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A laser spectroscopic method was developed to directly observe the lifetimes of individual states in meta-
stable antiprotonic helium atomg(‘He+). 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 staten(/) = (39,35) showed a lifetime of 1.&s, regardless of density, whereas the lifetime of the
energetically lower-lying state (37,34) was found to shorten from 1.3 tqu8.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 (38,3%B7,34) at a wavelength of 529.62 nm was detected.
[S1050-294{@8)01203-1

PACS numbsdrs): 36.10.Gv, 32.70.Cs, 34.96q

[. INTRODUCTION is captured into a highly excited state with a principal quan-
_ _ _ tum number ofn~\M*/m, (M* and m, are the reduced
Some 3% of all antiprotons stopped in dense helium argnasses of the antiproton helium nucleus and electron-helium
known to survive with a mean lifetime of 3—4s [1-6].  nycleus systems, respectivelfThese atoms typically anni-
This is due to the formation of metastable antiprotonic hejjate within 1 ps, due to a variety of cascade mechanisms
lium (p He") atoms[7,8], which are neutral three-body Cou- that quickly deexcite the antiproton into states with such
lomb systems composed of a helium nucleus, an electroymai orbital angular momentum/€0,1, .. .) that their
and an antiproton that survive in spite of the high frequenC|e<1;arge overlap with the nucleus ensures rapid absorption. Thus

of collisions with ordinary helium atoms. Recently, laser — ~ . — .
spectroscopy techniqué8,10] have enabled the direct mea- antiprotonic hydrogengp) atoms formed in dense targets

surement of the transition energies and lifetimes of indi-annihilate via collisional Stark processes with ordinary hy-
vidual states of this atorf.0—19. drogen atomg20,21], while in antiprotonic atoms heavier
Antiprotonic atoms are formed when one of the electronghan helium Z>2), the antiproton cascades down by inter-
circling an ordinary atom is replaced by an antiproton, whichnal Auger transitions with lifetimes of less than 1[22]. In
the latter process, part of the binding energy and angular
momentum of the antiprotonic orbit is transferred to the re-
*Present address: Institutrfikernphysik, UniversitaMainz, D- ~ maining electron; this is ejected into the continuum, while
55099 Mainz, Germany. the antiproton deexcites to an energetically lower-lying ionic
TPresent address: Physics Department, Tohoku University, Sendatate.

980-77, Japan. Antiprotonic helium atoms, however, appear to be unique,
*present address: The Institute of Physical and Chemical Rén that “circular” states with high orbital angular momen-
search(RIKEN), Wako, Saitama 351-01, Japan. tum and principal quantum number in the region where ini-

SPresent address: Japan Society for the Promotion of Sciencéial capture takes placené& VM*/m,=38.3 and/~n—1)
5-3-1 Kojimachi, Chiyoda-ku, Tokyo 102, Japan. have internal Auger lifetimes of microseconds or more
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FIG. 1. Level structure of thp *He™* atom. The solid lines indicate the radiation-dominated metastable levels with lifetimes gfs,—2
the wavy lines Auger-dominated short-lived states. The broken lines show thp Fitgal" ionic states formed after Auger electron emission.
The curved arrows indicate Auger transitions with minimiw’|. On the left-hand scale the theoretical absolute energy of each state (
is plotted relative to the three-body-breakup thresH@@]. The calculated resonance wavelengths of radiative transitions following the
constanty propensity rule are given in nanometers.

[7,8,23. This is because the energy spacings of these antinto the metastable levelsl-4] and cascade through the
protonic orbitals E,—E,_1~2 eV, see Fig. 1are small metastable states via successivel—2 us radiative transi-
compared to the electronic ionization enefg@$ eV); Auger  tions, these being primarily of the tyden=A/"= —1 in the
transitions to energetically lower-lying He?* ionic states high-/" region[25,26]. This “propensity rule” conserves the
then require a large jump in both thevalue and the” value  radial node number or, equivalently, the vibrational quantum
of the antiprotonic orbitale.g.,|An|~6,|A/|=4). Calcu- number v=n—/—1, so that metastable states can be
lations show that the transition lifetime increases by thregyrouped into the “cascade chaing’=1,2,3... (see Fig.
orders of magnitude as the multipolarity=|A/|, or the  1). After the antiproton reaches an Auger-dominated state,
angular momentum carried off by the emitted electron, inne atom proceeds to paHez* ion within nanoseconds. The
creases by one un[9,24] (see Fig. 2 Hence thepHe™  energy levels of this ion are now highly degenerate, so that
states that are connected tq))aafle2+ ionic state by an angu- Stark mixing results in antiproton annihilation through
lar momentum jump ofA/|=4 have Auger lifetimes longer nuclear absorption within picosecon(®8,29 as in the case
than 10us, while adjoining states from which<3 Auger of other antiprotonic atoms.
transitions are possible have lifetimes of nanoseconds or less. Laser-spectroscopy experiments have now confirmed both
We use the term “metastable” for states with microsec-the existence of this metastalj¢ie” atom and the above
ond (or longep Auger lifetimes. These states have the time todescription of its life history. A pulsed laser was used to
deexcite radiatively by dipole transitions, the lifetimes of induce transitions between metastable and Auger-dominated
which are 1-2us according to calculatiohi25-27. The  states, effectively forcing an immediate annihilation of oth-
pHe" states in then~38 initial capture region are thus di- €rwise long-lived antiprotons and thereby producing a sharp
vided into two distinct regimes: the radiation-dominatedspike in the delayed annihilation time spectrum of mde
metastable zone with largé (indicated in Figs. 1 and 2 by atom[9]. One resonance detected at 597.26 (3ee Fig. 2
solid lineg and the Auger-dominated short-lived zone with was ascribed to the transitiom,¢) = (39,35)—(38,34) lo-
small /7 (indicated by wavy lines About ~3% of the anti- cated at the end of the metastable cascade ehai@ [10].
protons stopped in dense gas or liquid helium are capturednother transition detected at 470.72 nm was ascribed to
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ing the positions of the experimentally observed 597.26-nm,

