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The time evolution of the state populations in then—-¢-1=2 and 3 retastable cascades of antiprotonic
helium (p*He") atoms were studied using laser spectroscopy. The antiprotonic &tates (39,35, (40,36,
and(41,37 in thev =3 cascade were estimated to initially contain, respectivel28+0.04%, (0.06+0.02%,
and (0.02+0.01% of the antiprotons stopped in the helium target, while the corresponding values for states
(37,349, (38,35, and (39,36 in the v=2 cascade wer€0.21+0.04%, (0.49+0.07%, and(0.19+£0.07%.
The shortening of the state lifetimes due to collisions betwglga" and helium atoms was studied. As the
atomic density of the target was increased frpm2x 10%° to 2Xx 10?1 cm™3, the lifetime of state(37,34
decreased by an order of magnitude, whereas the higher 63835 and(39, 35 were relatively unaffected.
Between densitiep=6x 10?0 and 2x 10?2 cm 3, a short-lived component with a time constant 0.2 us
appeared at early times in the delayed annihilation time spectryHef, while the total fraction of long-lived
antiprotons decreased from 3.0 to 2.5%. These effects were caused by the lifetime-shortening ofpsedcific
states such a&7,34.
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[. INTRODUCTION method. The effect of collisions betweghie* and ordinary
welium atoms on the atomic cascade is also studied. The
measurements were made using pulsed and continuous types
of antiproton bean(9,10] supplied by the Low Energy An-
tiproton Ring(LEAR) of CERN. Although the experiments
- o . reported here ended in 1996 with the closure of LEAR, there
distributions of these atoms over principa) and orbital is renewed interest in these unpublished data, in light of re-

angular momentunt¢) quantum numbers in the=n-¢ cent resultg§11,12 produced at CERN’s Antiproton Decel-
—-1=2 and 3metastable cascades using a laser spectroscopéqator(AD)_

When antiprotons are stopped in a helium target, a 3
fraction survive with an average lifetimg, =3—4 us [1-6]
by forming metastable antiprotonic heliunppHe'=p~
+He?* +e7) atoms[7,8]. In this paper, we study the initial

Experimenta[12-19 and theoretical studies have shown
that five phases can be discerned in the life history of meta-
*Present address: Department of Physics, University of TokyostablepHe*. (i) Capture when an antiproton collides with a

7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan. helium atom at electron-volt energies, it may replace one of
"Present address: RI Beam Science Laboratory, RIKEN, Wakothe electrons orbiting the helium nucleus, and become cap-
Saitama 351-0198, Japan. tured into apHe" state. This occurg12,20-28 with the

*Present address: Institute of Physics, University of Tokyo, 3-8-1highest probability into states withvalues of about
Komaba, Meguro-ku, Tokyo 153-8902, Japan.

SPresent address: Paul Scherrer Institut, 5232 Villigen PSI, Swit- n~ny=VM'/m,=38.3 (1)
zerland.

'Present address: Department of Physics, Faculty of Sciencéwhere M™ is the reduced mass of the antiproton-helium
Kyoto University, Kyoto 606-8502, Japan. nucleus system, and, the electron mags which corre-
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FIG. 1. Portion of the level structure @f*He", with observed transition wavelengths shown in nanometers. The solid lines indicate
radiation-dominated metastable states, the wavy lines Auger-dominated short-lived states. The theoretical values fae,Adgand
radiative transitiorf32] rates from some statén,¢) are shown. The broken lines indicgiEle?” ionic states formed after Auger emission,
the curved arrows indicate Auger transitions with minim{tef|. On the left-hand scale the theoretical absolute energy of each state is
plotted relative to the three-body breakup threshold.

sponds to an antiproton orbital with the same radius andtarted at LEAR[13-17, which delivered antiprotons as ei-
binding energy as the displaced électron. Auger emission ther a single high-intensity pulse containing <30’
of the second electron is suppressed for states with large —1x 10° antiprotons and lastingit~200—300 ns, or as a
values(Fig. 1) [7,8,29. (ii) Thermalization the pHe" atom  continuous, low-intensity beam at rates10* p/s. Meta-
initially recoils with roughly the same momentum as the in-stablepHe" atoms were produced by stopping either variety
coming antiproton, but cools down within picoseconds byof beam in a helium target. They were irradiated with a reso-
colliding with the surrounding helium atomsi) Metastable  nant Jaser pulse, which induced antiproton transitions be-
cascade The antiproton cascades down through severa}cen adjacent pairs of metastable and short-lipkts*
metastable levels by making successive radiative transitiongateqFig. 1). This forced the immediate annihilation of an-
\gltrlgfefmes;]c 1k—2 KS, ;]hesga be!ng [l)rlmarlly of the type tiprotons populating the metastable state, thereby producing
_n__ge__l_lsé %t eepstt i v_||_bhrat|otna: quantuir;] nu][nberb a sharp spike in the delayed annihilation time spectrum. In
=n . [30-33 constant. € stales can thereiore bey, . example spectrum shown in Figga)2and 2b) measured
grouped into the cascade sequenge®,1,2,3...(iv) Au- ; . . .
ger decay The antiproton finally reaches a short-lived state,usmg’ respectively, the pulseq .and cczntlnuous types of anti-
from which Auger decay to an ionic state occurs within a fewProton beam, the laser tranS|tlcﬁp,€)—(39,35—> (38,34
nanosecond$8,22,33. (v) Stark mixing and annihilatign &t wavelengthiA=597.3 nm was induced dt=1.6 us. The
the antiprotonicf-levels in the daughtepHe?* ion are de- intensity of the anr]|h|lat|on spike was propor.t|on.al to the
generate, so that collisional Stark effects mix the antiprotoni®0PulationP(se 35(t) in the parent state at By adjusting the
states with theS, P, andD states at hign, causing imme- timing of the laser pulse betwe¢r 0.3 and 1Qus, the time
diate annihilatior{34,35. The consequence of the above se-€volution of P(zq 35(t) was measured, from which the pri-
quence of events is that the measured lifetime of antiprotonsary populatiorP 3g 35(t=0) was estimated by extrapolating
exhibits a slowly decaying component in the delayed annihithe data tat=0.
lation time spectrum, extending for several microseconds Both types of antiproton beam had advantages and disad-
from the instant they were stopped in the helium target.  vantages; in experiments using the pulsed antiproton beam
Laser spectroscopic studies of the primary population$36], large numbers opHe" were produced simultaneously
P(n¢(t=0) [i.e., the number of antiprotons populating a statein a way which allowed the state populations at very early
(n,¢) at atomic formation, normalized to the total number oftimes (t=0.3 us) to be studied[11,12. The spectra, how-
antiprotons stopped in the targjaind lifetimes ofpHe" were  ever, contained a large background caused by delayed
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FIG. 2. Delayed annihilation time spectrum measured using a

pulsed antiproton beam, with the resonance transitian)
=(39,35—(38,34 at wavelengthA=597.3 nm induced att

