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The delayed annihilation time spect@ATS) of antiprotonic helium atoms have been studied in isotopically
pure low-temperaturéHe and“He gas at various densities. The DATS taken at 5.8 K and 400 mbar are very
similar in shape except fdi) a small difference in the time scale a(id the presence of a distinct fast decay
component in the case ofHe. The ratio of overall trapping timegnean lifetimes against annihilatign
R=Tyad 4He)fl'"ap( 3He), has been determined to be 1.1#40.009, which is in good agreement with a
theoretical estimate yieldinB=[M* (p “He)/ M* (p He)]?=1.14, whereM* denotes the reduced mass of
thepHe?' system. The presence of a short-lived component with a lifetime of 805307 s in the case of
3He suggests that the *He* atom has a state of intermediate lifetime on the border between a metastable zone
and an Auger-dominated short-lived zone. The fraction of antiprotons trapped in metastable states at 5.8 K and
400 mbar is lower by 22(2)% for *He than for *He. All the data can be fitted fairly well with simple
three-level and four-level cascade models.

PACS numbdps): 36.10—-k

l. INTRODUCTION n~ny=yM*/mg 1

The discovery of the delayed annihilation of antiprotonsand high angular momentum quantum numben— 1. De-
in liquid helium at the Japanese National Laboratory forpending on the reduced makk* of the pHe?™ system,n,
High Energy Physics, KEK, in 199{1] contradicted the is 38 forp “He™ and 37 forp 3He". The small energy spac-
long-standing belief that every antiproton coming to rest ining of levels withAn=1 in this region 2 eV) strongly
matter would annihilate with the nucleus within picosecondssuppresses internal and external Auger deexcitation, since an
About 3% of all antiprotons stopped in liquid helium were energy of at least 25 eV is necessary for electron emission.
found to survive for an average lifetime of j8s, some of The continued electron presence removed tthegeneracy of
them living as long as 2lxs — more than seven orders of antiproton states with equal At the same time the electron
magnitude above the expected value. The historical backsrovides a Pauli-repulsion effect during collisions with other
ground is reviewed if2]. helium atoms. Both these effects strongly reduce the colli-

The first experiment at the low energy antiproton ringsional Stark mixing tonS states, which normally produces
(LEAR) at CERN in November of 1991 confirmed this lon- immediate annihilation. The only remaining deexcitation
gevity in gaseous’He and *He at room temperature, and processes are slow radiative transitions. The joint effect of all
revealed also a different mean lifetime of the long-living these circumstances is to produce the anomalously long an-
antiprotons in the two helium isotopg8,4]. This isotope tiproton lifetimes observed.
effect had previously been postulated by Yamazaki and Oht- In November 1992 further extensive measurements of de-
suki [5] on the basis of pHe" model suggested by Condo layed annihilation time spectra(DATS) from low-
[6] and developed by Russéll]. According to this model a temperaturé'He gas, high-pressure liqutHe and*He, and
metastablepHe"atom results when the antiproton is cap- solid “He were carried out, which yielded important results
tured into nearly circular states with high principal quantumon the phase and density dependence of DATS from pure
number helium media[8]. The isotope effect seen previously in
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through 50um Kapton and 40 m steel windows, the latter

S (Annihilation D . . . e
(Annibilation etectors) being covered with an 87am thick Euplex foil (similar to

Stainless Steel Window Kapton for moderation, a value which was determined by
Kapton Window \ Monte Carlo simulation. Details on this program, which
J0cm takes into account the Barkas effect of the energy loss, can

