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Erratum: Laser spectroscopic studies of state-dependent collisional quenching of the lifetimes
of metastable antiprotonic helium atoms
†Physical Review A 57, 1698„1998…‡

M. Hori, H. A. Torii, R. S. Hayano, T. Ishikawa, F. E. Maas, H. Tamura, B. Ketzer, F. J. Hartmann, R. Pohl, C. Maie
M. Hasinoff, T. von Egidy, M. Kumakura, N. Morita, I. Sugai, D. Horva´th, E. Widmann, J. Eades, and T. Yamazaki

@S1050-2947~98!05708-4#

PACS number~s!: 36.10.Gv, 32.70.Cs, 34.90.1q, 99.10.1g

A figure was deleted and all other figures were modified slightly at proof stage. Unfortunately, the following errors
printed in the final version:~1! The correct Fig. 11 is missing.~2! The correct Fig. 12 is presented as Fig. 11.~3! The correct
Fig. 13 is presented as Fig. 12.~4! The same Fig. 13 appears twice~once as Fig. 12 and once as Fig. 13!. To rectify these errors
the entire article is reprinted, following this erratum, with the figures presented correctly. In addition, the abscissa scale
6 has been changed, due to an error in the original article.
1050-2947/98/58~2!/1612~1!/$15.00 © 1998 The American Physical Society
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I. INTRODUCTION

Some 3% of all antiprotons stopped in dense helium
known to survive with a mean lifetime of 3–4ms @1–6#.
This is due to the formation of metastable antiprotonic
lium ( p̄ He1) atoms@7,8#, which are neutral three-body Cou
lomb systems composed of a helium nucleus, an elect
and an antiproton that survive in spite of the high frequenc
of collisions with ordinary helium atoms. Recently, las
spectroscopy techniques@9,10# have enabled the direct mea
surement of the transition energies and lifetimes of in
vidual states of this atom@10–19#.

Antiprotonic atoms are formed when one of the electro
circling an ordinary atom is replaced by an antiproton, wh
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is captured into a highly excited state with a principal qua
tum number ofn;AM* /me (M* and me are the reduced
masses of the antiproton helium nucleus and electron-he
nucleus systems, respectively!. These atoms typically anni
hilate within 1 ps, due to a variety of cascade mechanis
that quickly deexcite the antiproton into states with su
small orbital angular momentum (l 50,1, . . . ) that their
large overlap with the nucleus ensures rapid absorption. T

antiprotonic hydrogen (p̄ p) atoms formed in dense targe
annihilate via collisional Stark processes with ordinary h
drogen atoms@20,21#, while in antiprotonic atoms heavie
than helium (Z.2), the antiproton cascades down by inte
nal Auger transitions with lifetimes of less than 1 ps@22#. In
the latter process, part of the binding energy and ang
momentum of the antiprotonic orbit is transferred to the
maining electron; this is ejected into the continuum, wh
the antiproton deexcites to an energetically lower-lying io
state.

Antiprotonic helium atoms, however, appear to be uniq
in that ‘‘circular’’ states with high orbital angular momen
tum and principal quantum number in the region where i
tial capture takes place (n'AM* /me538.3 andl 'n21)
have internal Auger lifetimes of microseconds or mo
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Laser spectroscopic studies of state-dependent collisional quenching
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A laser spectroscopic method was developed to directly observe the lifetimes of individual states in meta-

stable antiprotonic helium atoms (p̄ 4He1). Collisional effects with surrounding helium atoms were studied in
cryogenic gas targets at pressures between 0.1 and 9.0 bars and at temperatures between 5.5 and 7.0 K. The
metastable state (n,l )5(39,35) showed a lifetime of 1.5ms, regardless of density, whereas the lifetime of the
energetically lower-lying state (37,34) was found to shorten from 1.3 to 0.1ms with increasing density. The
lifetimes of the states (38,34) and (36,33) were determined to be 10 ns and 5 ns, respectively, showing the
effects of the internal Auger process. When extrapolated to zero density, the measured lifetimes agreed with
the results of calculations for the radiative and Auger widths. Using the fact that the state (37,34) becomes
short lived at high density, the resonance (38,35)→(37,34) at a wavelength of 529.62 nm was detected.
@S1050-2947~98!01203-7#

PACS number~s!: 36.10.Gv, 32.70.Cs, 34.90.1q
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FIG. 1. Level structure of thep̄ 4He1 atom. The solid lines indicate the radiation-dominated metastable levels with lifetimes of 1–2ms,

the wavy lines Auger-dominated short-lived states. The broken lines show the finalp̄ He21 ionic states formed after Auger electron emission.
The curved arrows indicate Auger transitions with minimumuDl u. On the left-hand scale the theoretical absolute energy of each state (n,l )
is plotted relative to the three-body-breakup threshold@33#. The calculated resonance wavelengths of radiative transitions following th
constant-v propensity rule are given in nanometers.
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@7,8,23#. This is because the energy spacings of these a
protonic orbitals (En2En21;2 eV; see Fig. 1! are small
compared to the electronic ionization energy~25 eV!; Auger
transitions to energetically lower-lyingp̄ He21 ionic states
then require a large jump in both then value and thel value
of the antiprotonic orbital~e.g., uDnu'6, uDl u>4). Calcu-
lations show that the transition lifetime increases by th
orders of magnitude as the multipolarityL5uDl u, or the
angular momentum carried off by the emitted electron,
creases by one unit@9,24# ~see Fig. 2!. Hence thep̄ He1

states that are connected to ap̄ He21 ionic state by an angu
lar momentum jump ofuDl u>4 have Auger lifetimes longe
than 10ms, while adjoining states from whichL<3 Auger
transitions are possible have lifetimes of nanoseconds or

