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Laser spectroscopy of metastable states in they52 cascade of antiprotonic3He
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The pressure dependence of the metastable-state lifetimes in antiprotonic3He atomsp̄-3He1 was studied
using the recently observed laser resonance transition (n,l )5(36,33)→(35,32) in they5n2l 2152 cas-
cade. To this end antiprotons from the Low Energy Antiproton Ring~LEAR! at CERN were extracted in
approximately 200-ns-long bunches with about 108 p̄ per bunch and stopped in a3He gas target. Time spectra
of delayed annihilation products were taken with the help of a Cˇ erenkov counter with a gated photomultiplier.
Under our experimental conditions,p51362690 mbars andT55.8 K, the lowest metastable level (36,33)
was found to be much shorter lived than the corresponding state~37,34! in they52 cascade ofp̄-4He1. 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 (37,34)→(36,33) transition by resonant laser deexcitation. Its
wavelength was found to bel5524.15560.004 nm, only 6 ppm lower than the theoretical value given by
Korobov and Bakalov @Phys. Rev. Lett. 79, 3379 1997!# after including relativistic corrections.
@S1050-2947~98!06611-6#

PACS number~s!: 36.10.Gv
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I. INTRODUCTION

During the past five years metastable antiprotonic heli
atoms have developed into an attractive laboratory for
exotic-atom formation and for the three-body interaction

the helium nucleus He21 plus antiprotonp̄ plus electron

e2[ p̄-3He1 system@1–9#. In particular, the observation o
laser-induced transitions between metastable and short-
states@5–9# has permitted the level scheme of metasta
antiprotonic helium atoms to be studied with unpreceden
accuracy. After a wealth of information had been collec

for p̄-4He1, some laser-stimulated transitions were a

found in p̄-3He1. The fact that thep̄-3He1 data showed
some unexpected peculiarities when compared with th
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from p̄-4He1 @4,9# suggested that it would be very worth
while to study thep̄-3He1 atom in more detail.

II. THE METASTABLE p̄-HELIUM ATOM

When antiprotons shot into helium are slowed down
kinetic energies lower than about the ionization potential
this element, they are captured by the Coulomb force to fo
p̄-He1 atoms@10,11#, thereby ejecting one of the two elec
trons of the He atom. As has been shown by a numbe
experimental observations@5–9#, states populated in the cap
ture process have principal quantum numbersn'AM* /me
~with M* andme the reduced antiproton mass and the el
tron mass, respectively! that guarantee maximum overlap b
tween the wave functions of the captured antiproton and
the ejected electron. This means, e.g.,n'38 for p̄-4He1 and
n'37 for p̄-3He1. Antiprotons captured into large-angula
momentum (l ) states formmetastable p̄-He1 atoms with
lifetimes of the order of microseconds@12# because the tran
sitions to levels from which immediate annihilation is po
sible are suppressed.

Three facts contribute to this effect.

o,

e,
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PRA 58 3605LASER SPECTROSCOPY OF METASTABLE STATES IN . . .
~i! Energy conservation requires that only Auger tran
tions with Dn5nfinal2ninitial<24 and consequentlyDl
5l final2l initial<24 may occur. These are extremely slo
@12#.

~ii ! Radiative transitions are also slow@13,14# due to the
small transition energyDE available (DE'2 eV). The ra-
diative rate for the decay of the~36,33! level in p̄-3He1 was,
e.g., calculated to be only about 0.8ms21 @13#.

~iii ! The Stark effect during collisions with other He a
oms that usually induces sliding transitions withDn50 is
suppressed for two reasons:~a! the degeneracy of levels wit
the samen is removed by the influence of the remainin
electron, thereby decreasing the transition probability app
ciably @15#, and ~b! Pauli blocking between the remainin
electron in p̄-He1 and the two electrons in the struck H
atom prevents close encounters.