\ be found in[4]. A charge-coupled devicgCCD) camera with
— its optical axis at 45° to the beam axis imaged scintillation
light leaking out of the surface of the beam couriBeand
) allowed us to monitor the beam positiphl]. An additional
g 50 um thick degrade(Euplex foil) was placed in front of the
Kapton window to fine tune the stopping distribution of an-
tiprotons in the target gas.
}Wsmwm Annihilation time spectra were recorded in isotopically
, pure gaseous “He (impurity content <1 ppm) and
A(RingCounter) — ~  / Target Gas Cell 3He (enrichment 99.95%, impurity contert30 ppm at
He Gas Flow pressures between 200 mbar and 1040 mbar and low tem-
peratures, since the longgstlifetimes have been observed
FIG. 1. Top view of the experimental setup. The extracted  under these conditior8].
with a momentum ofp=200 MeV/c, traverse a beam telescope  The cryostat used to cool the target gas to temperatures
(B andA) before entering the target chamber through a steel winbetween 4.3 K and 10 K resembled the one used in previous
dow. A liquid helium cryostat keeps the chamber at temperaturegxperiments discussed [8]: the cylindrical target chamber
between 4.3 K and 10 K. Both charged and neutral annihilationyvas 21.8 cm long and had a diameter of 6.2 cm. Liquid
products are detected by seven shower courfersix of them  helium from a reservoir evaporated into a second chamber
surrounding the cryostat and one positioned underneath. surrounding the target chamber, the flow of helium being
controlled by a needle valve. The fine adjustment of the tem-
room-temperature gase4] was found to occur in the liquid perature was carried out via a heating wire located at the
phase also. In liquid*He the lifetime gradually became vaporizer and connected in a feedback loop to a temperature
shorter with increasing density and a distinct fast componendensor in contact with the target vessel.
was observed. The _DATS from IOW-temperatu‘fble gas Charged pions and® decay»y’s from antiproton annihi-
showed the longesp lifetime (~ 4 us) and no fast- |ation were detected in seven shower count&sn(Fig. 1),
decaying component. These observations prompted us i&ach comprising 11 layers of alternating scintillator and lead
look for a similar isotope effect in low-temperature gas.  plates. These counters, subtending a solid angle of about

In the present paper we report the results of precise me&oo, of 4, were able to detect annihilation events with an
surements of DATS from low-temperaturtHe and “He efficiency of about 99.7%.

gases. Here, we employed a new method using a highly ef-
ficient detection system for annihilation piofisoth charged
and neutral which was designed and developed for laser ) . . .
resonance experimen(s, 10]. To measure the time delay_ between an incoming antipro-
After a brief account of the experimental setup in Sec. 1iton (B counter hif and the arrival of the corresponding an-
the experimental results are presented in Sec. lll. Section [\Wihilation products § counter hitg, a wide range TDQTime
introduces some models to reproduce the characteristic shafie Digital Converter, LeCroy model 4208ith a resolution
of the time spectra. In Sec. V the experimental results ar®f 1 ns was used. Light from the beam counBewas de-

discussed and compared with theoretical accounts. tected by two photomultipliers on opposite sides of the scin-
tillator. The coincidence of these beam detec®isandB2

started all the TDC channels if the antiproton had not hit the

veto counterA, if the computer was not busy with readout,
Here we confine ourselves to a brief description of theand if nop had been detected by eith&r B1, or B2 within

setup, the electronics, and the data acquisition system necebe previous 50us. Each shower counter signal stopped a

B (p Detector)

PpBeam
200MeV/c ['

B. Electronics

Il. EXPERIMENTAL METHOD

sary to record the time spectra. different TDC channel. The trigger condition for computer
readout of an event was
A. Experimental arrangement 6
Figure 1 shows a plan view of the setup used in the ex- B1*B2*A* Computerveto*PrepiIeup*E S,
=0

periments for investigating the long-lived states in

pHe"atoms. A 200 MeW p beam with an intensity of

about 16p s~ ! was delivered from LEAR. At the end of the where * refers to “and,” the overbar refers to “not” and
beam line, the antiprotons passed through a 100 thick EFZOSi is the analog sum of the seven shower counter sig-
Be window into the air and then traversed a 0.5 mm thicknals. The time spectra were recorded in the range from
plastic scintillator 8), which served as a beam counter to —0.5 us to +49.5 us relative to the time of the prompt
provide the start signal for the annihilation time measure-annihilation peak by delaying the stop signals ©%00 ns.
ments. After passing through the hole in a ring veto countePrompt annihilation events could be discarded by the elec-
(A), the antiprotons entered the helium target chambetronics (“prompt veto”), thus considerably reducing the
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TABLE |. Summary of target conditions, trapping fractions, average lifetimes, and fitted decay rates for low-temperature pure
3He measurements. The errors quoted for temperature and pressure arise from fluctuations in time around the mean value, caused by ou
feedback stabilizing system.