We use the term ‘‘metastable’’ for states with microse
ond~or longer! Auger lifetimes. These states have the time
deexcite radiatively by dipole transitions, the lifetimes
which are 1–2ms according to calculation@25–27#. The
p̄ He1 states in then'38 initial capture region are thus d
vided into two distinct regimes: the radiation-dominat
metastable zone with largel ~indicated in Figs. 1 and 2 by
solid lines! and the Auger-dominated short-lived zone w
small l ~indicated by wavy lines!. About ;3% of the anti-
protons stopped in dense gas or liquid helium are captu
ti-

e

-
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d

into the metastable levels@1–4# and cascade through th
metastable states via successivet51–2 ms radiative transi-
tions, these being primarily of the typeDn5Dl 521 in the
high-l region@25,26#. This ‘‘propensity rule’’ conserves the
radial node number or, equivalently, the vibrational quant
number v5n2l 21, so that metastable states can
grouped into the ‘‘cascade chains’’v51,2,3, . . . ~see Fig.
1!. After the antiproton reaches an Auger-dominated st
the atom proceeds to apHe21 ion within nanoseconds. The
energy levels of this ion are now highly degenerate, so t
Stark mixing results in antiproton annihilation throug
nuclear absorption within picoseconds@28,29# as in the case
of other antiprotonic atoms.

Laser-spectroscopy experiments have now confirmed b
the existence of this metastablepHe1 atom and the above
description of its life history. A pulsed laser was used
induce transitions between metastable and Auger-domin
states, effectively forcing an immediate annihilation of ot
erwise long-lived antiprotons and thereby producing a sh
spike in the delayed annihilation time spectrum of thep̄ He1

atom @9#. One resonance detected at 597.26 nm~see Fig. 2!
was ascribed to the transition (n,l )5(39,35)→(38,34) lo-
cated at the end of the metastable cascade chainv53 @10#.
Another transition detected at 470.72 nm was ascribed
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PRA 58 1615ERRATA
(37,34)→(36,33), where thev52 cascade terminates@12#.
The laser-spectroscopic method offered a way to map

state lifetimes in these two cascades, when supplemente
a simplified model of the cascade as described later@11#. In
thev53 cascade that was studied using helium gas targe
a pressure of 0.7–1 bar and a temperature of 5–10 K,
states (39,35) and (40,36) showed lifetimes of 1.4ms and
2.0 ms, respectively, in agreement with theoretical estim
tions @11#. However, measurements of thev52 cascade
done at 0.6 bar and 5.5 K indicated that the state (37,34)
a lifetime of 0.8ms, 40% shorter than the theoretical rad
tive lifetime of 1.4ms @12#. It was speculated that the short
lifetime was due to contributions from internal Auger pr
cess or from collisions with ordinary helium atoms.

Now it is interesting that the metastability of such states
retained in dense gas, liquid, and solid phases, despite
frequent collisions with the surrounding helium atoms. Co
trary to the case ofp̄ p atoms, the continued presence of t
electronic cloud in thep̄ He1 atom causes the antiprotonicl
sublevels for a givenn to be far from degenerate, the lev
energies increasing withl in steps of;0.3 eV ~see Fig. 1!.
The atom is thus quite insensitive to the collisional Sta
effects that normally bring the antiproton to theS, P, andD
states at highn, from which annihilation occurs. Unfortu
nately, no quantitative theoretical understanding has yet b
reached on this reduced sensitivity of thep̄ He1 system to
collisions with surrounding helium atoms.

Experiments have shown, however, that the overall l
time of pHe1 atoms does have a clear dependence on
density of the helium in which the atoms are formed@2–4#.
In liquid helium targets with densities of 231022 cm23, the

FIG. 2. Portion of the level structure of thep̄ 4He1 atom, show-
ing the positions of the experimentally observed 597.26-n
470.72-nm, and 529.62-nm resonances. The theoretical value
Auger @34# and radiative transition@27# rates of each state (n,l )
are indicated.
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delayed annihilation time spectrum had at150.2 ms short-
lived component that accounted for 20–30 % of the me

stablep̄ He1 atoms and at252.5 ms long-lived component
that contained the rest. In gas targets with densities o
31020 cm23 ~corresponding to target conditions of 1 bar a
30 K!, the short-lived component disappeared and the a
age lifetime was prolonged to 4ms. However, to our knowl-
edge no spectroscopic study existed prior to those descr
here on the effect of density on the lifetimes of individu
states.

The present work reports systematic measurements
three resonance transitions at 597.26 nm, 470.72 nm,
529.62 nm to determine the lifetimes of fourp̄ He1 states
and their dependence on the density of the surrounding
lium. A laser spectroscopic method was developed to
rectly determine the lifetimes of individual states, and t
measured lifetimes were compared with the results of rec
calculations on the Auger@24,30–35# and radiative@25–
27,30,33# widths. Finally, we show that some specific stat
become short lived in high-density helium, while others
main unaffected.

,
for

FIG. 3. Schematic layout of the laser spectroscopy experim

to measure individual state lifetimes ofp̄ He1 atoms~top!. Antipro-
tons are stopped in dense helium with pressures from 0.1 to 9.0

and temperatures from 5.5 to 7.0 K. Metastablep̄ He1 atoms are
irradiated by a laser pulse tuned to transition wavelengths 597
nm, 470.72 nm, and 529.62 nm, respectively. The lifetime of e
atom is measured as the time elapsed from antiproton incide
~supplied by beam counters! to annihilation ~supplied by shower
counters!. Side view of the cryogenic gas target chamber~bottom!.
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II. EXPERIMENTAL METHOD

Our measurements are an extension of previous w
@3,10,19#, the layout of which is shown in Fig. 3~upper half!.
Antiprotons of 200-MeV/c momentum with a spread o
0.1% were extracted from the low-energy antiproton ring
CERN and stopped in a cryogenic helium gas target at r

of 104 s21, thus forming metastablep̄ He1 atoms. The ar-
rival of antiprotons was detected by a 0.5-mm-thick plas
scintillation beam counter, which was placed in the be
upstream of the target. The annihilation of each antiproton
the helium gas was identified with (99.760.1)% efficiency
by seven shower counters surrounding the cryostat, wh
detected at least two of the five pions typically produced
the annihilation event. The annihilation time was thus m
sured relative to the time of passage of the antiprot
through the beam counter, one particle at a time. The 9
majority of the antiprotons that annihilated within 0.1ms
after stopping in the target were rejected by a hardware v
circuit, so that the data-acquisition system was only requ
to handle the metastable atoms that annihilated later than
ms. In this way, a background-free spectrum showing
decay time profile of metastablepHe1 atoms between 0.1
and 15 ms after atom formation could be obtained@3,5#.
Henceforth, we refer to this as the delayed annihilation ti
spectrum of metastablepHe1 atoms.

