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Laser-induced resonant transitions in thev=n—-1—-1=2 and 3 metastable cascades
of antiprotonic *He atoms
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Laser-induced resonant transitions in metastable antiprottiié atoms have been found. The observed
transitions at wavelengths 593.388.001 nm and at 463.9470.002 nm have been respectively ascribed to
the (n,1)=(38,39—(37,33 and the(36,33—(35,32 transitions, showing excellent agreements to 50 ppm
with recent predictions of Korobov.

PACS numbe(s): 36.10.Gv

In previous publication§1—3], we reported the observa- rangement nearly identical to that used in diite experi-
tion of two laser-induced resonant transitions in metastablenents. Thep stopping target was dHe gas cell kept at a
antiprotonic “He atoms[4-9]. The resonances observed attemperature of 5.5 K and pressure of 200-300 mb. We
597.259 nm[1,2] and 470.724 nn3] were assigned to the searched for th€38,39— (37,33 transition that lies at the
(n,1)=(39,35—(38,34 and (37,34—(36,33 transitions, end of the y=n—I—1=3 metastable cascade and the
respectively. The fact that the observed wavelengths Wergsg 33 (35,32 transition at the end of the=2 cascade
close to values[10-14 obtained theoretically for a (see Fig. 1
p-e”-*He*" three-body system=p*He™) estal:[)lllsht_?d that In our present laser spectroscopy technique, we induce
the previously observed longevity pfstopped in"He is due  oqqnant transitions between a metastable gtatel lifetime

to the formation of the neutral antiprotonic helium atoms. 7~1 us) and an Auger-dominated short-lived state<(20
In the present paper, we report the observation of resonant

transitions in metastable antiprotonitie atoms. We had 9. The sharp ‘”Cfease in annihilation ratg .frOrT‘ the lower
already shown that a metastability effect occurre'al-'rle and (Augen level constitutes an extremely sensitive indicator of

was characterized by an average lifetim&4% shorter than the res_((j)nantz):ef COT]dItI((;[‘ﬂ.E;]. tr|1t V\{as ?ssentfmtlhthat V\t’e tha:)oll
in *He[5,6,9. A search for resonant transitions file was some idea betorehand ot the location of the metastable—

thus a natural extension of our experimental program. Manghort-lived boundary in then(l) plfme of Fig. 1. According
theoretical studies on the antiprotonic helium atom are curl©® Ohtsuki's calculatioi15,16 for “He, the Auger transition
rently being done worldwide, for which the comparison of rate depends drastically on its multipolartyl |, namely, the
“He and ®He data should provide valuable supplementarychange of between the initiapHe * state and a lower-lying
information. final ionic state ofpHe?" (ionic states being represented by
The experiment described herein was done recently at theashed lines in Fig.)1 For those states that can proceed by
CERN Low Energy Antiproton RingLEAR), with an ar-  Auger transitions with|Al|<3, the Auger rates are much
larger than the radiative ratés-1 us *[10,11), and hence
the states are short-lived, as denoted by wavy lines in Fig. 1.
*Present address: Institut rflkernphysik, Universita Mainz, ~ This led us to the successful observation of the two transi-
D-55099 Mainz, Germany. tions in “He mentioned above. There was no such calcula-
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FIG. 1. Energy-level diagrams of thgHe™ atom and of the
p°He?" ion. The transitions found in the present work are shown
by thick arrows, with the observed wavelengths. All other transition
wavelengths are taken from Korob¢®7]. Metastable levels are
indicated by solid lines and Auger-dominated short-lived states are
drawn by wavy lines. The metastable—short-lived boundary was
assumed to follow the |Al|<3 Auger dominance” rule. For ex-
ample, the 0,1) =(38,39 metastable state of the atom follows the
slow radiative cascade, while tt{87,33 state has a short lifetime
due to the fast Auger decay to the,[) =(31,30 ionic state, which

