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PHINNEY

After years of effort,-:: I E:I::

st linear collider

is producinf results at Stanford.

N THE EARLY 1980S physicists at the
Stanford Linear Accelerator Center made
a bold proposal to build a new type of

particle accelerator, an electron-positron
linear collider, to explore the properties of the
Z boson. The Stanford Linear Collider, or
SLC, was intended as both a prototype for a
new generation of particle colliders and as an
inexpensive entry into the exciting physics
available with the Z.
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It was -a:particularly challenging task not only because
it ventured into the uncharted territory of a new accel-
erator technology, but also because the SLC was built us-

:: ing the existing :i20-year-old SLAC linac instead of con-
structing :ainew structure explicitly tailored to the
requirements of a linear collider. The difficulties turned

::Oi::ut to be even greater than anticipated; it was almost
two years from the completion of construction in 1987
until the first Z particle was observed by the Mark II de-
tector on April 11, 1989. Later that year, the world's
la::rgest electron-positron storage ring collider was com-
letedatathe :CERN laboratory in Switzerlandand quick-

ly grbbhed the lead in : the totalnumber iof Z :rticles.
SLAG::Chas continued to push back the frontiers of

A....:linear colliieri:: development and to concentrate on the
ipysics advatages of two special features of the SLC-

itspoilarized lectronibeam and the very small beam size
:a th.i coiiision point.: In 1991 the new state-of-the-art
SLDadetectorwas installed and commissioned. A po-
larizedelectron source was built for the 1992 run and
upgradeidi for993, provi:ding an electron beam polar-
ization of over 60 percent.Steady improvements in ma-
chine perform|ance have resulted in a hundredfold in-
crease in lumino|sity since 1990. Now, with over
50,000 Zs recorde ast tyear by the SLD collaboration,
SLAC's big gamble is beginning to pay off. The SLC's com-
bination of high polarization and improved luminosity
provides a unique and exciting physics program.

THE SLC

Intended as an inexpensive first test of the linear collider
concept, the SLC was designed to use the existing two-
mile linac to accelerate electron and positron beams
to 50 GeV. This structure was upgraded with higher pow-
er klystrons, stronger focusing and steering magnets, and
a sophisticated control system. Many additional pieces
were required: a high-intensity electron source and
positron-production system, two damping rings to re-
duce the inherent size of the beams, a pair of curving
beam lines each nearly one mile long to bring the two
beams into collision, and a complex system of mag-
netic elements to focus the beams to micron size at
the collision point.

A cycle of the SLC begins with two electron bunches
stored in the north damping ring and two positron
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Artist's conception of the SLC,
schematically showing its principal
components. bunches stored in the south ring-all

of them being compressed to di-
mensions of about 100 microns. Each
1/120 second, one positron bunch
and both electron bunches are kicked
out of the rings and accelerated down
the linac. The positron bunch and the
first electron bunch are accelerated
to about 47 GeV before they are sep-
arated by a dipole magnet at the end
of the linac; they are then transported
through the collider arcs and brought
into collision. These bunches then
travel back through part of the beam
line until they are ejected into ex-
traction lines to beam dumps. The
second electron bunch is deflected
onto a target two-thirds of the way
down the linac to produce the next
bunch of positrons. Positrons are col-
lected from this target, accelerated
to 200 MeV and transported back to
the beginning of the linac. There they
are joined by two bunches of elec-
trons from the source, accelerated to
1.2 GeV and stored in the damping
rings for the next cycle.

Construction of the SLC began in
October 1983 and was completed in
mid-1987, but the commissioning of

this very complex machine turned
out to be much more difficult than
anticipated. Many years of effort have
been required to develop the knowl-
edge and experience to operate this
first linear collider reliably. A major
part of this effort has gone into the
development of automated control
and tuning procedures. By 1992 the
SLC was finally ready to start a se-
rious physics program with the new
SLD detector. After a polarized elec-
tron source was installed and suc-
cessfully commissioned, more than
11,000 Zs were recorded with an av-
erage beam polarization of 22 per-
cent.

At the very end of the 1992 run,
a new operating mode with "flat"
beams (vertical size much smaller
than horizontal) was tested in prepa-
ration for the Final Focus Test Beam,
a linear collider development project
[See Beam Line, Summer 1990,
page 2]. Flat beams have the advan-
tage of a smaller beam area, which
increases the rate of collisions. It is
easy to create a small vertical beam
size in the damping rings; the chal-
lenge comes in preserving it during
acceleration and transport. The orig-
inal SLC design had relied on opera-
tion with round beams because of the
difficulty of controlling the vertical-
to-horizontal coupling in transport
lines such as the arcs. In the brief test
run, beam size ratios of 10:1 were eas-
ily achieved out of the damping rings.
To everyone's surprise, the long years
of effort developing techniques to
control the beams throughout the
SLC allowed their very small verti-
cal size to be maintained and deliv-
ered for collisions. The luminosity,
or event rate, doubled almost
immediately.
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The number of Z bosons produced by
the SLC from 1991 through 1993.

The collider began operation with a
polarized electron beam in April 1992.

Flat beam operation was success-
fully commissioned early in the 1993
run. In this configuration, the beams
can be focused to an area of
1.7 square microns, much smaller
than the original SLC design. This
was a big step in the steady im-
provement of SLC luminosity. In
1993 over 50,000 Zs were detected
by the SLD.

POLARIZED BEAMS

At the SLC the highly polarized elec-
tron beams, in which most of the
electrons have their spin vectors
aligned with (or opposite to) the di-
rection of motion, allow physicists
to make unique measurements. A
complex system of components pro-
duces the polarized beam and trans-
ports it to the collision point. The
story begins with the polarized
source, which produces longitudi-
nally polarized electrons by illumi-
nating a photocathode with circu-
larly polarized photons from a high
power laser. In order to preserve this
polarization while the beam is in the
damping ring, the spin orientation
must be rotated from the longitudi-
nal into the vertical direction before
entering. Once the beam leaves the
damping ring, the spin direction
must be correctly oriented so that
it is longitudinal when it arrives at
the collision point after going
through about 70 rotations in the
north SLC arc.

The first polarized source, using a
bulk gallium arsenide photocathode
illuminated by a dye laser operating
at 715 nm, produced a polarization
(at the source) of 27-29 percent. In
1993 both the cathode and the laser
were upgraded for higher
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performance. A new Ti:Sapphire laser
pumped by a doubled YAG laser has
a hundred times more power and a
tunable wavelength. The present
photocathode uses a "strained lat-
tice" technology to achieve much
higher polarization. In a bulk GaAs
cathode the laser light excites elec-
trons from two different quantum
states. The electrons from these two
states have different polarizations
that partially cancel, giving a maxi-
mum achievable polarization of
50 percent. In the strained-lattice ap-
proach, a 100-300-nm-thick layer of
GaAs is grown on a GaAsP substrate.
Because the GaAs layer is thin, its
lattice distorts to match the GaAsP
lattice. With long-wavelength laser

40000 60(

umber of Z Bosons

The polarization of the SLC electron
beam at the interaction point. Use of a
photocathode with a "strained-lattice"
GaAs crystal tripled the polarization over
1992.
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light (typically 865 nm), only one of
the two quantum states is excited,
and electron polarizations up to
90 percent (at the photocathode) can
be attained.

Within a very few days after the
installation of the first polarized
source in April 1992, polarized elec-
trons were successfully transported
through the damping ring, down the
linac and around the north arc to the
collision point. A Moller polarime-
ter at the end of the linac determines
the beam polarization by scattering
of electrons from metal foils. From
the backscattering of polarized laser
beams, a Compton polarimeter just
beyond the collision point measures
the longitudinal component of the
electron beam polarization continu-
ously during physics runs. Com-
missioning of this complex system
went very smoothly.

The major surprise was a large
anomalous spin precession through
the north arc. At the energy of the
Z boson, a resonance-like behavior
occurs, and small changes in the ver-
tical trajectory can strongly affect the
spin orientation. This effect also de-
polarizes the beam by a few percent,
due to the different paths followed
by particles of slightly different en-
ergy. New feedback systems to bet-
ter control the beam trajectory
through the arc have allowed stable
delivery of polarized electrons. The
polarized source has proven very re-
liable, with over 95 percent avail-
ability during two years of operation.
During the 1993 run, the polariza-
tion at the collision point reached
65 percent. With further progress on
cathode technology, this polarization
is expected to exceed 70 percent in
1994.

LUMINOSITY

The formula for the luminosity of
linear colliders (see box) clearly in-
dicates the strategy for increasing it:
for fixed collision frequency, one
must increase the number of parti-
cles per bunch or decrease the bunch
size. To translate gains in peak lu-
minosity into an increase in total
events, the operating efficiency is a
critical factor. Progress at the SLC has
been made in all of these parameters,
but the biggest payoff has come from
smaller bunch size and more efficient
operation.

The SLC repetition rate is limited
to 120 Hz by the ac power distribu-
tion to the klystrons, which provide
short bursts of microwave power for
accelerating particle bunches. Possi-
ble strategies for increasing the ef-
fective rate by accelerating multiple
bunches per beam pulse do not ap-
pear cost effective, fixing the fre-
quency at 120 Hz. The disruption ef-
fect depends on the bunch intensity
and size, including the bunch length.
For present SLC operation it is ex-
pected to provide at most a few per-
cent enhancement but may boost the
luminosity by as much as 30 percent
in the future.

The bunch intensities are, in prin-
ciple, limited by the capacity of the
polarized electron source and the
positron production system. After
many years of improvements, both
systems can now produce 40 to
50 billion particles per bunch, but the
maximum operational intensity is
determined by constraints on sta-
bility and on nonlinear effects that
increase the beam size. In 1993 the
intensity was limited by the onset of
a bunch-length (or "sawtooth")
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instability in the damping rings at
a threshold of 30 billion particles per
bunch. During the damping cycle,
the bunch length shrinks until a crit-
ical current density is reached and
turbulent bunch lengthening occurs.
The longer bunch is then stable and
damps until the threshold is reached
again. Small fluctuations in inten-
sity cause different pulses to enter
the linac with different energies and
trajectories; these pulses cannot be
delivered cleanly for collisions.

Similar instabilities have been ob-
served in other electron-positron col-
liders but they present more of a
problem for the SLC than in a storage
ring because the beams are extract-
ed from the damping rings and must
be matched into the linac. The
bunch-length instability is caused by
the interaction of the intense
bunches with the impedance of the
vacuum chamber, primarily due to
sharp transitions in its cross-
sectional shape. For the 1994 run,
smoother vacuum chambers have
been installed in both rings. This is
expected to raise the threshold for
turbulent bunch lengthening by a fac-
tor of two, well beyond other prac-
tical limits on the SLC beam
intensity.

BEAM SIZE

Producing high-current, low-
emittance beams and transporting
them without the emittance in-
creasing is one of the most difficult
challenges of a linear collider. Low
emittance leads to small beams (see
box on.facing page). The history of
emittance reduction in the SLC is an
excellent example of the develop-
ment of the technology required for

linear colliders through successive
refinements in measurement and
control techniques. Ideas and im-
provements evolving over several
years culminated in the switch to a
flat beam configuration for the 1993
run. All of the techniques developed
during these years were required to
allow a very small vertical emittance
beam to be maintained successful-
ly all the way to the collision point.