The metastablep̄ He1 atoms were irradiated by a lase
pulse fired into the target chamber, collinear with the an
proton beam but in the opposite direction. A dye las
pumped by a XeCl excimer laser was used to produce a l
pulse with a time width of 40 ns, a diameter of 1 cm, a pow
density of 1 mJ/cm2 per pulse, and a bandwidth of 6–8 GH
The laser was tuned by a calibrated pulse mode wavele
meter to thep̄ He1 resonances at 597.26 nm, 470.72 nm, a
529.62 nm. Since these radiative transitions have a dip
amplitude of 0.2–0.3 D@9#, the power density of each puls
was well beyond the magnitude needed to saturate th
resonances and attain the maximum resonance intensity

The laser pulse reached the atom at a time 1.1–1.3ms
after formation or later. Irradiation at earlier times could e
hance the resonance intensity, but this was the minim
delay achievable by the current method of identifying t
randomly occurring metastable events and then triggering
excimer laser, which has an ignition delay of;0.8 ms. The
ignition timing of each pulse was measured by ap-i -n pho-
todiode and used to correct for distortions in the resona
spike caused by the firing jitter of the laser, which was ab
620 ns.

In this way, two types of time spectra containing 106–108

events were taken simultaneously, one with a single la
tuned to the resonance center, the other without laser irra
tion. The measurements were repeated for the 597.26
and 470.72-nm resonances, for helium gas targets with
impurity content of less than 1 ppm, at pressures between
and 9.0 bars and temperatures between 5.5 and 7.0 K.
densities were reached with supercritical phase heli
which was preferable for many practical reasons to the us
a liquid phase target. The resonance wavelength was fo
to redshift as the density of the helium gas target was
creased~as described elsewhere!, so the laser wavelengt
rk
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was corrected for this shift at each target condition.
The cryogenic target chamber~see Fig. 3, lower half! was

a stainless-steel cylinder 70 mm in diameter and 150 mm
length, into which the antiprotons entered through a copp
beryllium window with a thickness of 0.5 mm. The insid
surface of this window was coated with aluminum to achie
; 80% optical reflectivity and reduce the cryogenic he
load from the laser beam. For admitting the laser beam
the target gas a 20-mm-diam, 4-mm-thick quartz wind
was affixed to the opposite end of the chamber and seale
withstand 10 bars of overpressure. A rectangular copper p
was wound and brazed on the outside surface of the c
tainer and cold helium gas was circulated through this pi
cooling the container by heat conduction. The target te
perature was controlled by regulating this flow and by a he
ing coil around the pipe. Thermal diode sensors were
stalled on the copper coil and container surface, calibra
against the gas temperature near the antiproton stopping
tribution with an accuracy of60.1 K. Absolute transducer
~produced by MKS Instruments! measured the pressure
the external filling system at pressure equilibrium with t
cryogenic target chamber with a precision of65 mb for
targets below 1 bar, and650 mb for targets above 1 ba
The pressure and temperature were converted into ato
density@36,37# using the EPT-76 temperature scale. The c
culated density may have differed from the local dens
around the atom during spectroscopic measurements s
the 20% portion of the laser energy absorbed by the cop
beryllium window became an;10-mW heat source inside
the cryogenic helium. Periodic changes in trigger rate a
power deterioration of the laser dye and excimer gas a
caused slow fluctuations of the target temperature. These
fects have been included in the target-density error.

According to simulations@38# based on actual measure
ments of the characteristics of the antiproton beam@39#, the
particles that penetrated through the copper-beryllium w
dow into the helium gas had a kinetic energy of 1–2 Me
with a spread of 0.2–0.3 MeV, a diameter of 8–10 mm, a
an emittance larger than 500p mm mrad due to multiple
scattering in the various windows and counters upstream
the target. Therefore, the antiprotons had to be stopped in
helium gas as close to the window as possible, so that all
pHe1 atoms would be in the 1-cm-diam collinear las
beam. In targets of lower density, polyamide degrader fo
were added in the beam upstream of the target chambe
compensate for the smaller stopping power, although
caused a greater portion of the antiprotons to annihilate
the entrance window before reaching the target gas. The l
est usable target density with the available 200-MeV/c beam
was 1020 cm23 ~corresponding to helium at 0.1 bar and 6
K! for which simulations showed that 90% of the incomin
antiprotons annihilated in the window.

III. ANALYSIS AND RESULTS

A. Depletion-recovery spectrum

Irradiation by an on-resonance laser pulse creates a s
spike on the p̄ He1 delayed annihilation time spectrum
which decays with the lifetime of the resonance daugh
state. The spectrum then recovers with the lifetime of
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PRA 58 1617ERRATA
parent state. These characteristics are valid regardless o
various channels that feed antiprotons into the two levels
that this depletion-recovery method constitutes a sens
and unambiguous way of determining the state lifetimes
p̄ He1 atoms as can be seen from Fig. 4.