T p Pmol f Ta(2 us) Three-level model Four-level model

(K) (mbay (10~* mol/em?) (%) (us) A (us™h) N3 (us™) N (us™h) Ny (us™)

5.83(20) 204.5(21) 4.28(16) 0.320(4) 3.48(12) 0.404(8) 1.150(75) 0.556(12) 3.46(45)
4.81(18) 193.5(7) 4.95(19) 0.594(5) 3.41(7) 0.411(4) 1.206(46) 0.551(7) 2.76(18)
5.86(18) 402.7(56) 8.52(30) 3.34(2) 0.401(1) 1.414(14) 0.529(2) 2.602(41)
5.83(14) 406.3(54) 8.65(25) 3.36(1) 0.400(1) 1.428(7) 0.521(1) 2.448(19)
5.83(17) 409(16) 8.70(43) 3.35(2) 0.402(1) 1.401(15) 0.527(2) 2.488(43)
5.83(13) 409.5(4) 8.72(20) 2.217(19) 3.38(8) 0.406(4) 1.347(48) 0.521(9) 2.13(12)
5.83(13) 409.8(4) 8.72(20) 2.235(10) 3.38(4) 0.402(2) 1.451(28) 0.526(4) 2.561(75)
5.83(13) 552.1(5) 11.89(28) 3.37(2) 0.399(1) 1.655(20) 0.507(3) 2.511(43)
5.83(14) 552.7(7) 11.90(30) 2.369(10) 3.37(4) 0.403(2) 1.574(31) 0.516(4) 2.482(69)
5.83(13) 553.0(20) 11.91(28) 3.34(2) 0.401(1) 1.624(15) 0.513(2) 2.514(33)
5.83(16) 565.5(69) 12.19(38) 2.368(7) 3.37(3) 0.401(1) 1.613(21) 0.508(3) 2.421(44)
5.83(10) 566.5(87) 12.22(29) 3.36(1) 0.399(1) 1.655(13) 0.508(2) 2.535(27)

computer dead time. To avoid confusion in assigning annihidetected an annihilation produ¢multiplicity two” cut ).
lation events to the corresponding antiprotons, prepileup

events(those in which ap had been detected within the IIl. EXPERIMENTAL RESULTS

previous 50us) were rejected by hardware veto, as de- i ) 3
scribed above. Postpileup ever(esvents with a secong Figure 2 shows two typical DATS frorr‘fHe and “He,
within 50 us after TDC stait on the other hand, had to be BOth taken at 5.8 K and 400 mbar. The time spectrum from
discarded in the analysis. For that purpose the time spectra of1€ iS essentially the same as our previous (86,8, but
the beam detectoB1 andB2 were recorded using the mul- Wlth_ better statistics and background suppression, showing
tihit mode of the TDC(in which the time interval between 2dain that antiprotons can survive up t0,28 in helium gas.

two successive pulses in the same input line is digitizéd ~ Both DATS clearly deviate from a single exponential slope,
the spectrum of one of th& counters had multiple hits €xhibiting a downward bent structure for long decay times
within the time window of 5Qus the event was discarded by when plotted in a logarithmic scale. This shape indicates that
software. the p cascades down a ladder of successive metastable lev-

For each event the TDC information as well as the analog'S: before coming to a state from which a fast Auger transi-
signals of all detectors were stored. The data were acquired
by a CES Starburst J11 CAMAC module, a PDP-11 compat-
ible CAMAC Auxiliary Controller, transferred to a VAX
computer station using direct memory access and then writ-

—
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postpileup rejection in an interval of 5@s each, the dead He, 58 K, 410 mbar

time of the data acquisition system wasl00 us per ac-
cepted event.
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C. Data analysis

|(counts)/(100ns)] / (accepted p)

The data were analyzed event by event as follows. i
(1) Postpileup events were rejected using the multihit 10 ‘4;
mode of the TDC. :
(2) The annihilation time and the time spread of the sl
shower counter hits were calculated. 10
(3) Events with only a single hit on one of the seven

6

shower counters were discarded. 10 &
The postpileup rejection has already been described in the : ! Mﬂ Ml
preceding section. The annihilation time is defined as the (‘)‘ s T s a2 2‘5 a0

time between passage of tipethrough detectoB and the
average time of arrival of its annihilation products in the
shower counters. Only events for which the standard devia- o o
tion of the shower counter events from their average was less FIG- 2. Two typicalp delayed annihilation time Spectt@ATS)
than 10 ns were include@tdispersion” cut). To minimize from_ He_and He, sh_owmg the downwar_d bt_ent structur_e in the
the background caused by*—u*—e’ decays, we re- logarithmic plot, the different overall trapping times of antiprotons,

quired that at least two of the seven shower counters ha?jnd the fast-decaying component in the caséHf.

t (us)
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TABLE Il. Summary of target conditions, trapping fractions, average lifetimes, and fitted decay rates for low-temperature pure
“He measurements. The errors randp are due to fluctuations in time around the mean value.