470.72-nm, and 529.62-nm resonances. The theoretical values for Coolant Coil
Auger [34] and radiative transitiofi27] rates of each staten(/) Teg‘e":fs’g:;"e I |
are indicated. 10 cm

3734 36.33 h he = 2 q . 47 FIG. 3. Schematic layout of the laser spectroscopy experiment
(37,34)(36,33), where the =2 cascade terminat¢s2] to measure individual state lifetimes pHe" atoms(top). Antipro-

The_ Ia_ser-spectroscopw method offered a way to map th%ns are stopped in dense helium with pressures from 0.1 to 9.0 bars
state lifetimes in these two cascades, when supplemented b

hikkat
a simplified model of the cascade as described (&} In a¥|d temperatures from 5.5 to 7.0 K. Metastaplde™ atoms are

o . . . irradiated by a laser pulse tuned to transition wavelengths 597.26
thev =3 cascade that was studied using helium gas targets f , 470.72 nm, and 529.62 nm, respectively. The lifetime of each

a pressure of 0.7-1 bar and a tempgrgture of 5-10 K, th om is measured as the time elapsed from antiproton incidence
states (39,35) and (40,36) showed lifetimes of 4stand (supplied by beam countgr$éo annihilation (supplied by shower

2.0 ps, respectively, in agreement with theoretical estimaoynters. Side view of the cryogenic gas target chambttom.
tions [11]. However, measurements of the=2 cascade

done at 0.6 bar and 5.5 K indicated that the state (37,34) had S
a lifetime of 0.8us, 40% shorter than the theoretical radia- delayed annihilation time spectrum hadrg=0.2 us short-
tive lifetime of 1.4us[12]. It was speculated that the shorter lived component that accounted for 20-30 % of the meta-

lifetime was due to contributions from internal Auger pro- stablep He* atoms and a,=2.5 us long-lived component
cess or from collisions with ordinary helium atoms. _that contained the rest. In gas targets with densities of 2
Now it is interesting that the metastability of such states isy 120 o3 (corresponding to target conditions of 1 bar and

retained in dense gas, liquid, and solid phases, despite thg) i) the short-lived component disappeared and the aver-

frequent collisions with the surrounding helium atoms. Con'age lifetime was prolonged to 4s. However, to our knowl-

trary to the case of p atoms, the continued presence of thegqge no spectroscopic study existed prior to those described
electronic cloud in thgp He™ atom causes the antiprotonic  here on the effect of density on the lifetimes of individual
sublevels for a givem to be far from degenerate, the level states.
energies increasing withi in steps of~0.3 eV (see Fig. 1 The present work reports systematic measurements of
The atom is thus quite insensitive to the collisional Starkthree resonance transitions at 597.26 nm, 470.72 nm, and
effects that normally bring the antiproton to t8¢P, andD 559 62 nm to determine the lifetimes of fopHe" states
states at higln, from which annihilation occurs. Unfortu-  5nq their dependence on the density of the surrounding he-
nately, no quantitative theoretical understanding has yet beqp,m A |aser spectroscopic method was developed to di-
reaphed on_this reduce_d sensjtivity of théde™ system to  rectly determine the lifetimes of individual states, and the
collisions with surrounding helium atoms. measured lifetimes were compared with the results of recent
Experiments have shown, however, that the overall lifecalculations on the Augef24,30—-35% and radiative[25—
time of pHe™ atoms does have a clear dependence on th27,30,33 widths. Finally, we show that some specific states
density of the helium in which the atoms are fornj@d-4]. become short lived in high-density helium, while others re-
In liquid helium targets with densities 0f210?2cm™3, the  main unaffected.
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Il. EXPERIMENTAL METHOD was corrected for this shift at each target condition.
. . The cryogenic target chambgésee Fig. 3, lower halfwas

Our measurements are an exten§|on_ of previous wor5 stainless—gteel cyliﬂder 70 mm in digmeter and 150 mm in
[3,10,19, the layout of which is shown in Fig. @pper half. 001k "into which the antiprotons entered through a copper-
Antiprotons of 200-MeW momentum with & spread of peryjlium window with a thickness of 0.5 mm. The inside
0.1% were extracted from the low-energy antiproton ring alrface of this window was coated with aluminum to achieve
CERN and stopped in a cryogenic helium gas target at rates goo, optical reflectivity and reduce the cryogenic heat
of 10* s™1, thus forming metastablp He" atoms. The ar- load from the laser beam. For admitting the laser beam into
rival of antiprotons was detected by a 0.5-mm-thick plasticthe target gas a 20-mm-diam, 4-mm-thick quartz window
scintillation beam counter, which was placed in the beanwas affixed to the opposite end of the chamber and sealed to
upstream of the target. The annihilation of each antiproton iwithstand 10 bars of overpressure. A rectangular copper pipe
the helium gas was identified with (99:D.1)% efficiency Was wound and brazed on the outside surface of the con-
by seven shower counters surrounding the cryostat, whickiner and cold helium gas was circulated through this pipe,
detected at least two of the five pions typically produced incooling the container by heat conduction. The target tem-
the annihilation event. The annihilation time was thus meaPerature was controlled by regulating this flow and by a heat-
sured relative to the time of passage of the antiprotond?d coil around the pipe. Thermal diode sensors were in-

through the beam counter, one particle at a time. The 970/§t"’1||.ed on the copper coil and container_ surface, caliprate_d
majority of the antiprotons that annihilated within Ous against the gas temperature near the antiproton stopping dis-

after stopping in the taraet were reiected by a hardware Vettribution with an accuracy oft 0.1 K. Absolute transducers
1ter stopping 9 ere rej y . (produced by MKS Instrumentsneasured the pressure in
circuit, so that the data-acquisition system was only require

o e external filling system at pressure equilibrium with the
to handle the metastable atoms that annihilated later than O(f'ryogenic targetgchgmber WitFr)1 a precisi?)n o5 mb for

us. In this way, a background;free+ spectrum showing th qets helow 1 bar, and 50 mb for targets above 1 bar.
decay time profile of metastableHe" atoms between 0.1 The pressure and temperature were converted into atomic
and 15us after atom formation could be obtain¢8,5].  gensity[36,37] using the EPT-76 temperature scale. The cal-
Henceforth, we refer to this as the delayed annihilation timey|ated density may have differed from the local density
spectrum of metastableHe™ atoms. around the atom during spectroscopic measurements since