In Fig. 4~a! a time spectrum taken with a 0.55-bar a
6.3-K target is plotted in a semilogarithmic scale, show
p̄ He1 atoms decaying with a mean lifetime of; 3 ms. The
convex downward-curving profile is caused by antiproto
cascading through several metastable levels with micro
ond lifetimes before annihilation. In Fig. 4~b! a resonance
spike is produced att51.35ms, using a laser pulse tuned
the transition (n,l )5(39,35)→(38,34) at a wavelength o
597.26 nm. The slight step-down discontinuity immediat
afterward is caused by the loss of spontaneous annihila
events following the forced annihilation at the laser spi
The time spectrum in Fig. 4~c! is the difference between th
two normalized spectra taken with and without t
597.26-nm irradiation. This subtraction effectively isolat
the effect of the laser beam on thep̄ He1 delayed annihila-
tion time spectrum. The spectrum can be separated into t
parts: ~i! the time region 0.10–1.35ms preceding the reso
nance spike, where the spectrum is zero,~ii ! the resonance
spike itself ~the next ;40 ns!, and ~iii ! the depletion-
recovery region following the spike, in which the spectru

FIG. 4. ~a! p̄ He1 delayed annihilation time spectrum taken wi
4He gas target of 0.55 bar and 6.3 K.~b! 579.26-nm resonance
induced att51.35ms on the time spectrum.~c! Depletion-recovery
spectrum, the difference between the two normalized spectra~a!
and ~b!.
the
o
e
f

s
c-

n
.

ee

gradually returns to zero over a period of a few micros
onds. This depletion-recovery structure is due to thosep̄ He1

atoms that annihilated in the resonance spike and are th
fore ‘‘missing’’ from the spectrum following the spike. W
could confirm that the total number of missing counts in t
dip region, integrated to the end of the spectrum, is equa
the number of counts under the spike within the statisti
errors.

To understand this depletion-recovery profile, consid
the relevant two-level decay scheme depicted in Fig. 5. T
total decay rates of the parent and daughter states of
resonance are denoted byl1 andl2, respectively. Herel1 is
the sum of the radiative rate to the daughter state (l1

rad) and
the decay rate to levels other than the daughter state (l1

other).
Denoting the net accumulation from adjacent states to
parent state byV1 and the side feeding to the daughter sta
by V2, the population evolution of the parent (N1) and
daughter (N2) states follows

dN1~ t !52l1N1~ t !dt1V1~ t !dt, ~1a!

dN2~ t !52l2N2~ t !dt1l1
radN1~ t !dt1V2~ t !dt. ~1b!

When the on-resonance laser pulse irradiates the a
Rabi oscillations mix the populations of the two levels. T
resulting time spectrum profile has a complex shape depe
ing on the resonance conditions, namely, the transition
pole moment, the laser power, and collisional broaden
effects.

After the laser pulse, however, the time evolution resum
the form implied by Eqs.~1a! and~1b! with modified initial
populations. The difference between the population evo
tions with (N18 , N28) and without (N1, N2) the resonance
spike obeys

FIG. 5. Two-level laser resonance model.V1(t) andV2(t) rep-
resent feeding from surrounding states. The laser-induced reson
modifies the populations of the parent and daughter states, f
N1(t) andN2(t) to N18(t) andN28(t).
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1618 PRA 58ERRATA
d@N18~ t !2N1~ t !#52l1@N18~ t !2N1~ t !#dt, ~2a!

d@N28~ t !2N2~ t !#52l2@N28~ t !2N2~ t !#dt

1l1
rad@N18~ t !2N1~ t !#dt. ~2b!

Note that since the feeding from surrounding states (V1, V2)
is unaffected by the laser, the terms cancel by this subt
tion. The solutions can then be expressed analytically as

N18~ t !2N1~ t !5@N18~ t0!2N1~ t0!#e2l1~ t2t0!, ~3a!

N28~ t !2N2~ t !5
l1

rad@N18~ t0!2N1~ t0!#

l22l1
e2l1~ t2t0!

1FN28~ t0!2N2~ t0!

2
l1

rad@N18~ t0!2N1~ t0!#

l22l1
Ge2l2~ t2t0!,

~3b!

wheret0 is the time at the end of the laser pulse.
Before the arrival of the laser pulse, the metastable pa

state contains a larger population than the Auger-domina
daughter state@l1!l2, N1(t0).N2(t0)#. The laser pulse
causes the parent population to decrease@N18(t0),N1(t0)#,

FIG. 6. Depletion-recovery spectrum of the 597.26-nm re
nance at 0.55 bar and 6.3 K. The lifetime of the resonance pa
state can be derived from the recovery rate of this spectrum; in
case, the parent state (n,l )5~39,35! has a lifetime of 1.560.1 ms
~lower inset with inverted scale!.
c-

nt
ed

while the daughter population is increased@N28(t0).N2(t0)#.
The depletion-recovery time spectrum implied by Eqs.~3a!
and ~3b! therefore decays with the daughter lifetime (1/l2)
and recovers with the parent lifetime (1/l1), so that the life-
times of the two states can be directly derived from the sh
of the time spectrum.

In Fig. 6 the depletion-recovery spectrum of th
597.26-nm resonance taken at a target pressure and tem
ture combination of 0.55 bar and 6.3 K is shown. The rec
ery rate of the time spectrum after the resonance spike i
cates a lifetime of 1.560.1 ms for the resonance parent sta
(39,35). This lifetime agrees with the result of earlier expe
ments at similar target conditions using the ‘‘t1-t2’’ method
@11#.

B. Comparison to previous methods

In previous experiments, the lifetimes and initial popu
tions of thev52 and 3 cascades were measured@11,12# by
the t1-t2 method. Eachp̄ He1 atom was irradiated with two
successive laser pulses tuned to the same resonance at
pendently varying times after formation of thep̄ He1 atom.
The first pulse at timet1 induced annihilation from the las
metastable state of a constant-v cascade sequence, the num
ber of such annihilations thus constituting a measure of
population of that state att1. Natural feeding from higher
levels in the cascade then refilled the parent state. The n
ber of annihilations induced by a second laser pulse at t
t2 then measured the recovery of the parent state popula
betweent1 andt2, and the population evolution of the pare
state was obtained. Since this evolution is determined by
cumulative summation of antiprotons cascading throu
multiple states, cascade models with two- and three-le
sequences ofDn5Dl 521 transitions were used to extra
the lifetimes of individual states from these measureme
Of course, there are also contributions from radiative p
cesses that changev5n2l 21 and furthermore interna
Auger processes, but calculations for the case of single
lated atoms suggest that these contributions are all less
10% @9,25–27,30#.