=1.6 us (). The hatched area represents the estimated contribution
of 7" — u*—¢€* decay. The background-free spectrum was mea-
sured using a continuous antiproton beam at the same target condi-
tions, the spike was induced at the same timinyg 2NN _!\_

Laser pulse

positrons(i.e., those produced by*— u*— €* decay [36],
which could not be eliminated or accurately quantified due to
the analog nature of the measuremésege Sec. ) This Continuous
made it difficult to estimate the absolute number of antipro- antiproton beam
tons populating th@He" states, normalized to the total num-
ber of stopped antiprotons. In experiments using the continu-
ous antiproton beanmpHe* were produced in an event-by-
event manner, allowing the antiprotons occupying individual
metastable states to be accurately counted under background-
free conditions. Due to technical reasasse Sec. ) how- FIG. 3. Schematic layout of the experiments using pulsep)
ever, the laser could not be fired at time regionsd"d continuougbottom antiproton beams.
t<1.6—1.8us [14]. We therefore used the pulsed antiproton
beam to measure the relative values of the populations at
early times, then relied on spectra obtained using the corflecreased fromrsz3,=1.2us at p=1x10°cm to
tinuous beam to correctly normalize them. 0.13us at 5.8<10? cm 3. In the present work, we mea-
We recently used the AD to study the primary populationssured the effect of collisions on the population evolution of
of 20 metastable states in the isotopékle andp®He [12]. states in thev=2 and 3 cascades, at densities betwegel
The regionn=37-40 accounted for nearly all of the ob- X 10?° and 1.2< 10??> cm 3. Systematic measurements of the
served 3% fraction of antiprotons captured into metastabléelayed annihilation time spectrum undisturbed by laser irra-
states, which agreed with the estimation of Et). Unlike  diation were also made at densitiep=6x 107°-2
LEAR, however, the AD can produce only a pulsed antipro-x 10?2 cm3,
ton beam, with a significant” — u* — €* background in the The deduction and normalization of the primary popula-
measuredpHe™ spectra. The work of Ref[12], therefore, tions is a complicated task, but it has been done and
critically depended on comparisons with the data and analypresented here. The paper is organized in the following
sis reported here to obtain accurate values on the primanyay. Section Il describes the laser spectroscopy experiments
populations. of pHe' using pulsed and continuous antiproton beams
In a previous papefl7], the shortening of the state life- in some detail. Precise measurements of populations depend
times caused by collisions betwephle® and helium atoms on a variety of factors, the estimations of which are pre-
was studied. State(39,35 had a lifetime 73935 sented in Sec. lll. The experimental data on #he2 and 3
=1.5+0.1us, which was relatively unchanged betweenmetastable cascades @He" are described in Sec. IV.
atomic densities of the helium targgi=2x10?° and Finally, some discussions and conclusions are given in
1.9x 10?2 cm3. In contrast, the lifetime of staté37,34  Secs. V and VI.

Scintillation beam counter
Electromagnetic shower counters
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Il. EXPERIMENTAL METHOD The metastable atoms were irradiated by laser pulses fired
into the target, collinear with the antiproton beam but in the

A E i t i Ised antiproton b . , .
] Xperments using a pu'se _an proton beam . opposite direction. Two sets of dye lasers pumped by XeCl
In Fig. 3 (upper half, the experimental layout wherein oycimer lasers were used to produce 15-mm-diam,

2000530()?”3"0”9 p!"ﬁ'? containing b_e;wee;n B and 1 40-ns-long laser pulses with bandwidtfis-6 GHz and en-
X 10° antiprotons with kinetic energig=21 MeV were in- ergy densities® ~1 mJ/cnt. By independently adjusting

Jt(;?]tsei? Irlitr%: (S:{XJOC%SP;C :ﬁ;ﬂm rtg]fi?eeto'fs tﬁgg?ﬂm;—é‘s \I/\r/](;re the timings of the two lasers relative to the arrival time of the
Y ' b b antiprotons,pHe* transitions were induced at various times

measured by a parallel plate ionization chami3f placed betweert=0.3 and 10us. The transition wavelengths shifted

in the beam upstream of the target. The tal was a ; .
150-mm-long, p70-mm-diam stai%less-steel rgf/?inder, intoPy 1-10 GHz[11,19 as the target density was increased,

which the antiprotons entered through a 0.5-mm-thicka”d so the laser wavelength was corrected for this shift.
copper-beryllium window. A 20-mm-diam quartz window
was affixed to the opposite end of the chamber to admit the B. Experiments using a continuous antiproton beam
laser beam. Measurements were made using helium gas at
pressuresP=0.1-3.5 bar and temperaturds=5.8—6.6 K.
Hereafter we express each target condition in atomic densit
p (in cm™3), pressureP (in ban, and temperaturd (in de-
grees Kelvin.

Some 97% of the antiprotons annihilated promptly after.

The layout of the experiment using a continuous antipro-
n beam is shown in Fig. @ower half) [13,17,4Q. Antipro-
ons were injected into the target at a réte 10* s™*. Since
the metastablgoHe" annihilated with an average lifetime
Tavg=3—4 us, only one atom existed in the target at a time.

stopping in the helium, whereas 3% of them formed betwee he a”'V?" of gach _antiproton - was detected ”by a
.5-mm-thick plastic scintillation beam counter positioned

X X 107 pHe" i
1x 10° and 3x 10" metastablepHe” atoms with an average upstream of the target. Its annihilation was identified with

lifetime 7,,,=3—4 us against annihilation. The charged - ;
pions emerging from these annihilations produced Cheren&_)Q.?iO.l% efficiency by seven shower counters surrounding

kov light in 2-cm-thick acrylic detectors placed around thethe target. The annihilation time was thus measured relative

target[36]. Neutral pions also emerged, and decayed intd® the time of passage of the antiproton through the beam

+ +
-ray pairs with a lifetimer=0.08 fs[38]. An estimated 30% COUNter. The background due 16 — u*—e" decay was re-

of the y rays converted into electron and positron pairs whileje.CteOI by req“‘”’?g the sim_ul_tan_eous detection O.f at least two
ions produced in an annihilation evddQ]. In this way, a

traveling through the target walls, and these also produce . !
9 9 9 b ackground-free spectrum containing®200°® events which

Cherenkov light in the acrylic plates. The rate of annihila- A
tions was so high that individual particles could not be re_showed both the prompt and delayed annihilations was ob-

solved. Instead, the Cherenkov detector produced a sing |_ned[gl,6]. Tlhte Iafﬁr %ullsest;]eache.d the Barﬁat:alﬁ MS bl
continuous light pulse consisting of an extremely bright, 9. Ab)] or later, this being the minimum delay achievable