The task of producing low-
emittance beams begins with the
damping rings, where the large phase
space of the bunches produced by the
electron and positron sources must
be reduced through the process of sto-
chastic cooling. The electrons only
spend 1/120 second in the damping
rings, while the positrons require two
damping cycles, or 1/60 second. Be-
cause the damping time for electrons
is so short, it is important to start
with small bunches when the cycle
begins. This feat requires careful
tuning of the electrons as they pass
through the first section of linac and
into the ring.

Having reached small sizes in the
damping ring, the extracted bunches
must be carefully matched through
the transport lines back into the
linac. Because of the small but finite
energy spread of the particles in each
bunch, poorly matched bunches fil-
ament as they are accelerated down
the linac, causing an increase in the
effective emittance. Bunch profiles
are measured noninvasively by scan-
ning a thin wire across the beam.
Four such "wire scanners" in the first
few meters of the linac measure the
bunch size at different phases and al-
low a calculation of the emittance
and matching. Throughout the
Stanford Linear Collider, the basic

a)

-C

Time (ms)

The sawtooth-like bunch lengthening
instability in the SLC damping rings has
limited the electron and positron beam
intensity which can be delivered for
collisions.
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Surveyors checking the alignment of
magnets in one of the two SLC arcs.

strategy is to match the bunch as
well as possible theoretically, then
measure the residual error and com-
pensate for it by introducing a de-
liberate error to cancel it exactly. Sex-
tupole and octupole magnets were
added to tune out chromatic aber-
rations. Other wire scanners along
the linac provide further diagnostics
for monitoring and measuring bunch
size. During normal operation these
devices are automatically scanned at
least twice an hour to provide a con-
tinuous history of the bunch profiles.

Once the bunches have been
matched into the linac, the difficul-
ties are far from over. When a high
current beam travels through a cop-
per accelerating structure, the head
of each bunch creates electromag-
netic fields in the walls of the struc-
ture that act upon its tail. If the
bunch travels down the structure off-
axis, the fields left in the wake of the
head of the bunch are asymmetric,
deflecting the tail and distorting the
bunch along its length. In the Stan-
ford Linear Collider the trajectory
must be centered to an accuracy of

better than 100 microns to prevent
this phenomenon, known as "wake-
field" emittance growth. Data taken
with the beams are used to align the
quadrupole focusing magnets and
beam position monitors along the
linac to better than 100 microns.
Alignment of the copper waveguide
is also critical and must be done at
operating temperatures because this
structure and its supports can deform
as a result of temperature gradients.

Even with a perfectly aligned
linac, jitter in the incoming beam tra-
jectory can cause wakefield growth
as the oscillation propagates along
the accelerator. Sensitivity to these
oscillations can be greatly reduced
by adjusting the energy spectrum
along the bunch so that the tail has
lower energy than the head, and is
therefore more strongly focused by
the quadrupole magnets. This tech-
nique, called BNS damping after its
inventors, Russian physicists V. E.
Balakin, A. V. Novokhatskii, and V. P.
Smirnov, was tested at the SLC in
1989 and proved to be so effective
that it is used routinely.

Trajectories throughout the ma-
chine are maintained by an extensive
network of feedback loops operating
at 10-120 Hz. Even after controlling
the beam trajectories and magnet
alignments as precisely as possible,
there will still be some wakefield
tails caused by residual misalign-
ments. Here again the technique is
to introduce a controlled oscillation
in the trajectory to generate errors
that exactly cancel the measured
tails. Emittances better than the orig-
inal design value have been achieved
for both electrons and positrons at
the end of the linac.
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From the end of the linac, the
bunches travel through the SLC arcs
and into the final focus. The arcs
follow the elevation of the local ter-
rain while curving towards the in-
teraction point. These nonplanar
transport lines presented a particu-
larly difficult problem during SLC
commissioning. A breakthrough
technique developed in 1990 allowed
a reconstruction of the entire optical
transport matrix through the arcs
from data on the beam trajectory.
Calibrated "tuning bumps" are in-
troduced in the trajectory to com-
pensate for the measured errors. With
this technique, the arcs have been re-
stored to the design optics with less
than 5 percent anomalous emittance
growth.

The final focus, where the
bunches are reduced to the micron
sizes required, is one of the most
challenging parts of a linear collider.
Any remaining errors in the beam
must be tuned out or canceled. Spe-
cial quadrupole magnets are used to
match beam dispersion and coupling,
while sextupoles cancel out chro-
matic aberrations due to a finite en-
ergy spread. Finally a triplet of su-
perconducting quadrupole magnets
focuses each bunch to a micron-sized
needle at the collision point. An ex-
tensive set of automated and semi-
automated tuning procedures, de-
veloped and refined over several years
of collider operation, are used to
achieve this final optimization. The
minimum size achievable is limited
by aberrations from misaligned mag-
netic elements, particularly the sex-
tupoles. By measuring the change in
focusing, dispersion or coupling as
the magnet strength is varied, the
sextupoles may be aligned to much
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Angular deflection of the SLC electron
beam as the positron beam is scanned

higher precision than otherwise across it. From a fit to this deflection
possible. angle, one can determine the overlap of

One remaining difficulty is mea- the two beams and hence their size.

suring bunch sizes on the order of mi-
crons. For initial tune-up, carbon fil-
ament wires 4 microns in diameter
can be inserted into the beam to mea-
sure its size, but these wires are too
fragile to withstand the full beam in-
tensity and too large to measure mi-
cron beams. In normal operation, the
bunch size is measured by observing
the angular deflection as one beam
is scanned across the other. A fit to
the measured deflection angle as a
function of beam separation provides
an estimate of the overlap of the two
beams in each plane. During 1993
"flat beam" operation, a bunch size
of 2.1 microns horizontally and
0.8 microns vertically was achieved.
The corresponding bunch area of
1.7 square microns is significantly
smaller than the SLC design goal of
2.9. Further improvements are pro-
jected for future runs.

e-
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EFFICIENCY

The final important factor affecting
the event rate is the machine oper-
ating efficiency, which has steadily
improved to an average of 60-70 per-
cent. While hardware reliability is
essential, the major advance in SLC
operations has come from the de-
velopment of an extensive network
of feedback systems to stabilize the
beams throughout the machine. In
contrast to a storage ring, a linear
collider is inherently unstable and
extremely dependent on feedback
and other controls for reliable oper-
ation. The basic SLC feedback sys-
tems provide pulse-to-pulse control
of beam energy and trajectory, with
special applications for the polarized
source and other critical compo-
nents. A new version of feedback
based on modern state-space for-
malism was introduced in 1991 and
continues to be improved and ex-
tended. In 1992 the sequence of tra-
jectory feedback loops along the linac
was upgraded so that each system re-
ceives information about incoming
disturbances from its next upstream
neighbor. In this way each system
only corrects for disturbances not
seen by the preceding one, eliminat-
ing the problem of multiple feed-
backs attempting to correct for the
same disturbance and allowing sta-
ble operation with faster response
time. Because the feedback systems
are separated by as much as several
hundred meters, for this scheme to
work each feedback system must
adaptively "learn" the transfer ma-
trix from the next upstream system
in order to compensate for possible
drifts. There are more than 50 feed-
back systems active during SLC

operation, controlling over 150
parameters.

FUTURE PLANS

Motivated by the remarkable success
of the polarized electron source and
by the dramatic increase in lumi-
nosity, SLAC has undertaken two ma-
jor improvement projects aimed at
maintaining a vital SLC physics pro-
gram for the next few years. For the
1994 run, new damping-ring vacuum
chambers and a major upgrade of the
final focus magnet system will allow
higher beam intensity and even
smaller beam size. A factor of 5 in-
crease in luminosity will allow the
SLD to record 250,000 Zs in a run.
The goal is more than 500,000 Zs
with over 70 percent polarization in
the next four years, which will pro-
vide the highest precision measure-
ment of the all-important Weinberg
angle-a key parameter of the Stan-
dard Model of particle physics that
determines the mixing between the
electromagnetic and weak forces.
Many other important physics re-
sults will be attainable with this data
sample.

The new low-impedance vacuum
chambers in the damping rings will
raise the threshold for the bunch-
length instability well beyond other
practical limits on beam intensity.
This upgrade will also produce
bunches with smaller internal en-
ergy spread, which reduces their sen-
sitivity to chromatic and dispersive
errors. A new design for the final fo-
cus was generated from the success
of "flat beam" operation. With rough-
ly equal horizontal and vertical emit-
tances, as in the original SLC design,
the beam size at collision is
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dominated by the "linear" size due
to the emittance. With a very small
vertical emittance, this is no longer
true, and the contribution to the
beam size from residual chromatic
aberrations is much larger than the
linear size. Additional quadrupole
and sextupole magnets have been in-
stalled to reduce these aberrations
and improve tuning flexibility. Six
new wire scanners in each final fo-
cus will provide more precision di-
agnostics. With these improvements,
the SLC should be able to achieve a
vertical beam size of less than
500 nanometers, one third of the orig-
inal design. At this size, the focusing
of one bunch by the field of the oth-
er will become significant, produc-
ing up to 30 percent higher lumi-
nosity. Observation of this long-
predicted disruption enhancement
would be an exciting achievement.

In the decade since SLC construc-
tion began, the interest in linear col-
liders has grown enormously. Today
most of the major high-energy phys-
ics laboratories in the world have ac-
tive linear collider development pro-
grams. Tremendous progress has
been made in understanding the
techniques required to build and op-
erate this new kind of particle
collider. The SLC remains in the fore-
front of these efforts as the only ex-
isting linear collider where new ideas
and techniques can be tested. Its re-
cent success with high polarization
and greater luminosity has given new
impetus to plans for the next linear
collider, and it has conclusively
demonstrated that linear colliders are
the way to reach the TeV scale in
electron-positron accelerators.

O

The enthusiastic SLD Collaboration awaits more Zs.
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In fact, a prerequisite for getting
gravity into the picture, namely to
make it compatible with quantum
mechanics, was still lacking. Albert
Einstein's theory of general relativ-
ity presents a compelling description
of gravity in terms of dynamical,
curved space-time, but it does so in
a classical, deterministic fashion, pre-
dicting the time evolution of space-
time with absolute precision. Yet the
principles of quantum mechanics,
which introduce inherent uncer-
tainty into microscopic physics pre-
dictions, have been found indis-
pensable for theoretical descriptions
of the other three forces at the mi-
croscopic level. There have been
many attempts to make a quantum
mechanical theory out of general rel-
ativity, by letting space-time itself
undergo quantum fluctuations, but
until recently all have met with
disaster.

A T THIS POINT superstring
theory appeared, or more
properly reappeared, upon

the stage. In a bizarre twist of fate,
this theory, which had in a previous
incarnation been discredited as a the-
ory of the strong interactions, re-
emerged to stake its claim as a The-
ory of Everything, or TOE. The
metamorphosis of string theory pro-
ceeded in three steps: First it was rec-
ognized by Joel Scherk and John
Schwarz at Caltech, that string the-
ory, which had already been con-
structed in a fully quantum me-
chanical framework, automatically
incorporated gravity. Thus a major
prerequisite for unifying gravity with
the other forces was met. Next
Michael Green (then at Queen Mary
College) and Schwarz endowed string

theory with a theoretically attractive
feature, supersymmetry, and string
theory begat superstring theory.