In the high-density regime, however, the cascade may
longer be purely radiative. The profile of the delayed anni
lation time spectrum is known to change with density, in
cating that collisional processes affect state lifetimes.
study density effects on lifetimes, the depletion-recove
method is preferable to thet1-t2 method since the decay rate
of the resonance parent and daughter states appear direc
the observed time spectrum and its results do not depen
cascade models.

C. Lifetimes of the radiation-dominated states„n,l …5„39,35…
and „37,34…

The lifetimes of the metastable states (n,l )5(39,35) and
(37,34), which are the parent states of the 597.26-nm
470.72-nm resonances, respectively, were determined
various densities using the depletion-recovery method.
intensity of the 597.26 nm resonance spike measured at
sities between 231020 cm23 ~corresponding to a target con
dition of 0.2 bar and 6.8 K! and 1.931022 cm23 ~8.7 bars
and 5.8 K! is relatively constant~Fig. 7, left!, indicating that

-
nt
is
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FIG. 7. Profiles of the two resonances (n,l )5(39,35)→(38,34) at 597.26 nm~left!, and (37,34)→(36,33) at 470.72 nm~right!,
measured at various densities. The 597.26-nm resonance intensity is independent of density, whereas that of the 470.72-nm
diminishes as the density increases.
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the state lifetimes and initial populations of states in thev53
cascade are unaffected by the increase of collision rates
ordinary helium atoms in this density range. The recov
rate of the time spectrum after the resonance deple
showed the lifetime of the resonance parent state (39
was constant at; 1.5 ms regardless of density~Fig. 8, left!.

In contrast, a drastic density effect was observed for
470.72-nm resonance~Fig. 7, right!. In the spectrum taken a
a target density ofr51.231020 cm23 ~0.1 bar and 6.4 K!,
the area under the resonance spike contained more than
of the total metastablepHe1 atoms, but as the density wa
increased to 631021 cm23 ~2.7 bars and 5.8 K!, this dimin-
ished to about 0.2%. The decrease of the spike inten
indicates that high densities reduced the lifetime of the re
nance parent state (37,34), resulting in a reduced popula
of the state when the laser pulse arrived att51.1 ms. The
depletion-recovery time spectrum~Fig. 8, right! shows that
as the density increases fromr51.231020 to 331021 cm23,
the state lifetime decreases fromt51.2 to 0.1ms and then
levels off at higher densities.

D. Lifetimes of the Auger-dominated states„n,l …5„38,34…
and „36,33…

Next we determined the lifetimes of the Auger-dominat
states (n,l )5(38,34) and (36,33), which are the daugh
ith
y
n
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e
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states of the 597.26-nm and 470.72-nm resonances, by m
suring the decay rates of the resonance spikes. In the
spectrum of Fig. 6, the 597.26-nm resonance spike ap
ently decays with a lifetime oft;16 ns, while in earlier
work similar lifetimes have been noted for the 597.26-n
@10# and 470.72-nm@12# spikes. However, these are only th
upper limits of the actual lifetime of the daughter stat
@9,12# since during the 40 ns-long laser pulse, Rabi osci
tions under dephasing collisions cause relaxation of the re
nance spike profile and also the time structure of the la
pulse is convoluted into the spike, deforming its sha
When the laser pulse ends, however, the Rabi oscillati
cease and the spike begins to decay purely with the lifet
of the resonance daughter state, until the population of
state is fully depleted.

The 597.26-nm resonance spike was measured at den
between 231020 and 1.931022 cm23 ~Fig. 9, upper left! and
the lifetime of the spike after the end of the 40-ns laser pu
was obtained. The derived lifetimes of the state (38,34) w
distributed aroundt51163 ns ~Fig. 9, lower left!.

The 470.72-nm resonance spikes~Fig. 9, upper right!
show a two-peak structure, which is a distortion caused
the time structure of the excimer laser pulse. The more p
nounced effect of this structure on the 470.72-nm resona
spike than in the 597.26-nm spike is a consequence of
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FIG. 8. Depletion-recovery spectra of the 597.26-nm~left! and 470.72-nm~right! resonances at various target densities. The lifetime
the radiation-dominated parent states (n,l )5 (39,35) and (37,34) are plotted as a function of density. The (37,34) state becomes sho
with increased density, while the higher-lying (39,35) remains unaffected. Theoretical radiative rates and the sum of radiative an
rates are also shown@33,34#.
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shorter lifetime of the daughter state (36,33) of the form
resonance, the short lifetime causing the spike to de
almost completely within the 40 ns length of the las
pulse. Since the spike intensity decreases at high dens
~see Fig. 7!, we used comparably low-density targets b
tween 1020 and 1021 cm23. A lifetime of t5562 ns was
thus derived for the daughter state (36,33).

E. Detection of the 529.62-nm resonance

The resonance transition (n,l )5(38,35)→ (37,34) at a
wavelength of 529.62 nm was observed using the phen
enon that the resonance daughter state becomes short liv
high density. Normally, at densities below 531020 cm23,
detection of this transition as a single resonance is diffic
because both parent and daughter states are metastable
; 1-ms lifetimes and the laser pulse can only affect the
transfer of antiprotons between the two states if the pop
r
y

r
ies
-

-
d at

lt
with
t

a-

tion of these differs. Previously, a double-resonance met
using two simultaneous laser pulses was employed to de
the transition@14#.

To distinguish the laser-induced annihilation from t
spontaneously decayingpHe1 atoms comprising the con
tinuous spectrum,~i! the lifetime of the resonance spike~and
hence that of the daughter state! must be less than 0.5ms and
~ii ! there must be a population difference between parent
daughter states before the arrival of the laser pulse. Fa
able conditions to observe the resonance could be achie
with target densities of 1.331021 cm23 ~corresponding to
1.0 bar and 6.5 K! as the lifetime of the daughter sta
(37,34) shortens to 0.5ms at this value~see Fig. 8, right!. As
expected, when such a target density was used and the
tuned to the resonance wavelength of 529.62 nm@14#, a reso-
nance spike was detected, which decayed with a lifetime
0.5 ms ~Fig. 10!.
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FIG. 9. Detail of the 597.26-nm~left! and 470.72-nm~right! resonance spikes at various densities. The derived lifetimes of
Auger-dominated states (n,l )5(38,34) and (36,33) are plotted as a function of density. The Auger rates derived from atomic configu
interaction~CI @24#! and molecular variational~VC @30,31# and ME @34#! calculations are shown.

