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Laser spectroscopy of metastable states in the=2 cascade of antiprotonic®He
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The pressure dependence of the metastable-state lifetimes in antiprétteiatomsp-*He* was studied
using the recently observed laser resonance transitipn)E (36,33)—(35,32) in thev=n—/—-1=2 cas-
cade. To this end antiprotons from the Low Energy Antiproton RiDGAR) at CERN were extracted in
approximately 200-ns-long bunches with about J®per bunch and stopped inale gas target. Time spectra
of delayed annihilation products were taken with the help okee@kov counter with a gated photomultiplier.
Under our experimental conditionp=136—690 mbars and’ =5.8K, the lowest metastable level (36,33)
was found to be much shorter lived than the corresponding @184 in thev=2 cascade op-*He". It was
strongly quenched at pressures above 500 mbars, whereas the higher states in the cascade remained nearly
unaffected. This enabled us to investigate the (373@36,33) transition by resonant laser deexcitation. Its
wavelength was found to be=524.155-0.004 nm, only 6 ppm lower than the theoretical value given by
Korobov and Bakalov[Phys. Rev. Lett.79, 3379 1997 after including relativistic corrections.
[S1050-294{@8)06611-9

PACS numbegs): 36.10.Gv

I INTRODUCTION from p-*He" [4,9] suggested that it would be very worth-

while to study thep-He* atom in more detail.
During the past five years metastable antiprotonic helium
atoms have developed into an attractive laboratory for the .
exotic-atom formation and for the three-body interaction in Il. THE METASTABLE p-HELIUM ATOM

the helium nucleus He plus antiprotonp plus electron When antiprotons shot into helium are slowed down to
e =p-3He' system[1-9]. In particular, the observation of kinetic energies lower than about the ionization potential of
laser-induced transitions between metastable and short-livdbis element, they are captured by the Coulomb force to form
states[5—9] has permitted the level scheme of metastabl(—:;?-He+ atoms[10,11], thereby ejecting one of the two elec-
antiprotonic helium atoms to be studied with unprecedentettons of the He atom. As has been shown by a number of
accuracy. After a wealth of information had been collectedexperimental observatiofiS—9|, states populated in the cap-
for p-*He*, some laser-stimulated transitions were alsofure process have principal quantum numbessyM*/m
found in H—gHle. The fact that theE—3He+ data showed (with M* andm, the reduced antiproton mass and the elec-

some unexpected peculiarities when compared with thosgon mass, respectlvel_yhat guarantee maximum overlap be-
tween the wave functions of the captured antiproton and of

the ejected electron. This means, e+, 38 forH—"’He+ and
*Present address: Eidgeasische Technische Hochschulérigh, ~ N~37 for p-*He™. Antiprotons captured into large-angular-

Switzerland. momentum ) states formmetastable pHe" atoms with
"Present address: Department of Physics, University of Tokyolifetimes of the order of microseconfi$2] because the tran-
7-3-1 Hongo, Bunkyo-ku, Tokyo 113, Japan. sitions to levels from which immediate annihilation is pos-

*present address: Japan Society for the Promotion of Sciencsjble are suppressed.
5-3-1 Koji-machi, Chiyoda-ku, Tokyo 102, Japan. Three facts contribute to this effect.
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FIG. 1. Level scheme of the-3He™ atom and thep-3He?* ion.
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elastic collisions with other He atoms in the gas. In the hard-
sphere approximation, the mean energy &teollisions is a
constant fraction

=]

of the initial energy{17]. With m andM the 3He andp-3He*
masses, respectivelye=4mM/(m+M)2=0.980 and f

=0.51¢. Hence, after onlyk~10 collisions thep-He"
atom is thermalized. As a rough guess we may take for the
interaction potential the one governing the interaction be-
tween the kaonic atonK “e -He?* at principal quantum
numbers arounch=28 and the He atonmil8]. This gives
roughly the same radius for the orbit of the exotic particle as
in the p case. The radius at which this potential reaches 1 eV
(repulsive is about 108 cm, which leads to an elastic cross
section of 3x 10~ % cn? for exotic atoms with kinetic ener-
gies in the eV region. A thermalization time of well below

1-(1-e)?}¥

2€

The full lines denote metastable states, the wavy lines short-lived ns follows in He gas at 5.8 K and 500 mbar.

states inp-3He', and the dot-dashed lines statesiriHe? ™.