Finally in the fall of 1984 a new
version of superstring theory, het-
erotic string theory, was construct-
ed by David Gross, Jeffrey Harvey,
Emil Martinec and Ryan Rohm, then
at Princeton University. The het-
erotic string held great promise for
describing not just gravity, but also
the electromagnetic, weak and strong
interactions, plus all of the observed
elementary particles. And so began
a period of tremendous enthusiasm
and optimism for many theoretical
physicists. For example, the inven-
tors of the heterotic string conclud-
ed that, "Although much work re-
mains to be done there seem to be no
insuperable obstacles to deriving all
of known physics from the ... het-
erotic string."

Swept along by this enthusiasm,
superstring theory soon found its way
into popular books on elementary
particle physics (often as a somewhat
hastily written last chapter), where
it was touted as the Theory of Every-
thing. Now, a decade later, popular
interest in superstring theory seems
to have waned somewhat, and per-
haps it is time to ask: Has superstring
theory lived up to its early expecta-
tions, and if not, why not? What
should we really expect from a The-
ory of Everything? And what, by the
way, is a heterotic string?

At present, the hopes of deriving
all of known physics from string the-
ory remain unfulfilled; while there
are still no insuperable obstacles,
there is now a much better appreci-
ation among string theorists of what
a difficult task it will be. Part of the
problem is that in its present form
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Constituents of the hydrogen atom, as
viewed by an atomic physicist, by an
elementary particle physicist, and by a
string theorist (using a much more
powerful magnifying glass). Pictured
here are the electron, and a quark inside
the proton.

g theory should be thought of as
tatheory, or a theory of theories,
,r than a single theory. It is like
ipe book for making potentially
ible TOEs, but not all of the
es have even been written yet,

let alone sampled in all their varia-
tions. On the other hand, string the-
ory remains the only theory or
metatheory that incorporates gravi-
ty, and potentially the other inter-
actions, into a consistent quantum
mechanical framework, and so it is
still the best candidate we have for a
(meta-) Theory of Everything.

wT w O GET A BETTER IDEA of

what string theory is, and
how it differs from previous

theories, imagine examining a chunk
of matter with an extremely pow-
erful "magnifying glass." (Of course,
real magnifying glasses don't work
for distances below 10- 7 meters or
so, where other tools such as parti-
cle accelerators are required.) In-
creasing the power of the magnify-
ing glass to examine shorter distance

scales, the world looks very differ-
ent; even the nature of the "building
blocks of matter" changes. At dis-
tances much larger than 10 - 10 me-
ters, atoms look like structureless,
pointlike objects. Examined more
closely, they consist of smaller point-
like objects, electrons, orbiting a
pointlike nucleus. Still closer exam-
ination of the nucleus shows it to be
composed of protons and neutrons
(at 10- 15 meter), and the protons and
neutrons in turn to be composed of
quarks (at 10- 16 meter). To date, there
is no experimental evidence that
quarks or electrons are anything but
pointlike, down to distances of
10- 18 meter. So they are presently
considered the building blocks of
matter, or elementary particles. On
the other hand, absence of experi-
mental evidence has never stopped
theoretical physicists from specu-
lating about how the world might be-
have at much shorter distances than
have been measured.

String theory is perhaps the grand-
est such speculation-or the most
outrageous, depending on your point
of view. Like earlier shifts from atom-
ic theory to nuclear theory to ele-
mentary particle theory, string the-
ory requires a radical shift in what
one considers to be the building
blocks of matter. In string theory,
however, the fundamental objects are
not taken to be pointlike, but rather
one-dimensional objects or strings.
All the different types of elementary
particles (and there are quite a few!)
are postulated to be different vibra-
tional modes of a single type of
string, in the same way that a sin-
gle violin string can produce many
different notes by vibrating in dif-
ferent modes.
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Imagine a hydrogen atom viewed at three different
distance scales (see illustration on facing page): the scale
of an atomic physicist, an elementary particle physicist,
and a string theorist. The string theorist sees the elec-
tron, the quark, and every other elementary particle un-
der her magnifying glass, as different types of oscillation
of the same basic string. Unfortunately, the natural scale
of string theory is the Planck length, around 10- 35 me-
ters, which means that the experimental "magnifying
glass" needed to see this distance scale directly has not
yet been built, and probably never will be (see box). For
a particle accelerator like SLAC to be able to probe such
short distances, it would have to be 1017 times more
powerful, and would span the length of the Milky Way.
Funding for such a "Super String Collider" (SSC?) seems
rather unlikely!

Eo XACTLY WHAT YOU WOULD SEE with a Planck-
scale magnifying glass depends on the particular
string theory, of which there are a few basic types.

First of all, an individual string may be open, having two
free ends, or closed, forming a closed loop. Some string
theories have both open strings and closed strings in
them; others have only closed strings. A second dis-
tinction is whether the string theory has supersymme-
try, which is a unique symmetry that relates particles
with different amounts of spin to each other. Particles
called fermions, possessing half-integer spin (1/2, 3/2,
5/2, ... ), are paired with integer-spin (0, 1, 2, ... ) bosons.
The known elementary particles include both fermions
(such as the electron) and bosons (such as the photon).
The existence of fermions rules out string theories that
lack an underlying supersymmetry, because such the-
ories are incapable of producing fermions.

The most realistic string theory, the heterotic string,
has only closed strings in it. It gets its name from its pe-
culiar construction, which is half-supersymmetric and
half-nonsupersymmetric. The oscillations of a closed
string can be divided into waves that move around the
loop in a clockwise direction, and those moving coun-
terclockwise; the clockwise waves don't interact with
the counterclockwise ones, but pass right through (see
illustration on next page). The construction of the het-
erotic string relies on this fact; it takes the clockwise
waves to be supersymmetric, but the counterclock-
wise waves to be nonsupersymmetric. (This construction
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In a closed string, such as the heterotic
string, clockwise-moving waves do not
interact with counterclockwise waves,
but pass right through.

would obviously fail for an open
string; in this case waves traveling
in different directions are not dis-
tinct, due to reflection off the end
of the string.)

The supersymmetry of the clock-
wise waves is enough to produce
fermionic particles, as desired. The
asymmetry between clockwise and
counterclockwise waves results in
another kind of asymmetry that per-
sists at much longer distances-the
violation of parity (see next page),
which is also desirable. The term
"heterotic" refers to how two differ-
ent string theories, one supersym-
metric and one not, were "hy-
bridized" by taking half of the waves
from one parent theory and half from
the other, in order to produce the het-
erotic offspring. It also reflects the
desirable properties, or hybrid vigor,
that the heterotic string displayed in
its youth and that accounted for
much of the mid-1980s enthusiasm
for string theory.

The interaction of closed strings
with each other is conceptually very
simple: Either two strings can touch
and join together, or equivalently one
string can split into two; strings can
scatter off each other through the
combined process. (See illustration.)
When you follow the path of a single
closed string in time, you see the one-
dimensional loop of string sweep out
a two-dimensional tube, or world-
sheet. When two strings scatter, the
worldsheet has an "H" shape, but
this shape can be deformed; for ex-
ample, to the shape of an "I." Quan-
tum-mechanically all such shapes
contribute to the scattering process-
and thereby to producing forces be-
tween strings. The important point
is that because there is only one basic

string interaction, all forces are inti-
mately related to each other, as befits
a Theory of Everything. One world-
sheet diagram in string theory rep-
resents the effects of all the different
forces, whereas in particle theory
four separate diagrams are needed for
electromagnetism, the weak and
strong interactions, and gravity (see
diagram on page 18).

ERHAPS THE MOST distinctive
signature of string theory is the
existence of an infinite se-

quence of ultraheavy particles, which
correspond to oscillations of a string
at arbitrarily high frequencies. How-
ever, the lightest of these particles
has a mass close to the Planck mass,
or about 1019 times the mass of the
proton. In the absence of a Super
String Collider to produce these par-
ticles, one must resort to indirect
tests of string theory, by looking for
signatures that persist from the
Planck length all the way out to the
much larger distances of 10- 18 meter
or so that can be studied directly. In-
direct tests are certainly not un-
known in particle physics. For ex-
ample, the short distance behavior
of the electromagnetic and weak in-
teractions is currently being tested
with high precision, not only at par-
ticle accelerators with energies of or-
der 100 GeV, but also by making ex-
tremely sensitive atomic physics
measurements, where the energies
involved are a fraction of an electron
volt. Large underground proton de-
cay detectors have established that
the proton lifetime is greater than
1031 years, which places constraints
on physics (grand unified theories in
particular) at distances of order
10- 30 meters. On the other hand,
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indirect tests are no substitute for di-
rect probes at higher energies.

IF ONE IS TRYING TO TEST a The-
ory of Everything, then in prin-
ciple everything is at one's dis-

posal. Almost everything that is
known about the elementary parti-
cles and their interactions, at dis-
tances of down to around 10- 18 me-
ter, is summarized by the Standard
Model, the well-tested theory to
which every particle physics experi-
ment is compared these days. The
Standard Model is certainly not a
Theory of Everything, because there
is much that it leaves unexplained,
but any successful TOE is very like-
ly to incorporate it, and should also
explain what it leaves unexplained.
(For a pedagogical introduction to the
Standard Model, see Patricia Bur-
chat's article "A People's Guide to
the Standard Model," in the Summer
1993 Beam Line.)

The Standard Model divides the
known elementary particles into two
classes:
* matter particles are spin-1/2

fermions; they consist of six types
of quarks (including the u and d
quarks in the proton) and six types
of leptons (including the electron).

* force carriers are also called (spin-
1) vector bosons; when they are
exchanged between matter parti-
cles they produce the known
forces. Exchange of photons pro-
duces electromagnetism; ex-
change of the weak bosons (W+, Z)
gives rise to the weak interactions;
and exchange of gluons generates
the strong interactions that bind
quarks inside the proton.

The odd particle out in the Standard
Model is the (spin-O) Higgs boson,

which has not been observed yet.
Something like the Higgs boson is
needed to account for the masses of
the weak bosons, but exactly what
has not been firmly established.

Matter particles carry labels or
quantum numbers, such as electric
charge, indicating which forces act
on them. For example, only quarks
carry color, the "charge" for the
strong force, which is why they are
bound into the proton. Matter parti-
cles can be further arranged into
three families, each containing two
quarks and two leptons; the set of
quantum numbers found in each
family is identical. Any TOE needs
to reproduce the set of particles found
in the Standard Model, including the
correct pattern of particle quantum
numbers and family replication.

A peculiar property of the weak
interactions is that they violate par-
ity, which means that the weak
charge depends on the spin of the
matter particle. A right-handed elec-
tron, spinning clockwise about its di-
rection of motion, cannot exchange
a W boson, while a left-handed elec-
tron, spinning counterclockwise, can
do so. Parity violation is a hurdle on
which certain attempts to build
unified theories stumbled in the ear-
ly 1980s; they couldn't tell left from
right. One of the nice features of the
heterotic string theory is that pari-
ty violation arises naturally from the
asymmetric construction described
above.

Top: The basic interaction of string
theory: two strings touch and join to
become one string; or equivalently one
string splits into two.
Bottom: The worldsheet picture of two
strings scattering; a given string sweeps
out a two-dimensional tube as it travels.

