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Laser Spectroscopy of Antiprotonic Helium
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Antiprotonic helium, an exotic 3-body system consisting of a helium nucleus, an antiproton, and an
electron (pHe™Te™ = pHe™), is formed when antiprotons are stopped in helium medium. The negatively
charged antiprotons replace one of the electrons of a helium atom, and are then captured into highly
excited states with principal quantum numbers of ny ~ 38. The Figure shows the energy level diagram of
the antiproton in pHe™' (black and blue lines) as well as in the pHe™ ™ ion (green lines).

Because the energy difference between adjacent levels at n ~ 38 is only 2 eV, while the ionization energy
of helium is ~ 25 eV, antiprotons initially captured in highly excited angular momentum states (denoted
by black lines) can only deexcite via radiative transitions (symbolized by black arrows) until they reach
a state from where an Auger transitions becomes faster than the radiative transitions (blue wavy lines).
Using laser spectroscopy, transitions of the antiproton between metastable and short-lived levels can be
stimulated, and the subsequent annihilation of the antiproton with the nucleus can be used as a signature
for the resonance condition. In this way in total 13 laser transitions in p*Het (marked by coloured arrows)
and 3 in p>He™ could be observed at CERN in Geneva, three of them in 2000 at the newly built Antiproton
Decelerator (AD). In some cases, metastable levels have been transformed into short-lived ones by adding
hydrogen molecules that destroy the metastability in collisions. With the newly found transitions in the UV
region at A = 372 nm and 296 nm, all the initially populated levels have now been observed. The highlight
of the measurements in 2000 was the determination of the zero-density wavelength of four transitions with
an accuracy down to 1.3 x 1077 that showed overall agreement with three-body QED calculations at a level
of better than 5 x 10~7. From this agreement, a CPT test on the equality of proton and antiproton charge
and mass of < 6 x 107° relative deviation can be inferred.(Hayano Group, I. §2.1)



Real-time observation of molecular vibrational structure during a chemical
reaction process
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The world shortest visible pulses of 4.7-fs duration from a noncollinear optical parametric amplifier
(NOPA) with pulse-front matching were used to observe molecular structure during chemical reaction. The
NOPA is a very useful light source for ultrafast spectroscopy on an extremely short time scale. Azobenzene
was used as an example to show how powerful the laser is for the determination of the chemical reaction
path. Changes in instantaneous molecular vibrational frequency have been analyzed with spectrograms
obtained by the time-frequency analysis method of optimal kernel using the Fourier transformation of the
time dependent induced transmittance changes probed at 2.18 eV. Top and bottom left panels show the time
dependent frequencies of N=N and C-N stretching mode, respectively, in the ground state selectively excited
by using negatively chirped pulses. While top and bottom right panels are frequencies of the molecule
in the excited state selectively excited by positively chirped pulses. The spectrogram clearly exhibits
the vibronically non-equilibrium state characterized by the modulations of instantaneous frequency and
amplitude. Especially the C-N and N=N stretching frequencies in the excited state are highly modulated
with anti-phase relation. The period of the modulation is about 300-350 fs and it is considered to be torsional
mode, which is the precursor vibration of the trans-cis isomerization. The reaction is schematically shown
at the bottom of the photograph.(Kobayashi Group, I. §6.1)
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O 2.1 a: Double differential cross sections of the
907Zr(n, p)°°Y reaction at 300 MeV.
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ing powers for the 7id elastic scattering at 250 MeV

and the results of the Faddeev calculations.
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O 2.1 ¢: Cross sections and the analyzing powers
A,y for the d-p elastic scattering with statistical er-
rors. The gray (black) shaded band is the result
of the Faddeev calculations without (with) Tucson
Melborne three body force. Thin lines are the pre-
dictions incorporating other three body force mod-

els.
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O 2.1 f: Relative deviation of experimental and
theoretical transition frequencies for four differ-
ent laser transitions. The error bars denote the
experimental errors. The theoretical values of
two authors, V. I. Korobov of Dubna (Russia),
and Y. Kino of Tohoku University (Japan) are
shown. The upper part shows the situation as of
1996, where in addition to the non-relativistic en-
ergy two correction were calculated, the relativis-
tic correction due to the motion of the electron,
and the first order QED correction, the one-loop
Lamb shift. The agreement for one transition at
A =597 nm was in the order of one ppm. In the
lower part, our new results from the AD are com-
pared to new calculations of both theoreticians
that include higher-order QED corrections up to
order a*. Except for the 597 nm line, an excel-
lent agreement of less than the experimental error
(the smallest being ~ 1.3 x 1077 is observed. This
is the first time that 3-body QED calculations in
a molecule-like system with two heavy “nuclei”
have been calculated to such a precision. From
the observed agreement and the fact that the cal-
culations made use of the better known numerical
value of the proton mass, we can infer a CPT limit
on the equality of proton and antiproton charge
and mass of < 6 x 10~%, a factor 8 better than our
previous results and almost two orders of magni-
tude better than previous values obtained form
X-ray spectroscopy of heavy antiprotonic atoms.
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O 33 a

for SroRuQy4 is contour-plotted in k space with

The superconductivity gap function

white(black) corresponds to positive(negative) am-

plitude. The upper panel depicts the spin

susceptibility. [3]
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0 3.3 ¢: (a) The Hall conductivities (04y,045) in
units of —e?/h are plotted on a butterfly for a three-
dimensional system. (b) The corresponding plot for

the two-dimensional butterfly.[14]
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O 3.3 d: A polymorph of silica (SiOz) under
high pressure found in a molecular-dynamics study,
where four-fold (tetrahedra) and six-fold (octahe-

dra) Si coordination coexist.[18]
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