FIG. 10. Slowly decaying spike of the (n,l )5(38,35)→(37,34) resonance at 529.62 nm, measured at four target densities~left!. The
depletion-recovery spectrum of the resonance, showing the decay rates (tdecay) of the spike~right!. The effect of the lifetime shortening o
the resonance daughter state (37,34) can be seen.
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FIG. 11. Thep̄He1 delayed annihilation time spectra at four densities~left! and the decay rates of the short-lived and long-liv
components as a function of density~right!. The rates are obtained from a double exponential fitted to the early-time region~0.1–3.0ms!.
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The depletion-recovery spectrum showed that as the
get density was increased from 1.331021 to 331021 cm23

~1.9 bars and 5.8 K!, the lifetime of the resonance daught
state (37,34) shortened from 0.5 to 0.1ms ~which agrees
with the results of the measurements using the 470.72
resonance shown in Fig. 8!, whereas the parent state retain
a lifetime which was longer than 0.6ms. In this region, the
resonance intensifies with higher densities because the
duced lifetime of the daughter state ensures a larger dif
ence between the populations of the two states at the ar
time of the laser pulse. At a density of 631021 cm23 ~2.7
bars and 5.8 K!, however, the resonance intensity decreas
and finally the spike nearly disappeared at a density of
31022 cm23 ~5.8 bars and 5.8 K!. This behavior is related to
the density dependence of the parent and daughter
populations, which will be described elsewhere.

F. The short-lived component in the delayed
annihilation time spectrum

In Fig. 11 ~left!, the delayed annihilation time spect
measured at various densities between 1.231020 cm23 ~0.1
bar and 6.3 K! and 1.931022 cm23 ~8.7 bars and 5.8 K! are
shown. Previous studies have demonstrated that cas
models with three or four components are needed to fit
entire profile of the time spectrum@1–5#, but here we restrict
our interest to the part of the spectrum immediately follo
ing p̄He1 atom formation, i.e., betweent50.1 and 3.0ms,
as this is the most sensitive area to changes in the densi
the target gas. The time spectra were fitted with double
ponentials for the time ranget50.1–3.0ms and the decay
rates of the two components~one long lived, the other shor
lived! are plotted as a function of density~Fig. 11, right!. As
the target density was increased from 1.231020 to 431020

cm23 ~0.37 bar and 6.3 K!, a short-lived component ap
r-
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peared at early times in the time spectrum, with a decay
increasing sharply from 1 to;25 ms21. At r5931020

cm23 ~0.73 bar and 6.3 K!, the component decayed com
pletely within 0.1ms after the arrival of the antiproton in th
target gas and was therefore eliminated from the recor
time spectrum by the veto of prompt annihilation even
mentioned earlier.

As the density was further increased from 931020 to
331021 cm23 ~1.7 bars and 5.8 K!, a second short-lived
component appeared in the time spectrum, the decay ra
which increased from 2 to 6ms21 and then leveled off at
higher densities, reachingl57 ms21 at a liquid helium den-
sity of r51.931022 cm23 ~8.7 bars and 5.8 K!.

IV. DISCUSSION

The observed decay rate of state (n,l ) at a target density
r may be written

ln,l ~r!5Rn,l 1An,l 1Dn,l ~r!, ~4a!

where the net radiative and internal Auger rates of st
(n,l ) at zero density are

Rn,l 5(
Dn

Rn,l →n1Dn,l 61 , ~4b!

An,l 5 (
Dn,Dl

An,l →n1Dn,l 1Dl . ~4c!

HereRn,l →n1Dn,l 61 is the radiative rate for individual tran
sitions between states (n,l ) and (n1Dn,l 61), whereas
An,l →n1Dn,l 1Dl is the internal Auger rate for transition
between states (n,l ) and (n1Dn,l 1Dl ) having a multi-
plicity L5uDl u. The summation is over all the possible d
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cay channels. The termDn,l (r) represents the total rate o
density-dependent processes depleting the state (n,l ), so
that this effect disappears at zero density.

The wave functions, level energies, and state lifetimes
isolatedp̄He1 atoms have recently been calculated to h
precision in a number of theoretical approaches. In one
these the electronic motion is expressed using atomic Sla
type basis functions centered on the helium nucleus and
antiprotonic basis functions are calculated in the adiab
potential of the 1ss electronic state; the total atomi
configuration-interaction wave functions are then obtained
a linear combination of products of these basis functio
@25#. Molecular Born-Oppenheimer calculations have a
been carried out, in which thep̄He1 system is considered a
a one-electron molecule with two nuclei~the antiproton and
the helium nucleus! and the electronic motion is separat

TABLE I. Decay rates of the radiation-dominated stat
(n,l )5(39,35) and (37,34) and the Auger-dominated sta
~38,34! and~36,33! extrapolated to zero density. Theoretical rad
tive and internal Auger decay rates are included.

