Shank. “We find clear and convincing
evidence that the data in 1999, upon
which the reported discovery was
based, were fabricated,” states the
report. It expresses “regret that our
findings revealed intentional fabrica-
tion . . . instead of honest error or hon-
est differences in interpretation.”

Responding to Ninov’s suggestion
that some unspecified malefactor may
have removed genuine events from
the data at a later time, the commit-
tee wrote that “there is no evidence to
suggest that the raw data files that
exist now are in any way different
from those that were produced in the
course of the experiment.” Nor, in the
committee’s view, could the spurious
events simply have resulted from
bugs in the analysis program. “There
is clear evidence,” the Vogt committee
continues, “that Dr. Ninov [carried]
out this fabrication. . . . If anyone else
had done [it], Dr. Ninov would almost
surely have detected it.”

Ninov claims that “the report
makes it clear that the only way I could
prove my innocence is by pointing a fin-
ger at someone else. But that I refuse
to do.”

Although the Vogt report accuses
no one else in the BGS group of com-
plicity in the data fabrication, it does
close with a rather harsh criticism of
the team’s procedures in the 1999
experiment: “[We] find it incredible
that no one in the group, other than
Ninov, examined the original data to
confirm the purported discovery of
element 118.”

Deliberate fraud is, happily, rare in
physics research. But mistakes and
unconscious bias are not rare. “The
message is that experimenters must
exercise vigilance, not so much
against fabrication, but against hon-
est error and misjudgement,” says
LBNL Deputy Director Pier Oddone.
“And against these, the first line of
defense is vigorous, independent

Evidence Found for a New Type of
Radioactivity: Two-Proton Emission

he interplay between the nuclear

forces and the electromagnetic
force determines whether a given
combination of protons and neutrons
can stay together long enough to be
called a nucleus. Even then, some
nuclei are sufficiently unstable that,
sooner or later, they undergo fission or
decay. It stands to reason that a pro-
ton-rich nucleus might strive to shed
a few protons. Indeed, back in 1960,
Vitalii Goldanskii predicted that pro-
ton-rich nuclei having even values of
atomic number Z could decay by emit-
ting two protons.! Iron-45 was among
the rare candidates in which Goldan-
skii predicted one might see such two-
proton decay. Iron-45, having 11 fewer
neutrons than the most common iso-
tope of iron, has only recently been
produced in heavy-ion accelerators.
Now, research teams at the Laborato-
ry for Heavy-Ion Research (GSI) in
Darmstadt, Germany, and at GANIL,
a national heavy-ion accelerator in
Caen, France, have independently
formed “*Fe and found evidence for
two-proton (2p) decay.??

The two decay protons can serve as
a probe of nuclear structure. Of par-
ticular interest is how the protons are
paired within the nucleus, especially
in such a proton-rich nucleus as “°Fe,
which is itself nearly unbound. If the
protons are strongly correlated with
one another, they should emerge as a

http://www.physicstoday.org

}Further studies of the two protons
emitted by iron-45 can shed light
on how the protons are paired within
the nucleus.

single nucleus of helium-2 before
Coulomb forces push them apart. If
the protons are completely independ-
ent of one another, the “*Fe nucleus
would undergo a three-body decay.
According to Bertram Blank of the
Center for Nuclear Energy Studies in
Bordeaux-Gradignan, France, “we

know that pairing exists, but there

checking within an experimental
group.”

One member of the BGS team,
Albert Ghiorso, has been discovering
transuranic elements for half a centu-
ry. “When you'’re dealing with a com-
plicated apparatus like the gas-filled
separator, you tend to trust the group’s
best guy to do it right,” he told us.
“That was our first mistake. Ninov was
really good at everything: theory,
experiment, computers, building
things. And he was very personable.
We didn’t want to believe the accusa-
tions—until the evidence was over-
whelming. It’s a tragedy.”

