
22 September 2003    Physics Today http://www.physicstoday.org

by a group at the Thomas Jefferson
National Accelerator Laboratory’s
CLAS large-acceptance spectrometer
facility.3 Like the SPring-8 group, the
CLAS collaboration used a high-flux
beam of tagged GeV photons produced
at the laboratory’s electron accelera-
tor. The photon beam hit a deuterium
target, and the group looked for the
reaction 

gd O K⊕K⊗n(p).

The parentheses mean that the
deuteron’s proton was merely a spec-
tator in the photoproduction of the
kaon pair off the neutron.

Typically the spectator’s recoil
momentum would be too low to be de-
tected. The CLAS group used an in-
teresting trick to eliminate the blur-
ring due to the target neutron’s
momentum inside the deuteron.
They selected only that small frac-
tion of events in which the recoil pro-
ton was kicked up to a detectable mo-
mentum, presumably by final-state
collision with the K⊗. For such
events, one has enough information
to determine the unseen neutron’s
momentum without having to as-
sume it was initially at rest.

The 5.3-s peak in the resulting K⊕n
mass distribution (see figure 2) is cen-
tered at 1542 � 5 MeV. Its 21-MeV
width is consistent with the experi-
ment’s resolution. CLAS spokesman
Kenneth Hicks (Ohio University,
Athens) says that the group finds no
evidence for a doubly charged peak in
the K⊕p mass distribution from its
older hydrogen-target data. A high-
statistics deuterium-target run
scheduled for early next year will con-

tinue the search for a possible isospin
partner, and it will address the crucial
question of whether the observed U⊕

does indeed have the predicted spin 1/2
and positive parity. 

At the end of July, a group at Bonn
University’s ELSA accelerator, an
electron-beam facility similar to Jef-
ferson Lab, piled on with yet another
confirmation of the 1540-MeV parti-
cle.4 This time the evidence is a 4.8-s
peak in the K⊕n mass distribution
from the reaction

gp O nK⊕K
– 0.

But they found no corresponding dou-
bly charged peak in the pK⊕ mass dis-
tribution.

What is it?
Theoretical responses to the experi-
mental reports and phenomenological
reanalyses of ancient data are sprout-
ing on the preprint server like mush-
rooms after an autumn rain. Among
other things, theorists are trying to
understand the narrow width of the
exotic baryon—now generally called
U⊕(1540)—in alternatives to Di-
akonov’s Skyrme-inspired chiral
quark soliton model. In any model of
five quarks moving independently in
an effective mean potential, the
pentaquark state would fall apart so
fast that it would be at least 100 MeV
wide. If its parity were negative, as
such models suggest, we would al-
ready have seen lots of other negative-
parity exotic baryons lighter than the
U⊕(1540).  

A recent paper by MIT theorists
Robert Jaffe and Frank Wilczek, for
example, addresses these issues by

proposing that the U⊕(1540) is a
bound state of two highly correlated
ud diquark pairs plus an s–.7 That
would account for its positive parity
and perhaps its very narrow width.

A specific prediction of the diquark
model, which might be testable in the
next round of searches, clearly distin-
guishes it from Diakonov’s chiral soli-
ton model. Jaffe and Wilczek predict
that the exotic J baryons at the bot-
tom corners of the antidecuplet in fig-
ure 1 should be 300 MeV lighter, and
therefore more accessible, than what
Diakonov and company predict. 

“Whatever the explanation of this
first exotic turns out to be,” says
CERN theorist John Ellis, “it’s very
exciting. It looks like the beginning of
a whole new hadron spectroscopy.
That could become a key testing-
ground for rival quark and skyrmion
views of baryon structure.”    

Bertram Schwarzschild
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Gamma-Ray Images Uncover Solar Flare Surprises

Though they didn’t know it at the
time, Galileo and his 17th-century

rivals were the first to observe the sites
of solar flares. What they saw through
their crude telescopes were sunspots—
dark patches on the solar disk where
intense magnetic fields smother the
upwelling of bright hot plasma.

Flares erupt near sunspots and
hurl electrons and ions into the Sun’s
atmosphere. When viewed with mod-
ern instruments in the UV and soft x-
ray wavebands, sooty sunspots blaze
in roiling turmoil.