200-300-ns-long flash from the promptly annihilating anti—by the method of |dent|fy|_ng th_e randomly occurring meta-
protons, followed by a much longgnit~ 20 us) but less stable events, and then triggering the excimer lasers.
intense tail from delayed annihilations of the metastable

pHe". This light envelope was detected by a gateable fine- I[ll. ESTIMATION OF THE PRIMARY POPULATIONS

mesh photomultiplief36], and the analog wave form of the
anode signal was recorded by a digital oscilloscfpi.
2(a)]. The photomultiplier was deactivated during the initial ~ The primary population®, ¢ (t) were estimated using the
flash, in order to suppress the strong burst of photoelectronf®llowing formulas,

which would otherwise saturate the detector or produce spu-

rious afterpulse signalf36]. Due to this gating, however, Pino(t) = M (2a)
information about the prompt annihilation could not be ob- ' efsiod 1 —fracd

tained. Afterwards the detector was reactivated so that the

delayed annihilation was observed starting from0.2 us. f

The spectrum contained a strong background with a time ftrap:ﬁ}%, (2b)
constantr~ 2 us, produced in the following way(i) the n

low-energy 7*-mesons emerging from the annihilations the variables beingi) f;,, the probability of a stopped an-
stopped in the target walls or in the detect@ir) these de- tiproton forming a metastable atom and surviving more than
cayed into positive muons with a lifetime=26 ns[38], and 20 ns, (i) fgelayeq the number of delayed eventhose ap-
further decayed into positrons with a lifetime2.2 us and  pearing later thari=20 ns in the delayed annihilation time
average energ¥E=40 MeV, (iii) some of these positrons spectrum normalized to the total number of annihilations,
struck the detector and produced delayed Cherenkov phdii) f,,« the probability of an antiproton undergoing an in-
tons. This background could not be distinguished from thdlight nuclear reaction and annihilatingy) I: the measured
signal produced by the metastable atoms, which containeihtensity of the laser-induced annihilation spike, normalized
multiple decay components with lifetimes0.2—-5us. The  to the total number of delayed annihilatioris) «: the effi-

7 -mesons did not produce a long-lived background, sinceiency of the laser pulse depleting the metastable population
they formedn~ atoms and were absorbed immediately by thein the resonance parent stagei) g, the probability of an
atomic nuclei[39]. antiproton stopping in the volume of the helium target irra-

A. General method
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FIG. 4. Estimated ratios of antiprotons stopping in the volume of the helium target irradiated by the laser beam, as a function of
polyimide degrader thicknegg),(b). A two-dimensional projection of the target chamber, showing the spatial distribution of the stopped
antiprotons at two target densities, and the degrader thicknesses indicated by the(@xtdys

diated by the lasetyii) f . the contribution of background ty was within +0.01 g/crh of the value predicted by the
events in the delayed annihilation time spectrum caused bgbove simulation. Slightly smaller values tf were used
7t — u*—e" decay. In the proceeding subsections, we willduring measurements @He" time spectra undisturbed by
discuss these factors and estimate their values. the laser irradiatiorisee proceeding subsectjpthereby en-
suring that very few antiprotons annihilated in the entrance
window of the target.
B. Estimations of stopping distributions and in-flight The fractionf,,. of antiprotons that underwent in-flight
nuclear reactions nuclear reactioné.e., high-energy antiprotons colliding with

A Monte Carlo simulation of antiprotons slowing down the atomic nuclei and annihilatingn the beam detector, de-
and stopping in the helium target was made, using the ex@rader foil, copper-beryllium window, or helium gas was
perimental values for the energy logsl,47 and including also estimated in the above Monte Carlo simulation. We
the multiple scattering effect according to the Moliere distri- tracked the trajectories of 1@imulated antiprotons fired into
bution, and the energy straggling effect according to thet helium target of densitp=9x10°°cm™® (P=0.6 bar, T
Vavilov distribution. The antiproton beam passing through=5.5 K), until they stopped or annihilated in-flight. The
the copper-beryllium window was estimated to have a largéimulation used the following cross-sectiomg, of antipro-
emittance(E > 5007 mm mrad, kinetic energy distribution ton annihilation on various target nuclgi) hydrogen the
(E=1-2 MeV), and diameted=8—10 mm), so that they €xperimental cross section of tipe-p reaction measured at
stopped in a relatively large volume in the helium depending?ntiProton momenta betweep=40 and 200 MeV/c[43]
on the target density. The average energy of the antiproton¥ere utilized, whereas theoretical values 43 were used
emitted from the window was adjusted by varying the thick-
nessty of polyimide (Ube Industries Upilex-Bdegrader foils 10 AL cuBe window
inserted in the beam upstream of the target; the fradtigp
of antiprotons stopping in the volume of helium gas irradi-
ated by the 15-mm-diam collinear laser beam, to the total
number of stopped antiprotons, was thus maximized. In Fig.
4(a), the simulated dependence ff;, on tq is shown at a
target densityp=9x 10°° cm 2 (P=0.6 bar, T=5.5 K); the
maximum valuefg;,,~90% was obtained d=0.13 g/cm,
the corresponding stopping distribution of which is shown in
Fig. 4(c). At a lower densityp=1.3x 10?° cm™ (P=0.1 bar,

T=5.5 K), however,fg,, reached a maximum value of only i S "
50-60%[Figs. 4b) and 4d)]. At even lower densities, most 0 10 20 30 40 50 60 70 80
of the antiprotons stopped in the walls at the opposite end of
the target, so that laser spectroscopic signalpté™ could

no longer be observed. FIG. 5. The simulated range curve of annihilation events along

During the experiment, the degrader thickngswas ad-  the longitudinal direction of the antiproton beam. Some 3% of the
justed so as to maximize the intensity of the laser-induce@ntiprotons annihilate in nuclear reactions in-flight, the contribution
annihilation spike appearing in the delayed annihilation timeof which is shown by the hatched area. The unshaded area repre-
spectrum(Fig. 2). This experimentally-optimized thickness sents antiprotons that form atoms.
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Time elapsed (ns) FIG. 7. The fractions of antiprotons surviving more than 20 ns

o (@), 1 us (b), and 5us (c) at various densities of the helium target.
FIG. 6. Delayed annihilation time spectra, measured at a target

pressureP=0.5 bar and temperatuie=6.4 K (a), P=2.7 bar and

T=5.8 K(b), and a superfluid target at=1.8 K (c). nearz=0 mm. The simulation may be unreliable at very low
antiproton energies, particularly in the sub-keV region where

atp<<40 MeV/c where no experimental data exigig) he-  the cross section of atomic formation becomes larger than

lium: experimental o,, values at momenta p Carr

=50-70 MeV/c[46], and theoretical valuepi5] at lower

and higher momenta were uséiii,) heavier nucleithe cross

sections of antiproton annihilation on nuclei of atomic num- C. Total yield f,, of metastablepHe* atoms
ber A>10 at momentgpp=0-200 MeV/c were estimated by
an unified optical modgi7,48. The o, values of the reac- We next measured the fraction of metastable atéms