BERTRAM SCHWARZSCHILD
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are very few direct routes to access
and study it.” Two-proton decay is
thus seen as a valuable tool for gain-
ing insight into nuclear structure.
(Blank headed the GANIL team,;
Marek Pfiitzner of the University of
Warsaw led the GSI team.)
Unfortunately, the recent experi-
ments can’t determine the extent of
proton—proton correlation because the
experimental setups don’t allow
determination of the angles and ener-
gies of the individual protons. Such
experiments are several years off, but
efforts in that direction have certain-
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FIGURE 1. EXPERIMENTAL SETUP to look for two-proton decays of iron-45 at the
Laboratory for Heavy-Ion Research (GSI) in Darmstadt, Germany. The nickel-58

ions in the beam are fragmented by impact with the beryllium target. Ions of interest
are selected by the fragment separator, which consists primarily of dipole magnet sec-
tions (blue). Measurements by the plastic scintillators (green) and ionization chamber
(purple) help identify each ion. Degraders (red) slow the ions and help reduce con-
tamination. Ions of ¥*Fe come to rest in one of the silicon detectors that compose the
silicon telescope. The detector measures the total energy of the #*Fe decay products.
(Adapted from ref. 2.)
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ly been boosted by the recently
sighted 2p decays.

ES
1

Other proton decays

Goldanskii also predicted that
proton-rich nuclei with odd Z
could decay by emission of just
one proton. Since 1981, single-
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The mass and charge of an ion
are determined by measure-
ment of the ion’s time-of-flight
and energy loss, and knowledge
of the separator magnetic
fields. Such information rather
clearly determines which nuclei
are “Fe. At the end of the sepa-

proton radioactivity has been 0
seen in the ground states of

proton-rich nuclei with odd

values of Z ranging from 51 to 83.
Those decays are to be distinguished
from the more common case of beta-
delayed proton emission, in which the
parent nucleus first undergoes beta
decay, with the proton subsequently
coming from an excited state of the
daughter. True one-proton decay
requires the end state of proton emis-
sion to be lower in energy than the
parent nucleus and for that end state
to have compatible quantum proper-
ties. The boundary conditions on two-
proton decay are even more stringent.

Several previous experiments
have found some evidence for 2p
decay in beryllium-6 and oxygen-
12.45 But those nuclei are so short-
lived, with half-lives on the order of
10720 g, that it’s virtually impossible
to know whether the protons come
out at the same time. The decay may
proceed through an intermediate
level, with the protons emitted
sequentially: Although single-proton
decay is energetically forbidden, the
ground-state energy is sufficiently
broad for either ¢Be or 20 (because of
the short lifetimes) that its tail might
overlap with a normally inaccessible
intermediate level.

In another experiment, done in
2000 at Oak Ridge National Laborato-
ry’s Holifield Radioactive Ion Beam
Facility, researchers reported 2p decay
from an excited state (as opposed to
the ground state) of neon-18, whose
lifetime is quite short (around 109 g).%
No intermediate state was available
for a sequential decay, although the
decay conceivably might have pro-
ceeded through the tail of a very broad,
higher-lying excited state. Oak Ridge’s
Alfredo Galindo-Uribarri said that he
and his colleagues are now setting up
an experiment with much larger solid
angle coverage of the emerging pro-
tons to gain insight into the decay
mechanism.

The recent experiments on “Fe
have elicited particular excitement
because the decay occurs from a
ground state that lasts for several mil-
liseconds. “For that reason, one could
call the process ‘radioactivity,” while
the phenomenon seen in neon-18 is a
simultaneous two-proton emission
from an excited state,” said theorist
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FIGURE 2. DECAY-ENERGY SPECTRUM
for the two protons emitted by iron-45,
as measured in an experiment at the
GANIL accelerator in Caen, France.