is energetically possible withAl|=3.
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FIG. 2. On-resonance time spectra of the 593.388-nm trang#)cand the 463.947-nm transitigh) found in the present workc) and
(d) show the dependence of the resonance interisity, the peak area divided by the total number of delayed events in each delayed

annihilation time spectrujron the laser wavelength.
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(39,35—(38,39 transition (experimental value, 597.259
+0.002 nm and 470.71 nm for th€37,34— (36,33 transi-
tion (experimental value, 470.7240.002 nm), both within
N Y T 50 ppm of the observed values. These are much closer to the
597.20 597.95 597.30 experimental values than the theoretical valjéf—14
available to us during our previous resonance scans, which
typically had an accuracy of1 nm. This close agreement in
Korobov  Exp. 4He v=2 the “He case was what prompted us to search for resonant
L L (37,34) - (36,33) transitions inp°He™. In fact, we only had to scan for a few
hundredths of a nanometer around Korobov's prediction, ob-
serving them after an amazingly short search tiat®ut 100
times shorter than that spent on thtHe ™ transitions.
777777777777777777777 - - Figures 2a) and 2b) show on-resonancp annihilation
time spectra for the two transitions we discovered. The
Korabov Exp. 3He v=3 annihilation-rate peaks occur at the time of arrival of the
(38,34)  (37,33) laser light in the target gas, and as the laser wavelengths are
‘ i scanned over the resonance region they grow to a maximum
TR [N ST S S [ T T T T Y S and then disappear as shown in Figgc)2and Zd). The
593.30 593.35 593.40 central wavelengths for these two resonant transitions are
593.388-0.001 nm and 463.9470.002 nm, where the er-
rors cover both statistical errors and calibration errors for the
wavelength meter.
In Fig. 3, we compare the experimental values for the four
P I T T SN R N O NN T N N S S laser-induced transitions found so tawo for thep*He atom

Korobov Exp. 4He v=3
¢ i (39,35) — (38,34)

Korobov ~ Exp. 3He v=2
l L (36,33) — (35,32)

463.90 463.95 464.00 previously reported and two for the®He atom discussed
here with the theoretical values of R€f17]. A striking fea-
Wavelength (nm) ture of Fig. 3 is that the theoretical wavelengths are always

some 30-50 ppm shorter than the experimental ones.

FIG. 3. Experimental values for the four laser-induced transi- From this agreement with Korobov's values we conclude
tions found so far compared with the theoretical values by Korobowthat the 593-nm resonance is 88,34 — (37,33 transition
[17]. Two are forp*He™ from previous workg1,3] and two for  in thev=n—1—1=3 chain, and that the 464-nm resonance
p3He" reported in the present paper. The experimental values ani$ the (36,33— (35,32 transition in thev =2 chain. If the
the Korobov values show agreement to better than 50 ppm, with the value were changed by one unit for the 593-(#64-nm)
theoretical values always appearing-380 ppm towards shorter transitions the measured and predicted wavelengths would
wavelengths. disagree by more than 0.3 nth.0 nm. The present assign-
ment is also consistent with the aforementioh&t| <3 Au-

. . 3 . ¢ g
tion available for“He, but we applied the abovelX1|<3 ger dominance rule, and justifies the level scheme in Fig. 1.

Auger dominance” rule to the®He case to obtain the
metastable—short-lived boundary shown in Fig. 1, and the We are indebted to the LEAR and PS staffs at CERN for
aforementioned candidates were selected according to thikeir tireless dedication to providing us with the antiproton
diagram. beam, and to V. I. Korobov for making his theoretical results

In contrast to the situation with Auger lifetime estimatesavailable to us. The present work is supported by the Grants-
for p®He™, high-precision theoretical values for transition in-Aid for Specially Promoted Research and for International
wavelengths have recently been calculated. By using &cientific Research of the Japanese Ministry of Education,
molecular-expansion variational method, Koroldw] has  Science and Culture, the Bundesministerium Forschung
calculated the transition energies fotHe* andp®He™ at-  und Technologie, and the Hungarian National Science Foun-
oms. His values forp*He' are 597.23 nm for the dation.
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