tion p+Ne obtained from this model agreed with experimen-produced per stopped antiproton. In Fig&)66(c), delayed

tal data measured gi=60-190 MeV/c[49,50. We thus annihilation time spectra measured at three target densities
assumed in the simulation that as the antiprotons decelerateing the continuous antiproton beam are shown. At a den-
from p=200 to 20 MeV/c, the cross sections for the annihi-sity p=6x10?°cm™ (P=0.5 bar,T=6.4 K), the spectrum
lation reactionsp+He, p+C, andp+Cu, respectively, in- showed a 10—20-ns-wide prompt annihilation peak contain-
creased fromr,,=0.4t0 3 b, 0.7to 6 b, and 2te40 b. In  ing 97% of the antiprotons, and a long-lived component de-
Fig. 5, the range curve of annihilations along the longitudinalcaying with an average lifetime,,4=4 us. In superfluid he-
direction of the antiproton beam due to in-flight reactionslium at a temperaturd@=1.8 K (corresponding to a density
(represented by the hatched greand those due tpHe"  p=2X 10?2 cm®) [51], a larger fraction of antiprotons anni-
atomic formation(unshaded argaare compared. Of the $0 hilated at early times, causing a short-lived component with
simulated antiprotons, an estimatgg.~ 3% underwent in-  a lifetime 74,,,=0.2 us to appear.

flight reactions, most of these occurring in the degrader foil In Fig. 7(@ and Table I, the fractior,, of antiprotons
and copper-beryllium window which appear as a sharp spiksurviving more thar,,.s=20 ns after stopping are presented

TABLE I. Fractions of antiprotons surviving more than 20 ng4, and 5us in helium targets at various

densities.

Density Pressure Temperature Antiprotons survived aftgr (%)

(10?° cm3) Phase (ban (K) tmea> 20 NS thew>1 4S  tmeta>5 US
0.59+0.06 Gas 0.50+0.01 6.4+0.2 3.0+0.1 2.2+0.1 0.9+0.1
5.9+0.9 Gas 2.70x0.05 5.8+0.2 2.8+£0.1 1.7+£0.1 0.6£0.1
19+2 Liquid 4.2+0.1 2.6£0.1 1.3+0.1 0.4+£0.1
22+2 Superfluid 1.8+0.1 2.5+0.1 1.3+0.1 0.3+0.1
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as a function of target density. These values have been cor- < a0 @): T
rected for thef,,.~3% background caused by in-flight 8
nuclear reactions. The arbitrary choicetgf;;=20 ns to de- % 30 .g
fine metastability is a matter of convenience only; indeed, > 20 bl
values ofte,=15 ns[6] and 20 ns[4] have been used in i .§'~Ij
past publications. The present analysis was made in a way E E:‘"'

such that the estimated values for the primary populations 0

10F

P(n.)(t=0) did not depend on thg,e, value chosen above. 2 oo (b): _
As the density was increased from=6x10%° to 2 8 by
_ . 150504
X 1072 cm3, the fractionf,, decreased froni3.0+0.1% to @ 400 By Theory
. = [0
(2.5+£0.9%. In the same density range, the atoms that sur- S g
2 200 B,
o FC
X

<
X

vived more than Ius and 5us [Figs. 1b) and {c)] respec- 2
tively decreased fronf..; ,s=(2.2+0.9% to (1.3+0.1%, 0 Pl
and from fi5 ,s=(0.9£0.2% to (0.3+0.1%. This shows
that collisions betweempHe" and helium atoms affect the
delayed annihilation time spectrum in both nanosecond- and
microsecond-scale time ranges.

5
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D. Estimation of the depletion efficiencye

Population (arb. units.)

The efficiencye of the laser pulse depleting the popula-
tion Py () in the parent state of the transitiom,¢)
—(n',€’) [i.e. e=1 if the laser induces all the antiprotons  FiG. 8. Typical temporal profile of the laser pulse with an en-
occupying(n,¢) to annihilate, and=0 when no such anni- ergy density@=1 mJ/cn? (a). Experimentasolid line) and theo-
hilations occuf was estimated from theoretical calculations. retical (dotted ling profiles of the 597.3-nm resonance spil®.
Generally, large values afare attained if two conditions are The simulated population evolution of the resonance parent state
met: (i) the energy of the laser pulse is high enough to inducén, £)=(39, 35 during the laser pulsgsolid line), and the measured
many Rabi oscillations within its duratiofit;,.=40 ns,(ii)  depopulation efficiencyclosed circle (c).
the lifetime 7,/ ¢+, of the daughter state is short compared to
Atser In Fig. 8a), a typical time profile of the laser pulse sponding to the transitiof39,35 — (38,34 at wavelength
measured using p-i-n photodiode is shown. It has a two- A=597.3 nm is shown. The dotted line represents the theo-
peak structure with a sharp peak in the first 10 ns. In Figretical profile obtained by integrating the optical Bloch
8(b), an experimentally observed annihilation spike corre-equation,

Time elapsed (us)

Pim =1y 0 0 Q72 P1im
[P |_[ O -1 0 ~ Q)12 Pom .
dt| Py, 0 0 - (Uryp+ Uryp)2 =T, Aw Pen |

Pym -Q4b Qb -Aw = (Uryp+ Ury)I2 =T, Pym

where the populations in the resonant parent and daughter Q1) (€-m-1)(+m-1)
states with a magnetic quantum numimerare denoted by 2—=0-44u o(t) (20-1) (4)
P.1, and P,,, and the real and imaginary parts of the off- &
diagonal terms in the density matrix B and Py, The  The dipole momenj. (in Debys of the transition was de-
state lifetimes are denoted by, and 7., and the detuning  riyed using its spontaneous radiative rater {ih hertz and
of the laser from the transition frequency . The rate of  \yayelengthn (in meters as
dephasing collisionsl’,, was estimated to be less than

0.5 GHz at the typical target densities studied here, based on A3
separate measurements of fplde’ resonance profile. The M= 1-8\/; X 10,
frequencyQ,(t)/27 (in gigahertz of Rabi oscillations be-

tween two state¢n,€,m) and (n£1,£-1,m) induced by a the relevant values being 0.62 D, %X30° Hz, and 5.973
linearly-polarized laser pulse with a time profi@(t) [in X 1077 m. After numerically integrating Eq3) and averag-
kilowatts per cm, see Fig. 83)] can be calculated as ing over m, the resulting profile was convoluted with a

(5
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Carlo simulation[36] was made using theeaNT version 4
program [52]. Computer models of the cryogenic target,
Cherenkov detector, and surrounding material were gener-
ated. Each simulated annihilation produced secondary par-
ticles with experimentally known branching ratios and mul-
tiplicites. On average 1.m"-mesons, 1.8 -mesons, and
~2 7%-mesons were produced pef*He reaction, although
in ~5% of the cases, more than seven mesons em¢&gdd
To simulate the momentum distributions of these particles
(with rest masseM;), a simplified model was used where the
kinetic energy E-3X;M; produced in the annihilatiofE
=1.9 GeV being the total energy offa p or p+n reaction

