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Abstract. The quenching of metastable states of antiprotonic helium by collisions with hydrogen and
deuterium molecules was studied. A systematic investigation of the delayed annihilation time spectra at
various Hz and D2 admixture ratios at the ppm level revealed characteristic changes of their shape, which
indicated a strong principal and orbital quantum number dependent quenching of levels in both cases.
Applying a laser spectroscopy technique to measure the lifetimes of individual states and cascades we
deduced Hz and D2 quenching cross-sections for the states (n,l) = (39,35) and (37,34). These cross-
sections establish for D2 molecules the strong increase of the quenching efficiency with increasing principal
quantum number n of the state under investigation previously reported for the case of Ha admixtures. Our
experiments indicate that the low-n state (37,34) is somewhat less affected by D2 than by Ha2, while the
high-n state (39, 35) is equally quenched by both isotopes.

PACS. 36.10.-k Exotic atoms and molecules (containing mesons, muons, and other unusual particles) —
42.62.Fi Laser spectroscopy — 34.20.Gj Intermolecular and atom-molecule potentials and forces

1 Introduction

An antiproton (p) stopped in ordinary matter is captured
by the Coulomb force into an atomic orbit around the
nucleus of a target atom, thereby liberating one of its
electrons [1]. This newly formed exotic atom usually dis-
integrates within a few picoseconds due to the almost in-
stantaneous absorption of the antiproton by the nucleus. A
remarkable exception to this rule was discovered in helium,
where a small fraction of antiprotons (=~ 3%) was observed
to survive as long as several microseconds [2-7]. No evi-
dence for such delayed annihilation was found in liquid
nitrogen or liquid argon [2], solid metallic lithium, LiH or
LiF [5], and gaseous neon [4,5], krypton or xenon [5]. Ap-
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parently, the capture of antiprotons into metastable states
is unique to helium.

After its slowing down in inelastic collisions with atom-
ic electrons of helium, the antiproton is initially captured
into a state which closely overlaps that of the electron
it displaces. In a simple single-particle approximation us-
ing hydrogen-like wavefunctions, the orbits of the electron,
which is assumed to be in the 1s ground state before cap-
ture, and of the antiproton, which immediately after cap-
ture occupies a state with principal quantum number n,
are characterized by the Bohr radii
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where m, is the electron mass, M is the p-He?t reduced
mass, Z, z are effective charges to account for the screen-
ing of the nuclear charge by the remaining electron of the
antiprotonic and purely electronic atom, respectively, and
ap = 4dmegh? /mee2 is the Bohr radius. Maximum overlap
of antiproton and electron orbits implies that % = r§,
which also means Z = z. The principal quantum number
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of the initially populated state can then be estimated to
be n & ng = \/M/m. = 38, if the helium atom was in the
1s? ground state before capture. The total energy of the
antiprotonic helium atom pHe® (= peHe?t) immediately
after capture is thus

Mc2a?Z?  mecta?z?
2n3 2

= BN = 78975 eV =-29 au.,

EPHeT o

= —mecroQZ2

(1)

i.e. the antiproton and the electron equally share the total
binding energy, which in turn equals that of the capturing
He" atom in the 152 ground state. For the effective charge,
a value of Z =~ 1.7 follows from equation (1), in good
agreement with a variational calculation by Russell [8].