About 3% of all p̄-He1 atoms formed are metastabl
This may be explained in terms of the initiall distribution
of the antiprotons in the exotic helium atom. It was point
out some time ago@16# that, due to the flat kinetic-energ
distribution of the exotic particle before capture and t
range of possible impact parameters, the initial angu
momentum (l ) distribution has a downward-bent shape w
a maximum at roughly half the maximum possiblel . Sum-
ming over the population of all metastable statesl >l 0
531, thel value at the border of the metastable regime~cf.
Fig. 1! gives a total population of about 4%@14#. Consider-
ing the crudeness of this estimate, the result accounts as
ishingly well for the observed trapping fraction of 3%@1,2#.

The captured antiproton cascades down the ladde
metastable states~cf. Fig. 1! towards the shorter-lived level
~decay rate around 100ms21) according to the propensit
rule Dn5Dl 521 predominantly along levels withy5n
2l 215const @13,14#. All transitions with DnÞ21 are
much slower due to the small overlap of the initial-state a
final-state wave functions.

After formation, thep̄-He1 atom loses the kinetic energ
~in the eV region! it has gained during the capture process

FIG. 1. Level scheme of thep̄-3He1 atom and thep̄-3He21 ion.
The full lines denote metastable states, the wavy lines short-l
states inp̄-3He1, and the dot-dashed lines states inp̄-3He21.
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elastic collisions with other He atoms in the gas. In the ha
sphere approximation, the mean energy afterk collisions is a
constant fraction

f 5F12~12e!2

2e Gk

of the initial energy@17#. With m andM the 3He andp̄-3He1

masses, respectively,e54mM/(m1M )250.980 and f

50.510k. Hence, after onlyk'10 collisions thep̄-He1

atom is thermalized. As a rough guess we may take for
interaction potential the one governing the interaction
tween the kaonic atomK2e2-He21 at principal quantum
numbers aroundn528 and the He atom@18#. This gives
roughly the same radius for the orbit of the exotic particle
in the p̄ case. The radius at which this potential reaches 1
~repulsive! is about 1028 cm, which leads to an elastic cros
section of 3310216 cm2 for exotic atoms with kinetic ener
gies in the eV region. A thermalization time of well belo
1 ns follows in He gas at 5.8 K and 500 mbar.

The overall lifetime of a metastablep̄-He1 atom in pure
helium gas is limited by the number of metastable states
antiproton cascades through and by the mean lifetime of e
state; in addition, quenching by collisions with other He
oms at impact parameters small enough to enable Stark
ing with short-lived states@19# will reduce the lifetime below
this limit. Taking these effects together and assuming o
binary collisions, the effective rate for annihilation may b
written as

l5l01ratomsStark̂ v&, ~1!

with ratom the He atomic density,sStark the cross section for
Stark mixing, and̂ v& the mean velocity ofp̄-He1 relative to
the helium atoms in the gas. In the time range of our obs
vations ('100 ns to'50ms) the exotic atom is thermalize
~see above!, which results in a mean velocity

^v&5A 8kBT

pM red
'2.73104 cm/s at 5.8 K,

with kB the Boltzmann constant,T the temperature, andM red

the reduced mass of thep̄-3He123He system.
There are two ways to gain insight into the nature of t

metastable states in antiprotonic helium:~i! The gross infor-
mation from the time between atomic capture and annih
tion that determines the form of the delayed annihilation ti
spectrum ~DATS! gives only information on the overal
population and mean lifetime of all metastable states and~ii !
laser-induced depopulation of individual metastable sta
towards short-lived levels provides information on the pop
lation and lifetime of the depopulated state, although only
a restricted number of levels.