State Experiment Theor. radiative Theor. Auger

(n,l ) (ms21) (ms21) (ms21)

~39,35! 0.6560.02 0.611~CI! a 6.731024 ~CI! a

0.622~BO! b

0.627~BO! c

0.597~VC! d ;1031022 ~VC! d

0.617~ME! e 7.031022 ~ME! e

2.831021 ~ME* ) f

~37,34! 0.6760.05 0.733~CI! a 2.731022 ~CI! a

0.758~BO! b

0.760~BO! c

0.713~VC! d ;231021 ~VC! d

0.737~ME! e 1.931021 ~ME! e

7.431022 ~ME* ) f

~38,34! 90620 0.683~CI! a 85 ~CI! a

0.700~BO! b

0.693~BO! c

0.685~VC! d 140 ~VC! d

130 ~ME! e

130 ~ME* ) f

~36,33! 220680 0.820~CI! a 150 ~CI! a

0.829~BO! b

0.823~BO! c

0.814~VC! d 240 ~VC! d

240 ~ME! e

230 ~ME* ) f

aConfiguration-interaction calculation from Ref.@24#.
bBorn-Oppenheimer calculation from Ref.@26#.
cBorn-Oppenheimer calculation from Ref.@27#.
dVariational calculation from Refs.@30,31#.
eMolecular-expansion variational calculation from Refs.@33,34#.
fAuger calculation from Ref.@35#, using molecular-expansion wav
functions from Ref.@32#.
f

of
r-

he
ic
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adiabatically from the low-vibrational and high-rotation
motions between the antiproton and the helium nucl
@26,27#. A variational calculation of the three-body syste
has also been done using a set of simple trial functions@30#,
while another molecular-expansion variational calculat
used correlated trial functions that take into account
nonadiabatic electronic motion by including contributio
from the azimuthal magnetic componentss, p, andd of the
electronic orbital@32#. Recently, the latter method has be
expanded to include the relativistic motion of the electr
@33#.

A. Radiative decay rates

The radiative transition rates between two given sta
(Rn,l →n1Dn,l 61) calculated using atomic configuration
interaction @24,25#, molecular Born-Oppenheimer@26,27#,
and variational wave functions@30,33# are in mutual agree-
ment within 10%. According to these calculations, the n
radiative decay rates of the states (n,l )5(39,35) and
(37,34) are around 0.6ms21 and 0.7ms21, respectively~see
Table I!. Due to the effect of the Coulomb polarization of th
electronic cloud by the antiproton, the radiative rates are
creased by a factor of 3 compared to the results of calc
tions in which such electron-antiproton correlations are
glected.

In Fig. 12 the decay rates of the states (39,35) a
(37,34) derived from the experiment are plotted as a funct
of density. When linearly extrapolated to zero density,
decay rate of state (39,35) wasl50.6560.02 ms21 ~Fig.
12, left!, whereas the decay rate of state (37,34) at z
density wasl50.6760.05 ms21 when only the seven dat
points at low density~Fig. 12, right! are linearly extrapo-
lated. These values agree with the calculated radiative r
within the experimental error.

B. Internal Auger decay rates

The Auger rates (An,l →n1Dn,l 1Dl ) have been calculated
using the atomic configuration-interaction@24# and molecu-
lar variational@30,31,33–35# wave functions by applying a
first-order perturbation formula~Fermi’s golden rule!, while
a variational scattering calculation based on a molecular
pansion of the wave functions has also been done@33,34#.
The results indicate that internal Auger processes domin
(An,l →n1Dn,l 1Dl . 10 ms21) for states from which multi-
plicity L5uDl u<3 transitions to energetically lower-lying
p̄He21 states are possible. TheL53 Auger transition rates
calculated by these methods agree within a factor of 2~see
Table I!; the precision of the molecular variational calcul
tions is claimed to be 10% according to Refs.@30,31,33#. In
contrast, the calculations of the strongly suppressedL>4
Auger transition rates are complicated by the small value
the transition matrix element, so that only rough estima
are presently available@24,30,31,33#.

For the Auger-dominated states (n,l )5(38,34) and
(36,33), the measured decay rates 90620 ms21 and 220
680 ms21, respectively, agree with the results of calcu
tions within experimental error~see Table I!. For the meta-
stable states (39,35) and (37,34), upper limits of the Au
rates can be obtained by comparing the calculated radia
rates with the experimentally measured zero-density de

s
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FIG. 12. Decay rates of the states (n,l )5(39,35) and (37,34) measured at various densities using the 597.26-nm, 470.72-nm
529.62-nm resonances. Radiative rates from Born-Oppenheimer~BO @26,27#! and variational calculations (VCrad @30# and MErad @33#! and
the sum of Auger and radiative rates from atomic configuration-interaction~CI @24#! and variational calculations (VCAug @30,31#, MEAug

@34#, and MEAug* @35#! are shown.
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FIG. 13. Correlation between the decay rates of the s
(n,l )5~37,34! measured using the 470.72-nm and 529.62-
resonances, and the short-lived component in the delayed ann
tion time spectrum~DATS!. The decay rates are in good agreeme
at densities between 1021 and 631021 cm23, indicating that the
state~37,34! is one of the principal contributors to the short-live
component.
rates~Figs. 8 and 12!. The upper limits for the Auger rates o
both states are; 0.1 ms21, which agrees with the deca
rates calculated by atomic configuration-interaction and m
lecular variational methods.

C. Density-dependent lifetime shortening

It appears that collisions with external helium atom
strongly reduce the lifetimes of the lower-lying metastab
state (n,l )5(37,34), while they leave the energetical
higher-lying state~39,35! unaffected. The state~39,35! re-
tained the radiative rate of 0.7ms21 even at liquid-helium
densities, whereas the decay rate of the state~37,34! in-
creased nonlinearly with target density, from the purely
diative value ofl50.8ms21 at r51020 cm23 to l;8 ms21

at r5331021 cm23, then leveled off at higher densities~see
Fig. 12!. At present, we have no understanding of the mec
nisms that cause this state-dependent lifetime shortening

The delayed annihilation time spectrum was found to c
tain several decay components that become short lived
high-density helium, while others remain relatively una
fected~see Fig. 11!. The time spectrum is essentially a sum
mation of antiprotons cascading through all possible ch
nels before annihilation, so that several conclusions can
drawn from it concerning the reaction of thep̄He1 atom to
collisions. First, the lifetimes of some levels are grea

te

la-
t
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TABLE II. Decay rates of the radiation-dominated states (n,l )5(39,35) and (37,34), measured
various target densities, and decay rates of the delayed annihilation time spectrum~DATS!. The time region

t50.123 ms following p̄He1 atom formation is fitted with two componentsl1 andl2.