The metastablgp He* atoms were irradiated by a laser the 20% portion of the laser energy absorbed by the copper-
pulse fired into the target chamber, collinear with the anti-beryllium window became an-10-mW heat source inside
proton beam but in the opposite direction. A dye laserthe cryogenic helium. Periodic changes in trigger rate and
pumped by a XeCl excimer laser was used to produce a las@ower deterioration of the laser dye and excimer gas also
pulse with a time width of 40 ns, a diameter of 1 cm, a powercaused slow fluctuations of the target temperature. These ef-
density of 1 mJ/crA per pulse, and a bandwidth of 6—8 GHz. fects have been included in the target-density error.
The laser was tuned by a calibrated pulse mode wavelength According to simulation$38] based on actual measure-
meter to thep He* resonances at 597.26 nm, 470.72 nm, andnents of the characteristics of the antiproton b¢asj, the
529.62 nm. Since these radiative transitions have a dipolBarticles that penetrated through the copper-beryllium win-
amplitude of 0.2—0.3 [)9], the power density of each pulse dow into the helium gas had a kinetic energy of 1-2 MeV
was well beyond the magnitude needed to saturate thed¥th a spread of 0.2-0.3 MeV, a diameter of 8—10 mm, and
resonances and attain the maximum resonance intensity. an emittance larger than 560mm mrad due to multiple

The laser pulse reached the atom at a time 1.14&3 Scattering in the various windows and counters upstream of
after formation or later. Irradiation at earlier times could en-the target. Therefore, the antiprotons had to be stopped in the
hance the resonance intensity, but this was the minimurR€lium gas as close to the window as possible, so that all the
delay achievable by the current method of identifying thepHe™ atoms would be in the 1-cm-diam collinear laser
randomly occurring metastable events and then triggering theam. In targets of lower density, polyamide degrader foils
excimer laser, which has an ignition delay ©0.8 us. The Were added in the beam upstream of the target chamber to
ignition timing of each pulse was measured bp-&n pho-  compensate for the smaller stopping power, although this
todiode and used to correct for distortions in the resonancéaused a greater portion of the antiprotons to annihilate in
spike caused by the firing jitter of the laser, which was abouthe entrance window before reaching the target gas. The low-
+20 ns. est usable target density with the available 200-Melam

In this way, two types of time spectra containing2a®  Wwas 16° cm™2 (corresponding to helium at 0.1 bar and 6.3
events were taken simultaneously, one with a single laséf) for which simulations showed that 90% of the incoming
tuned to the resonance center, the other without laser irradig@ntiprotons annihilated in the window.
tion. The measurements were repeated for the 597.26-nm
and 470.72-nm resonances, for helium gas targets with an
impurity content of less than 1 ppm, at pressures between 0.1 lll. ANALYSIS AND RESULTS
and 9.0 bars and temperatures between 5.5 and 7.0 K. High
densities were reached with supercritical phase helium, o
which was preferable for many practical reasons to the use of Irradiation by an on-resonance laser pulse creates a sharp
a liquid phase target. The resonance wavelength was fourgpike on thepHe® delayed annihilation time spectrum,
to redshift as the density of the helium gas target was inwhich decays with the lifetime of the resonance daughter
creased(as described elsewhereso the laser wavelength state. The spectrum then recovers with the lifetime of the

A. Depletion-recovery spectrum
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0

— é —— 1'0 E— i gradually returns to zero over a period of a few microsec-
onds. This depletion-recovery structure is due to thosie™

Annihilation Time (ns) atoms that annihilated in the resonance spike and are there-
— o _ fore "missing” from the spectrum following the spike. We
FIG. 4. () pHe" delayed annihilation time spectrum taken with could confirm that the total number of missing counts in the
“He gas target of 0.55 bar and 6.3 Ky 579.26-nm resonance iy region, integrated to the end of the spectrum, is equal to
induced at=1.35,s on the time spectrunic) Depletion-recovery  the nymper of counts under the spike within the statistical
spectrum, the difference between the two normalized spdatra errors.
and(b). To understand this depletion-recovery profile, consider
the relevant two-level decay scheme depicted in Fig. 5. The
total decay rates of the parent and daughter states of the

parent state. These characteristics are valid regardless of tFeSonance are denoted by andX,, respectively. Hera; is
various channels that feed antiprotons into the two levels, sthe sum of the radiative rate to the daughter stafg and
that this depletion-recovery method constitutes a sensitivéhe decay rate to levels other than the daughter shetee.
and unambiguous way of determining the state lifetimes obenoting the net accumulation from adjacent states to the
pHe" atoms as can be seen from Fig. 4. parent state by, and the side feeding to the daughter state