(i) Energy conservation requires that only Auger transi-

tions with An=ng,4— Niniia=—4 and consequenthA/
=/ tina— ¢ iniial< —4 May occur. These are extremely slow
[12].

(i) Radiative transitions are also sldu3,14] due to the
small transition energ)AE available AE~2 eV). The ra-

diative rate for the decay of th86,33 level in p-*He* was,
e.g., calculated to be only about 08s™* [13].

(i) The Stark effect during collisions with other He at-
oms that usually induces sliding transitions wikm=0 is
suppressed for two reasorig) the degeneracy of levels with
the samen is removed by the influence of the remaining

The overall lifetime of a metastabjg-He"™ atom in pure
helium gas is limited by the number of metastable states the
antiproton cascades through and by the mean lifetime of each
state; in addition, quenching by collisions with other He at-
oms at impact parameters small enough to enable Stark mix-
ing with short-lived stategl9] will reduce the lifetime below
this limit. Taking these effects together and assuming only
binary collisions, the effective rate for annihilation may be
written as

@

with paomthe He atomic densityg g, the cross section for
Stark mixing, andv) the mean velocity op-He" relative to

A= )\O+Pator'rp'Starlév>!

electron, thereby decreasing the transition probability apprethe helium atoms in the gas. In the time range of our obser-

ciably [15], and (b) Pauli blocking between the remaining
electron inE—He+ and the two electrons in the struck He
atom prevents close encounters.

About 3% of aIIE—He+ atoms formed are metastable.
This may be explained in terms of the initidl distribution

of the antiprotons in the exotic helium atom. It was pointed

out some time ag$16] that, due to the flat kinetic-energy

vations (=100 ns to~50us) the exotic atom is thermalized
(see abovg which results in a mean velocity

8kgT
(v)= ~2.7x10*cm/s at 5.8 K,
M

red

with kg the Boltzmann constant, the temperature, and o4

distribution of the exotic particle before capture and thethe reduced mass of the®He" —°He system.

range of possible impact parameters, the initial angular-

momentum £) distribution has a downward-bent shape with
a maximum at roughly half the maximum possibkle Sum-
ming over the population of all metastable statés/,
=31, the/ value at the border of the metastable regitfe
Fig. 1) gives a total population of about 4f44]. Consider-

There are two ways to gain insight into the nature of the
metastable states in antiprotonic heliuin:The gross infor-
mation from the time between atomic capture and annihila-

tion that determines the form of the delayed annihilation time

spectrum (DATS) gives only information on the overall
population and mean lifetime of all metastable states(and

ing the crudeness of this estimate, the result accounts astol@ser-induced depopulation of individual metastable states

ishingly well for the observed trapping fraction of 3%,2].

towards short-lived levels provides information on the popu-

The captured antiproton cascades down the ladder dgtion and lifetime of the depopulated state, although only for

metastable statdsf. Fig. 1) towards the shorter-lived levels
(decay rate around 10@s 1) according to the propensity
rule An=A/=—1 predominantly along levels witlv=n
—/—1=const[13,14. All transitions with An#—1 are

a restricted number of levels.
Very soon during our experiments it became clear that

isotope effects play a role in tr[_eHe+ cascade. Thus it was

found that the mean lifetime of tlﬁwas different in3He

much slower due to the small overlap of the initial-state andand in “He [2]. This difference may be attributed in part to

final-state wave functions.

effects in both capture and cascade that depend on the re-

After formation, theH—He+ atom loses the kinetic energy duced mas#1* of the antiproton. Two of these af&4] that
(in the eV regionit has gained during the capture process by(i) the level spacing is inversely proportional to the square
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~ FIG. 2. Experimental arrangement for the fast-extraction studyecreases with increasing pressure due to the decreasing lifetime of
ies. PPIC, the parallel plate ionization chamber. the lowest level.