FIG. 9. Experimentalclosed circlesand theoreticalsolid liney ~ Was distributed among them assuming a relativistic phase-
depletion efficiencies of the laser pulse tuned to the transitiorSpace distribution. The momentum distributionmofs simu-
(39,35—(38,34 at wavelengthA=597.3 nm at various energy lated in this way[36] was found to agree with the experi-
densities of the laser. mental data for antiprotons annihilating tife nuclei[53] in

_ . ) ) the momentum regiorp=0.15-0.9 GeV/c, both distribu-
Gaussian having a full-width-at-half-maximum of 6 GHz, t0 {jgns showing maxima aroungi=0.25 MeV/c.

simulate the effects caused by the finite laser bandwidth. The trajectories of all the particles were followed urtil
_In Fig. 8(c), the simulated time evolution of the popula- _15 s The important decay and reaction processes were
tIO.n in staFe(39,35 during |rraO!|at|on.V\{|th the laser pulse simulated, such as*— u*— et and n°— 2y decays, mul-
[Fig. 8(8@)] is shown. The depletion efficiency was eStImateCltiple scattering, ionization, bremsstrahluge™ annihilation

t(l) beg—_gol%. TS}'S agregd with the a/a_llL(mdlcatedt by the  ,1\d pair creation. The creation and propagation of the Cher-
Eﬁ;ﬁ w(r:lltra?eeinwtlh qﬁe-lrerzg rwaa;rr?r(ra:jil;rtid 'Vr\]/iti st\?\l%a;%fcgégig_ enkov photons i_nside the de_tector was_simulated, takir_1g into
laser pulsegsee Sec. V. In Fig. 9, experimental values ef account the _opt|ca| attenuation, reflection, a_n_d scattering in-

; side the radiator material. The quantum efficiency and time

(plotted using closed circlgsmeasured at various energy - .
densities of the laser betweed=0.05 and 2 mJ/ciare  esponse of the photomultiplier was measured, and their ef-

shown. These were in good agreement with the theoreticdfcts were included into the simulation. The actual number of
lation measurements described below were all carried out &ent particle was measured in a calibration experiment car-
an energy density >1 mJ/cn? where the spike intensity ried out at the 1.3 GeV electron synchrotron at KEK-Tanashi

-

Depopulation efficiency
(=)
o

Laser energy density (mJ/cmz)

was maximized and saturated at a value 6f90%. [36], and the data used to correct the simulation. Sémg
- _ o ) =50-60% of the analog spectrufig. 2a), hatched arda
E. Intensities of the laser-induced annihilation spikes was attributed tor* — u*—e" decay.

We now return to Fig. @), which shows the delayed A separate estimation on the"— u*—e* yield was
annihilation time spectrum measured by injecting amade by comparing the intensity of the laser-induced anni-
200-300 ns-long beam pulse containing 10° antiprotons  hilation spike in Fig. 2a) with that appearing in the
into a helium target at a densitp=8x10°°cm™ (P background-free spectrum of Fig(} measured using the
=0.6 bar,T=5.8 K). The laser transitiori39,35 — (38,34 continuous antiproton beam. Due to the presence ofrthe
at a wavelengtih=597.3 nm is induced at=1.6 us in the =~ — u"—e€" background, the relative intensity of the former
spectrum. As described in Sec. I, we cannot determine thepike was found to be smaller than the later spike by an
population of statg(39,39 from this spectrum alone, be- amount which was compatible with the value 50-60% for
cause a fractiorf,, Of it is background due tar*— u*  fuap €Stimated by the above simulation.

—€" decay.

In Fig. 2(b), the spectrum measured using the continuous
antiproton beam at the same target conditions is shown, with IV. EXPERIMENTAL RESULTS
the 597.3-nm transition induced at the same timing. This
spectrum is background-freee., f,,,=0), so that a precise
count of pHe" atoms can be obtained. The spike intensity ] )
was derived by counting the number of annihilations under The population in the last metastable state, )
the spike, and normalizing to the total number of delayed (39,39 in thev=3 cascade was measured by inducing the
annihilations. Using(i) the measured value df, (ii) the  transition(39,35— (38,34 at wavelengttn=597.3 nm, at
valuese and fq,, estimated from the above simulations, andvarious times betweet=0.3 and 10us as shown in Figs.
(ii) Eq. (2), the population in staté39,35 att=1.6 us was  10(@-10c). At a target density p=6x10°°cm= (P

A. Population evolution of metastable states
in the v=3 cascade

estimated to bé(3g 35(t=1.6 45)=(0.12+0.02%. =0.5 bar,T=6.4 K), the population decayed as a single ex-
ponential with a lifetimer,,,=1.9+0.1us [Fig. 1Qd)]. This
F. Estimation of the #*— u*—e" background represented the cumulative effect of the lifetimgg 35 Of

To estimate the contributioffiy,q of the 7" — u*—e*  state(39,35, and the feeding from the higher std#0, 36
background appearing in the spectrum of Figa)2a Monte in the cascade. Extrapolation to time zero yielded a primary
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FIG. 10. Delayed annihilation time spectra measured using the pulsed antiproton beam, the resonance traf3iticd0,35
— (38,39 at wavelengthh=597.3 nm induced at=0.3 us (a), 2.3 us (b), and 4.3us (c). The population evolution of stat@9,35 was
measured using the pulsécdosed circlesand continuousgtriangleg antiproton beamsd). All data were measured at a target presdeire
=0.5 bar and temperatufie=5.8 K.

population ofP g 35(t=0) ~0.2%. The population and life- laser pulse shown in Fig. {1)] were simultaneously fit with
time were relatively unaffected at densities betwger2 @ cascade model describing a three-level sequencénof

% 102° and 1x 10?2 cn3, =A¢=-1 transitions with population changes
To derive the populations in staté40,36, (41,37, and Plra
above in they=3 cascad¢Fig. 1), each atom was irradiated dPy39=——dt, (6a)
with two successive laser pulses tuned to the 597.3-nm tran- 741,37
sition, at independently varying timésandt, [14]. In Figs.
11(a)-11(c), the spectra measured with the first laser fixed at _|_ Puaose = Puisg
: dPo.36 = +—— |dt, (6b)
t;=1.6 us while the second laser was scanned over three ‘ T4036  T(41,37
different timingst,=1.8, 2.6, and 5.@us are shown. Now the
number of annihilation counts in the first laser spike is equal P@oss Puose
to &P(3935(ty), SO that the population remaining in state dP3g35=|— . — |dt. (60
(39,35  7(40,36