In Fig. 4@ a time spectrum taken with a 0.55-bar andPy V2, the population evolution of the parenN{) and
6.3-K target is plotted in a semilogarithmic scale, showingdaughter ;) states follows

p He' atoms decaying with a mean lifetime of 3 us. The

convex downward-curving profile is caused by antiprotons dNp(t)=—N1Ny(H)dt+Vy(t)dt, (1a
cascading through several metastable levels with microsec-

ond lifetimes before annihilation. In Fig.(ld) a resonance

spike is p_r_oduced/ %z 1.35us, using a laser pulse tuned to dN,(t)= —)\2N2(t)dt+)x'lad1\ll(t)dt+vz(t)dt. (1b)

the transition 0,/)=(39,35)—(38,34) at a wavelength of

597.26 nm. The slight step-down discontinuity immediately

afterward is caused by the loss of spontaneous annihilation When the on-resonance laser pulse irradiates the atom,
events following the forced annihilation at the laser spike.Rabi oscillations mix the populations of the two levels. The
The time spectrum in Fig.(d) is the difference between the resulting time spectrum profile has a complex shape depend-
two normalized spectra taken with and without theing on the resonance conditions, namely, the transition di-
597.26-nm irradiation. This subtraction effectively isolatespole moment, the laser power, and collisional broadening
the effect of the laser beam on tpaHe™ delayed annihila- effects.

tion time spectrum. The spectrum can be separated into three After the laser pulse, however, the time evolution resumes
parts: (i) the time region 0.10—1.3&s preceding the reso- the form implied by Eqgs(1a) and(1b) with modified initial
nance spike, where the spectrum is zdi), the resonance populations. The difference between the population evolu-
spike itself (the next ~40 ng, and (iii) the depletion- tions with (N7, N5) and without (N5, N,) the resonance
recovery region following the spike, in which the spectrumspike obeys
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while the daughter population is increag@d (tg) > Na(tg) ]

The depletion-recovery time spectrum implied by E(@a)
16.210.5 ns and (3b) therefore decays with the daughter lifetimeNzy/

’ and recovers with the parent lifetime {1}, so that the life-
times of the two states can be directly derived from the shape
of the time spectrum.

In Fig. 6 the depletion-recovery spectrum of the
597.26-nm resonance taken at a target pressure and tempera-
ture combination of 0.55 bar and 6.3 K is shown. The recov-
ery rate of the time spectrum after the resonance spike indi-
Moty cates a lifetime of 1.50.1 us for the resonance parent state
-y (39,35). This lifetime agrees with the result of earlier experi-
ments at similar target conditions using thg“t,” method

’ [11].
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1 2 3 4 5 In previous experiments, the lifetimes and initial popula-
tions of thev =2 and 3 cascades were measuret], 12 by

thet;-t, method. EackEHe+ atom was irradiated with two
successive laser pulses tuned to the same resonance at inde-

S pendently varying times after formation of tipegHe' atom.
The first pulse at timé; induced annihilation from the last
Annihilation Time (us) metastable state of a constantascade sequence, the num-
ber of such annihilations thus constituting a measure of the
FIG. 6. Depletion-recovery spectrum of the 597.26-nm resoPopulation of that state ay. Natural feeding from higher
nance at 0.55 bar and 6.3 K. The lifetime of the resonance pareAgVelS in the cascade then refilled the parent state. The num-
state can be derived from the recovery rate of this spectrum; in thi§er of annihilations induced by a second laser pulse at time
case, the parent state,¢’)=(39,35 has a lifetime of 1.50.1us !> then measured the recovery of the parent state population
(lower inset with inverted scale betweert; andt,, and the population evolution of the parent
state was obtained. Since this evolution is determined by the
cumulative summation of antiprotons cascading through
d[NZ(t) =Ny (t)]= — N[ N](t) — Ny (t)]dt, (2a) ~ Multiple states, cascade models with two- and three-level
sequences adin=A/= —1 transitions were used to extract
d[NA(t) = No(t)]= — N[ N4(t) — No(t) ]t the lifetimes of individual states fro_m these measurements.
Of course, there are also contributions from radiative pro-
+APINS (1) —Ny(t)]dt.  (2b)  cesses that change=n—/—1 and furthermore internal
Auger processes, but calculations for the case of single iso-
Note that since the feeding from surrounding staiés ¥) lated atoms suggest that these contributions are all less than
is unaffected by the laser, the terms cancel by this subtract0% [9,25—-27,3(
tion. The solutions can then be expressed analytically as In the high-density regime, however, the cascade may no
longer be purely radiative. The profile of the delayed annihi-
N1(t) =Ny (t)=[Ni(t)) = Ni(to)Je ™%, (38  |ation time spectrum is known to change with density, indi-
cating that collisional processes affect state lifetimes. To
)\rla"[Ni(to)—Nl(to)] o study density effects on lifetimes, the depletion-recovery
N2(t) = Na(t) = e il method is preferable to thg- i
No—Ng preferable to the-t, method since the decay rates
of the resonance parent and daughter states appear directly in
the observed time spectrum and its results do not depend on

[ B. Comparison to previous methods

minus counts per 100 ns
3

N

Counts per 10 ns

0.2

+| N3(to) = Na(to) cascade models.
B NPENG(to) = Ni(to)] Crlt—tg) C. Lifetimes of the radiation-dominated states(n,/)=(39,39
No— Ny € ' and (37,39
(3b) The lifetimes of the metastable statesA) =(39,35) and

(37,34), which are the parent states of the 597.26-nm and
470.72-nm resonances, respectively, were determined at
wheret, is the time at the end of the laser pulse. various densities using the depletion-recovery method. The
Before the arrival of the laser pulse, the metastable parenhtensity of the 597.26 nm resonance spike measured at den-
state contains a larger population than the Auger-dominatesities between & 10°° cm™2 (corresponding to a target con-
daughter statg\;<<\,, N;(to)>N,(ty)]. The laser pulse dition of 0.2 bar and 6.8 Kand 1.9<10?? cm ™2 (8.7 bars
causes the parent population to decrefdsg(to) <N,(tg)], and 5.8 K is relatively constantFig. 7, left, indicating that
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FIG. 7. Profiles of the two resonances,{)=(39,35)—(38,34) at 597.26 nnfleft), and (37,34)-(36,33) at 470.72 nnfright),
measured at various densities. The 597.26-nm resonance intensity is independent of density, whereas that of the 470.72-nm resonance
diminishes as the density increases.