root of the reduced masM*, AE~M*c?(aZ)?/n® , 13 . 0
(M*)~1/2 and(ii) the ratex for radiative transitions de- 5.8 K and filled with °*He gas(purity 99.998% at pressures

ends oM\ E to the third power\ = (AE)3x(M*)~3/2. The bfat_we_en 136 and 690 mbar. T@arged pions fromp an-
Fotal cascade timeroc[AFI;)\]‘l)\he(nce) is(pro%ortional to n|_h|lat|on were detect_edv collectivelganalog method 21])
(M*)2. One expects @-He" lifetime that is larger in with the help of a lucite @renkov counter of=2400 cnt
e area and 2 cm thickness, which was positioned close to the
p-"He™ by a factor helium target and covered a solid angle for the annihilation
pions of about 36% of #. The emitted @renkov light was
fed into a photomultiplier via a light guide. One serious
problem, however, existed: As 97% of the annihilations are
prompt, the photomultipliePM) would be totally over-

a value very close to the one found from experiment, 1.14402ded during the prompt annihilation period if one wanted
+0.009[4]. A closer look reveals further differences be- ﬁg;ﬁi;htiigeé%ﬁ% :(Tig'gmlzt'ggfa‘gl';h F?ll\J/lﬁl\?vlaegtdlgf/eerllgggaTt?y
"3t A et (i ; i ,

tweenp _He andp-"He": (')_ Th_esfraftlon of.tr3p4ped+ant| Hamamatsu Photonics Ltd. that could be switched on and
protons is lower by 22(2)% in p-"He" than inp-"He™ at  off respectively, within a few tens of nanoseconds. It had an
5.8 K and pressures between 400 and 580 riand(ii) a  on/off ratio of sensitivity of better than 1000:1 and very good
short-lived component irp-*He* (lifetime 7= 154+7 ns) integral linearity over the whole output-voltage operating
exists at 5.8 K and 400 mbar, which is not visiblepffHe"  range J=<20V into 50(2). The analog signal from this PM
[4]. The reason for all this was not clear and it seemed to b#as recorded with a digital oscilloscofielewlett-Packard
necessary to study the3He" cascade in more detail. Very 54542A, with a bandwidth of 500 MHz, four channels at 2 G

recently it has been revealed that the lifetime of the Iaslli‘?‘mﬁle%s f_o; eacr;. channelt, andfa r%scfjlutio?hofdgigthll. bits
metastable state in the=2 cascade op-*He", (37,34), inafly fhe Information was fransterred irom e digial os-

) ill m ran r n disk an .
shows a much stronger density dependence than the Ieve(fs oscope to a computer and stored on disk and tape

. A X ! i . . Four examples for amnalog delayed annihilation time
with largern [20]. It is interesting to investigate this density spectrum(ADApTS) of this kind%re sh}(/)wn in Fig. 3. Transi-

dependence for the corresponding statp-fHe”, (36,33),  tions from metastable to Auger-depopulated states were reso-
which may be depopulated by laser irradiation with a wavenantly induced by a light pulse from an excimer-laser driven
length of 463.947 0.002 nm[9]. If the lifetime of this state dye laser &4 mJ/pulse) shot into the target through a quartz
can be shortened by increasing the density, the upper transisindow downstream along the beam. A detailed description
tion (37,34)—>(36,33) may also be inVeStigated by Iaserof the laser system may be found in REZ]
resonance. The fast extractionmethod has some advantages com-
pared to theslow extractiormethod used in previous experi-
. EXPERIMENTAL METHOD ments.

(i) The laser is used much more efficiently as there are

about 3x 10° metastablg-He' atoms in the target when the

The experimental setup is shown in Fig. 2. Antiprotons of|zser fires and not just one as in slow extracfi2@]; conse-
200 MeV/c momentum were extracted from the Low Energy quently, only one laser shot is necessary to accumulate a

Antiproton Ring (LEAR) at CERN in bunches of about \whole ADATS.