Very soon during our experiments it became clear t
isotope effects play a role in thep̄-He1 cascade. Thus it was
found that the mean lifetime of thep̄ was different in3He
and in 4He @2#. This difference may be attributed in part t
effects in both capture and cascade that depend on the
duced massM* of the antiproton. Two of these are@14# that
~i! the level spacing is inversely proportional to the squ

d
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3606 PRA 58F. J. HARTMANN et al.
root of the reduced massM* , DE'M* c2(aZ)2/n3

}(M* )21/2 , and ~ii ! the ratel for radiative transitions de
pends onDE to the third power,l}(DE)3}(M* )23/2. The
total cascade timet}@DEl#21 hence is proportional to
(M* )2 . One expects ap̄-He1 lifetime that is larger in
p̄-4He1 by a factor

FM* ~ p̄24He21!

M* ~ p̄23He21!
G 2

51.14,

a value very close to the one found from experiment, 1.1
60.009 @4#. A closer look reveals further differences b
tweenp̄-3He1 and p̄-4He1: ~i! The fraction of trapped anti
protons is lower by 22.2~4!% in p̄-3He1 than in p̄-4He1 at
5.8 K and pressures between 400 and 580 mbar@4# and~ii ! a
short-lived component inp̄-3He1 ~lifetime t515467 ns)
exists at 5.8 K and 400 mbar, which is not visible inp̄-4He1

@4#. The reason for all this was not clear and it seemed to
necessary to study thep̄-3He1 cascade in more detail. Ver
recently it has been revealed that the lifetime of the l
metastable state in they52 cascade ofp̄-4He1, (37,34),
shows a much stronger density dependence than the le
with largern @20#. It is interesting to investigate this densi
dependence for the corresponding state inp̄-3He1, (36,33),
which may be depopulated by laser irradiation with a wa
length of 463.94760.002 nm@9#. If the lifetime of this state
can be shortened by increasing the density, the upper tra
tion (37,34)→(36,33) may also be investigated by las
resonance.

III. EXPERIMENTAL METHOD

Experimental setup

The experimental setup is shown in Fig. 2. Antiprotons
200 MeV/c momentum were extracted from the Low Ener
Antiproton Ring ~LEAR! at CERN in bunches of abou
200 ns length containing around 108 p̄ per bunch~fast ex-
traction!. They were stopped in a target cooled down

FIG. 2. Experimental arrangement for the fast-extraction st
ies. PPIC, the parallel plate ionization chamber.
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5.8 K and filled with 3He gas~purity 99.998%! at pressures
between 136 and 690 mbar. The~charged! pions fromp̄ an-
nihilation were detected collectively~analog method@21#!
with the help of a lucite Cˇ erenkov counter of'2400 cm2

area and 2 cm thickness, which was positioned close to
helium target and covered a solid angle for the annihilat
pions of about 36% of 4p. The emitted Cˇ erenkov light was
fed into a photomultiplier via a light guide. One seriou
problem, however, existed: As 97% of the annihilations
prompt, the photomultiplier~PM! would be totally over-
loaded during the prompt annihilation period if one want
to see the delayed annihilations with sufficient intensity.
remove this overloading, a gatable PM was developed
Hamamatsu Photonics Ltd. that could be switched on
off, respectively, within a few tens of nanoseconds. It had
on/off ratio of sensitivity of better than 1000:1 and very go
integral linearity over the whole output-voltage operati
range (U<20 V into 50V). The analog signal from this PM
was recorded with a digital oscilloscope~Hewlett-Packard
54542A, with a bandwidth of 500 MHz, four channels at 2
samples/s for each channel, and a resolution of eight b!.
Finally the information was transferred from the digital o
cilloscope to a computer and stored on disk and tape.

Four examples for ananalog delayed annihilation time
spectrum~ADATS! of this kind are shown in Fig. 3. Transi
tions from metastable to Auger-depopulated states were r
nantly induced by a light pulse from an excimer-laser driv
dye laser ('4 mJ/pulse) shot into the target through a qua
window downstream along the beam. A detailed descript
of the laser system may be found in Ref.@22#.

The fast extractionmethod has some advantages co
pared to theslow extractionmethod used in previous exper
ments.