T p Prmol f Ta(2.3uS) Three-level model Four-level model

(K) (mbap (10~* molicm®) (%) (u9) A (uS7h) Ng (us™h) N (#8™Y) Ny (ps™h)
5.83(10) 204.2(3) 4.30(8) 1.094(9) 4.05(8) 0.383(7) 0.576(15) 0.487(8) 1.006(65)
5.82(19) 404.5(19) 8.73(30) 2.866(11) 3.88(4) 0.387(3) 0.587(7) 0.468(5) 0.795(24)
5.83(10) 425.1(15) 9.18(17) 3.88(3) 0.383(2) 0.609(5) 0.452(5) 0.762(17)
10.26(12) 805.8(42) 9.64(13) 2.931(9) 3.87(3) 0.381(2) 0.621(5) 0.447(5) 0.759(18)
5.02(12) 392.1(5) 9.98(25) 2.942(10) 3.88(3) 0.383(2) 0.616(6) 0.457(5) 0.795(19)
5.83(10) 548(17) 12.01(46) 3.85(2) 0.376(1) 0.668(4) 0.442(3) 0.820(12)
10.26(12) 1000.0(8) 12.02(14) 2.943(10) 3.86(3) 0.371(2) 0.706(7) 0.429(6) 0.833(20)
10.26(11) 1002.0(10) 12.04(13) 2.937(12) 3.84(4) 0.378(3) 0.684(8) 0.449(6) 0.855(25)
5.83(18) 559.7(24) 12.28(41) 2.874(19) 3.78(6) 0.392(4) 0.669(13)  0.469(10)  0.862(40)
5.82(18) 560.0(23) 12.31(41) 2.926(19) 3.85(6) 0.388(4) 0.671(13) 0.468(8) 0.888(37)
5.82(18) 560.2(23) 12.31(41) 2.932(20) 3.81(6) 0.390(4) 0.692(13) 0.467(9) 0.889(40)
5.82(18) 560.2(21) 12.31(41) 2.870(45) 3.78(14) 0.396(11)  0.699(32)  0.461(70) 0.84(16)
10.27(11) 1041.0(1) 12.51(14) 2.873(29) 3.95(10) 0.378(6) 0.759(23) 0.457(14) 0.983(66)
10.26(10) 1041.0(1) 12.52(13) 2.922(10) 3.82(3) 0.373(2) 0.755(7) 0.443(5) 0.932(20)
5.83(18) 609.8(38) 13.46(46) 2.928(10) 3.86(3) 0.372(2) 0.699(7) 0.443(6) 0.872(21)
5.83(10) 644.1(60) 14.27(30) 3.89(3) 0.367(2) 0.722(8) 0.432(6) 0.874(22)
5.02(12) 601.3(11) 15.89(42) 2.911(11) 3.85(4) 0.367(2) 0.775(9) 0.433(6) 0.941(24)
5.83(18) 806.2(39) 18.24(63) 2.900(11) 3.85(4) 0.362(2) 0.868(10) 0.432(6) 1.071(25)
5.02(12) 826.7(73) 22.89(69) 2.884(16) 3.88(5) 0.354(3) 0.995(18) 0.438(6) 1.328(42)
5.82(17) 1009.0(45) 23.54(80) 2.881(14) 3.91(5) 0.349(2) 1.015(15) 0.420(6) 1.273(35)
5.82(18) 1041.0(1) 24.40(87) 2.854(12) 3.86(4) 0.350(2) 1.166(17) 0.427(5) 1.503(35)
5.02(12) 986.0(49) 28.36(87) 2.838(19) 3.86(6) 0.357(3) 1.070(24) 0.448(7) 1.476(52)
5.02(12) 990.4(29) 28.51(86) 2.927(41) 3.84(13) 0.362(7) 1.230(60)  0.435(20) 1.53(12)
5.02(13) 992.0(23) 28.57(93) 2.878(11) 3.90(4) 0.348(2) 1.121(15) 0.431(4) 1.498(33)

tion is possible. Annihilation via the Stark effect in a colli- results forf in *He and“He, shown in Tables | and II, are
sion with another helium atom then immediately follows theplotted versus the molar density. The trapping fraction in
ejection of the remaining electron. Although the maximum?3He is always significantly lower than that fiHe. At 5.8 K
trapping time of an antiproton ifiHe is clearly longer than and 400 mbar the observed ratio is

in He, the DATS from®He and “He are very similar in
shape fort>2us. For shorter decay times, however, a dis-
tinct fast component shows up ftHe, but not in“He.