200 ns length containing around 81@7 per bunch(fast ex- (i) Antiproton bunch and laser timing may be synchro-
traction). They were stopped in a target cooled down tonized in such a way that the laser may be fired at any time

2

M* (p—24He? ) 11

M*(p—°He?")

Experimental setup
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FIG. 4. (a) Fit to the off-resonancdast-extraction spectra. The double-exponential perfectly represents theliakspical depletion
spectrum with the background frofa) overlaid. The vertical lines denote the borders of the fit region.

with respect to the antiproton bunch. With the conventionakemitted from the photocathode of the PM for each charged
method[22] the laser could be triggered only after it becameparticle determine the error for each time p#]. Further-
clear thatno prompt annihilation had occurred. With a result- more, digitizing errors in the oscilloscope exist, which, how-
ing minimum delay between prompt peak and laser ignitionever, may be minimized by carefully adjusting the oscillo-
time of about 1.3us, only rather late times could be inves- scope sensitivity.
tigated. Unfortunately, it is rather difficult to get a reliable value
for the numbeiN;, of photons reaching the photocathode, as
the light collection in @renkov counter and light guide is
) ] ... hard to evaluate; also the attempt to deterniihg from the
In the ADATS of I_Zlg._ 3 the Iaser—ln(_juced annihilation anode-signal peak height, the gain of the PM, and the quan-
peak at about 500 ns is displayed for various gas pressures gy efficiency of its photocathode suffers from uncertainties.
a constant temperatufle="5.8 K. Two methods are available Therefore, a statistical test was used to derive the error of the
to derive level lifetimes and populations. voltage measured in each bin from the voltage fluctuations.
One is variation of the delay timeof the laser shott(  Tg this end a small region of the ADATS was fitted, which
scarn. The metastable level can be emptied at variable time (i) could be perfectly described by an exponential and where
by a sufficiently powerful laser pulse. From the intensity of (jj) digitizing errors played no role. With bin errors equal to
the annlhllatlon_peak the populathn of the state may bg dew the values of\/;f, the square root of the reducad,
rived as a function of the laser timing and an overall I|fet|meWas evaluated\/_z i iust the factor each bin error has to be
T,=1/\, of the antiprotons in the cascade const may be Xy 1S

IV. EXPERIMENTAL RESULTS

extracted. It should be emphasized tiigtis not the lifetime
of the last metastable state.

The other is the depletion-recovery method. The meta-

stable level is emptied at time by laser irradiation. It is

multiplied by to attain the correct voltage-height error. Digi-
tizing errors were added afterwards in quadrature.

Another problem in the evaluation of the depletion-
recovery spectra concerned the fit of the ADATS without

. g o~ laser shot. Fortunately, only the area of the laser fgathe
refilled from higher states afterwards. The annihilation-time : i
: case of tha-scan methodor the slope in the trailing edge of
spectrum after the laser shot approaches the time spectr

u . . ) .
without laser shot with the lifetime of the emptied metastabletrﬁe negative depletion pedlin the case of the depletion-

state[20]. The reliability of this method in fast extraction reb(iO\?_ery methoblgad to be eva(ljuated. Nevertheless, a reli-
was tested by comparing the values for the lifetime of thePe ltting procedure was mandatory.

373 i 54Het derived by the depleti The off-resonance ADATS in the analg; method stems
(37,39 state inp-"He_ derived by the depletion-recovery from two sources(i) the pions from delayeg annihilation,

mgmo\?\/;g ];iitngnge?\ll%\éﬁxttr:zciiﬁfg;(t\r/ aecrzo?wo?/g agre€-  \which fade away with the overall lifetime of the metastable
&30 states and lead to a short-lived component with a lifetime