According to decades of observa-
tion and theory, flares are fueled by
twisted magnetic fields that snap into
untwisted, lower-energy configura-

tions (see Eugene Parker’s article in
PHYSICS TODAY, June 2000, page 26).
But how pent magnetic energy pro-
pels electrons and ions remains a puz-
zle. Solar physicists expect a flare’s
initial impulse to show up as gamma
rays. Only recently, thanks to the
launch last year of NASA’s Reuven
Ramaty High-Energy Solar Spectro-
scopic Imager (RHESSI), could im-
ages of the Sun be obtained at such
high energies.

On 23 July 2002, the Sun flared so
brightly that a team led by Gordon
Hurford of the University of Califor-
nia, Berkeley, was able to map the
electrons’ and ions’ separate contribu-
tions to the gamma-ray emission.

Hurford’s analysis of the maps has
sent solar theorists back to their
blackboards, notepads, and comput-
ers: Against expectations, the emis-
sion regions don’t coincide.1

Spectroscopic imaging
Reflecting telescopes can’t focus
gamma rays. Even at grazing inci-
dence, optical surfaces absorb rather
than reflect high-energy photons. To
map the Sun at high energies,
RHESSI relies on rotating modula-
tion collimators.

An RMC is a pair of widely sepa-
rated coaligned grids that rotates over
the field of view. RHESSI has nine
RMCs, each with a different grid spac-
ing, or pitch. Together, their angular
resolution ranges stepwise from 2.3 to
183 arcseconds. (The Sun is 1900 arc-
seconds across.) The rotation comes

A new space-based observatory is providing unprecedented views of
solar activity.
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from the spacecraft itself, which spins
on its axis 15 times a minute.

To see how an RMC generates po-
sitional information, look at figure 1.
Consider radial position first. The
spot on the solar disk marked with a
square is farther from the grid’s axis
of rotation than the spot marked with
a circle. When the grid makes one ro-
tation—which you can mimic by run-
ning your finger along the dashed cir-
cles—the grid’s slats shadow the circle
7 times and the square 11 times: a
telltale difference.

For azimuthal position, compare
the square with the triangle. Both
spots are at the same radial distance,
but at the rotation phase in the figure,
the square remains unshadowed for
longer: another telltale difference.

Figure 1 doesn’t tell the whole im-
aging story. A square-spot photon has
a different incident angle from a cir-
cle-spot photon. Whereas both pho-
tons may pass through the front grid,
one, both or neither may be blocked by
the coaligned back grid. As the grids
rotate, photons from a particular spot
pass through both grids with an oscil-
lating likelihood.

The detectors that sit behind
RHESSI’s RMCs record each photon’s
energy and arrival time. The result-
ing data can therefore be treated as
the sum of light curves whose peaks

vary in number, amplitude, and
phase. Drawing a map from such data
entails creating a probability distri-
bution of where, given the location of
the grids, each spot could be. Fourier
analysis yields a map, whose intrinsic
artifacts are removed by applying
image-cleaning algorithms borrowed
from radio astronomers.

RHESSI’s passband extends from
3 keV to 17 MeV. Over that range, a
flare’s photon flux plummets by 12 or-
ders of magnitude. Determining even
a continuum slope requires high spec-
tral resolution, which RHESSI
achieves with detectors based on ul-
trapure crystalline germanium.

When photons are absorbed by the
germanium, they generate a number
of electron–hole pairs proportional to
their energy. An electric field of
30 kV/m accelerates the charges to
create a measurable current. Cooling
the germanium to 75 K lowers the
noise and boosts the sensitivity.

With a resolution of around 0.1% in
the MeV range, RHESSI can resolve
the intrinsic widths of individual
gamma-ray lines. It can also map the
lines—which is how RHESSI made its
discovery.

Seeing electrons and ions
A large flare lasts several hours, ex-
tends over 108 meters, and dumps 

Figure 1. A rotation modulation counter yields positional information because of
differences in the way the opaque grids shadow locations on the Sun.
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1025 joules of energy into the Sun’s co-
rona. In the flare’s initial impulsive
phase, much energy goes into rapidly
accelerated electrons and ions. When
the electrons slam into ambient
plasma, they lose most of their energy
to Coulomb collisions. Minutes to
hours later, the collisonal energy
emerges as thermal radiation.