Tables | and Il summarize the experimental conditions
and results for low-temperature putele and*He measure-
ments. The molar density,,,; was calculated using the sec-
ond order virial expansion of the state equation. The second . -
virial coefficients for3He and“He were interpolated from i .
theoretical value$l12]. The trapping fractiorf, the average i
lifetime T,, of antiprotons, and the results of fitting cascade
models to the time spectra, shown in the subsequent col-
umns, will be discussed in the following sections.

f (%)
T

Dmlﬁﬂﬂ"} ‘BEED—%

15 - O *He
. . ® ’He
A. Trapping fraction

The trapping fractiorf, defined as -

B (number of delayed annihilations 05 |

(total number of annihilations ’ @ L
0.05 0.1 0.15 0.2 0.25

is only given for runs in which the prompt peak had not been P ot (molicm’) x10

suppressed by the electronic prompt veto. An annihilation

was then considered as delayed if it occurred more than 15 FIG. 3. Trapping fraction of antiprotons fitHe and*He at low

ns after arrival of the antiproton. In Fig. 3 the experimentalpressures as a function of the molar density.
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FIG. 4. Scatter plot of the calculated stopping distribution of ~ FIG. 5. Time spectra of the delayg@dannihilation in®He (solid
10 00(p in the He target ata) 5.8 K, 400 mbar andb) 5.8 K, 200  line) and “He (dashed ling (a) reveals the small difference in the
mbar. The antiprotons enter the target chanfbeticated by solid  time scale betweefHe and*He DATS fort>2 us. (b) shows the
lines in the plot, cf. Fig. 1from the left side. At 400 mbar all same spectra a®), with the time scale of théHe spectrum en-
antiprotons are stopped in the target gas, while at 200 mbar a larderged by 14.6%solid line) and the*He spectrum containing the
fraction was found to stop in the walls of the target cell, consider-errors of both spectra.
ably reducing the fraction of delayed annihilations. The projection
of the stopping distribution onto the beam agiange distribution  straggling of 9.5 cr{FWHM). About 50% of the antiprotons

is shown as a histogram. were then found to annihilate in the walls of the target cham-
ber, thus considerably reducing the fraction of delayed
f(°He) Unlike the situation at 400 mbar, however, this number de-
f(*He) =0.778£0.004. 3 pends strongly on the exact thicknesses of counters and win-

dows in the beam line. Nevertheless, the simulation clearly
With the exception of very low densities it remains constantshows that most antiprotons are stopped inside the target at
in the density region under investigation. The apparent de5.8 K and 400 mbar. We therefore use the data at our experi-
crease of the trapping fraction at low densities is an artifactnental “standard” conditions, namely, 5.8 K and 400 mbar.
caused by our experimental setup as will be explained in the
following Pafagr,aph- . . . B. Overall trapping time

The scintillation counter array used in previous experi- )

ments[4,8] was able to distinguish between annihilations in _Figure §a) compares DATS from puréHe and “He at
the target gas and in the walls of the target chamber. Thi§-8 K and 400 mbar, showing that the shapes of the spectra
feature was lost in the highly efficient shower counter systenfter 2 us are surprisingly similar to each other except for
described in Sec. II. Antiprotons annihilating in the targetthe time scale. A quantitative value for this difference can be
chamber walls, however, would contribute to the promptobtained by enlarging the time scale of thele spectrum,
peak and would therefore bias the result for the trapping!ntil the long-lived parts of the two spectra mateh. In
fraction. To investigate this problem, we calculated the stoporder not to be sensitive to different short-lived components,
ping distribution of antiprotons in our target by Monte Carlo only the time range betweens and 17.5.s was taken into
simulation[4]. Figure 4a) shows the stopping distribution of account. Figure @) shows the same spectra as Figa)5
10 OOOF_) (200 MeVb) obtained in4He gas at a temperature with the time scale of théHe spectrum stretched by 14.6%
of 5.8 K and a pressure of 400 mbap,{,=8.66x 10 (solid line) and the*He spectrum containing the errors of
mol/cm®). The fraction ofp stopping in the walls of the both spectra. From various pairs of DATS taken at the same
target chamber under these conditions is only about 1.1960nditions we obtained an average scaling factor of 1.144,
and is not sensitive to possible uncertainties of the thickWhich is readily interpreted as the ratio of overall trapping
nesses of counters and windows in the beam line. The antilmes
protons were calculated to have a mean range of 8.6 cm and T (%
a range straggling of 3.6 ciffull width at half maximum M
(FWHM)] in the target cell. The situation changes drastically Tyrag( "He)
when the pressure is decreased to 200 mbBay. 4(b)]. Ac-
cording to our simulation the mean range of antiprotons inn previous publicationg4,8] the average lifetimeT,, of
the target gas at these conditions is 16.9 cm, with a rangantiprotons, calculated from the time spedité) as