the state lifetimes and initial populations of states initk€3  states of the 597.26-nm and 470.72-nm resonances, by mea-
cascade are unaffected by the increase of collision rates witburing the decay rates of the resonance spikes. In the time
ordinary helium atoms in this density range. The recoveryspectrum of Fig. 6, the 597.26-nm resonance spike appar-
rate of the time spectrum after the resonance depletioently decays with a lifetime of~16 ns, while in earlier
showed the lifetime of the resonance parent state (39,35)ork similar lifetimes have been noted for the 597.26-nm
was constant at- 1.5 us regardless of densitfig. 8, lef).  [10] and 470.72-nnfi12] spikes. However, these are only the
In contrast, a drastic density effect was observed for thgpper limits of the actual lifetime of the daughter states
470.72-nm resonandeig. 7, rlghb. I_nsthe spectrum taken at [g 17] since during the 40 ns-long laser pulse, Rabi oscilla-
a target density 0p=1.2<10*° cm ® (0.1 bar and 6.4 K tjons under dephasing collisions cause relaxation of the reso-
the area under the resonance spike contained more than 4a,ce spike profile and also the time structure of the laser
of the total metastablpHe™ atoms, but as the density was pyise is convoluted into the spike, deforming its shape.
increased to 6 107! cm™® (2.7 bars and 5.8 K this dimin-  \when the laser pulse ends, however, the Rabi oscillations

ished to about 0.2%. The decrease of the spike intensityease and the spike begins to decay purely with the lifetime
indicates that high densities reduced the lifetime of the resos¢ e resonance daughter state, until the population of the
nance parent state (37,34), resulting in a reduced populatio&ate is fully depleted ’

gf tTetiSE}tre ch? tgﬁ; laser F;?'ngi arr|8ver? ﬁ;llh'“\; 1t—rr1]et The 597.26-nm resonance spike was measured at densities
epietion-recovery time spectrutitig. ©, rigny sNOws at — hetween 2 10?°and 1.9< 1022 cm 2 (Fig. 9, upper leftand
as the density increases frgme 1.2x 10°°to 3x 10 cm ™3, o )
e the lifetime of the spike after the end of the 40-ns laser pulse
the state lifetime decreases from=1.2 to 0.1us and then . . o
levels off at higher densities was obtained. The derived lifetimes of the state (38,34) were
' distributed around-=11+3 ns(Fig. 9, lower lefi.
- : N The 470.72-nm resonance spikésig. 9, upper right
D. Lifetimes of the Auger-éjo;;nsated states(n,)=(38,39 show a two-peak structure, which is a distortion caused by
and (36,33 the time structure of the excimer laser pulse. The more pro-
Next we determined the lifetimes of the Auger-dominatednounced effect of this structure on the 470.72-nm resonance
states 0,/)=(38,34) and (36,33), which are the daughterspike than in the 597.26-nm spike is a consequence of the
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FIG. 8. Depletion-recovery spectra of the 597.26-fheft) and 470.72-nnfright) resonances at various target densities. The lifetimes of
the radiation-dominated parent statas/) = (39,35) and (37,34) are plotted as a function of density. The (37,34) state becomes short lived
with increased density, while the higher-lying (39,35) remains unaffected. Theoretical radiative rates and the sum of radiative and Auger
rates are also showi33,34].

shorter lifetime of the daughter state (36,33) of the formettion of these differs. Previously, a double-resonance method
resonance, the short lifetime causing the spike to decawsing two simultaneous laser pulses was employed to detect
almost completely within the 40 ns length of the laserthe transition14].

pulse. Since the spike intensity decreases at high densities To distinguish the laser-induced annihilation from the
(see Fig. 7, we used comparably low-density targets be-spontaneously decayingHe" atoms comprising the con-
tween 16° and 1G* cm ™. A lifetime of 7=5+2 ns was  (inyous spectrum() the lifetime of the resonance spikend

thus derived for the daughter state (36,33). hence that of the daughter stateust be less than 0,5s and
) (i) there must be a population difference between parent and
E. Detection of the 529.62-nm resonance daughter states before the arrival of the laser pulse. Favor-

The resonance transitiom /) =(38,35) — (37,34) at a able conditions to observe the resonance could be achieved
wavelength of 529.62 nm was observed using the phenonwith target densities of 1:810?* cm~3 (corresponding to
enon that the resonance daughter state becomes short livedlad bar and 6.5 K as the lifetime of the daughter state
high density. Normally, at densities belowxd.0?° cm~3,  (37,34) shortens to 0.5s at this valudsee Fig. 8, right As
detection of this transition as a single resonance is difficulexpected, when such a target density was used and the laser
because both parent and daughter states are metastable witined to the resonance wavelength of 529.62 b4}, a reso-
~ 1-us lifetimes and the laser pulse can only affect the nenhance spike was detected, which decayed with a lifetime of
transfer of antiprotons between the two states if the populad.5 us (Fig. 10.
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FIG. 9. Detail of the 597.26-nnfleft) and 470.72-nm(right) resonance spikes at various densities. The derived lifetimes of the
Auger-dominated states (/") =(38,34) and (36,33) are plotted as a function of density. The Auger rates derived from atomic configuration-
interaction(Cl [24]) and molecular variationgV/C [30,31] and ME[34]) calculations are shown.
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the resonance daughter state (37,34) can be seen.
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The depletion-recovery spectrum showed that as the tapeared at early times in the time spectrum, with a decay rate
get density was increased from X30?* to 3x10? cm™2  increasing sharply from 1 to-25 us i At p=9x10?°
(1.9 bars and 5.8 X the lifetime of the resonance daughter cm~2 (0.73 bar and 6.3 K the component decayed com-
state (37,34) shortened from 0.5 to Quk (which agrees pletely within 0.1us after the arrival of the antiproton in the
with the results of the measurements using the 470.72-nrrarget gas and was therefore eliminated from the recorded
resonance shown in Fig),8vhereas the parent state retainedtime spectrum by the veto of prompt annihilation events
a lifetime which was longer than 0,8s. In this region, the mentioned earlier.
resonance intensifies with higher densities because the re- As the density was further increased fromx 20?° to
duced lifetime of the daughter state ensures a larger differ3x10?* cm~2 (1.7 bars and 5.8 K a second short-lived
ence between the populations of the two states at the arrivabmponent appeared in the time spectrum, the decay rate of
time of the laser pulse. At a density o860’ cm™2 (2.7 which increased from 2 to s ! and then leveled off at
bars and 5.8 K however, the resonance intensity decreasedhigher densities, reaching=7 us ! at a liquid helium den-
and finally the spike nearly disappeared at a density of 1.&ity of p=1.9x 10?2 cm~2 (8.7 bars and 5.8 K
X 1022 cm 3 (5.8 bars and 5.8 K This behavior is related to
the density dependence of the parent and daughter state IV. DISCUSSION