Density Pressure Temperature State decay rate DATSl1 DATS l2

(1020 cm23) ~bar! ~K! (ms21) (ms21) (ms21)

(n,l )5~39,35! state using the 597.26-nm resonance
2.060.3 0.1960.02 6.860.3 0.6660.06 362 0.1560.01
6.660.2 0.5560.02 6.360.1 0.6960.05 17.160.9 0.19960.003
7.160.3 0.5960.02 6.460.2 0.6460.03 762 0.20460.002

12.560.5 1.0060.03 6.460.2 0.6360.02 2.5360.05 0.25060.003
150610 4.560.2 5.860.1 0.6960.07 7.060.1 0.37760.006
19467 8.760.3 5.860.1 0.6860.07 7.060.2 0.41960.009

(n,l )5~37,34!, 470.72 nm
1.260.1 0.10060.007 6.360.2 0.860.1 1.160.1 0.13360.003
1.560.1 0.12160.007 6.060.2 0.860.2 2.460.5 0.12260.006
2.060.2 0.1760.01 6.360.2 0.8460.08 2.560.4 0.14760.003
2.560.2 0.2260.01 6.460.2 0.8660.03 4.060.1 0.13760.003
4.460.5 0.3760.03 6.360.2 0.9960.07 2667 0.15760.002
6.960.3 0.5760.01 6.460.2 1.2560.07 17.060.9 0.20660.002
9.060.3 0.72960.06 6.360.1 1.3460.07 261 0.22360.004

11.860.3 0.9460.03 6.360.1 1.960.1 2.660.4 0.2560.01
12.960.4 1.0760.02 6.660.2 1.960.1 2.560.2 0.2560.01

1561 1.1360.08 6.360.1 3.060.3 3.060.4 0.2760.01
16.260.7 1.0560.04 5.560.2 3.860.3 3.060.3 0.2660.02

2061 1.2960.07 5.560.2 4.460.3 4.160.1 0.29460.005
2862 1.7360.08 5.860.1 961 5.760.5 0.3360.01
3663 2.160.1 5.860.2 863 5.760.5 0.3660.01
4564 2.460.1 5.860.2 663 5.860.1 0.38460.005
5866 2.7260.06 5.860.1 862 5.760.1 0.38960.006

(n,l )5~37,34!, 529.62 nm
12.660.5 1.0360.04 6.560.2 1.960.3 2.460.4 0.2460.01

2062 1.1960.07 5.360.2 4.460.5 4.0460.07 0.28760.004
3166 1.960.1 5.860.1 7.760.9 6.060.6 0.3460.01
60610 2.760.3 5.860.2 862 5.660.2 0.3960.01
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shortened with increasing density, while those of others
not. One or more density-shortened state~s! must exist to
account for thel;6 ms21 short-lived component in the de
layed annihilation time spectrum at densities above 331021

cm23. The majority of metastable levels, however, must
tain their radiative lifetimes, since the long-lived compone
containing most of the decayingp̄He1 changes relatively
little (l;0.15 ms21 at r5231020 cm23, l;0.4 ms21 in
liquid helium atr5231022 cm23 @1–4#!.

Second, in order to account for the short-lived compone
direct antiproton capture into at least one of these dens
sensitive states must occur when thep̄He1 atom is initially
formed. If the antiproton were instead captured in high
lying metastable states, the time required for cascading d
into the density-sensitive state would introduce an additio
delay and never produce such a short-lived component.

These conclusions are proved by the present laser s
troscopic study of individual state lifetimes, in which w
have identified a specific density shortened state (37,34)
lies at the border between metastable and Auger-domin
states in the initially populated regionn'AM* /me538.3.
re

-
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-
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ed

The lifetime of this state is in good agreement with the lif
time of the short-lived component that appears at early t
regions in the delayed annihilation time spectrum at densi
between 1021 and 631021 cm23 ~see Fig. 13 and Table II!.
This indicates that the state (37,34) is one of the princi
contributors to this short-lived component. An example o
state not affected by density changes was also fou
(39,35), which is presumed to contribute to the long-liv
component in the delayed annihilation time spectrum tha
relatively unaffected by density.

V. SUMMARY AND CONCLUSIONS

The three resonances of metastable antiprotonic hel
(p He1) atoms, (n,l )5~39,35!→~38,34! at 597.26 nm,
~37,34!→~36,33! at 470.72 nm, and~38,35!→~37,34! at
529.62 nm, were studied using laser-induced annihilati
for p̄He1 atoms formed in pure helium gas at pressures
tween 0.1 and 9.0 bars, and temperatures between 5.5
7.0 K. A laser spectroscopic method was developed to
rectly measure the lifetimes of individual states, and the li



c
ca
d
es
ne
er

nl

r
n

n
re
th
it
la
34

ted
al

by
ly
n
ted
e-

We
t-

as
e-
pa-
the

-
ci-

the

1626 PRA 58ERRATA
times of the two metastable states~39,35! and ~37,34! to-
gether with two states with large Auger widths~38,34! and
~36,33! were obtained. The time spectra of these resonan
show depletion-recovery profiles, characterized by a de
with the lifetimes of the resonance daughter states, an
recovery with the lifetimes of the parent states. Using th
characteristics, the state lifetimes can be directly determi
in a model-independent way. The state (39,35) had a z
density decay rate of 0.65ms21, with no significant change
between densities of 231020 and 1.931022 cm23. In sharp
contrast, the decay rate of the state (37,34) increased no
early with target density, from 0.8ms21 at 1.231020 cm23

to ;8 ms21 at 5.831021 cm23. This state is responsible fo
the short-lived component that appears in the delayed a
hilation time spectra at densities above 1021 cm23. Using the
shortened lifetime of the state at high density, the resona
(38,35)→(37,34) at 529.62 nm was detected. The measu
lifetimes of the metastable states (39,35) and (37,34) at
zero density limit agreed with radiative rates calculated w
configuration-interaction, Born-Oppenheimer, and molecu
variational methods. The Auger-dominated states (38,
and (36,33) had decay rates of 90620 ms21 and 220680
.
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ms21, respectively, which agree with Auger rates calcula
using configuration-interaction and molecular variation
wave-functions.
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