SINCE THE STANDARD MODEL
agrees very well with experi-
ment, its shortcomings are in

some sense aesthetic; it's not that
it makes any obviously wrong pre-
diction, but that it does not predict
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In the Standard Model forces are
produced when matter particles
exchange vector bosons. For example,
a pair of u quarks can exchange (a) a
photon, (b) a Z boson, or (c) a gluon.
They can also interact gravitationally by
exchanging (d) a graviton.

or explain enough. One manifesta-
tion of these shortcomings is that the
Standard Model has too many
parameters, numbers that have to be
determined by experiment as inputs,
before the theory can make any pre-
dictions. It has nineteen parameters
altogether: three gauge couplings, one
each for the electromagnetic, weak
and strong interactions (gl, g2, g3 );
thirteen more parameters associated
with the masses of quarks and
leptons; and a few additional para-
meters for good measure.

Clearly we would like a Theory of
Everything to predict what all these
numbers are, instead of having to ob-
tain them from experiment; their val-
ues constitute an important, concrete
set of the indirect tests mentioned
earlier. Sixteen of the nineteen pa-
rameters are fairly well determined
already, so it is hard to predict them
anymore, but one would settle for
successful "postdictions." In fact,
string theory does not unambigu-
ously postdict any of the nineteen
parameters right now.

Another set of shortcomings of the
Standard Model is that it does not ex-
plain many patterns appearing in it.
Why are there three almost identical
families of quarks and leptons? Why
is there such an enormous range in
their masses, from the electron (me =
0.511 x 10 - 3 GeV) to the top quark
(mt ; 170 GeV)? On these more qual-
itative questions, string theory may
provide some interesting suggestions,
but nothing definitive yet.

Finally, the Standard Model omits
gravity altogether. This is not a prac-
tical problem for elementary parti-
cle physicists, because gravity is im-
measurably weak on any microscopic
scale (until one reaches the Planck

scale), but of course any TOE must
include gravity. One can try to put
gravity into the same framework as
the other forces, by adding a particle
called the graviton to mediate it.
However, general relativity dictates
that the graviton should have spin-
2, in contrast to the spin-l of the pho-
ton, W+, Z and gluons. The differ-
ent spin of the graviton causes its
(pre-string theory) incompatibility
with quantum mechanics: the same
procedures that give consistent quan-
tum-mechanical predictions for the
Standard Model forces lead to logical
inconsistencies when applied to grav-
ity. (In technical terms, quantum
gravity is nonrenormalizable.) Be-
cause string theory automatically
puts gravity into a quantum frame-
work, it successfully resolves (many
of) these inconsistencies; unfortu-
nately, because gravity is so weak,
resolving them has so far not led to
any observable consequences.

STRING THEORY HAS the po-
tential to improve on many of
the shortcomings of the Stan-

dard Model; however, in many ways
that potential has not yet been re-
alized. Consider, for example, the
shortcoming of too many parameters.
Whereas the Standard Model has
nineteen adjustable parameters,
string theory, as befits a Theory of
Everything, has (in principle) no ad-
justable parameters. The reason is
two-fold: there is only one type of
fundamental object in the theory, a
string, replacing the many different
types of particles in the Standard
Model; and there is only one way for
strings to interact consistently, by
touching and joining, hence all forces
are related to each other.
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In the Standard Model, by con-
trast, there is for each of the three
forces a different exchanged vector
boson, and so each force can logically
have a different strength, or coupling
constant (gl, g2 and g3). By inter-
preting the three forces as different
manifestations of the same basic
string interaction, string theory pre-
dicts the numerical values of the cou-
pling constants, in terms of a single
"string coupling constant" gs. To be
fair, there are other, nonstring,
theories-namely grand unified the-
ories-that predict similar relations
between gl, g2 and g3. What is spe-
cial about string theory is that it also
relates the coupling constants gi to
other Standard Model parameters,
such as quark masses. Such predic-
tions are possible only because string
theory treats both the matter parti-
cles and the force carriers as differ-
ent excitations of the same basic
string; grand unified theories lump
all the force carriers together, and all
the matter particles together, but
keep the two different types of par-
ticles distinct. Also, in string theory
even the string coupling constant
gs is (in principle) not an independent
parameter.

HE HUGE CAVEAT in the
above discussion is the "in-
principle" nature of string

theory predictions. The problem is
that (as presently understood) string
theory is really a recipe book for pro-
ducing more concrete theories,
which I will call "string models" to
distinguish them from string theory.
String models can be constructed
from the heterotic string theory in
many different ways. For example,
in many string models space-time is

postulated to have ten dimensions:
the usual four dimensions, plus six
more that are "compactified," or
rolled up into tiny structures with
size of order of the Planck length.
Other models don't have such a geo-
metrical interpretation.

Because each string model is
spawned from the heterotic string,
each solves the problem of making
gravity compatible with quantum
mechanics. On the other hand, each
model makes somewhat different
predictions for particle physics.
Many of the models are just plain
wrong (their predictions are incom-
patible with experiment); however,
many others have a chance of de-
scribing all the known elementary
particles and their interactions, and
thus might be considered TOE can-
didates in their own right.

To illustrate the large number of
models we have to sift through, one
can make a scatter plot of some com-
pactified models, plotting the num-
ber of families nf and antifamilies nf
of matter particles in the model (see
graph on next page). In the real world
there are (as far as we know) a net
number of three families surviving
from the Planck scale, or nf - n- = 3.
(It is more difficult to constrain the
sum nf + ni because family-an-
tifamily pairs can "disappear" by ac-
quiring ultraheavy masses, whereas
unpaired families cannot.) The con-
straint nf - ni = 3 rules out most of
the models in the sample right away;
however, it would take much more
work to exclude the models that pass
this cut.

Because there is such a vast num-
ber of string models, very few have
been scrutinized in detail. Also, due
to theoretical obstacles in

BEAM LINE 19



500

400

300

+

200

100

0
-480 -240

A small sample of string models. Each
point represents one model, plotted
according to the number of families nf
and antifamilies nf of matter particles in
the model [adapted from A. Klemm and
R. Schimmrigk, Nucl. Phys. B411, 577
(1994)].

0 240

nf nf

extrapolating from the Planck length
out to much larger distances, it has
not always been possible to obtain
concrete numerical predictions from
a given model, let alone from the
whole class of models. This is the
main reason why the in-principle pre-
dictions of string theory have not yet
been realized in practice.

rT O SUMMARIZE the situation
today: Instead of the pre-
string theory problem of hav-

ing no TOE in sight, the problem pre-
sented by all these string models is
one of too many (candidate) TOEs! If
one of them happens to be correct,
how do we find that needle in the
haystack? Is there any way to prove
that none of them is correct? These
turn out to be rather difficult ques-
tions, because of the sheer number
of string models.

Soon after the invention of the
heterotic string, however, the situ-
ation was quite different. Then the

number of string models could still
be counted on one hand, and it was
conceivable that "the correct mod-
el" might be just around the corner,
accompanied by a host of definite,
experimentally verifiable predictions.
The prospect of quickly finding a
unique, correct model drove much
of the early string-theory enthusi-
asm; conversely, the subsequent out-
of-control proliferation of models
dampened much of that enthusiasm.
String theorists have realized that
progress is likely to come much more
slowly, and that concrete, unam-
biguous particle physics predictions
may have to await a much better the-
oretical understanding of strings than
presently exists.

With this realization has come a
shift in emphasis away from details
of specific string models, toward
more general and/or conceptual prop-
erties of string theory. Many of these
properties have more to do with grav-
ity, and with how it can be made
compatible with quantum mechan-
ics, than with the other three forces.
Although string theory provides a
technical solution of some of the log-
ical inconsistencies in quantum grav-
ity, many conceptual problems re-
main, due to inadequacies in string
theory formalism.

Eventually, though, if string the-
ory is to describe more than just grav-
ity, one may have to understand the
set of all string models much bet-
ter, in order to find the one that de-
scribes our world. Since each of the
models constitutes in some sense a
different Theory of Everything in its
own right, we may therefore need to
find a Theory of Every Theory of
Everything (TOETOE)!

0
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In which Werner tells about his

summer vacation in London ....

by WERNER JOHO

JRROUNDED BY HISTORIC

buildings such as Westminster

Abbey and the Houses of Parliament,

about 750 participants attended

EPAC94, the fourth European

Particle Accelerator Conference, in the modern

Queen Elizabeth II Conference Centre in London.

Between June 27 and July 1 more than

800 contributions were presented either orally or in

poster sessions. The global character of this

biannual conference series is indicated by

155 presentations from the US (35 of them from

SLAC) and by 44 from Japan. Scientists from the

former Soviet Union were especially eager to keep a

close contact with the accelerator community.
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Supported by sponsoring laborato-
ries, more than 60 scientists from the
former Soviet Union managed to
come to London to present about 130
papers. Rather than reviewing the
many status reports, I will choose a
few highlights. The resulting selec-
tion thus reflects my personal taste.

LIFE AFTER THE SSC

This accelerator conference was the
first one after the termination of the
Superconducting Super Collider pro-
ject, and one could still feel the re-
verberations of this "major earth-
quake." In his introduction the
Honourable Mr. Davis, Parliamen-
tary Secretary to the Minister of Sci-
ence, reminded the accelerator com-
munity that there is a lesson to be
learned from the ill-fated SSC: we
have to inform the public about the
contributions of accelerators to so-
ciety; we have to keep a tight control
of the costs when large sums of tax-
payers' money are involved; we have
to get value for this money; and we
need more international collabora-
tion to profit from the accumulated
global expertise. Davis then plead-
ed to try out these recommendations
on the next big project, the LHC.

CERN director Christopher
Llewellyn Smith picked up this
theme and talked about the newest
LHC developments. He started with
the physics case (SUSY and all that)
and noted that, after the top quark
has been found at the Tevatron, we
now have to find the Higgs particle
as well. He had hoped to report that
the CERN council took a positive de-
cision on LHC at its meeting a few
days before the conference. Of the 19
member states 17 voted in favor of

an LHC approval (with 5 of them ad
referendum). The delegates from
Germany and Great Britain under-
lined their strong commitment to
LHC but asked for some short delay
before they would be ready to vote.
The final go-ahead for LHC is now ex-
pected this fall. Llewellyn Smith fin-
ished with a call for global partner-
ship, for a sharing of exciting results
with the public, and for the efficient
use of present facilities. With 25 per-
cent of the experimenters at CERN
coming from non-Member states, a
decent contribution to the cost of de-
tectors as well as to the accelerator
construction is expected from this
community. In the discussion peri-
od SLAC director Burton Richter
made absolutely sure that everybody
in the audience understood this fine
point!

At LEP the transverse mode cou-
pling instability limits the current to
0.8 mA/bunch, but using the "Pret-
zel scheme" with 2 x 8 bunches the
luminosity is now 1.8 x 1031 or above
its design value. Energy calibration
is a major issue, and LEP sees, ac-
cording to Albert Hofmann, not just
the tidal effect of the moon but also
seasonal effects from rainy periods!
Harmonic spin matching has in-
creased the transverse polarization
from 10% to 57%. This could open
the door for longitudinal polarization
as well, similar to HERA, where in
May 1994 a value of 60% was ob-
tained using spin rotators.