A peak is seen near 1 MeV, the energy
expected to be emitted in two-proton
decays. After eliminating protons that
emerge more than 15 ms after #*Fe

is implanted in the detector, the
researchers find the total energy of the
two protons to be 1.06+0.04 MeV. (Fig-
ure courtesy of Bertram Blank, Center
for Nuclear Studies.)

Witek Nazarewicz of the University of
Tennessee, Knoxville.

Serendipity

The observation of the 2p decay
required not only technical skill but
also some luck. The experimenters at
GSI and GANIL first had to form the
unstable nucleus; they were aided in
that task by the techniques of projec-
tile fragmentation, separation, and
identification that have been honed
over the past few years. Next, they
had to form a nucleus in which the 2p
decay time was longer than the flight
time of the parent nucleus through
the separator (about 1 ms) and yet
shorter than the competing beta
decay (several milliseconds). Fortu-
nately, the lifetime of Fe turned out
to be a few milliseconds and appeared
to be dominated by the 2p emission.

Both research groups began with
an energetic beam of nickel-58 ions
striking a fixed target; the target was
made of beryllium in the GSI experi-
ment and nickel at GANIL. The accel-
erators at the two facilities differ in
beam energy and intensity: At GSI, a
higher beam energy (600 MeV per
nucleon versus 75 MeV/nucleon at
GANIL), compensates for a factor-of-
100 lower intensity.

In both experiments, the impact on
the target breaks up the heavy ion,
producing a variety of product nuclei;
a tiny fraction are of the desired “Fe
isotope. As illustrated in figure 1 for
the GSI experiment, the fragments
travel through a separator consisting
largely of magnets that bend the ions
and of degraders that help slow them.
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g  rator, the slowed ions become
implanted in one of a stack of
silicon detectors. The electron-

ics for those detectors have to be capa-
ble of measuring both the large ener-
gy (on the order of 1 GeV) deposited by
the nucleus when it is stopped and the
smaller energy (around 1 MeV) subse-
quently deposited by the decay pro-
tons. The detectors are equipped with
both high- and low-gain preamplifiers
that render them sensitive to the dis-
parate energy scales.

The silicon detectors are surround-
ed by sodium iodide crystals, which
record gamma rays from the annihi-
lation of the positron emitted during
beta decay. For evidence of 2p decay,
the experimenters took only those
decays that were not associated with
the emission of gamma or beta radia-
tion. The GANIL team found 12 2p-
decay candidates, and the GSI group
identified four.

In both experiments, a plot of the
total energy deposited in the silicon
detector by the decay had a narrow
peak around 1 MeV, a value that had
been predicted for the 2p decay by
several theoretical models.”® Figure 2
shows, for example, the spectrum
measured in the GANIL experiment.

The two experiments yielded con-
sistent values for the 2p decay time:
(4.7 3% ) ms and (3.2 *2) ms for
GANIL and GSI, respectively. Such
measurements should lend insight
into whether the decay produced two
correlated protons or proceeded as a
three-body decay. Theorists have tried
to predict the lifetimes for those two
cases, but the results vary greatly
with the assumptions.”® B. Alex
Brown, a nuclear theorist at Michigan
State University, said, “I don’t think
any of the calculations are presently
precise enough to judge against exper-
iment. But now that the @ value and
decay mode of iron-45 have been
measured, there will certainly be
renewed interest in making better
calculations.” (The @ value is the total
energy released in the 2p decay.)

Margareta Hellstrom of GSI
agreed that more detailed model cal-
culations are needed before quantita-
tive comparisons can be made with
experiment, but she noted that “we
already have a reasonably good qual-
itative understanding of what is going
on in iron-45.”
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Taking the next step

The central drawback of the current
experiments is that they need a thick
detector to stop the “*Fe ions, and the
thick detector captures the decay pro-
tons. To look for correlations, one
needs to follow the proton trajectories
(angles and energies). Blank and
members of his team at GANIL plan
to replace the stack of silicon detectors
with a gas cell to stop the Fe ions.
The gas cell will form a time-projection
chamber in which an electric field will
move the charge cloud produced by the
decay toward a two-dimensional
detector. The new setup should deter-
mine the protons’energies and angles.
So far the researchers have built a pro-
totype detector and hope to complete
the full-scale one in a year or so.