The rest of the electrons’ energy—
a mere hundred thousandth—promptly
appears as high-energy nonthermal
bremsstrahlung. This radiation offers
the best opportunity for seeing what
the electrons are up to during the im-
pulsive phase.

Like the electrons, the accelerated
ions slam into ambient plasma and
undergo Coulomb collisions. But they
don’t make much observable
bremsstrahlung. The best way to
catch the ions in the early phase of a
flare is through their gamma-ray line
emission.

When RHESSI researchers ana-
lyzed the spectrum of the 23 July
flare, they found that nonthermal
electron bremsstrahlung predomi-

nated in the 0.3–0.5 and 0.7–1.4 MeV
bands. In other gamma-ray bands,
they found a mix of electron and ion
emission.

They also saw a bright narrow line
at 2.223 MeV. This line, predicted to
occur in flares by RHESSI’s dedicatee,
Reuven Ramaty, is an aftereffect of
ionic collisions. Accelerated ions
knock out neutrons from ambient
ions. Once slowed by thermalization,
ejected neutrons can be captured by
ambient protons to make deuterium
ions and 2.223-MeV gamma rays. Al-
though the thermalization is some-
what slow, the line serves to locate the
impulsively accelerated ions because
the neutrons don’t stray far. Filtering
RHESSI data through a narrow en-
ergy window of 2.218–2.228 MeV
yields a rich, barely adulterated
clutch of capture-line photons.

Figure 2 shows RHESSI’s view of
the 23 July flare in three energy
bands: the deuterium neutron capture
line (red) and two bands that pick out
the electrons’ nonthermal brems-
stralung (yellow and black). Appear-

ing in the background is a UV image
of the flare taken by TRACE, another
NASA observatory.

Only two of RHESSI’s RMCs—
those with resolutions of 35 and 183
arcseconds—are thick enough to
block gamma rays. Even so, RHESSI
could show, with high confidence,
that the sites where accelerated elec-
trons and ions first radiate are spa-
tially distinct.

Short and long loops
Although RHESSI is the first space-
craft to image solar gamma rays, pre-
vious observations revealed that
emission from electrons and ions has
similar temporal behavior, which sug-
gests a common acceleration mecha-
nism. What could it be?

One clue comes from the looping
magnetic fields that reach high into
the corona. The fields are so strong
that they forcibly entrain not only am-
bient plasma, but also the accelerated
particles that hit and heat it. If the ac-
celeration mechanism is a DC electric
field, electrons and ions will set off in
opposite directions along the same
magnetic field lines. The correspon-
ding emission regions won’t be in the
same location, but they will be
threaded by the same magnetic loop.

The loops in the TRACE image fol-
low the flare’s magnetic field lines,
but not until 90 minutes after the ini-
tial impulse when the kinetic energy
of the accelerated particles emerges in
the UV. Loops do move during flares,
but not always by much. If the
TRACE image reflects the loop con-
figuration during the impulsive
phase, then the electrons and ions
don’t belong to the same loop.

If not DC acceleration, then what?
Gordon Emslie and Jim Miller of the
University of Alabama in Huntsville
think a stochastic mechanism could
be at play. Turbulent, magnetohydro-
dynamic jostling can accelerate elec-
trons and ions alike, but at different
rates. Miller’s numerical models,
which predate the 23 July flare, sug-
gest that ions are more favorably ac-
celerated in long, high loops, whereas
electrons prefer short, low loops.

Observing more gamma-bright
flares could settle the issue, but time
is running out. The Sun is already
halfway toward reaching the mini-
mum of its 11-year sunspot cycle.

Charles Day
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Figure 2. The 23 July 2002 flare as seen in gamma rays by RHESSI (colored cir-
cles) and in the UV by TRACE (background image). Also shown are lines of solar
latitude and longitude (thin white lines) and the Sun’s edge, or limb (thick white
line). The separation of the red circle from the yellow and black circles indicates
that ions and electrons were accelerated at different locations during the flare’s
impulsive phase. (Courtesy of Sam Krucker and Gordon Hurford, University of
California, Berkeley.)




