will op-
erate it.

The new facility will test prototype
solar receivers and other components
that are being developed for a planned
ten-megawatt electric solar pilot plant.
The Albuquerque facility will also be

used for more general research in solar
energy and other areas. The five-
megawatt plant will consist of three
subsystems: a field of radiation collec-
tors, a solar receiver-boiler and a ther-
mal storage system.

ERDA has awarded $325 000 to
Black and Veatch Consulting Engineers
of Kansas City, Missouri for the prepa-
ration of a conceptual design of the fa-
cility. The plant is expected to be op-
erating at a one-megawatt level within
fifteen months and to be fully opera-
tional in about thirty months.

Three-meter infrared
telescope for Hawaii
The world's largest infrared telescope
will soon sit atop 13 800 foot Mauna
Kea in Hawaii. The National Aeronau-
tics and Space Administration has
awarded a $5.5 million contract to the
University of Hawaii for construction of
the three-meter device, which is sched-
uled for completion in mid-1977. It
will be an open facility operated for
NASA by the university.

The telescope will be used primarily
to provide supporting and complemen-
tary data for NASA's planetary explo-
ration programs, particularly the 1977
Mariner mission to Jupiter and Saturn.
It will also serve to provide ground-
based observations of such objects as
interstellar dust, exploding galaxies and
galactic nuclei in the middle and far in-
frared.

ERDA and NASA sign
management agreement
The Energy Research and Development
Administration and the National Aero-
nautics and Space Administration have
signed an interagency agreement in
which ERDA and NASA management
will identify specific program tasks that
can be undertaken by the NASA cen-
ters in support of ERDA programs.
ERDA will use the NASA centers in
three broad areas:
• Research in specified fields such as
solar systems, gas turbines, fuel cells,
hydrogen technology and ground-pro-
pulsion technology;
• Proposals for specific technology de-
velopments, including testing, evalua-
tion and demonstration of projects or
hardware;
• ERDA may call upon NASA for tech-
nical and administrative expertise in
ERDA's management arrangements
with private high-technology institu-
tions.

An ERDA/NASA program coordina-
tion committee will be formed to pro-
vide a continuing mechanism for re-
viewing the scope of NASA support for
ERDA projects. D
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