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Very weak laser resonances of unfavored transitionk) (- (n+1,] —1) have been observed in metastable
P*He' atoms by using a pulsed antiproton beam. The observed wavelef#§th$78-0.006 nm forl =34
and 726.09%0.004 nm forl =35), as well as those of the known favoured transitions, are to a few ppm
accounted for by a recent variational calculation of KoropBtays. Rev. A54, R1749(1996; and (unpub-

lished] which includes the relativistic correction to the motion of the elect[81.050-294®7)50405-7

PACS numbgs): 36.10.Gv, 14.20-c, 42.62.Fi

Since the discovery of the anomalous longevity of anti-the pHe™ energy levels developed by Korobpi5]. This is
protons against annihilation in liquid heliufai] comprehen-  referred to below as KNR, since it did not take relativistic
sive studies of this interesting phenomenon have been magfects of the electron motion into account. The deviation
at LEAR (low energy antiproton ringof CERN[2—6]. With  petween experimental and KNR wavelengths turned out to
the advent of laser resonance spectroscopy of antiprotonig, always~50 ppm and always positive. It is generally be-

helium atomspHe™ [7—11] our microscopic understanding jieye that the validity of such three-body Coulomb theories
of this phenomenon in terms of individual states of large,

_ ) will be lost for less stabldi.e., highly excited, higher)
quantum numbe_rsn(,l) h?‘s been def!nltely established to be states, but it was not clear whether the systematic deviation
in accordance with previous theoretical expecta't[dﬁsﬂ. was due to this, or to relativistic or other QED effects
So far, we have detected the three resonancéslemand the . ; - "
two in 3He, listed in Table I. The method usgt¥] involved not cpn5|dered in KNR' AsAp=0 transitions a'on'? dq
laser stimulation of the last radiative transitiometastable not Y'EId energy dlﬁergnces between l.)‘?mds of differing
parent to a short-lived daughjein a sequence or band of v+ information on interband transitions such as
transitions with constant “vibrational” quantum numb@r ~ Av=2, ()= (n+1l-1) was vitally important for a
equivalently, radial node numbep=n—I—1. In this way Stringent test of KNR, and we therefore developed a tec_h-
we have determined the transition energies, individual levefidue to stimulate these. The present paper reports our first
lifetimes, and initial populations of the states in the2 and ~ Measurements of such resonances; these constitute a crucial
v=3 bands. Recently, the wavelengths of all measuredest not only of KNR, but also of a more recent calculation,
Av=0, (n,1)—(n—1]—1) transitions have been either ac- also by Korobov, that includes the electron relativistic cor-
counted for or predicted remarkably well by a large-rection[16]. This is referred to below as KR.
configuration molecular-expansion variational calculation of As a selection rule favors transitions with the largest over-

lap of radial wave functions with the same ndde,13, the
strength of theAv =2 transitions was expected to be smaller
*Permanent address: Institute for Nuclear Study, University ofoy two orders of magnitude than that of the =0 transi-

Tokyo, 3-2-1 Midori-cho, Tanashi, Tokyo 188, Japan. tions [14]. We shall sometimes therefore refer to them as
TPresent address: Institut rfukKernphysik, Universita Mainz, ~ “unfavored” transitions, and to the\v =0 ones as “fa-

D-55099 Mainz, Germany. vored” ones. For the experiments on these transitions we
*On leave of absence from Department of Physics, University ofdeveloped an experimental technique in which pulsed anti-

British Columbia, Vancouver, Canada. protons created a large number of metastgite™ atoms
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TABLE |. Comparison of the observed transition wavelengkhg, with the theoretical prediction of Korobok;, (KNR, without
relativistic correctiong15]; KR, with relativistic correction$16]). The errors reflect the experimental uncertainties only.

)\exp )\th (xth_hexp)/)\exp
Isotope Av (ni 1) —(n¢,1¢) (nm) KNR (nm) KR (nm) KNR (ppm) KR (ppm) Ref.
“He 0 (39,35)-(38,34) 597.25@) 597.229 597.262 —50+3 +5.0+3 [7]
“He 0 (38,35)-(37,34) 529.62@) 529.596 529.623 —47+6 +3.0+6 [11]
“He 0 (37,34)-(36,33) 470.72@) 470.705 470.725 —41+4 +2.1+4 [9]
SHe 0 (38,34)-(37,33) 593.388L) 593.360 593.394 —48+2 +8.6+2 [10]
SHe 0 (36,33)-(35,32) 463.94@) 463.928 463.949 —38+4 +5.4+4 [10]
“He 2 (37,34)-(38,33) 713.576%) 713.515 713.594 —-81+9 +21.3+9 herein
“He 2 (37,35)~(38,34) 726.0981) 726.021 726.102 —-102+6 +10.0+6 herein

almost instantaneously. These were then collectively illumiin the continuoug beam mode, we would, of course, have
nated with a single laser pulse. This differs from our previ-had to apply some fOlaser pulses, one for each delayed
ous experiments in which a continuopdeam was used and event.