=1.144+0.009. 4)
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JimtN(t)dt A o=,

0
Toa

Tadto,tmax) =
was used to compare DATS frofHe and“He. In order to
consider only the long-lived part of the spectrgwas cho-
sen to be 2us for *He and“He. For a proper comparison
of T,,(*He) andT,(*He), however, one has to take into ac-
count that the time scale fdiHe was found to be a factor of
1.144 larger than foPHe. If t, is set to be 2us for *He, a
value ofty=1.144x2 us~=2.3 us should therefore be used
for “He. Table | showsT,(He), calculated forto=2 us,
while Table Il containsT,(*He) for t,=2.3 us. At “stan-
gard" conditions the ratio of average lifetimes fiHe and

He is

FIG. 6. Three-level cascade modg], \,, and\; are the radia-
tive decay rates of the metastable stabés.N,, andN; represent
the populations of the respective levels.

rates of crossover transitions between individual sequences
have been estimated to be at least one order of magnitude
smaller than the radiative transitions within a given chain
[5]. As an approximation, one may describe the system of
independent sequences by only dfietitious) representative

T.(%He) ladder of levels, averaging over the individual cascades.

—37 =1.153+0.009, (6)
Tal"He) A. Three-level cascade model

showing thafT,, indeed reflects the overall trapping time of ~ The simplest model which is able to reproduce the char-

antiprotons, provided that the different time scales inacteristic downward bending of the annihilation spectra at
3He and 4He are taken into Consideration_ t~8 ,LLS is ap cascade over three metastable levels followed

by an Auger-dominated short-lived st484, as shown in Fig.

6. The antiproton annihilates immediately after the fast Au-

ger transition to an ionizegd He?* state. The rate equations
Apart from the small difference in the long-living part of for the populations of the different levels are then

the spectra a strong fast decaying component appears in all

3He DATS, which is not present in low-densifiHe (Fig. dN;

2). Although small admixtures of foreign gasg@s particular dt

H, and G,) to helium are known to induce a fast component

in the spectrd13], there is no possibility that gaseous impu- dN,

rities introduced into the present target could have caused the at = MeNat ANy, (8)

short-lived component irfHe alone, because at tempera-

tures aroud 5 K all possible impurities, e.g., $#or O,, are dN

frozen or liquefied. The presence of the fast-decaying com- 3 —A3Ng+A,N,, 9

ponent is therefore intrinsic tdHe. By fitting a simple sum dt

of two exponential functions to théHe spectra between 0.1

us and 5 us, the lifetime of the fast component in

3He was determined to be 0.158.007 us. The fraction of

all trapped antiprotons annihilating with this relatively short

lifetime (compared to radiative transitionwas found to be

C. Short-lived component

=—N1Ny, (7)

with A; being the radiative decay rates of the metastable
states. Since our aim was only to reproduce the gross shape
of the time spectra from 100 ns on, the Auger-dominated
state at the end of the cascade was not taken into account in
(13.3+0.2)%. This suggests that there is at least one state i ur mOdel.S'. Du_e_to the nono_rthogona_lity of real ex_ponential
p 3He", which has an intermediate lifetime between meta- unctions it is difficult to obtain a consistent set of fit results
stability (lifetime ~1—2 ws) and Auger dominancéiife- with six free parameters. In most of the cases, however, we
time =10 ng found similar values for the radiative rateg andX , both in
= ' %He and“He. Therefore we set; =\, and further assumed

the initial populations of all three levels to be equal
[N1(0)=N,(0)=N3(0)=Ng]. In view of the high level