~i! The laser is used much more efficiently as there
about 33106 metastablep̄-He1 atoms in the target when th
laser fires and not just one as in slow extraction@22#; conse-
quently, only one laser shot is necessary to accumula
whole ADATS.

~ii ! Antiproton bunch and laser timing may be synchr
nized in such a way that the laser may be fired at any t

-

FIG. 3. Analog delayed annihilation time spectra forp̄-3He1 at
different pressures. The resonant deexcitation of the last metas
level manifests itself in the annihilation spikes seen. Their hei
decreases with increasing pressure due to the decreasing lifetim
the lowest level.
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FIG. 4. ~a! Fit to theoff-resonancefast-extraction spectra. The double-exponential perfectly represents the data.~b! Typical depletion
spectrum with the background from~a! overlaid. The vertical lines denote the borders of the fit region.
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with respect to the antiproton bunch. With the conventio
method@22# the laser could be triggered only after it becam
clear thatno prompt annihilation had occurred. With a resu
ing minimum delay between prompt peak and laser ignit
time of about 1.3ms, only rather late times could be inve
tigated.

IV. EXPERIMENTAL RESULTS

In the ADATS of Fig. 3 the laser-induced annihilatio
peak at about 500 ns is displayed for various gas pressur
a constant temperatureT55.8 K. Two methods are availabl
to derive level lifetimes and populations.

One is variation of the delay timet of the laser shot (t
scan!. The metastable level can be emptied at variable timt
by a sufficiently powerful laser pulse. From the intensity
the annihilation peak the population of the state may be
rived as a function of the laser timing and an overall lifetim
Ty51/ly of the antiprotons in the cascadey5const may be
extracted. It should be emphasized thatTy is not the lifetime
of the last metastable state.

The other is the depletion-recovery method. The me
stable level is emptied at timet by laser irradiation. It is
refilled from higher states afterwards. The annihilation-tim
spectrum after the laser shot approaches the time spec
without laser shot with the lifetime of the emptied metasta
state@20#. The reliability of this method in fast extractio
was tested by comparing the values for the lifetime of
~37,34! state in p̄-4He1 derived by the depletion-recover
method in fast and slow extraction@23#. Very good agree-
ment was found between the fast-extraction valuet (37,34)
5137621 ns at a density of 4.8860.13 mol/l and the slow-
extraction valuet (37,34)5128625 ns at a density of 4.56
60.12 mol/l.

A. Data reduction

In order to extract level populations and lifetimes
p̄-3He1 from the experimental data, peaks and decay par
eters of the depletion have to be evaluated. In this conte
is especially important to assign uncertainties to the m
sured voltages in the sampled analog spectra. Whereas i
normal delayed annihilation time spectrum~DATS! the error
in intensity in each channel is given by the square root of
number of annihilations seen in the corresponding time
Dt, in the ADATS the number of charged particles hittin
the Čerenkov radiator and the number of photoelectro
l
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emitted from the photocathode of the PM for each charg
particle determine the error for each time bin@24#. Further-
more, digitizing errors in the oscilloscope exist, which, ho
ever, may be minimized by carefully adjusting the oscill
scope sensitivity.

Unfortunately, it is rather difficult to get a reliable valu
for the numberNph of photons reaching the photocathode,
the light collection in Cˇ erenkov counter and light guide i
hard to evaluate; also the attempt to determineNph from the
anode-signal peak height, the gain of the PM, and the qu
tum efficiency of its photocathode suffers from uncertainti
Therefore, a statistical test was used to derive the error of
voltage measured in each bin from the voltage fluctuatio
To this end a small region of the ADATS was fitted, whic
~i! could be perfectly described by an exponential and wh
~ii ! digitizing errors played no role. With bin errors equal
AV the values ofAxn

2, the square root of the reducedx2,
was evaluated.Axn

2 is just the factor each bin error has to b
multiplied by to attain the correct voltage-height error. Dig
tizing errors were added afterwards in quadrature.