the laser pulse was applied every time a metastable® The laser system used was essentially the seweept
atom was known to have been formed in a helium target. IfOF the trigger modgas in our previous experimenfg—9].
the present case, antiprotons of 200 MeYHomentum were A combination of excimer and dye lasers produced light

I . pulses of some 30 ns length. The excimer laser and the
extracted frqm the LEAR Stofag.e fing in the form of a train icker magnet that ejected thpepulse from LEAR were fired
of 200-ns-wide pulses. The initial pulse of each train con-

) ! ) with a suitable relative time delay by the common master
tained some 10-10° particles, while subsequent ones de-command pulse. In practice a series of excimer trigger pulses
creased exponentially in intensity as the ring was emptiedyas sent fo3 s before each master command to warm up the
Each pulse was ejected from the ring on receipt of a mastdasers and assure constant laser power and timing stability.
command generated from the experiment, and was brougfithe laser power used was about 3 mJ per pulse.

to rest in the helium gas target. The intensity and position of We tuned the laser light to the “red" region to search for
the p beam were monitored with a parallel-plate ionizationthe two candidates from the=37 states near values of

chamber withx andy readouts of 1.5-mm resolution, which 713.54 nm [for (37,34—(38,33] and 726.02 nm[for
indicated a beam spot size of 4 mm mm. The target was (3/-39—(38,34] (the values predicted by KNRIn fact, we

refrigerated to abdué K and maintained at pressures nearfound the 726-nm resonance almost immediately. Figia 1

500 mbar. Under these conditions, the antiprotons stopped hows a single-pulse ADATS v_vhe_n the laser was tuned to
. . . 26.096 nm. The resonance spike is very clear with an over-
a region with a cross section of 1 érand a length of some

whelming statistical significance, though the peak-to-
5_0”1' and produced between<a0” and 3< 107 metastable background ratio was not large. The measured resonance
pHe' atoms per 16to 10° incident particles.

e : i profile is shown in Fig. (b) and has a central vacuum wave-
These annihilated over a period of several microsecondgength of 726.09% 0.004 nm. The error includes the wave-
producing via their annihilation pions a light pulse of similar length calibration error 0f-0.003 nm.
duration in a nearby lucite Cerenkov radiator. This was pre- e then searched for thé37,34—(38,33 resonance,
ceded by a sharp initial flash of light from the 97% fraction which turned out to be more difficult. Figuréc) shows an
of the antiproton pulse that annihilated instantaneously. SUADATS when the laser was tuned to 713.588 nm, at which a
perimposed on this time spectrum was the background lighémall but significant spike appeared at 0,86. The reso-
from the - *-e* decay chain produced by those annihi- nance profile measurdéig. 1(d)] shows a very broad peak.
lation pions that stopped in the cryostat wall and other maits full width at half maximum(FWHM) (fitted by a Lorent-
terial surrounding the helium target. The composite lightzian is 0.067-0.006 nm(94 ppm), which is much larger
pulse was viewed by a photomultiplier tube, the second anthan the laser bandwidth of 0.007 nm. The central wave-
fourth dynodes of which were gated to suppress the initialength was determined to be 713.578.006 nm.
prompt annihilatio[17]. The shape of the resulting current  Its broadness may be explained in terms of a large natural
pulse was thus an analog of the delayed annihilation timevidth of the v =4 (38,33 daughter state. This has the un-
spectrum but included ther™-u*-e™ decay background usual feature that it undergoes Bn(multipolarity)=Al=2
mentioned above. This pulse is referred to in what follows a®fiuger transition and can therefore be expected to have a
the analog delayed annihilation time spectr(RDATS). lifetime in the 10-ps range, while all the other daughter states
The p stopping region was illuminated by the laser pulseso far observed are located at the metastability boundary, and
at a suitable time0.5 us or mor¢ after thep beam pulse should have the 10-ns lifetime characteristicLe£3 Auger
arrived. When the laser was on a given resonance, most ¢fansitions. We deduce the lifetime of tk@8,33 state to be
the metastable atoms in the corresponding parent state coudd1+0.2 ps, which is consistent with the above expectation.
be forced to annihilate, as described i#] for the continu-  Very recent calculations of the Auger transition rates by Ko-
ous p case. This collective annihilation produced an easilyrobov[18] and by Kartavtsey19] give a decay lifetime of
detectable flash of Cerenkov light superimposed on the cor3.2 and 5 ps, respectively, which agree excellently with the
tinuous ADATS. For the same number of resonance eventgresent observation.
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FIG. 1. The 726-nm and 714-nm “unfavored” resonance spikes Av=2 v=2  v=d |
in ADATS and their resonance profileéa) ADATS showing a N - = IV Gt o
. - v=1 v=3
resonance spl_ke at 726.096 nr¢b) _Re;onance_ profile of the . Ly 37,358,530
726-nm transition. The vertical bars indicate variances of ADATS A ]
peak intensities after repeated measurements and a single Gaussian
function is used to determine the central wavelength ADATS FIG. 2. (Uppe Partial level scheme established by the present
showing a resonance spike at 713.588 fuiResonance profile of |aser resonance spectroscopy. The observed resonance wavelengths
the 714-nm transition. are shown.Lower) Comparison of the experimental wavelengths