populations, which will be described elsewhere. The observed decay rate of state) at a target density

p may be written

)\n,/(P)zRn,/+An,/+Dn,/(P)v (4a)

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

In Fig. 11 (left), the delayed annihilation time spectra
measured at various densities betweer<IL@?® cm~° (0.1 \where the net radiative and internal Auger rates of state
bar and 6.3 Kand 1.% 107 cm™3 (87 bars and 5.8 ](are (n,/) at zero density are
shown. Previous studies have demonstrated that cascade

models with three or four components are needed to fit the R =R (4b)
entire profile of the time spectrufd—5], but here we restrict n/ T & T /ontAnsx 1

our interest to the part of the spectrum immediately follow-

. —_ + . -

ing pHe"™ atom formation, i.e., between=0.1 and 3.0us, An, = E An/nansias- (40)

as this is the most sensitive area to changes in the density of AMA/

the target gas. The time spectra were fitted with double ex-

ponentials for the time range=0.1-3.0us and the decay HereR, , .nian =1 iS the radiative rate for individual tran-
rates of the two componentene long lived, the other short sitions between statem(”) and (W+An,/*1), whereas
lived) are plotted as a function of densitlyig. 11, righ). As  An, _.n+ans+a- iS the internal Auger rate for transitions
the target density was increased fromx10?° to 4x102°  between statesn(/) and (+An,/+A/) having a multi-
cm™2 (0.37 bar and 6.3 K a short-lived component ap- plicity L=|A//|. The summation is over all the possible de-
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TABLE |. Decay rates of the radiation-dominated statesadiabatically from the low-vibrational and high-rotational
(n,/)=(39,35) and (37,34) and the Auger-dominated statesmotions between the antiproton and the helium nucleus
(38,34 and (36,33 extrapolated to zero density. Theoretical radia- [26,27]. A variational calculation of the three-body system

tive and internal Auger decay rates are included. has also been done using a set of simple trial functiBog
while another molecular-expansion variational calculation

State Experiment  Theor. radiative Theor. Auger  ysed correlated trial functions that take into account the

(n,/) (us™) (us™h) (us™) nonadiabatic electronic motion by including contributions

from the azimuthal magnetic componemntss, and 6 of the

a — 4 a
(39.39 0.65+0.02 0.611(CI) 6.7<107" (C) electronic orbita[32]. Recently, the latter method has been

b . C . .
0.622(BO) expanded to include the relativistic motion of the electron
0.627(BO) © [33].
0.597(vC) ¢  ~10x102(vC)¢
0.617(ME) ® 7.0x1072 (ME) © A. Radiative decay rates
2.8<10°* (ME*) ' The radiative transition rates between two given states

(Rn./—n+an+1) calculated using atomic configuration-

a —2 a
(37,39 0.670.05 0.733C1) 2.7X10° (C1) interaction [24,25, molecular Born-Oppenheimdi26,27),

b
0.758(BO) . and variational wave functiorf80,33 are in mutual agree-
0.760(BO) ment within 10%. According to these calculations, the net
0.713(VC) ¢ ~2x107* (ve) radiative decay rates of the states,{)=(39,35) and

0.737(ME)®  1.9x10 ! (ME)® (37,34) are around 0.6s™* and 0.7us ™!, respectively(see
7.4x10°2 (ME*) f Table ). Due to the effect of the Coulomb polarization of the
electronic cloud by the antiproton, the radiative rates are de-

(38,39 90=20 0.683(Cl) @ 85(Cl) ® creased by a factor of 3 compared to the results of calcula-
0.700(BO) ° tions in which such electron-antiproton correlations are ne-
0.693(BO) © glected.
0.685(VC) ¢ 140(vC) ¢ In Fig. 12 the decay rates of the states (39,35) and

e (37,34) derived from the experiment are plotted as a function
130(ME) . ) .
130(ME*) | of density. When linearly extrapolated to zero density, the
decay rate of state (39,35) was=0.65+0.02 us ! (Fig.

(36,33 220+80 0.820(Cl) 2 150(Cl) @ 12, leff), whereas the decay rate of state (37,34) at zero
0.829(BO) ® density was\ =0.67+0.05 us~ ! when only the seven data
0.823(BO) °© F?indtSTar: low dlensity(Fig. 12_,thri?hh) ar? Iilnizaély Z)_(t[[_apo- t
0.814(VC) ¢ 240(VC) ¢ ated. These values agree wi e calculated radiative rates

within the experimental error.
240(ME) ©
f
230(ME™) B. Internal Auger decay rates

ZConfiguration-ipteraction ca!culation from Ré¢R4]. The Auger ratesA, ,_.n+an.~+a,) have been calculated

Born-Oppenheimer calculation from R¢26]. using the atomic configuration-interacti¢24] and molecu-

ZBth-QppenhEImﬂ_ calculation from R¢R7]. lar variational[30,31,33—3% wave functions by applying a

Variational calculation from Ref$30,31. first-order perturbation formuléFermi’s golden rulg while