In the preceding section the various overall trapping timeglensity and the small level spacing arounet n, this is
of antiprotons in®He and “He have been determined by Probably justified. The solution faN3(t) of this system of
comparing DATS from®He and“He from 2 us up. These differential equations with three free parameters is
methods, with their sensitivity limited to the long-lived re-

IV. FITTING TO CASCADE MODELS

gion, do not take into account the different short-lived com- ) At 3 % LM ot
ponents in®He and“*He. We therefore tried to find a fitting 3 DS VI VS U e W

function which is capable of describing both the short- and )

long-lived components in the DATS. A propensity rule im- ENa 1 Ay n Ay e hat (10)
plies that, after being captured into a metastable state, the 0 As—A1 (A3—N\yp)? '

antiprotons follow a cascade through subsequent metastable

levels withAn=Al=—1 [5,14]. The DATS we observe are Figure 7 shows the results of a fit of the annihilation rate
therefore a superposition of almost independent sequenceszNs(t) to typical spectra, recorded at 5.8 K and 400 mbar
each with a radial node number=n—|—1= const. The in 3He and“He. The shape of DATS fromfHe without a
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“He, 5.82K, 404.5mbar (a)
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L(counts)/(100ns)] / (delayed p)
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t(us)

FIG. 7. Fits of a three-level model with three free parameter

(A1, A3, andNy) to the spectra of Fig. 2.

fast component is described satisfactorijy(, ~ 2), while

S

FIG. 8. Four-level model of thp cascade with decay ratis of
the metastable states and level populatiNnsrespectively.

better representation ofHe DATS, but, as mentioned
above, the fit results are inconsistent due to the large number
of free parameters.

B. Four-level cascade model

One obvious possibility to enhance the growth-decay
structure of the fitting function necessary for satisfactory fit
results for ®He, is to consider @ cascade over four meta-
stable states instead of three, as shown in Fig. 8. Since the
downward bent shape of the DATS indicates a reduced feed-
ing from higher levels at longer decay times, the initial popu-
lation Ntl) of the highest state in this four-level decay chain
was introduced as an additional free parameter in the fit. The

the simplified three-level fitting function cannot reproduceinitial populations of the lower levels were assumed to be

the strong short-lived componeand the downward bent
structure of IN(t) for longer decay times in3He

equal (o). To ensure stable fit results, the decay rates were
set to be equal for the three upper levels, as in the three-level

(x%4~ 10). Despite this lack of sensitivity the fit results for model. Extending the three-level model as described results
A, and A are presented in Tables | and Il for comparisonin a second growth-decay termt?e *1' in addition to the
with earlier publications. The six-parameter fit provides aonex=te ' in Eq. (10):

A3t2 At N2t

1

_ 1 _
N“(t)_{NOZ(M—M) e rp? NN, N,

Ap A A

}e”ltJr No

+NO[1

—_ + —
Ve VR VRS WL VRS W

S A A

_ + e*)\lt
VS VRO VES W L Ve

] e Mt (11)

Typical fits are presented in Fig. 9. The function is capable ofrom the direct comparison of DATEEQ. (4)]. Thus\, de-

reproducing the behavior of DATS fronfHe (a) and
He (b) both for short and long decay timegfgd~ 2). To

termines the overall trapping time in our model. It is inter-
esting to see that the value ok, found for “He

achieve this, however, an additional parameter had to be if-0.46(1) ws '] in such a simplified model is in agreement

troduced.

with the decay rate of the n(l)=(40,36) state

The results fom; and\, are given in Tables | and Il. In [0.49(2) us '], determined by resonant deexcitation of an-

Fig. 10 the radiative rated;, N\, and the ratio of initial
populationsN(l)/NO are plotted versus the molar density. The

tiprotons with laser lighf10].
The decay rate of the last metastable lexgl in our

decay rate\ ; of the upper metastable states was found to benodel represents the fast-decaying component of DATS
higher for He than for*He [Fig. 10@]. Comparing values [Fig. 10b)]; it is roughly a factor of 3 higher ifHe than in
of A, for 3He and“He at “standard” conditions one finds “He, again suggesting the existence of at least one border

an average ratio of

A 1(3He)