of various transitions with Korobov predictionglosed squares

The established level sequence is presented in Figp2  Wwithout[15] and closed triangles witf6] relativistic correction
pen, and all the resonance transitions so far observed aréhe upper partis foAv =A(n—1-1)=0 intraband transitions and
summarized in Table I, where both the KNR and the KRthe lower part is fodv =2 interband transitions. The error bars are
values are also listed. The deviations of the theoretical wavehe experimental ones.
lengths &) from the experimental ones\{,,), are shown
in Fig. 2 (lower). ity of KR at the level of several ppm, and suggests that an

Both for Av=2 andAv =0, the KNR values deviate by even smaller pattern of deviations at the few-ppm level ex-
50—-100 ppm from the experimental ones, earlier theoreticabkts, which may be accounted for by calculations of still
values[12,13,20,2] having a scatter and deviation of the higher-order QED and other terms.
order of 1000 ppm. But while the deviations for “intraband”  Since the daughter stafg88,33 of the 714-nm broad reso-
(Av=0) transitions show the systematic 50-ppm negativenance is very short lived and is located far outside the meta-
deviation already noted, those for the “interband” stable zone, it should provide the most stringent test of the
(Av=2) transitions are both near100 ppm. Does this in- applicability of the theoretical treatment on such unstable
deed imply a limit to the applicability of KNR as mentioned states. The difference between the KR wavelength and the
above? experimental one in the broad resonance transition is some-

To answer this gquestion we consider the relativistic ef-what larger than in the othérv =2 transition(726 nm). The
fects discarded in KNR, but included in KR, the dominantdeviation of 21 ppm, however, appears remarkably small in
contribution of which comes from the motion of the bound consideration of the broadneg84-ppm FWHM of the
electron. These corrections are all toward the longerdaughter state.
wavelength direction and are state dependent. Qualitatively In conclusion, we have developed a method to study ex-
this can be understood because the effective nuclear chargremely weakAv =2 transitions using a pulsed antiproton
registered by the electron depends on the state-dependdmam and observed two such resonances. The presently
spatial distribution of thep and thus changes the velocity found transitions constitute a stringent test of the three-body
(and energy of the bound electron. The striking difference theories of Korobov by revealin@) the importance of state-
between the intraband and interband transitions that resultependent relativistic correctiof$6], and (b) that even at
has thus been proven experimentally by the results reportesbme distance from the metastalifel) zone, Korobov's
herein, the KR theoretical values for both the =0 and the  nonrelativistic(KNR) variational calculation of metastable
Av =2 transitions being within some ppm of the experimen-pHe" states[15] retains its excellent level of validity. The
tal ones. The KNR deviations were not therefore due to alifference between the relativisti&KR) theory and experi-
loss of theoretical validity, but to a higher-order correctionment for all the wavelengths so far observed is only several
(the relativistic ong Table | further demonstrates the valid- ppm (except for the broad resonance ga3ée constant sign
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of these discrepancies implies that closer and closer corsteps in the measurement of the antiproton’s magnetic prop-
straints are being placed on the principal scaling factor for alerties via the hyperfine structure of the metastaitie” ex-
transitions (the antiproton equivalent of the Rydberg con- otic atom will shortly be reported.

stan}, while their small magnitude indicates that our mea- We are indebted to the LEAR and PS staff at CERN
surements are now testing the fundamental properties of the, ic\jjar to Michel Changlfor their tireless dedication in
antiproton as well as few-body theories. _In view of further roviding us with the fast extracted antiproton beam. We
theoretical developments to be expected in the near future Hiso thank V.. Korobov for making his theoretical results

is very important to achieve higher and higher experimentabyajlable to us prior to publication. The present work was

precisions. supported by the Grants-in-Aid for Specially Promoted Re-
The present experiment thus marks a departure in the elsearch and for International Scientific Research of the Japa-

cidation of the structure of the metastaplee™ atom. What nese Ministry of Education, Science and Culture, the

is perhaps more important is that, in conjunction with recenBundesministerium “fu Bildung, Wissenschaft, Forschung
theoretical developments, this atom is being brought into amnd Technologie, and the Hungarian National Science Foun-
arena where it can play a role as a laboratory for the study aflation. H.A.T. acknowledges the support of the Japan Soci-
the fundamental properties of the antiproton. In this respecity for the Promotion of Science.
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