(39,39 after laser irradiation is equal tal—g)P3g 35(ty).
The state is then refilled by spontaneous feeding fronOf course, there are also contributions from Auger decay and
(40,36, the contribution of which can be determined by radiative processes that changen—-I-1, but calculations
measuring the number of annihilations induced by the sedor a single isolated atom suggest that these contributions are
ond laser at,. all less than 109422,30—-32. According to this model, the

In Figs. 1Xd)-11(g), the recovery of the population mea- intensityl,(t;) of the first spikgwhich is proportional to the
sured by the second laser pulse is showepresented by populationPsg 35(t1)], and the intensity,(ty,t,) of the sec-
closed circle} for cases where the first lagetosed squargs  ond spike[which contains information about the feeding into
was fired at;=1.6, 2.6, 3.6, and 4.@as. All these data points state (39,35 from (40,36 betweent; andt,] follow the
[including the population evolution measured using a singleanalytical functions,

t=0 —t,/ —t,/ t=0 _ _
Lty = ¢ Pl %7 T(a1,37T(30,35(€ /4130 — @7/ T40.39) . ( (t=0) Piii 5774030 ) T(g0,35(€71/ 714030 — @™/7(20.35)
) = 40,39
(T(41,39 ~ T(40,36)(T(41,37 ~ 7(39,35) R 7(40,39 ~ 7(39,35
+ Pligage ™ (7a)
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x10* 3 (d):
» t,=1.6 !-()'.T =1.6us
2 e 10 g
af
10 [
2F E
10::'...|...|...|...|.
L (e):
10 E mt =26ps
? 4f
210
= g 3
E ‘g- 10-5-| PRI 1 B
3 pRIAT
£ S
2 §  af
~ ot §_10 4
2 a _55
o 10_3_...|...|...|...|.
5 10 E_(g)-'
Q. E
@ 4 F mt=46us
T 10 FE
= E
© 10'5...|...|...|...|.I
0 2 4 6 8
Timing t, (ps)
2_
3
10 t, single scan
1 4 F (h):
10
0 14 % LA A A (ol 10-5||| L L PRI SN
1 2 3 4 5 6 0 2 4 6 8
Time elapsed (us) Timing t, (us)

FIG. 11. Delayed annihilation time spectra measured by irradiating two successive laser pulses tuned to the (rai$iti(89,35
— (38,34 at wavelengthh=597.3 nm, the first laser fired ft=1.6 us, the second laser §=1.8 us (a), 3.6 us (b), and 5.6us (c). Time
variations of the resonance intensities for cases where the first(tdssed squargds fired att;=1.6 us, and the secongtlosed circlep
varied betweei,=2.4 and 9us (d); corresponding measurements made gtvalue of 2.6us (e), 3.6 us (f), and 4.6us (g). Time variation
of the resonance intensity was measured using a single laser(pul$olid lines represent the best fit of a three-level cascade model.

F)(EELO)3 T(41.397(39.3 e_l2/7(4l,3ﬂ(1 _ Se_(l/7(39'35_1/7(41’33)“2_11) B
L(tyut,) = & (41,397(41,397(39,39 + ng—g(’)és(l_s)e—tzlrwgss
(7(41,39 ~ T(40.36)(T(41,37 ~ T(39,35)

+ Pl %7 7(39,35 T(40,39€ 2 40.39(1 — g&™ (/730,39 40,39)12710)) P47 730,358 2 7%33(1 ~ &)
(7(40,36 ~ T(41,39)(T(40,36 ~ T(39,35) (7(39,35 ~ 7(41,39)(T(39,35 ~ T(40,36)

P ag T(30,35€ 2 14030{1 — g (1/7a0.39™7(a0,30)(1710) — (1 — )@ U/T139.39"1/Ta0.30)'2}

(7b)
7(40,36 ~ 7(39,39

The lifetime of statg(39,35 was fixed to the experimental states(39,35, (40,36, and (41,37 were estimated to be
value 7(3935=1.5us [17]. The result of the best fit are Pzqg35(t=0)=(0.29+0.06%, P40 34(t=0)=(0.06+0.02%,
shown with solid lines in Figs. 1#8)—11(h), and the deduced and P4 37(t=0)=(0.03+£0.02%, respectively. States with
values of the state populations and lifetimes are presented =41 apparently had very little metastable population. The
Table Il. The estimated lifetimer4o39=(1.4+0.2 us of  measurement was repeated at a higher target demsity?
(40,36 agrees with the theoretical radiative val(ig2] X 10t cm™2 (P=1.0 bar,T=6.4 K), which yielded a similar
within the experimental errors. The primary populations ofresult on the populations and lifetimes as shown in Table II.
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TABLE Il. Estimated lifetimes and populations of metastable states invth® cascade at two target
densities, derived from the best fit of a three-level cascade model. Theoretical rafR2ti®g and Auger
[22,33 rates are shown.

Theoretical Theoretical
P=0.5 bar, P=1.0 bar, radiative Auger
Parameter T=6.4K T=6.4K rate rate
Na1.37 (0.5+0.3us™ (0.5+0.3 us™? 0.48 us ™t [22] <0.01us™[22]
\40.36 (0.52+0.18us ™t (0.50+£0.15us™t 0.55us 1 [32] 0.03us ™t [22]
\30.35 0.65us™® 0.65us™# 0.62us 1 [32] 0.07 us 1 [33]
P13 (0.03+0.02% (0.02+0.02%
P40.36 (0.06+0.02% (0.06+0.02%
P(39.35 (0.29+0.06% (0.27+0.05%
Fixed to experimental valugl7].
B. Population evolution of metastable states indicating that sizable populations exist in the higher states
in the v=2 cascade of the cascade: at a target densjiy1.9x 10?°cm™ (P