Another problem in the evaluation of the depletio
recovery spectra concerned the fit of the ADATS witho
laser shot. Fortunately, only the area of the laser peak~in the
case of thet-scan method! or the slope in the trailing edge o
the negative depletion peak~in the case of the depletion
recovery method! had to be evaluated. Nevertheless, a re
able fitting procedure was mandatory.

The off-resonance ADATS in the analog method ste
from two sources:~i! the pions from delayedp̄ annihilation,
which fade away with the overall lifetime of the metastab
states and lead to a short-lived component with a lifetimt
of several hundred nanoseconds and a longer-lived one
t'3 ms in the DATS @4#, and ~ii ! the positrons from the
decay of m1 ~lifetime 2.2ms) generated by the decay o
prompt-annihilationp1 stopped in the experimental env
ronment. By fitting the ADATS with very late laser pulses b
the sum of two exponentials,

I ~ t !5A exp~2lshortt !1B exp~2l longt !,

reliable off-resonance time spectra could be derived. A ty
cal fit result is shown in Fig. 4.

B. Density dependence of thet-scan decay rate

The time development of the (36,33)-level populati
was determined with thet-scan method described abov
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Nine shots from one LEAR spill were used for each of t
four target pressures investigated.

The results forly52 (n.36) are shown in Table I, third
column. Figure 5~a! depicts them as a function of densi
~full squares!. Also shown in this figure~as a full line! is the
result forly52 as derived from the fit of a straight line to th
decay-rate data@cf. Eq. ~1!#.

C. Density dependence of the„36,33… lifetime

The decay ratel (36,33) of the ~36,33! level was directly
determined by the depletion-recovery method. The res
are given in Table I, fourth column. This rate is shown
Fig. 5~b! ~full circles!. The result of a linear fit to thesel
values@cf. Eq. ~1!# is depicted as a dashed line in the figu
Astonishing enough, the decay rate in the limit of zero d
sity,

l~36,33!~ratom50!56.761.3ms21,

TABLE I. Decay ratesly52 (n.36) andl (36,33) as functions
of the 3He density.

Density ly52 (n.36) l (36,33)

~mol/l! (1020 cm23) (ms21) (ms21)

0.2960.05 1.860.3 0.8060.12 8.661.1
0.6260.06 3.760.3 0.9360.16 9.260.9
1.1360.06 6.860.4 1.1660.24 10.861.5
1.5260.06 9.160.4 1.0560.38 16.362.4

FIG. 5. Rates in they52 cascades ofp̄-3He1 and p̄-4He1. ~a!

Data for ly52 in p̄-3He1 ~full squares!. The full line denotes the
linear fit to the data.~b! Data forl (36,33) . Full circles, experimenta

p̄-3He1 data; dashed line, fit to the experimental data; open squa

experimental data forl (37,34) in p̄-4He, multiplied by a factor of 10.
ts

.
-

is about a factor of 4 larger than the sum of the calcula
radiation and Auger rates,l51.7ms21 @25,26#. Assuming a
quadratic density dependence, as it might be expected w
three-body collisions play a role, makes the agreement e
worse.

From the same fit we obtained

@sStark#~36,33!^v&58.022.7
12.3310215cm3 s21.

Since in the time range of the fit thep̄-3He1 atoms are to-
tally thermalized,̂ v&52.73104 cm s21, a cross section

sStark53.021.0
10.9310219cm2

follows. This cross section is much smaller than the g
metrical cross section. Apparently only a small fraction
the collisions with He atoms lead to Stark mixing with su
sequent fast Auger deexcitation and annihilation.

A comparison of the (36,33) decay rate with that of t
(37,34) level inp̄-4He1 @20#, shown, multiplied by ten, as
open squares in Fig. 5~b!, reveals that the intrinsic decay ra
of the last metastable state is about a factor of 10 smalle
p̄-4He1 than inp̄-3He1 and quenching is much less efficie
in the case ofp̄-4He1. The reason for this phenomenon
not yet clear. Table II gives a comparison of the correspo
ing quenching cross sections.