The six designs in the race for the
best concept of a future linear col-
lider can be classified according to
their rf systems: in the "low"-
frequency category are a conven-
tional S-band linac and the TESLA
project with 1.3-GHz supercon-

ducting cavities; both versions were
discussed by Reinhard Brinkman of
DESY. The four "high"-frequency
proposals were reviewed by CERN's
Wolfgang Schnell on his very last day
before retirement! He mentioned the
advantages of an increased rf fre-
quency: reduced overall linac length
due to a higher accelerating gradient,
lower dark current, and lower stored
energy. He had to admit, however,
that there are major roadblocks to be
cleared, such as stronger wakefields
(hopefully mastered with BNS-
damping), smaller spot sizes, and
tighter mechanical tolerances.
Schnell is a pioneer of the 30-GHz
CLIC proposal with its two-beam
concept. He was thus quick to point
out that his scheme does not need
10,000 klystrons in a tunnel, and that
a 30-GHz structure is the only
"cheap" way to reach the multi-TeV
region (I hope that I provoke some
hot discussions at SLAC about these
statements!). In the CLIC test stand
at CERN some encouraging results
were obtained: a train of 24 pulses at
3 GHz with a total charge of 40 nC
produced 34 MW of 30 GHz rf power.
This resulted in a gradient of
80 MV/m.

SLAC GETS DUE CREDIT!

There were four major contributions
from SLAC: David Burke reported
about the Final Focus Test Beam
(FFTB); Nan Phinney about the
achievements of SLC (see her arti-
cle this issue); Michael Zisman of
LBL reviewed critical issues for e+e -

colliders; and Roger Miller covered
progress in rf systems. Miller made
a distinction between "accelerator
grade rf systems" and "exotic
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schemes" (which probably will nev-
er work!).

He thinks that there was more
evolution than revolution in the past
few years. A hot topic is still higher-
order mode suppression and damp-
ing, so badly needed in the high-
current B factories.

It would be like importing oranges
to California should I try to cover the
SLAC-specific topics in this journal!
However, I can honestly say that the
impressive results from both SLC and
FFTB were strongly appreciated, since
they give reason for optimism for fu-
ture linear colliders.

And insiders in the audience were
tolerant enough not to ask embar-
rassing questions about the replace-
ment of the vacuum chamber in the
damping rings!

LIGHT SOURCES EXCEL

All third-generation light sources
which have come into operation in
the past two years work better than
planned, in terms of current, lifetime,
beam stability, and emittance cou-
pling (see last issue). Careful shim-
ming of the undulators produced
high harmonics and thus extended
the useful radiation spectrum. The
brightness of the resulting photon
beams improved several orders of
magnitude over previous machines,
allowing the investigation of very
small samples within a short mea-
suring time. Circular polarization
from undulators will be a very pop-
ular feature in the future.

The European Synchrotron Radi-
ation Facility (ESRF) enjoys its com-
fortable position as front runner, for
some years to come, in the hard X-ray
region. Recently a Laue diffraction

pattern from a protein was record-
ed with a single 50 ps X-ray flash.
This is a completely new ball game
for crystallography and biochemistry.
Similarly ALS in Berkeley, ELETTRA
in Trieste, and SRRC in Taiwan will
open exciting new possibilities in the
VUV and soft X-ray region. By in-
stalling so-called microundulators,
meaning short periods and small
gaps, these facilities could in the fu-
ture extend the available spectrum
into the few-keV region. The success
of these new storage rings will feed
speculations about a future diffrac-
tion-limited source in the X-ray re-
gion.

Mike Poole reviewed the propos-
als for new synchrotron light sour-
ces in Europe. He pointed out that
soon there will be more than 10,000
users in Europe. National facilities
are thus needed besides ESRF to sat-
isfy the future demand for beam
time. As a gentleman Poole talked
more about other projects (like my
favorite pet project SLS) than his own
in Daresbury. One new idea is the use
of superconducting bends. As a con-
sequence, existing facilities with
triple-bend achromats are suddenly
in the fortunate position of being able

Albert Hofmann, CERN, Gottfried
Muelhaupt, ESRF, and Uwe Trinks, TU
Munich (from left to right) agree that
accelerators are still fun!
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David Neuffer, CEBAF, shows
convincingly that muon colliders will
make the electron-positron colliders
obsolete.
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As chairman of the local organizing
committee, lan Gardner of Rutherford
made sure that the conference ran
smoothly.

to harden their X-ray spectrum by re-
placing the middle dipole with a su-
perconducting one!

I enjoyed the excellent talk on
free-electron lasers by P. W "Wim"
van Amersfoort. These tunable lasers
have two clear niches, one in the far
infrared and the other in the VUV re-
gion. There is some complementar-
ity in both pulse length and repeti-
tion rate. Short (ps) pulses, e.g., are
ideal for fast pumping (shorter than
the lifetime of a transition), while
long pulses give good energy reso-
lution. At the moment there are two
operational FELs in Europe: FELIX in
the Netherlands and CLIO in France.

HIGH INTENSITY ISSUES

In addition to his duties as chairman
of the local organizing committee Ian
Gardner of Rutherford Appleton Lab-
oratory found time to present the sta-
tus of ISIS, the most intense neutron
spallation source. This 800 MeV syn-
chrotron produces an average beam
power of 160 kW, very respectable for
a pulsed machine. About 500 exper-
iments per year are performed on the
15 available neutron lines. Confer-
ence participants had a chance to see
ISIS on an afternoon excursion.

Future neutron facilities were sur-
veyed by Herbert Lengeler. SINQ at
the Paul Schener Institute (PSI), the
first continuous source, will come
into operation in 1996 with a beam
power of 1 MW. AUSTRON is a pro-
posal for a pulsed source with per-
formance similar to ISIS. The Euro-
pean Spallation Source is a very
ambitious project calling for beam
pulses of 1 tis at 50 Hz repetition rate
and an average power of 5 MW. This
facility relies on the combination

of a high-intensity linac and stor-
age rings, topics covered in separate
talks.

The high-intensity hadron project
KAON at TRIUMF in Vancouver was
unfortunately terminated in spring
1994. The many years of very de-
tailed studies were perhaps not in
vain, however, because in his talk on
a futuristic high-energy muon col-
lider David Neuffer bluntly uses
KAON as a powerful muon generator!

HEAVY IONS AND CW
ELECTRONS

At CERN the energy record per nu-
cleon is 160 GeV/u for lead ions.
With a new injector linac and im-
proved performance of the circular
machines, the intensity could be in-
creased to 108 ions/second. With its
new booster, the AGS at Brookhaven
has reached 10 GeV/u for gold ions,
and is thus in good shape as a future
injector for RHIC. A prototype su-
perconducting magnet for this
100 GeV/u heavy-ion storage ring has
been successfully tested. In Dubna
the superconducting Nuclotron, de-
signed for 6 GeV/u, has been oper-
ating since 1993 and is replacing the
grand old Synchrophasotron, the
heaviest synchrotron in the world.

Numerous laboratories with
heavy-ion facilities (mostly cy-
clotrons) want to extend their re-
search potential into nuclear astro-
physics by producing radioactive
beams. With "afterburners" one can
produce short-lived isotopes in the
few-MeV/u region. An interesting
proposal is PIAFE in Grenoble, where
scientists plan to transport radioac-
tive nuclei, which are produced in
the high-flux reactor ILL, to the
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cyclotron SARA, where they will be
further accelerated.

Overall there exist nine "small"
ion storage rings covering the whole
range from protons to fully stripped
uranium. As a curiosity Soeren P.
Moeller from Aarhus mentioned that
only a few years after the discovery
of "buckeyballs" (C60 ) they are al-
ready being stored as singly charged
ions. Laser cooling, already success-
fully achieved in electron traps, is
now being developed for storage rings
as well, in order to obtain extremely
small energy spreads.

CEBAF, a 6-GeV CW electron ac-
celerator, is in the process of deliv-
ering its first beam (at 600 MeV) into
the experimental area. The super-
conducting cavities in the two re-
circulating linacs have achieved gra-
dients in the range of 6-18 MV/m,
well above the design value of
5 MV/m. With a lot of courage (and
some blood shedding) a transition
from a homemade control system to
a standard one (EPICS) was achieved
within a matter of a few weeks. On
the European front the fate of ELFE,
a 15 GeV French version of CEBAF,
is still unclear.

TECHNOLOGY TRANSFER AND
APPLICATIONS

No accelerator conference is com-
plete without an industrial exhibi-
tion! In London 44 companies were
eager to catch the participants on
their way to the poster sessions and
show them their products, ranging
from beam scanners to fully grown
accelerator complexes. In a special
panel session the technology trans-
fer between accelerator laboratories
and industrial companies was

discussed. Some punch lines that I
remember are: The transfer occurs
both ways; the best transfer occurs
through people, i.e., training; labo-
ratories should supervise the
manufacturing process and they
should realize that the primary mo-
tivation for the companies is to make
money.

Through an initiative by Carlo
Rubbia the idea of an accelerator-
driven nuclear power plant got a new
boost. Such a scheme for an energy
amplifier is considered to be inher-
ently safe. The plan is to breed U233

from natural Th232 with spallation
neutrons. A prototype version calls
for a 10-MW, 1-GeV proton acceler-
ator with very low beam losses. The
most economic solution seems to be
a cyclotron. Pierre Mandrillon from
Rubbia's group proposed a ring cy-
clotron, based on the successful op-
eration of the 600-MeV cyclotron at
PSI. On the other hand Uwe Trinks
from Munich thinks that his version
of a separated-orbit cyclotron would
be an excellent candidate. This cy-
clotron is at the same time isochro-
nous and yet provides phase focus-
ing. Another unique feature is that
the magnets as well as the rf system
are superconducting.

In his talk on accelerator mass
spectrometry (AMS) Martin Suter
from ETH Zurich pointed out that to-
day more than 20 accelerators, most-
ly tandems, are involved in the de-
tection of long-lived isotopes like
Be l , C14, A126, and C136. These iso-

topes, produced in cosmic rays, are
used as natural tracers in earth sci-
ences and for dating purposes. New
popular fields of AMS are biomedical
research and model tests in climate
research. Worldwide about 30,000

samples are examined each year, and
the sensitivity limit is now at the lev-
el of 105 atoms.

About one person out of three is
confronted with cancer in his life and
one out of five dies from this disease.
Of the 45 percent cure rate about
12 percent is due to radiotherapy
alone, most with X-rays. These facts
were pointed out by Eros Pedroni
from PSI, Villigen, who showed that
proton therapy, using isocentric
gantries and spot scanning tech-
niques, can be made vastly superior
to present X-ray therapy methods.
After the successful operation of the
first facility with such gantries in
Loma Linda, California, the next
ones will follow at PSI and at a hos-
pital in Boston (MGH), both based on
proton cyclotrons.

In Chiba, Japan, the large syn-
chrotron complex HIMAC, based on
heavy ions, came into operation just
before the conference; a hospital-
based hadron therapy complex is also
planned in the Milano region. With
typical British humor Francis Farley
recalled some of the history in ra-
diotherapy and covered progress
made at advanced European medical
facilities.

OTHER INTERESTING TOPICS

For the first time at EPAC an accel-
erator prize for young scientists was
awarded. The joint winners were Igor
Syrachev of Protvino and Hakan
Danared of Stockholm. Syrachev is
developing an "open cavity rf pulse
compression system" based on
"whispering gallery modes." This
concept is a possible candidate for
powering a future linear collider in
the 14-GHz region. Danared
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Presentation of the first EPAC accelerator
prize for young scientists. Left. Igor
Syrachev from INP Protvino, Russia,
receives his award from Michel Olivier,
chairman of the organizing committee.
Right: Grahame Rees, chairman of the
Prize Selection Committee, hands the
other half of the prize to Hakan Danared
from the Manne Siegbahn Laboratory in
Stockholm.

improved the electron cooling of ions
in the storage ring CRYRING. He put
the electron gun of the cooler into
the high field end of a solenoid and
used the magnetic expansion effect
to lower the transverse temperature
of the electron beam.