=0.15 bar,T=5.8 K), for example, the population decreased
The population of stat€37,34 in thev=2 cascade was with an average lifetimer,,;=3.0+0.1us and had a
measured by inducing the transiti¢d7,34 — (36,33 with  downward-curving shape at early times. This indicates a
a single laser pulse tuned to a wavelength470.7 nm(Fig. large feeding of antiprotons from the higher st&88,35. As
12). The time evolution contained several decay componentghe density was increased pe=1.6x 10?* cmi™3 (P=1.1 bar,
T=5.8 K), however, the average lifetime decreasedrig
(m,))=(37,34)=(36,33) \=470.7 nm =1.8us and a decay component with a lifetimeq,
=0.4 us appeared at early times in the spectrum. This indi-
@' s 0.15 bar /5.8 K cates that the lifetime of37,34 was shortened due to col-
HH lisional effects, in agreement with previous observations
G4 Ca - [17]. At a densityp=1.2X 107 cm 3 (P=3.5 bar,T=5.8 K),
the corresponding lifetimes shortened furtherfg<0.5 us
ST YT Y FUTTE PR FRETE P PO and 7gpor<0.2 us.
Next, the population in stat€38,35 was measured by
using a double-resonance techniddé). In Fig. 13a), the
|-f—| annihilation spike of the 470.7-nm transition is shown, mea-
10 HH i sured at density=1.9x 10% cm™® (P=1.3 bar, T=5.8 K),
H$ whereas in Fig. 1®), the double-resonance transition
(38,35 —(37,39—(36,33 induced by two simultaneous
1.1 bar /5.8 K laser pulses tuned to the two transitions at wavelengths
=470.7 nm and\,=529.6 nm is presented. The intensity of
'-P"f"nﬂ, the spike in Fig. 1@) constitutes a measure of the combined
¥ s populations in two state€38,35 and (37,34, so that the
ETL FERTT FETTT SFEE] FESEL Iwis d FRRTE FRRSL population in the former state can be obtained by subtracting
the contribution of the lattefFig. 12. In Figs. 13c)—f), the
1.9bar/5.8 K population evolution of the two states measured at various
target densities are shown. Sta{88,35 had a primary
populationP 3 35(t=0)=(0.49+0.08% which decayed with
bl an average lifetime,,;=2.0+0.1us, and these values were
relatively unchanged at densities betwgsr8x 10?° and 2
3.5 bar /5.8 K X 107 em3,
The lifetime of statd38, 35 was determined by using the
107 depletion-recovery method.7]. In Fig. 14a), the spectrum
obtained by taking the difference between two delayed anni-
0 1 2 3 4 5 6 7 8 hilation time spectra measured with and without the 470.7
-nm annihilation spike is shown, measured at a dengity
=1.9x10?* cm! (P=1.3 bar, T=5.8 K). This depletion-
FIG. 12. The population evolution of state,1)=(37,34 mea-  recovery spectrum decays with the lifetimgg 33 ~4 ns of
sured at five target densities, using the resonance transitiothe daughter state, the slight step-down discontinuity imme-
(37,39 —(36,33 at wavelengtih=470.7 nm. diately after the spike caused by the loss of spontaneous

10

10

10 0.6 bar/5.8 K

*
+
.

3
10
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FIG. 13. The delayed annihilation time spectrum measured with a single laser pulse inducing the trem$)tai37,34 — (36,33 at
wavelengthA=470.7 nm(a). The double-resonance transiti¢88,359 — (37,34 — (36,33 induced using two simultaneous laser pulses
tuned toA;=470.7 nm anct\,=529.6 nm(b). Both spectra were measured at a target presBare.3 bar and temperatufe=5.8 K. The
population evolution 0f38,35 (closed circlesand (37,349 (triangleg measured at four target densitigs—(f).

annihilation events following the forced annihilation at the more slowly due to the long lifetime of sta{88,35. The
laser spike17]. The spectrum then recovers with the lifetime spectrum can be understood by the relevant three-level decay
737,39~ 0.2 us of the parent state. Since these characterismodel depicted in Fig. 15, where the radiative lifetimes of
tics are valid regardless of the various channels that feethe states are denoted Iagzd{) and the feeding from adjacent
antiprotons into the two levels, this method constitutes a sensates byV(n.¢)- The population evolution follows,

sitive and unambiguous way of determining the state life- '

times. Here we expand this method to the case of the double-

resonance transition (38,35 — (37,349 — (36,33, the

depletion-recovery spectrum of which is s_hown_in F|g(b114 _ P8 33

Although the spectrum initially decayed with a lifetime simi- dP(sg35 = <— —+ V(38135)dt, (8a)

lar to the single-resonance caffeig. 14a)], it recovered (38,39
10° 2
_ sf (a): (37,34)=(36,33) FHC) T anas) ® (38,35)
° 1
N [} Trad (37,34) A (37,34)
© —_ !
E g 15[
o ~ | !
£ o [,
£ '
g 5| ] [
° N I I I T P U B = 1 ¥
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FIG. 14. The depletion-recovery spectrum of the transitiof)=(38,35 — (37,39 (a), and that of the double-resonance transition
(38,35 —(37,39— (36,33 (b). Both spectra were measured at a target presBwre.3 bar and temperatuife=5.8 K. The lifetimes of
(38,35 (closed circlesand (37,34 (triangleg at various densitie€).
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Viss a5 6.4 K), and 1.2<10?* cm™® (1.0 bar, 6.6 K, as shown in
p =P J Fig. 16. In Table Il and Fig. 1&solid lines, the results of
(38,35 =" (38,35 the best fit of a three-level cascade model on the data at each
_— density are presented. The lifetime of sté8&,34 was fixed
529.6-nm to the experimentally measured valig7]. The primary
) T899 laser populations in the three states at dengity2x 10?° cm™
Pisr.50 =Psr,30 v were estimated to beP(3;34=(0.21+0.08%, P 3535
e ™ V7,30 =(0.40+0.10%, and Pzg3=(0.24+0.06%. The popula-
: tions were relatively unaffected as the density was increased
' w2V 47|°é;,err'm from p=2x 10?7 to 1.2x 10?* cm 3, although the lifetime of
Pss,33) =>P(as,33: e Vioso state(37,34 decreased by an order of magnitude.
ZT(ss,ss)

V. DISCUSSION
FIG. 15. The three-level cascade model. The populations in
states(n,l)=(38,35, (37,34 and (36,33 before laser irradiation
are denoted byP(3g 35(t), P37.34(t), and Pz 33(t); the feeding The primary populations in the=2 and 3 cascades were
from the surrounding states by, ,(t). The double-resonance tran- relatively unaffected as the target density was increased from
sition induced by two simultaneous laser pulses at wavelengths p=2X 10?°to 1.2x 10?* cm 3 (Tables Il and I1). The values
=470.7nm and\,=529.6 nm modify the state populations from for states(37,34, (38,39, (39,396, (39,35, (40,36, and
Pt to Pg, (). (41,37 averaged over all the data measured at various den-
sities  were P(3734(t=0)=(0.21£0.04%, P3g35(t=0)
:(049i00]%, P(39'36(t:0):(019i00]%, P(ggy35(t:0)
+V<37,34)dt, (8b)  =(0.28+0.04%, P(40,35(t=0)=(0.06+0.02%, andP 4y s5(t
=0)=(0.02+£0.02%, respectively. The largest population