~ 137#21 hs at a dens_lty of 4.880.13 mol/ and_ the slow- of several hundred nanoseconds and a longer-lived one with
extraction valuer sy 34=128+25ns at a density of 4.56 ~3 in the DATS[4 d (i) th it f th
+0.12 moll 7~3 us in the DA [4], and (ii) the positrons from the
- ' decay ofu* (lifetime 2.2us) generated by the decay of
prompt-annihilation7" stopped in the experimental envi-
ronment. By fitting the ADATS with very late laser pulses by
the sum of two exponentials,

A. Data reduction

In order to extract level populations and lifetimes in

p-3He* from the experimental data, peaks and decay param-
eters of the depletion have to be evaluated. In this context it
is especially important to assign uncertainties to the meareliable off-resonance time spectra could be derived. A typi-
sured voltages in the sampled analog spectra. Whereas in t@g| fit result is shown in Fig. 4.

normal delayed annihilation time spectryDATS) the error

in intensity in each channel is given by the square root of the
number of annihilations seen in the corresponding time bin
At, in the ADATS the number of charged particles hitting The time development of the (36,33)-level population
the Cerenkov radiator and the number of photoelectronsvas determined with thé-scan method described above.

I(t)=Aexp(—Asnot) +Bexp — )\Iongt)!

B. Density dependence of thé-scan decay rate
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TABLE I. Decay rates\,—, (n>36) and\ 33 as functions TABLE II. Comparison of quenching cross sectionspitHe*
of the He density. and p-*He* .
Density Ny—2 (N>36) N (36,33 Level Toa(1071° cm?)
(mol/l) (107° cm3) (us™ (us™h
p-3He" (36,33) 3.0°99
0.29+0.05 1.8:0.3 0.80:0.12 8.6:1.1 — 0.52+0.03
0.62+0.06 3.7:0.3 0.93-0.16 9.2:0.9 p-"He (37,34)
1.13+0.06 6.8-0.4 1.16-0.24 10.8-1.5
1.52+0.06 9.x-0.4 1.05-0.38 16.3-2.4

is about a factor of 4 larger than the sum of the calculated
radiation and Auger ratea,= 1.7 us ! [25,26. Assuming a
quadratic density dependence, as it might be expected when

Nine shots from one LEAR spill were used for each of thethree-body collisions play a role, makes the agreement even
four target pressures investigated. worse.

The results foin ,—, (n>36) are shown in Table I, third From the same fit we obtained
column. Figure Ea) depicts them as a function of density

(full square$. Also shown in this figuréas a full ling is the [Tstard (36,:33(v) =8.0753x 10" Bem® s %
result fork -, as derived from the fit of a straight line to the .
decay-rate datgcf. Eq. (1)]. Since in the time range of the fit te3He™ atoms are to-

tally thermalized(v)=2.7x10* cms!, a cross section

C. Density dependence of th€36,33 lifetime
, Ostane 3.0729x 107 0cn?
The decay rate\ s6 33) of the (36,33 level was directly '

determined by the depletion-recovery method. The resultgollows. This cross section is much smaller than the geo-
are given in Table I, fourth column. This rate is shown inmetrical cross section. Apparently only a small fraction of
Fig. 5(b) (full circles). The result of a linear fit to these  the collisions with He atoms lead to Stark mixing with sub-
values[cf. Eq.(1)] is depicted as a dashed line in the figure.sequent fast Auger deexcitation and annihilation.

Astonishing enough, the decay rate in the limit of zero den- A comparison of the (36,33) decay rate with that of the