*Molecular-expansion variational calculation from Réf33,34. a variational scattering calculation based on a molecular ex-

fAuger calculation from Ref35], using molecular-expansion wave pansion of the wave functions has also been d@%:34.

functions from Ref[32]. The results indicate that internal Auger processes dominate

(An/—n+ans+a, > 10 us™ 1) for states from which multi-
cay channels. The terf, ,(p) represents the total rate of plicity L=|A/|<3 transitions to energetically lower-lying
density-dependent processes depleting the stat€)( S0 e?+ states are possible. The=3 Auger transition rates
that this effect disappears at zero density. o alculated by these methods agree within a factor ¢ge2

The wave functions, level energies, and state lifetimes Ofrgpe ): the precision of the molecular variational calcula-
isolatedpHe™ atoms have recently been calculated to hightions is claimed to be 10% according to Rdf30,31,33. In
precision in a number of theoretical approaches. In one ofontrast, the calculations of the strongly suppressed4
these the electronic motion is expressed using atomic Slatexuger transition rates are complicated by the small values of
type basis functions centered on the helium nucleus and thie transition matrix element, so that only rough estimates
antiprotonic basis functions are calculated in the adiabatigre presently availablg24,30,31,33
potential of the 1s electronic state; the total atomic For the Auger-dominated statesn,¢)=(38,34) and
configuration-interaction wave functions are then obtained ag36,33), the measured decay ratest@® us ' and 220
a linear combination of products of these basis functions+go ,s7!, respectively, agree with the results of calcula-
[25]. Molecular Born-Oppenheimer calculations have alsttions within experimental errofsee Table)l For the meta-
been carried out, in which thgHe* system is considered as stable states (39,35) and (37,34), upper limits of the Auger
a one-electron molecule with two nucl¢he antiproton and rates can be obtained by comparing the calculated radiative
the helium nucleysand the electronic motion is separated rates with the experimentally measured zero-density decay
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FIG. 12. Decay rates of the states,{)=(39,35) and (37,34) measured at various densities using the 597.26-nm, 470.72-nm, and
529.62-nm resonances. Radiative rates from Born-OppenhéB@e[26,27)) and variational calculations (Vg [30] and ME4[33]) and
the sum of Auger and radiative rates from atomic configuration-intera¢@ri24]) and variational calculations (Vi [30,31, MEayg
[34], and ME, 4 [35]) are shown.

rates(Figs. 8 and 1@ The upper limits for the Auger rates of
both states are- 0.1 us !, which agrees with the decay

10 - T rates calculated by atomic configuration-interaction and mo-
- — lecular variational methods.
= £ N= =l
9 i A | g C. Density-dependent lifetime shortening
@ It appears that collisions with external helium atoms

% B strongly reduce the lifetimes of the lower-lying metastable

D
[ state ,/)=(37,34), while they leave the energetically
g higher-lying state(39,39 unaffected. The staté39,39 re-
a tained the radiative rate of 0&s ! even at liquid-helium
) densities, whereas the decay rate of the s{8®34 in-
A DATS short-lived component creased nonlinearly with target density, from the purely ra-
1L ® 470.72nm parent diative value o\ =0.8 us tatp=10°cm 3toA~8 us !
I © 529.62nm daughter atp=3x 107 cm 3, then leveled off at higher densitiésee
P BN Fig. 12. At present, we have no understanding of the mecha-
2 4 6 x10% nisms that cause this state-dependent lifetime shortening.
Atomic density (em™) The delayed annihilation time spectrum was found to con-

tain several decay components that become short lived in

FIG. 13, Correlation between the decay rates of the Stat%i h-density helium, while others remain relatively unaf-
(n,/)=(37,39 measured using the 470.72-nm and 529.62-nm gt d )I/: 1 T,h i t . tiall y
resonances, and the short-lived component in the delayed annihilggC ed(see Fig. 11 The time spectrum is essentially a sum-

tion time spectrun{DATS). The decay rates are in good agreementmat'on of ant|pr_ot_on_s cascading through all pos_5|ble chan-
at densities between 1Dand 6x 10?1 cm~3, indicating that the nels before annihilation, so that several conclusions can be

state(37,34 is one of the principal contributors to the short-lived drawn from it concerning the reaction of tTIpeHe* atom to
component. collisions. First, the lifetimes of some levels are greatly
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TABLE II. Decay rates of the radiation-dominated states/()=(39,35) and (37,34), measured at
various target densities, and decay rates of the delayed annihilation time spé@#i8). The time region

t=0.1-3 us following EHe+ atom formation is fitted with two components and\ .