The large difference at low density between they52 cas-
cade lifetimeTy5251/ly52 andt (36,33)51/l (36,33) indicates
that there are other metastable states above the (36,33)
in this cascade. However, not all of them are quenched
efficiently as the lowest one:ly52 increases with density
only to ly52'1 ms21 at 1.5 mol/l @cf. Table I#. Evidently,
the metastable states above the lowest one retain their
gevity. This opened up the very interesting possibility to
rectly observe transitions (37,34)→(36,33) resonantly in-
duced by laser irradiation, as in the case ofp̄-4He1 @20#: The
still long-lived upper state~37,34! is emptied by laser irra-
diation to the lower state, which has been made short-li
by density quenching, and ap̄ annihilation peak may be
observed. The shape of this annihilation peak gives dir
information on the~36,33!-level lifetime.

D. Resonance scan on the transition„37,34…˜„36,33…

For the resonance scan, performed at 690 mbar pres
the peak intensity of the resonance spike was determined
function of wavelength, with the background subtracti
similar to that for the depletion analysis. The scan was c
siderably facilitated by the apparently reliable predictions
the transition energies inp̄-He1 @27,28#. Figure 6 shows a
typical resonance spike with its slow decay and Fig. 7
picts the result of the scan together with a fit by a Gauss
s,

TABLE II. Comparison of quenching cross sections inp̄-3He1

and p̄-4He1.

Level sStark(10219 cm2)

p̄-3He1(36,33) 3.021.0
10.9

p̄-4He1(37,34) 0.5260.03
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FIG. 6. ~a! Resonance spike in the ADATS generated by the laser-induced transition (37,34)→(36,33) in p̄-3He1, taken atl
5524.155 nm.~b! Off-resonance data, taken at a wavelength smaller by 26 pm.
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with fixed width (GGauss57 pm, to account for the finite
bandwidth of the laser! convoluted with a Lorentzian~width
free!. From this fit an experimental value

lexpt@~37,34!→~36,33!#5524.15560.004 nm

for the resonance wavelength was found atratom59.1
31020cm23. The error includes a 3-pm uncertainty of th
wavelength calibration. Thel value differs by less than
6 ppm from the theoretical prediction for an isolated ato
l th5524.158 nm@28#, which includes the corrections for th
relativistic motion of thee2. A small positive difference
Dl5l th2lexpt, observed here at low statistical significanc
was already seen for other transitions; it may be attribute
missing additional corrections in the calculation.

The decay of the laser-induced annihilation peak could
adequately fitted by an exponential. The resulting lifetim
,

,
to

e
e

t (36,33)542.262.6 ns is in reasonable agreement with t
result derived from the depletion spectrum at 690 mb
t (36,33)552.667.7 ns.

V. SUMMARY AND CONCLUSIONS

The y52 cascade in antiprotonic3He has been investi
gated. The last metastable level in this cascade (n536,l
533) has an intrinsic decay rate of 6.761.3 ms21, which is
by a factor of 8 larger than the radiative rate and about th
times larger than the value calculated for the sum of Au
and radiative rates. It is quenched with a cross section
sStark53.021.0

10.9310219cm2. At higher pressure values onl
the lowest metastable level~36,33! is quenched, this, how
ever, to an extent that enabled the feeding transit
(37,34)→(36,33) to be investigated by laser-resonan
spectroscopy. The wavelength of this transition was found
be lexpt@(37,34)→(36,33)#5524.15560.004 nm, only
FIG. 7. Resonance curve for the 524-nm transition (37,34)→(36,33) in p̄-3He1.
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6 ppm smaller than the theoretical prediction of Korobo
which includes the relativistic corrections.
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