Nikolai Dikansky from Novosi-
birsk painted a rather gloomy picture
of the present situation in Russia. All
laboratories are heavily underfund-
ed and have trouble keeping their
current programs going. To top it off,
the end of the SSC project was a very
severe blow to all laboratories in-
volved in delivering components. No
wonder that Dikansky appealed to
all western laboratories to profit from
the expertise accumulated over the
years in his country and to consid-
er buying accelerator equipment
from them.

David Katsouleas from UCLA gave
us a brilliant look into the crystal ball
of future acceleration methods. TeV-
scale accelerators will need an ex-
cellent beam quality and a good pow-
er efficiency. High accelerating
gradients are required as well, in or-
der to keep the accelerator length
in the 10-km region. The prime can-
didates reviewed by the speaker were
schemes involving lasers, wakefields,
two beams, and plasmas. Tabletop
terawatt lasers are quite affordable
these days ($250K was quoted) and
petawatt lasers are on the horizon
using the techniques of chirped-pulse

amplification. Gradients of 1 TV/cm
are in principle available at the focus
of such a laser; using them for
particle acceleration is, however, a
tricky business. In a self-modulated
plasma beat-wave experiment, a
group in Osaka obtained an energy
gain of 30 GeV/m, but so far only
over a distance of 0.6 mm. At the mo-
ment this still looks like having a
fantastic salary of $1 M/hour but be-
ing employed for only a few seconds!

In the accelerator technology ses-
sions the leading papers were on usu-
al subjects such as superconducting
magnets and rf cavities, high-power
rf, vacuum systems, diagnostics, and
control systems. An interesting top-
ic was crystal extraction: at the CERN
SPS a 120-GeV proton beam was ex-
tracted with 10% efficiency using a
30-mm-long silicon crystal.

In the field of beam dynamics the
favorite topics were space charge ef-
fects, wakefields, and nonlinearities.
At HERA, calculations of the dy-
namic aperture were performed us-
ing differential algebra up to order 11.
And still there is a 50% discrepan-
cy with measurements, which is
presently attributed to parameter
drifts and 50 Hz ripple in power sup-
plies, leading to a tune modulation.

From the many new ideas pre-
sented I will pick out just one: Heino
Henke from Berlin and his interna-
tional collaborators presented a de-
sign for a tabletop radiation source
in the UV-region. The complete ma-
chine, i.e., electron source, 50-MeV
linac, focusing system, and wiggler
are all fabricated as microstructures,
using the so-called LIGA technique.
The rf system operates around
100 GHz with beam apertures in the
sub-mm region. The present choice
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for the linac foresees side-coupled
cavities and alternative phase fo-
cusing. But microfabrication is a
speedy process and one could even
try out a new structure every week. |
From here there is only a small step i
to some science fiction fantasy: one n

uses photons to produce these micro- c

structures, which in turn produce
photons ... and soon we have the
first self-reproducing accelerator.

The conference ended with a very
fine talk on cosmic accelerators.
Arnold Wolfendale from Durham,
UK, showed that accelerator builders
have a long way to go to reach cos-
mic energies of 1019 eV and beyond.

As a hobby I try to get some fun
out of a conference by altering some
buzzwords or making nonsense sen-
tences with them. So far my collec-
tion contains items like: "a beam-
beam tune suppressor in the Landau
damped momentum compaction
matching section"; or the "Dutch
FEL" project can be read as the
"Dutch-free Electron Laser." At this
conference the undulator became
"undo later" and the "trouble-bend
achromat" is a new combination of
triple- and double-bend achromat.

Let me conclude with praise for
the efficient way this enjoyable con-
ference was organized by key players
like Michel Olivier, Ian Gardner and
his collaborators from Rutherford
and Daresbury, and last but not least
by the Executive Secretary Christine
Petit-Jean-Genaz from CERN. After
experiencing the typical English hos-
pitality the participants are now
looking forward to the next EPAC, to
be held in June 1996 in Sitges, a |
beach resort close to Barcelona. |:

n

CI

Oldtimers unite! Francis Farley, center, from Nice is skeptical about English wine,
while Gunther Plass, CERN, former chairman of EPAC, left, is dreaming about his

imminent retirement. Fusion pioneer John Lawson is still going strong.

Another cyclotron sold! The industrial exhibition attracted a lot of interest.
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... And How We Know That... Part II

Fossil Radioactivities
low We Know That the Solar System
Formed in a Hurry

by VIRGINIA TRIMBLE

"The cosmogonic hypotheses which have here been

summarily sketched are far from resting upon the

secure bases of exact calculations which support

most of the conclusions of astronomy."

-Russell, Dugan and Stewart, 1926

extinct radioactivities are
e nuclides (with lifetimes of
n a billion years or so) whose
roducts occur in meteorites in
al contexts indicating that they
Ad before they decayed.
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The best-known example is probably A126 (half-life
720,000 years), which appears in the guise of excess Mg26

found in refractory, calcium-aluminum-rich inclusions
in Allende and other carbonaceous chondritic mete-
orites* in amounts indicating that A126/A127 = 5 x 10-5

at solidification. Such an excess is easiest to see in a
context where the intrinsic Mg content is very low. This
is generically true, mutatis mutandis, for other unsta-

ble nuclides, making the search for some potentially
interesting extinct radioactivities exceedingly difficult.

Such fossils might arise in three different ways, and
they will tell us three different kinds of things, depending
on which of the three really happened.

First, energetic particles accelerated in solar flares can
transmute stable nuclides to unstable ones, along the
lines of Mg25(p,y)A126, Mg 26(n,p)A126, A127(y,n)A1 26 etc.
This sort of thing happens now and should have been
much commoner when we were very young, the mete-
orites and planets were just condensing, and the sun was
passing through an active, T Tauri phase. In this case,
we will learn just how active the sun must have been
and for how long.

Second, unstable nuclides form along with related sta-
ble ones in all the usual sites of astronomical nucle-
osynthesis, including supernovae, novae, highly evolved
(asymptotic giant branch) stars, flare stars, and the gen-
eral interstellar medium when bombarded by cosmic
rays. If solid grains form near the synthesis site (as we
know they do in novae and supernovae), and survive un-
melted to be incorporated whole in meteorites, then the
extinct radioactivities are telling us about the maximum
temperature the grains went through (quite low when
the decay products include volatiles like neon) and also
about the sites and processes of nucleosynthesis. Very
recently Clayton (1994) has suggested that cosmic ray

* "Carbonaceous" means having lots of carbon compounds.
"Chondritic" means containing chondrules (small, spherical
grains). These are the meteorites that have undergone the least
heating and processing since they formed. The other end of the
scale is occupied by the iron-nickel meteorites, which have been
thoroughly melted and chemically differentiated.
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Isotopic anomalies in the Allende meteorite, taken from
T. L. Lee, D. A. Papanastassiou and G. J. Wasserburg 1977.
Geochemica et Cosmochimica Acta 41, 1473 and 1485. The
correlation of Mg26 excess with the elemental ratio of
aluminum to magnesium in five different mineral phases of a
particular inclusion in the Allende meteorite traces out a
straight line indicative of different amounts of "contamination"
of the minerals by aluminum that still contained Al26, in ratio
A126/AI27 = 5 x10 -5 at solidification. Similar correlations have
now been found in many other meteorites.

spallation of the ISM is a much more important source
than generally thought, responsible in particular for a
great deal of A126. Unfortunately, the process he proposed
would result in many strong gamma ray lines from
interstellar clouds, which are not seen (Ramaty et al.
1994), so this is not a major part of our picture.

Third, if the unstable nuclei were still alive in gas that
condensed to solids during solar system formation, then
we are probing the time history of the formation process
itself. In principle, at least four different parts of this his-
tory are amenable to study: first, the time from the last
nucleosynthesis event to the first grain formation; sec-
ond, the total lifetime of the protoplanetary nebula; third,
the time from the appearance of the first grains to for-
mation of chunks large enough to experience melting
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and chemical differentiation; and fourth the time from
first solids to the assemblage of the terrestrial planets.
One's first thought is that the shortest-lived nuclides
will be the most interesting. In practice, a fossil ra-
dioactivity with lifetime T tells you about events that
have time scales near z. This is not very different from
trying to determine the total age of the earth-the num-
bers in the book of Genesis are a good measure of the
length of time mankind has been writing; geological phe-
nomena tell you the time scale of plate tectonics; and so
forth.

The punch line, a few thousand words downstream,
is going to be that the solar system contains both pre-
served, presolar grains and the products of unstable nu-
clides that were alive when the meteorites formed. And
a lot happened in the first ' 107 years of the system's
existence.

COSMOGONY

I do not propose to tell you what the ancient Egyp-
tians, Greeks, and Romans thought about the formation
of the solar system ("Cosmogony" as the word, once
meaning formation of the universe, is now normally
used). What the ancient Hebrews thought you can read
for yourself, at least in translation, and this is highly rec-
ommended if you have not done it lately. Listen simul-
taneously to Haydn's Creation oratorio if possible. And,
if afterward you feel you cannot bear to read the rest of
this, that's the risk modern writers run in comparison
with the classics.

The era of scientific cosmogony begins with the 18th-
century musings of Swedenborg and Kant, reformulat-
ed by Laplace as the "nebular hypothesis." The gener-
al idea is that a rotating gaseous nebula gradually
condenses into the sun and planets. Candidate precur-
sors for future systems were the spiral nebulae, which
we now know (but they didn't) are really whole other
galaxies. The modern candidates are large, cool, opaque
clouds of molecular gas and dust, less obviously rotat-
ing, but more obviously capable of contraction.

Serious opposition to the nebular hypothesis appeared
early in the 20th century, in the form of the Chamber-
lin-Moulton or "dynamic encounter" hypothesis. These
Chicago sages proposed that protoplanetary material had
been dragged out of a previously existing sun by a close
encounter with another star.

The key point in choosing between them in the 1920s
was the very slow rotation of the sun, with 95 % or more
of the angular momentum of the solar system residing
in the planetary orbits. Russell, Dugan, and Stewart
(1926), writers of the most widely used American as-
tronomy textbook of the interwar years, say unequivo-
cally that "no orderly process of evolution under the ac-
tion of internal forces could have produced the existing
distribution of angular momentum; and it follows that
the angular momentum of the planets must have been
put into the system from outside." Thus they opted
for the dynamic encounter hypothesis and believed that
planetary systems would be very rare.*

Russell and his contemporaries saw the "nebular" vs.
"encounter" choice as one between uniformitarian and
catastrophic hypotheses. This dichotomy persists for
certain hotly debated topics in geology and biology. A
more insightful choice for the astronomical case is, how-
ever, one between self-regarding and other-regarding ac-
tions (Brush 1990). That is, should we think of solar sys-
tem formation, and star formation in general, as a process
inherent in a single entity, or as an event that was caused
or triggered by an interaction between the progenitor
cloud and something else? It turns out that the fossil ra-
dioactivities also carry information about this issue.