A. Primary populations

P(37,34) + P(38,35

737,39  T7(38,39

dP37,34 = (‘

was observed in stat@8, 35, which agrees with the estima-
P63 = (_ P33 + Pis7,34 " V(36,33)dt- (80) tion n~ny=38 of Eq.(1). Using these results for calibration,
T(36,33  7(37,34 a recent experimerjfi2] deduced the pr(%lar)i popul_agtlorls of
) o nearly all the metastable states in b e" and p°He",
After the irradiation by the 470.7-nm and 529.6-nm Iaserthere};y accounting for all the 3% metastabilitypobserved
pulses mix the populations in the three levels, the time evope e (Fig. 7). Relatively little metastable populations were
lution resumes the form implied by E@8) with modified  yotecteq in states with=41, whereas theoretical calcula-
populations. Since the feeding from th_e surrounding state§,ns [21-29 predict significant populations in states up to
(Vin) are unaffected by the laser, the difference between thf— 55 as these theoretical populations do not take the effect
time spectra measured with and without the spike can bgf collisions betweerpHe" and helium atoms into account,
expressed in the form however, they may not be directly comparable with the ex-
, R /7 erimental results presented here which refer to atoms ther-
Plas3a(t) ~ Prag aa(l) =A@ 713059 = g Trienss %alized by many c%llisions. It has been suggested that
- AgeVs8.39, (99  pHe" created in then=41 states recoil with such large ki-
. . netic energies that they are rapidly destroyed by collisions.
whereA,, Ay, andA; are positive constants. The depletion- Anoher study(55] suggests that the cross sections for colli-
recovery spectrum implied by E) therefore decays with o041 quenching of the= 41 states are large, even after the
the lifetime 73 33 Of the short-lived state and recovers with PHe* atom has thermalized to the temperat(ife-6 K) of
the combined lifetimes 734 and 7(zg 35 Of the two meta- e gas target. This is claimed to be due to the low activation
stable ones. By fitting Eq(9) on the depletion-recovery parrier in thep*He*-He potential.
spectrum obtained from Fig. {%), and fixing the lifetimes
of states(36,33 and (37,34 to their experimental values
[17], the lifetime of (38,35 was determined a3 35 B. Density-dependent shortening of the state lifetimes

=(1.5£0.) us. In Fig. 14c), the state lifetimes thus mea- |t s surprising that these atoms retain their metastability
sured at four target densities are shown. The lifetiqagss  in dense gas, liquid, and superfluid helium targets, despite
was relatively unchanged, having values 0.9—ds3at den- making many collisions with the surrounding helium atoms.
sities betweep=3x 10?° and 2< 107! cm™, whereasrz; 34  Stark transitions induced by collisional effects, which de-
shortened from(1.1+0.2 to (0.15+0.06 us. stroy other types of antiprotonic atorf86,57, are believed

Lastly, the populations in stai@9,35 and above in the 1o be highly suppressed jpHe"; this is because states of the
v=2 cascade were estimated by irradiation with two successamen-value are far from degenerate, the level energies in-
sive laser pulses; andt, tuned to the 470.7-nm transition. creasing with¢ in steps ofE, ¢)~E -1~ 0.3 eV (Fig. 1).
Measurements were made at three densitigs;2 Recently, a quantitative study of these transitions has been
X 10°° cm2 (P=0.2 bar, T=6.4 K), 7X10°°cm™ (0.6 bar, made[58].
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FIG. 16. Time-variation of the intensity of the resonance transitiom) =(37,34 — (36,33 measured using two laser pulses fired at
timing t; (closed squargsandt, (closed circlestuned to wavelengtih=470.7 nm. Measurements were made at three target conditions:
P=0.2bar,T=6.4K [(8)-(e)], P=0.6bar, T=6.4K [(f)-(i)], and P=1.0bar,T=6.6 K [(j)-(n)]. The results of the best fit of a three-level
cascade model are shown in solid lines.

The present experiment and previous studid show =0.8 us™* observed atp=1x10cm=3, to ~8 us™* at 3
that even after thermalization, collisions with helium atomsx 10?* cm™3, then leveled off at higher densities. State
continue to destroy the population in sta®7,34, while (39,35, however, retained the radiative rate 754 35
they leave the higher stat¢88,35 and (39,35 relatively =0.7 us? even at liquid-helium densities, whilé38,35
unaffected. The decay rate (87,34 increased non-linearly maintained a decay rate #4g 35~ 1 us ! at densities up to
with density, from the purely radiative value #4734  p=2x10P cm™

TABLE IIl. Estimated lifetimes and populations of metastable states irvth2 cascade at three target
densities, derived from the best fit of a three-level cascade model. Theoretical rafittivend Auger
[22,33 rates are shown.

Theoretical Theoretical
P=0.2 bar, P=0.6 bar, P=1.0 bar, radiative Auger

Parameter T=6.4 K T=6.4K T=6.6 K rate rate
\(39,36 (0.6+0.Dust (0.6+0.29 us* (0.6x0.2 us* 0.62us?[32] <0.01ust[22]
\(38,35 (0.6+0.0ust  (0.6+0.Dus™ (0.7+0.2us*  0.69us[32] 0.011ust[33]
N\ (37,34 0.85us™? 1.3 us¥ 1.9 us® 0.76 us™* [32] 0.19 us™* [33]
P (39,38 (0.21+£0.08% (0.25+£0.09% (0.14+£0.07%
Ps.35 (0.04£0.10% (0.55+£0.08% (0.40£0.20%
P37.34 (0.24+0.06% (0.20+£0.04% (0.26+£0.10%

®Fixed to experimental valugl7).
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At a target density=2x 10?° cmi3, the primary popula- exotic atom(i.e., an atom wherein an electron is replaced by
tion P(37,34(t=0)=(0.21+0.04% of state(37,34 decreased a negatively charged particle such asa K-, or p). Meta-
with an average lifetimer,,q~3 us (Fig. 12, while at p stable states in the=37-40 and’ =34—36 region each con-
=1.2x10% cmr3, the lifetime shortened to,,,<0.5us. A tained P, (t=0)=0.1-0.5% of the antiprotons stopped in
similar shortening behavior was observed at early times ithe helium target, whereas time=41 region contained rela-
the delayed annihilation time spectruffig. 6), which re-  tively little metastable population. The population in state
flects the overall lifetime opHe" against annihilation. As the (n,€)=(37,34 was destroyed by collisions with helium at-
target density was increased from=6x10°° to 2  oms at high target densitigthe average lifetime of its popu-
X 1072 cm™3, a short-lived component with &0.2—us life-  lation decreasing from,,,=3 to <0.5 us as the atomic den-
time appeared, while the total fraction of atoms survivingsity was increased fronp=2x10%° to 1.2x 107 cmi3),
more thant=20 ns decreased frof,,=3.0 to 2.5%. This while the lifetimes of two other stat¢89,39 and (38,39
similarity implies that the above short-lived component andremained relatively unchanged. This behavior of the indi-
the reduction of the metastable population at high target denridual states affected the overall lifetime pHe" against
sities are partially caused by the lifetime-shortening of stateannihilation: as the target density was increased fyon®
(37,34. X 107%to 2x 10?2 cm™3, a short-lived component appeared at
early times in the delayed annihilation time spectrum, while
the yield of metastable atoms decreased from 3.0 to 2.5%.
The primary populations derived here will be used to nor-

We have developed a laser spectroscopic method to detehalize the results of a new series of experimg359,6Q
mine the absolute number of antiprotons populating indi-carried out at the AD.
vidual states(n,f) of the pHe' atom. By evaluating all
known sources of experimental error and backgro(suth ACKNOWLEDGMENTS
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