sity, (37,34) level inp-*He" [20], shown, multiplied by ten, as
\ —0)=6.7+1.3us 1, open squares in Fig.(h), reve.als that the intrinsic decay rate_
(36.33(Paton=0) H of the last metastable state is about a factor of 10 smaller in
O p-*He" than inp-*He™ and quenching is much less efficient
18} ] in the case ofp-*He". The reason for this phenomenon is
L6} 1 not yet clear. Table Il gives a comparison of the correspond-
14t @ ing quenching cross sections.
g 12y o The large difference at low density between the2 cas-
= 10f +//"‘/ cade lifetimeT,—,=1/\,—, and (3 33= 1/\ (36,33 indicates
& 08 A/,/%//, that there are other metastable states above the (36,33) level
& o6 1 in this cascade. However, not all of them are quenched as
0.4 ] efficiently as the lowest onex,_, increases with density
02f 1 only to A,_,~1 us ! at 1.5mol/l[cf. Table I. Evidently,
00 =15 30 30 40 50 60 70 80 90 the _metas_table states above thg Iowest_ one retain their Ipn—
gevity. This opened up the very interesting possibility to di-
20 ——— rectly observe transitions (37,34)(36,33) resonantly in-
st ] duced by laser irradiation, as in the caseédfHe* [20]: The
(b) still long-lived upper staté37,34 is emptied by laser irra-
16r ] diation to the lower state, which has been made short-lived
ERrY ‘ = by density quenching, and p annihilation peak may be
% ol b T observed. The shape of this annihilation peak gives direct
3 ,/} information on the(36,33-level lifetime.
10 e ]
eI
sl %/}:}/ % ] D. Resonance scan on the transitio§37,39 — (36,33
05 1o 20 30 a0 50 60 7% 50 90 For the resonance scan, performed at 690 mbar pressure,
Density (102%cm™) the peak intensity of the resonance spike was determined as a

. . function of wavelength, with the background subtraction
FIG. 5. Rates in the=2 cascades gp-*He" andp-*He*. (8)  similar to that for the depletion analysis. The scan was con-
Data for\,_, in p-3He" (full squares. The full line denotes the siderably facilitated by the apparently reliable predictions for
linear fit to the data(b) Data for\ 3,39 . Full circles, experimental  the transition energies iH—HeJr [27,28. Figure 6 shows a
p-*He” data; dashed line, fit to the experimental data; open squaresypical resonance spike with its slow decay and Fig. 7 de-
experimental data fox 37 34 in p-“He, multiplied by a factor of 10.  picts the result of the scan together with a fit by a Gaussian
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FIG. 6. (@) Resonance spike in the ADATS generated by the laser-induced transition (34,38)33) in E-3He*, taken at\
=524.155 nm.(b) Off-resonance data, taken at a wavelength smaller by 26 pm.

with fixed width (I'gauss7 pm, to account for the finite 73633=42.2-2.6 ns is in reasonable agreement with the
bandwidth of the lasgrconvoluted with a Lorentziafwidth  result derived from the depletion spectrum at 690 mbar,
free). From this fit an experimental value T(36,33~ 92.6£ 7.7 ns.

Nexpl (37,34 —(36,33]=524.155-0.004 nm V. SUMMARY AND CONCLUSIONS

The v=2 cascade in antiprotonicHe has been investi-
for the resonance wavelength was found @f,,=9.1 gated. The last metastable level in this cascade 36,/
% 10?°%cm~3. The error includes a 3-pm uncertainty of the =33) has an intrinsic decay rate of &7.3 us !, which is
wavelength calibration. The. value differs by less than by a factor of 8 larger than the radiative rate and about three
6 ppm from the theoretical prediction for an isolated atom,times larger than the value calculated for the sum of Auger
Mp=524.158 nn{28], which includes the corrections for the and radiative rates. It is quenched with a cross section of
relativistic motion of thee™. A small positive difference o gai=3.0130x 10 Pcm?. At higher pressure values only
AN=N\n— Nexpt, Observed here at low statistical significance,the lowest metastable levéd6,33 is quenched, this, how-
was already seen for other transitions; it may be attributed tever, to an extent that enabled the feeding transition
missing additional corrections in the calculation. (37,34)—-(36,33) to be investigated by laser-resonance
The decay of the laser-induced annihilation peak could bepectroscopy. The wavelength of this transition was found to
adequately fitted by an exponential. The resulting lifetimebe A ¢,{ (37,34)—(36,33)]=524.155-0.004 nm, only
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0.0075
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||||||Jlll||||||l||)|l|)l|l||l||||ll1l
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FIG. 7. Resonance curve for the 524-nm transition (37%3@36,33) inE—e’He*.
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