*In case you haven't heard or guessed it already, the answer to
the angular momentum problem is magnetic winds during and
after the star formation process. The young sun was undoubtedly
a fairly rapid rotator. But even now, it blows off a wind of
1019 g/sec that is forced by the field it carries to co-rotate with
the sun. When the wind finally breaks loose, it has taken away
far more than its fair share of angular momentum, slowing the
solar rotation. That our sun is an excretor rather than an accretor
was not definitely established until the postwar rocket era.
Observations of very young stars show them to have much more
vigorous winds-and shorter rotation periods.
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Curiously, the very existence of extinct radioactivi-
ties suffices to falsify the Chamberlin-Moulton hy-
pothesis (though this is not the primary reason we no
longer believe it). The falsification holds for any one of
our three introductory scenarios. If the planetary and
meteoritic material was not out there when the sun was
young, then the active T Tauri phase is irrelevant. No
presolar grains could possibly have survived if proto-
planetary material was ever part of the main body of the
sun. And the time between formation and encounter will
be too long for any unstable nuclei to be alive by the time
meteorites finally condense.

STAR FORMATION

Notoriously, modern astrophysics has no theory of star
formation. Observations tell us, as they told Russell et
al., that the sites are dense, opaque interstellar clouds of
gas and dust. But if you take a particular cloud, of known
mass, density and temperature distribution, magnetic
field, spectrum of turbulent internal velocities, and what-
ever else you think might be relevant, and hand it (in
digital form, of course) to even the best of theorists, 1e
4e I* will not be able to tell you how many stars of

which masses are going to form, how many will be bound
in pairs, when star formation is likely to start, or how
long it will take.

From observations, again, we conclude that an aver-
age cloud of 105 solar masses is likely to produce a clus-
ter of 103 stars, with a mass spectrum N(M) o M- 2 or so,
between 0.1 and 100 solar masses, about half of the stars
ending up in binary pairs. Only 1 to 10% of a standard
cloud condenses at each opportunity (thus star forma-
tion is still going on in our galaxy). The time scales that
might be relevant range from the galactic rotation pe-
riod (2 x 108 years) down to the free fall time of dense
cloud cores (105 years). Because these cores often display
(at least to infrared telescopes) extended dusty disks, we

*The author is determined to master the subtleties of political
correctness in language, even at the price of immodesty.
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Spectral energy distribution of composite of seven T Tauri
stars. The infrared excess indicates the presence of a
circumstellar disk. [F C. Adams, C. J. Lada, F H. Shu, ApJ,
326, 865 (1988).]

believe that many or most stars form with planets if they
are not bound in binary pairs.

Expeditions into the dark jungles between quiescent
clouds and fully formed stars have spawned an enormous
travel literature, including reviews (Shu et al. 1987 is a
particularly good one) and whole conferences (Teno-
rio-Tagle et al. 1992, for instance). If you want to explore
this territory further, the best guides are infrared, ra-
dio, and millimeter astronomers (the last actually of nor-
mal height), and I won't try to deprive them of their
legitimate prey.

THE KNOWN FOSSIL RADIOACTIVITIES

The table on page 33 begins with the best-established
cases and continues with probables, possibles, and up-
per limits, though specific nuclides are moving upward
from year to year. The columns show (a) the decay
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pattern, (b) the half-life (a few of these are quite uncer-
tain), (c) the astrophysical nuclear reactions that produce
the unstable nuclide, (d) typical isotopic ratios, and (e)
the sorts of host grain or phase in which the decay prod-
uct has been found. The information has been freely
stolen from the excellent review articles by Anders
and Zinner (1991), Lambert (1992), Swindle (1993), and
Cameron (1993), and a number of articles and preprints
from Jerry Wasserburg (1985, 1987) and his colleagues at
the Lunatic Asylum (1994) and other members of the
meteoritics community (e.g., Shukolyukov and Lugmair
1993).

This community has a considerable language of its
own. I have tried to avoid the more esoteric. But if you
want to explore the literature, you will need to know,
for instances, that 5' means a deviation of an isotope ra-
tio from a standard one in units of 10-3, while £ is in units
of 10- 4. Continued improvements of laboratory tech-
niques could eventually exhaust the Greek alphabet.

Of the minerals and grain types involved, diamond,
graphite, and corundum are familiar. At the other end
of the scale, one really needs to know only that ensta-
tite, pallasite, eucrite, mesosiderite, etc. describe me-
teorites and their constituent minerals that are greatly
enriched in metals (Fe, Ni, etc.) relative to the solar sys-
tem average as a result of partial melting and separation
after the first epoch of solidification. A126 first appeared
as a candidate heat source to cause this melting in a 1955
paper by Harold Urey, nearly 20 years before it was found
as a fossil. Fe60 has an even longer history as a heat source
(Kohman and Saito 1954) prior to its 1992 discovery as
a fossil (Shukolykov and Lugmair 1993).

MEANING OF THE EXTINCT RADIOACTIVITIES-
EOCENE ("DAWN OF THE RECENT") EPOCH

I first met extinct radioactivities in a series of superb lec-
tures by Ed Anders at a 1974 NATO advanced studies in-
stitute in Cambridge (Trimble 1975). Only five fossils
were then known, I129 found by the Chicago group in
the Allende meteorite in 1960, fission Xe from Pu244,

the relics of A126 and Pd107, and the nearly pure Ne com-
ponent called Neon-E.

Their particular half-lives suggested a simple picture,
in which the birth of the solar system was a small detail
in a grand scheme of triggered star formation. First,
the I129 and Pu244 suggested a major input of newly
synthesized heavy elements 1 to 4 x 108 years before
solidification (the lower limit coming from the absence
of Cm24 7). This is a characteristic galactic time scale
that could be associated with successive passages of galac-
tic spiral arms (which are density waves, not permanent
structures) across a given volume of gas. Each passage
organizes and compresses gas clouds and initiates an
episode of rapid star formation (hence the brightness
of the arms). The gas that eventually became the solar
system thus carried signatures of the star formation
episode to which our neighborhood had been subjected
one rotation before. Statistically, input on a 108-year
time scale is quite probable, with or without arm trig-
gering. The galaxy has a few supernovae per century, and
so every cloud is likely to have had one close enough
to pollute it within the last hundred million years.

Next, the shorter-lived A12 6 and Pd107 suggested a last
spike of nucleosynthesis contributing 10- 4 of the mass
of our protocloud and happening only about 106 years
before solidification. This is much less probable. If every-
body gets one nearby supernova per 108 years, then only
one neighborhood cloud in a hundred gets one in
106 years (which is also the lifetime of a typical SN prog-
enitor star of 30 solar masses). Thus, either we were very
lucky, or the same explosion that made the last nucle-
osynthetic contribution to our cloud also compressed it
and triggered the formation of the solar system.

Finally, the mere existence of Ne-E, with its half-
life less than that of a graduate student, meant that at
least a few genuine presolar grains must have survived
after condensing near their synthesis sites. They could
have formed at any time prior to the solar system.

This picture may still be true, although localized trig-
gering of star formation has somewhat gone out of fash-
ion. A recent review (Elmegreen 1992) carries the message
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that, on the largest scales (interacting galaxies, perhaps
spiral arms), most star formation is triggered, while on
the smallest scales (individual gas clouds and their con-
densing cores), most of it is not, being driven by process-
es internal to the clouds, like ambipolar diffusion of mag-
netic fields outward, allowing gas flow inward. Thus,
somewhat confusingly, we are being encouraged to be-
lieve in triggering on the 108-year time scale, where sta-
tistically it is not needed, but not on the 106-year time
scale, where it is.

MEANING OF THE EXTINCT RADIOACTIVITIES-
STATUS AS OF TUESDAY MORNING

The expansion of the fossil inventory from five to a dozen
or so examples has, predictably, complicated things. De-
spite this, more are urgently needed. In particular, the
information density goes way up when you are sure you
have two fossils whose progenitors were produced by the
same process at the same site. Only with this redun-
dancy can you disentangle the effects of how much new
stuff was dumped into the protosolar nebula from the
effects of when it was dumped. No such unambiguous
pairs are currently known. The lingering possibility of
local production by energetic particles from the young
sun casts some doubt on what follows, though I will here-
after ignore that possibility, mostly because we don't
know how to look for it.

There are, however, clear observable signatures of the
two remaining cases, presolar grains vs. live incorpora-
tion. Radionuclides trapped at the synthesis site will be
found in small ( < 1 p), single, refractory grains. Diamond,
graphite, and silicon carbide have been most thorough-
ly investigated, but corundum and titanium carbide
grains are beginning to yield up their secrets. The anom-
alies in isotope ratios coming from decayed nuclei can
be as large as factors of two. They are likely to be cor-
related with anomalies in the ratios of stable isotopes
and elements (also potentially large and carrying addi-
tional information about synthesis sites and processes).

And such grains will be found only in meteorite phases
that have not undergone melting and chemical differ-
entiation.

Conversely, nuclides incorporated live at solar sys-
tem solidification will pervade all of whatever minerals
captured the parent element. The anomalies are small-
parts in 103 or less - because the stuff has to be shared
with a whole solar mass. The ratios of stable isotopes
will be the solar system norm; and element ratios will
be explicable by chemical, rather than nuclear, process-
es. These anomalies can occur (and are in fact com-
monest) in highly differentiated, postmelting, meteorite
phases.

Both signatures have been found. For instance, the
graphite grains harboring Ne-E and excess Mg2 6 dis-
play an interesting range of CNO elemental and iso-
tope ratios and a deficit in He/Ne of about 104 relative
to the SiC (also presolar) grains whose Ne22 was made
during helium burning. Other graphite grain types sug-
gest ejection by highly evolved Wolf-Rayet (massive,
hydrogen-depleted) stars. These must have come from
stars with C/O >> 1. The hot hydrogen burning zone
of an oxygen-rich star, on the other hand, is needed to
account for A1203 grains with A126/A127 near 10- 3 at
solidification and O17/016 two to three times solar. A
third category, the exotic or X grains of SiC with en-
hancements of A126, Ti49, and Ca44 of 50% or more, as
well as large anomalies in C12/C 13, N15/N1 4 , and
Si28/Si29/Si30 are possible relics of expanding superno-
va ejecta. The short half-lives of Ti4 9 and Ca44 are ex-
tra guarantees of the presolar nature of these grains.

Fossil radioactivities incorporated live into solar sys-
tem solids exist with equal unambiguity. This is the only
possible explanation of Pu244 and the only alternative
to synthesis in situ for the traces of I129, Mn5 3 , Fe6 0,
Pd 107 and Sm146 (and the other less securely established
fossils) that turn up in highly differentiated (metal-rich,
iron-rich, U-Th-rich) meteorites. They must have sur-
vived not only to first solidification but also through
remelting of the parent bodies that later broke up to form
the meteorites we see.
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2 to 10 million years before soli-
dification began. In addition, Mn53,
1128, A12 6, and uranium-lead ages

show systematic differences between
unprocessed meteorites (like Allende)
and differentiated ones, in the direc-
tion of the latter always being a bit
younger. This difference reveals the
time elapsed between first solidifi-
cation of solar system grains and the
assemblage of bodies large enough to
retain heat and melt (kilometer sizes
or thereabouts). This time is also
2-10 Myr (Swindle 1993).