Density Pressure Temperature State decay rate DTS DATS N,
(10%cm™3) (bar) (K) (s (s (us™)
(n,/)=(39,35 state using the 597.26-nm resonance
2.0£0.3 0.19-0.02 6.8-0.3 0.66-0.06 3*+2 0.15:0.01
6.6-0.2 0.55-0.02 6.3-0.1 0.69-0.05 17.30.9 0.199-0.003
7.1x0.3 0.59-0.02 6.4-0.2 0.64-0.03 7*+2 0.204+0.002
12.5+0.5 1.00-0.03 6.4-0.2 0.63£0.02 2.53:0.05 0.25@:-0.003
150*+10 4.5+-0.2 5.8:0.1 0.69-0.07 7.0:0.1 0.3770.006
194+7 8.7£0.3 5.8:0.1 0.68-0.07 7.0:0.2 0.419-0.009
(n,/)=(37,39, 470.72 nm
1.2+0.1 0.106:0.007 6.3:0.2 0.8£0.1 1.1+0.1 0.133-0.003
15+0.1 0.1210.007 6.0-0.2 0.8£0.2 2.4-05 0.122-0.006
2.0£0.2 0.170.01 6.3-0.2 0.84-0.08 2504 0.147-0.003
2.5x0.2 0.22£0.01 6.4-0.2 0.86£0.03 4.0:0.1 0.1370.003
4.4+0.5 0.37:0.03 6.3-0.2 0.99-0.07 26£7 0.157-0.002
6.9+0.3 0.570.01 6.4-0.2 1.25-0.07 17.6:0.9 0.206-0.002
9.0£0.3 0.729-0.06 6.3-0.1 1.34-0.07 2+1 0.223:0.004
11.8+0.3 0.94-0.03 6.3:0.1 1.9:0.1 2.6:£0.4 0.25:0.01
12.9+0.4 1.070.02 6.6-0.2 1.9+0.1 2.5:0.2 0.25-0.01
15+1 1.13+0.08 6.3-0.1 3.0£0.3 3.0:04 0.270.01
16.2-0.7 1.05-0.04 5.5-0.2 3.8£0.3 3.0:0.3 0.26£0.02
20+1 1.29+0.07 5.5-0.2 4.4-0.3 4.1:0.1 0.294-0.005
28+2 1.73+0.08 5.8:0.1 9*1 5.7£0.5 0.33:0.01
363 2.1x0.1 5.8£0.2 8+3 5.7£0.5 0.36£0.01
45+ 4 2.4+0.1 5.8:0.2 6x3 5.8:0.1 0.384-0.005
58+ 6 2.72+0.06 5.8:0.1 8+2 5.7£0.1 0.383-0.006
(n,/)=(37,34, 529.62 nm
12.6£0.5 1.03-0.04 6.5-0.2 1.9:0.3 2404 0.24-0.01
20+2 1.19+0.07 5.3:0.2 4.4-0.5 4.04-0.07 0.287-0.004
31+6 1.9+-0.1 5.8£0.1 7.7+0.9 6.0:0.6 0.34-0.01
60+ 10 2.7+0.3 5.8£0.2 8+2 5.6£0.2 0.39-0.01

shortened with increasing density, while those of others ar&he lifetime of this state is in good agreement with the life-
not. One or more density-shortened stgitenust exist to  time of the short-lived component that appears at early time
account for the\~6 us™* short-lived component in the de- regions in the delayed annihilation time spectrum at densities
layed annihilation time spectrum at densities abowel8'  petween 18" and 6x 102X cm™3 (see Fig. 13 and Table)ll
cm™°. The majority of metastable levels, however, must re-This indicates that the state (37,34) is one of the principal
tain their radiative lifetimes, since the long-lived componentcontributors to this short-lived component. An example of a
containing most of the decayingHe® changes relatively state not affected by density changes was also found:
litle (\~0.15us tatp=2x10cm 3 N~0.4 us 'in  (39,35), which is presumed to contribute to the long-lived
liquid helium atp=2x10°” cm™3 [1-4]). component in the delayed annihilation time spectrum that is
Second, in order to account for the short-lived componentye|atively unaffected by density.
direct antiproton capture into at least one of these density-

sensitive states must occur when hide* atom is initially V. SUMMARY AND CONCLUSIONS
formed. If the antiproton were instead captured in higher- ) ) )
lying metastable states, the time required for cascading down_The three resonances of metastable antiprotonic helium
into the density-sensitive state would introduce an additiona{p He") atoms, €,/)=(39,35—(38,34 at 597.26 nm,
delay and never produce such a short-lived component.  (37,39—(36,33 at 470.72 nm, and38,35—(37,34 at
These conclusions are proved by the present laser sp3529._62 nm, were studied using laser-induced annihilation,
troscopic study of individual state lifetimes, in which we for pHe" atoms formed in pure helium gas at pressures be-
have identified a specific density shortened state (37,34) thalveen 0.1 and 9.0 bars, and temperatures between 5.5 and
lies at the border between metastable and Auger-dominated0 K. A laser spectroscopic method was developed to di-
states in the initially populated regiam~+M*/m,=38.3.  rectly measure the lifetimes of individual states, and the life-
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times of the two metastable staté39,35 and (37,39 to-  us !, respectively, which agree with Auger rates calculated

gether with two states with large Auger widtf8,34 and  ysing configuration-interaction and molecular variational
(36,33 were obtained. The time spectra of these resonancggaye-functions.

show depletion-recovery profiles, characterized by a decay
with the lifetimes of the resonance daughter states, and a
recovery with the lifetimes of the parent states. Using these
characteristics, the state lifetimes can be directly determined
in a model-independent way. The state (39,35) had a zero- We appreciate the hospitality and support provided by
density decay rate of 0.6Bs™*, with no significant change CERN staff during our experiment. We would particularly
between densities of>210?° and 1.9<10*2 cm™2. In sharp  like to thank the PS division staff for their untiring efforts in
contrast, the decay rate of the state (37,34) increased nonliproviding us with a stable antiproton beam. We are indebted
early with target density, from 0.8s™* at 1.2<10°°cm™®  to the CERN cryogenics laboratory for their expertise in de-
to ~8 us ! at 5.8< 10° cm~3. This state is responsible for signing, manufacturing, and testing our target cryostat. We
the short-lived component that appears in the delayed annwish to thank V. I. Korobov, K. Ohtsuki, and O. I. Kartavt-
hilation time spectra at densities aboveé€m 3. Using the  sev for many valuable discussions. The present work was
shortened lifetime of the state at high density, the resonancsupported by the Grants-in-Aid for Specially Promoted Re-
(38,35)—(37,34) at 529.62 nm was detected. The measuredearch and for International Scientific Research of the Japa-
lifetimes of the metastable states (39,35) and (37,34) at theese Ministry of Education, Science, Sports and Culture, the
zero density limit agreed with radiative rates calculated withGerman BundesministeriumiflBildung, Wissenschaft, For-
configuration-interaction, Born-Oppenheimer, and moleculaschung und Technologie, and the Hungarian National Sci-
variational methods. The Auger-dominated states (38,34gnce Foundation. H. A. T. acknowledges support from the
and (36,33) had decay rates of 920 us ' and 220-80 Japanese Society for Promotion of Science.
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