—_— = +
Nt~ 1145003, (12)

state with a lifetime between a metastable and an Auger-
dominated zone irfHe. However, no calculations of Auger
rates have been performed féHe up to now. Again, the
result for A, in *He [0.78(2) us '] agrees surprisingly
well with the value found for the staten(l) =(39,35) in our

which is in good agreement with the ratio we have obtainedaser resonance experimdiit72(2) us 1].
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FIG. 9. Results of fitting a four-level cascade model with four C in
free parameters to the spectra of Fig. 2. 025
The ratio of initial populationNé/No, presented in Fig. SR IS I I U B

0
008 009 01 011 012 013 014 015 0.162

10(c), is in all cases smaller than unity, indicating that the o (moliem) 0

initial population of metastable states inpaHe™ atom de-
creases with increasing principal quantum nunmbeseveral
arguments based on calculated transition rates show that an
artificial cutoff in the initial population of states above  FIG. 10. Fit parameters; (a), A4 (b), andN/Ny (c) as calcu-
n~40 is necessary to reproduce the shape of DAI516.  ated from the four-level cascade model fibte and*He.

V. DISCUSSION AND CONCLUSIONS time 7,, , the overall trapping timé;,, can be estimatelb]
The observed isotope effects have to be compared witﬁy

the present theoretical knowledgemHe* atoms. The two

main theoretical descriptions of this three-body system are

the molecular approadi5,17,18 and the atomic approach

[5]. Very recently they have been supplemented by large

configuration-space variational methdd®], which yielded

the energy levels and transition wavelengths shown in Fig.

11. The rates for radiative transitions have been calculateghis yields for the ratio of overall trapping times in

both in the molecular and the atomic approaches. Up to NOWHe and3He

the Auger rates have only been calculatedddtHe", using

Twap € 7n. X number of metastable states
trap Ny

3/2 M*

2
—} . (13

Mg

M*

Me

oC

M*:|l/2

Mg

the atomic modeJ5]. According to these calculations, Auger T p(4He) M* (P *He) 2
transitions withAI<3 to states of ionizecp HE?" (also tra o~ E ~1.14. (14)
shown in Fig. 1] occur quickly, the relevant states having Twad"He) | M*(p 3He)

lifetimes =10 ns(indicated by zigzag lines in Fig. 11Au-

ger transitions witlAI >3, on the other hand, are expected to  The experimental results for this ratio, as given in Egs.

be much slower even than the radiative processes and ag@d(6), are in excellent agreement with this simple theoreti-

thus “forbidden.” The corresponding metastable levels havecal treatment based on the atomic model. A less direct ap-

lifetimes on the order of 1-2s (indicated by bold lines in  proach to compare the DATS froffHe and3He is to ex-

Fig. 11). While actually calculated only fop “He*, the  amine the fitted decay rates. The ratio we obtain from values

same rule was applied to the casepofHe" in Fig. 14b).  of A, found in the four-level model foPHe and *He at
The overall trapping timé ., of antiprotons depends on similar densities|Eq. (12)] shows that\; determines the

(i) the lifetimes of the individual metastable leve(8) the  overall trapping time in our model. We cannot extract decay

number of metastable states, diig) the initial population of  rates of individual states from these simplified models, for

these states. Assuming that tpeis captured into a Bohr which the ratio of lifetimes according to E¢L3) would be

orbit with a principal quantum numbem~ny,=yM*/m,  1.10. Therefore we have shown that the three different meth-

(approximately 38 for*He and 37 for’He) and with a life-  ods employed — scaling of the spectra, calculating the aver-
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3 (a) FIG. 11. Energy diagrams of “He" (a)
—— 2 andp *He" (b), together with those gf “He?"
and p 3He?*. The states opHe' are divided
into a radiation-dominated metastable zone
(bold lineg and a zone of fast-decaying states
(zigzag liney, which are expected to decay to
states of ionizedpHe?" via Auger transitions
with Al=<3. The main radiative cascades are
indicated by arrows. The transition wavelengths
1= 2 » 3% 33 2 B H B % I B calculated by Koroboy19] are shown for the
— n=39 .. .
R 1232 mwﬁﬁﬁ e relevant transitions, respectively.
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age lifetime, and fitting a chain decay model — converge tdhelium, independent of the reduced mass of the
the same result for the overall trapping time as a simplgpHe™ system[5].
theoretical estimate.
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