The total of only 4-20 Myr from
the last nucleosynthetic event that
added to presolar gas and the forma-
tion of things you would recognize
as asteroids is what I mean by the so-
lar system having formed in a hurry.
Assembling full-sized planets took
longer, probably 50-100 Myr (Swin-
dle 1993). And, of course, interesting
processes, including chemical dif-
ferentiation of the earth and impacts
responsible for cratering, continue at
much-reduced rates down to the pre-

More than twenty years after he received the Nobel Prize in
Chemistry for the discovery of deuterium, Urey suggested that
the meteorite parent bodies had been heated by the in-situ
decay of Al26. Nearly another two decades elapsed before the
discovery of excess Al 26 in certain meteorites confirmed his
hypothesis.

What then can be said about the four interesting pe-
riods of solar system formation on the basis of current
data? That I129 and Pu244 were probably added some
108 years ago by one or more supernovae that need have
no special relationship to us remains true and fairly
uncontroversial. It is also almost safe to say that the
shorter-lived Fe60, Mn53, Pd 107, and, most of all, A126

must have been added a good deal later, not more than

sent time.

LOOKING AHEAD, CAUTIOUSLY

Of the outstanding issues, perhaps most contentious
is the nature of the event(s) that added the last spurt of
short-lived fossil radioactivities, especially A126. The av-
erage interstellar concentration of A126 is known from
the gamma ray line it emits upon decay. It is too small
by a factor of 10 to explain the initial solar system abun-
dance. Thus we somehow formed at an unusual place or
time.

Cameron (1993) and Wasserburg et al. (1994) have
recently advocated as the unusualness a well-timed visit
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by an unrelated low-mass star in the last -104 years of
its life-the asymptotic giant branch or planetary neb-
ula phase, during which such stars indeed eject products
of their internal nuclear reactions, perhaps including
A126, Fe6 , Cs135, Pd 107, and Hf182 .

The visitor had to come within a parsec or so of us
during the critical 106-year window. AGB stars and
planetary nebulae are 100 times more common than su-
pernovae. So if you can have a "nearby" supernova in
108 years, it seems as if we ought to be able to have a
"nearby" AGB star in 106 years. The catch is that "near-
by" is not the same in the two cases. Supernovae eject
far more material at much higher speeds and so can pol-
lute much larger neighborhoods. The real chance of
being visited by accident at the critical time is only about
1% (Kostner & Myers 1994). Cameron (1993) takes the
bold step of advocating a new sort of trigger-formation
of the solar system as part of a chain of star formation
initiated by an expanding AGB wind and/or planetary
nebula, and maintained by the collimated gas outflows
from newly forming stars themselves. This cannot be
the only mode of low-mass star formation, since we
see isolated objects, nor need it even be the dominant
one in order to apply to the solar system.

My favorite wild explanation (not consciously de-
rivative, but surely not original either) is that there is
some causal connection between this relatively un-
usual mode of star formation and some other relative-
ly unusual process during condensation of the presolar
nebula, such as might be probed with additional extinct
radioactivities and which is, in turn, responsible for our
solar system having a fairly massive, volatile-retaining
planet well within the zone around its star where the
temperature is right for water to be a liquid.

Where should we look next? Wasserburg (1987) lists
16 nuclides with lifetimes of 104-8 years, beyond those
in Table 1. The most promising candidates for tying down
additional points in solar system history would seem to
be Cm247 (almost detectable now if co-produced with
Pu24 4), Ca41 (ditto in X grains if co-produced with Ca44 ),
and the s-process products that should be made along

with Pd107, including confirmation of Cs13 5 and Hf 18 2

(with clarification of their chemical contexts) and de-
tection of the decay products of Pb205, Tc99, and Zr93,
all of which should be 0.35 = 30 x 10- 5 as abundant as
their stable neighbors.

RECAPITULATION

Fossil radioactivities are probes both of the early history
of our solar system and of the nuclear reactions re-
sponsible for the mix of elements in it. One of the sev-
eral messages is that the solar system went very rapid-
ly through its initial stages and so preserved for us
museum-quality relics of those nuclear reactions long
ago and far away.

©
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NAN PHINNEY leads the group of
accelerator physicists who work on
the Stanford Linear Collider (SLC).
She earned her Ph.D. in high-
energy physics at the State Univer-
sity of New York at Stony Brook in
1972 and then spent nine years at
CERN studying high-transverse
momentum phenomena at the ISR.

In 1981, Nan came to SLAC to
join the exciting new SLC project,
which then was only an ambitious
proposal. She was one of the key
architects of the modern accelera-
tor control system and played a
major role in the commissioning of
the SLC Final Focus. Since 1990,
she has been the SLC program coor-
dinator with responsibility for the
planning and coordination of the
successful SLC runs. As leader of
the SLC program, she is a frequent
lecturer on the challenges and suc-
cesses of the first linear collider.

LANCE DIXON is an associate pro-
fessor at SLAC. He obtained his B.S.
from the California Institute of
Technology in 1982 and his Ph.D.
from Princeton in 1986. From
1986-87, he did postdoctoral work
at SLAC. He left SLAC briefly from
1987-89 to be an assistant profes-
sor at Princeton, and then returned
to SLAC as a Panofsky fellow from
1989-92. His research interests
range from superstring theory at
the Planck scale to the application
of string-inspired calculational
techniques to perturbative quan-
tum chromodynamics. He also
bats cleanup for the SLAC Theory
softball team.
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WERNER JOHO heads the accelera-
tor studies section at the Paul
Scherrer Institute (PSI) in Villigen,
Switzerland. He worked for
26 years on the PSI cyclotron, help-
ing to design, commission, and op-
erate this high-intensity accelera-
tor. He also spent some time at
CERN, Michigan State University,
TRIUMF Vancouver, and ALS Berke-
ley. In the past few years, he has
been involved in the design of a
Swiss Light Source (SLS), a 2.1-GeV
storage ring producing very bright
photon beams. He has been on the
EPAC program committee for the
past four conferences. His hobbies
are orienteering, golf, and brain-
teasing puzzles.

VIRGINIA TRIMBLE is past chair of
the High Energy Astrophysics Di-
vision of the American Astronomi-
cal Society, the Astronomy section
of AAAS, the nominating commit-
tee of the Astronomical Society of
the Pacific, and a number of other
small entities. She is now invited
to conferences largely for the pur-
pose of giving historical introduc-
tions, concluding remarks, and
after-dinner talks. Her incipient de-
cline into nostalgia is revealed by
the fact that this quarter's piece de-
pends almost exclusively on the
work and advice of people she has
known for more than 20 years (Ed
Anders, David Lambert) or even
longer (Jerry Wasserburg, Don
Clayton). Their expertise over both
short and long terms is very much
appreciated.
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FROM THE EDITORS' DESK

VER A HUNDRED REPLIES have already come in to the survey of
Beam Line readers in the Spring 1994 issue. Although this is a
fairly small percentage of the full readership and probably repre-

sents a sample biased in favor of this magazine, it gives us very useful
information that will be helpful in determining future editorial direc-
tions.

More than 80 percent of the replies have come from people working in
universities and national laboratories, and over 60 percent of the respon-
dents indicate an educational background in high-energy physics. The
remainder of the Beam Line readership is spread around four-year col-
leges, high schools and other educational institutions, plus industry, gov-
ernment and the science press-but there are perhaps not as many as we
had imagined in these categories. Or they don't read the magazine very
avidly and didn't take the time to reply.

The great majority of respondents read the Beam Line thoroughly-
either several articles or cover to cover. And about half pass it along to
other readers, too. We appreciate your enthusiasm and help in distribut-
ing this publication.

In your evaluations of how we treat various subject areas, we received
very good marks (averaging 4.4 out of a possible 5.0) for our coverage of
particle physics and accelerators-much as one would expect for "a peri-
odical of particle physics." Astrophysics/cosmology and history of phys-
ics came in slightly lower (both averaging 4.0) but still quite good. We
seem to need improvement in our coverage of science policy, applications
of physics, and physics conferences, all of which were rated fair-to-good.
We plan to work harder on these areas in the coming months.

The most common requests for future articles seem to be for history of
physics and applications of physics, and we will be happy to oblige our
readership in both areas if we can get the articles. Our current policy is
to include one article per issue on practical applications (and we did an
entire issue in Spring 1993), but we sometimes fall short-as in the cur-
rent issue-because of a lack of material. Please send us your sugges-
tions.

And please continue to return those completed survey forms, if you
have not done so already and can still locate your last issue. We are
assembling a database from these replies and would like to improve our
statistics.

A n' / / / ^
/(^A-^e^^ d7LRI/\C-iflL---
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DATES TO REMEMBER

Sep 26-30 CAM 94 Physics Meeting, Cancun, Mexico (CAM 94 Organizing Committee, Sociedad
Mexicana de Fisica, PO Box 70-348, 04511 Mexico, D.F., Mexico or
CAM94@FIS.CINVESTAV.MX or FAX +52 +5 +754-68-01).

Sep 29-Oct 4 International Workshop on e+ e- Sources and Pre-Accelerators for Linear Colliders (Sources
'94), Schwerin, Germany (Ulrike Buechler, DESY -DIB-: D-22603 Hamburg, Germany, or
BUECHLER@DESY.DE).

Oct 2-6 6th Workshop on Beam Instrumentation, Vancouver, Canada (M. Freeman, BIW94
Secretariat, TRIUMF, 4004 Wesbrook Mall, Vancouver, Canada, V6T 2A3).

Oct 10-12 5th Annual October Astrophysics Conference in Maryland: International Conference on
Dark Matter, College Park, MD (October Conference, Astronomy Department, University
of Maryland, College Park, MD, 20742 or OCTOBER@ASTRO.UMD.EDU).

Oct 17-18 21st Annual SSRL Users Conference, Stanford Linear Accelerator Center, Stanford, CA
[Michelle Steger, SSRL, MS 99, Box 4349, Stanford, CA 94309-0210 or
STEGER@SSRL01.SLAC.STANFORD.EDU].

Oct 26-28 International Workshop on B Physics: Physics Beyond the Standard Model at the B Factory,
Nagoya, Japan (S. Suzuki, Department of Physics, Nagoya University, Chikusaku, 464-01,
Nagoya, Japan or B94@HEPL.PHYS.NAGOYA-U.AC.JP).

Oct 30-Nov 5 IEEE 1994 Nuclear Science Symposium and Medical Imaging Conference, Norfolk, VA
(Rene Donaldson, SLAC, Box 4349, MS 68, Stanford, CA 94309 or
RENED@ SLAC.STANFORD.EDU).

Nov 3-9 1994 US-CERN-Japan Joint Accelerator School Topical Course: Frontiers of Accelerator
Technology, Maui, HI (US Particle Accelerator School, c/o Fermilab MS 125, Box 500,
Batavia, IL 60510 or USPAS@FNALV.FNAL.GOV).

Nov 7-10 13th International Conference on the Applications of Accelerators in Research and
Industry, Denton, TX (J. L. Duggan, University of North Texas, Department of Physics,
Box 5368, Denton, TX 76203-5368 or PC66@UNTVAX).

Nov 17-20 Mosaic and the Web International Conference '94, Chicago, IL (Barbara A. Kucera, Mosaic
Conference Coordinator, NCSA, University of Illinois at Urbana-Champaign,
152 Computing Applications Building, 605 E. Springfield Avenue, Champaign, IL 61820 or
BKUCERA@VOID.NCSA.UIUC.EDU).

Mar 15-18, 1995 Spectroscopies in Novel Superconductors, Stanford, CA (Katherine Cantwell, SSRL,
Box 4349, MS 69, Stanford, CA, 94309-0210 or K@SLAC.STANFORD.EDU).
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