The observation of proton pairs
coming from the nucleus may have
broad interest beyond nuclear
physics, Nazarewicz said. There
might be common threads, for exam-

ple, between studies of paired protons
within a nucleus and considerations
of finite size effects on superconduct-
ing Cooper pairs of electrons in, say,
aluminum grains. Indeed, the term
“nuclear superconductivity” was
introduced by David Pines at a con-
ference in Rehovot, Israel more than
40 years ago to describe work he had
done with Aage Bohr and Ben Mottel-
son; the trio showed that the then-
new Bardeen-Cooper-Schrieffer theo-
ry of superconductivity could also be
applied to explain pairing phenomena
in nuclei.!

BARBARA GOSS LEVI
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The Unusual Thermodynamics of
Microscopic Systems

he thermodynamic behavior of

microscopic systems can be quite
different from that of macroscopic sys-
tems, for which fluctuations in ther-
modynamic quantities are usually
negligible. As physicists strive to
build ever smaller machines, it
becomes important to understand, for
example, the statistics of the work
done on or by a machine as it moves
from an initial to a final state. That

1

Theoretical distributions of work

delivered to small objects have
some surprising properties recently
confirmed by experiment.

work is not simply a function of the
beginning and ending states. But—
according to the usual telling of the
story—the work is determined once
one is given a path or process that
connects the states.

0.8
0.6
0.4

0.2

RELATIVE PROBABILITY

The usual story is
not strictly accurate.
For example, in a sys-
tem connected to a heat
bath, uncertainties of
order kT arise from the
Boltzmann distribution
of energies in the initial
and final states, and
also from energy ex-
change with the heat
bath as the system

TIME (5)

FIGURE 1. INTEGRATED TRANSIENT FLUCTUATION
theorem relates the relative probability of delivering neg-
ative versus positive work to an experimental vessel
(black) to the average of exp(— W) over those trials deliv-
ering positive work (red). To within statistical error, the
two curves are equivalent, as demanded by the theorem.
The relative probability is nearly unity for short times,
but it falls to zero over the 3-second period shown in the
graph. Note, though, that even after 2 s, one occasional-
ly sees negative work. (Adapted from ref. 3.)

3 moves along a path con-
necting those states.
That means the work
given to a system can-
not be uniquely speci-
fied, even if the path is
known. The energy
uncertainties in macro-
scopic systems, though,
are tiny compared to the
average work. Thus, for
practical purposes, one
can say that two states
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and a connecting path determine work
in those systems. If the system is
microscopic, the statistical distribution
of work associated with the system’s
change from its initial to its final state
can have practical consequences.

Over the past decade, a good deal of
theoretical effort has been devoted to
spelling out the nature of work distri-
butions. In the past few months,
experimental tests have been conduct-
ed for two particular theoretical
results—the transient fluctuation the-
orem of Denis Evans (Australian
National University in Canberra) and
Debra Searles (Griffith University in
Brisbane)! and the nonequilibrium
work relation derived by Chris Jarzyn-
ski (now at Los Alamos National Lab)?.

Evans and Searles joined forces
with three other colleagues from ANU
to test the transient fluctuation theo-
rem.? At about the same time, a team
from the University of California,
Berkeley, and Lawrence Berkeley
National Laboratory, led by Carlos
Bustamante, explored the validity of
the nonequilibrium work relation.*
Both theoretical predictions passed
admirably.

Transient fluctuation theorem

The transient fluctuation theorem is
one of many that tackle the statisti-
cal nature of fluctuations. Specific
forms of the various theorems depend
on which thermodynamic parameters
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