In the neutral three-body Coulomb system thus formed
the remaining electron stays essentially in the 1s ground
state. The antiproton wavefunction in the initially pop-
ulated state of antiprotonic helium should therefore con-
siderably overlap that of the second electron, which would
then be expected to be ejected rapidly via the Auger ef-
fect [9]. Due to the degeneracy of states of the resulting
pHe?* ion, the molecular potential between it (chemically
resembling a heavy proton) and a colliding helium atom
then induces fast Stark transitions of the antiproton to
low-[ states. These are immediately followed by its annihi-
lation with the nucleus, resulting in an antiproton lifetime
of the order of picoseconds. Applying laser spectroscopy
techniques [10] to study the lifetimes and populations of
individual states of pHe™ [11-16], we have shown that the
“conventional” exotic atom cascade sketched above is in-
effective for antiprotons captured into a class of circular
or nearly circular states of antiprotonic helium with large
orbital quantum numbers | < n — 1, as was suggested ear-
lier by Condo [17]. For these states the small energy level
spacing of antiprotonic orbitals (E, — E,_1 &~ 2 eV) re-
quires a large jump in both n and [ quantum numbers
(Al > 3) in order to release the energy necessary for ejec-
tion of the strongly bound remaining electron (= 24 eV).
Since the Auger rate decreases by about three orders of
magnitude as the multipolarity |Al| of the transition in-
creases by one unit [10,18], these high-(n,l) states pre-
dominantly decay wvia a cascade of slow radiative dipole
transitions with Al = An = 1 or, equivalently, with con-
stant vibrational quantum number v = n — [ — 1, each
with a lifetime of ~ 1-2us [19,20]. Due to this strong
dependence of the Auger rate on the multipolarity of the
transition there is a distinct border between long-lived, ra-
diation dominated states and short-lived states, where fast
Auger transitions with Al < 3 are energetically possible.
The radiative cascade terminates when such a short-lived
state is reached and the “normal” antiprotonic atom cas-
cade via Auger and subsequent Stark transitions becomes
effective, resulting in very fast (i.e. ps-scale) annihilation
of the antiproton.

The metastable states of antiprotonic helium were in-
vestigated experimentally by measuring the time interval
between the arrival of an antiproton at the helium target
and its annihilation with a nucleon of the helium nucleus.
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Detailed studies of these delayed annihilation time spec-
tra (DATS) showed that the anomalously long lifetime of
antiprotons captured into metastable states in helium de-
pends surprisingly little on the density or phase of the
helium target and persists in high-density gas, liquid and
even solid helium [5]. Even the admixture of the light no-
ble gases neon, argon and krypton in concentrations of
some 10% shortened the antiproton lifetime only slightly,
without changing the overall cascade-dominated shape of
the DATS [4,7]. Adding only 250 ppm of xenon gas, on the
other hand, caused a noticeable decrease of the antiproton
lifetime together with a significant change of the shape of
the DATS [7].

A much stronger effect was observed when molecular
gases were admixed to the helium target. While No had
an effect similar to xenon, a few hundred ppm of Hy or
O3 molecules were sufficient to destroy the metastability
almost completely [5]. From systematic investigations of
DATS at various ppm-admixtures of Hy and O5 molecules,
which revealed characteristic changes of their shape, we
drew the conclusion that all the metastable states are
destroyed with an efficiency independent of their quan-
tum numbers in the case of Oy [21], while the states are
quenched in a highly state dependent way by Hs [22].

In order to tag individual levels of this exotic three-
body system, rather than study the integral effect of
all metastable states involved in the cascade as reflected
in the DATS, a laser spectroscopy technique was intro-
duced [10]. This method is based on resonant deexcita-
tion of the last metastable state in a given cascade to an
adjacent short-lived Auger dominated state by irradiation
with laser light of the corresponding wavelength. The res-
onance condition resulted in almost instantaneous annihi-
lation of the antiproton and a spike-like response in the
DATS at the time the laser was fired. Using this technique
we were able not only to measure transition energies be-
tween highly excited states populated after antiprotonic
helium formation, but also to determine their lifetimes as
a function of the target conditions and foreign gas ad-
mixtures. In the case of Hy admixtures, these laser spec-
troscopy measurements suggested that for a given cascade
energetically higher-lying states are much more efficiently
quenched than lower-lying ones. We have employed these
state dependent quenching effects to selectively depopu-
late the higher one of two adjacent metastable levels in a
cascade by adding an appropriate number density of Hs
molecules to the target gas and then applied a laser pulse
to resonantly excite the pHe™ system from the long-lived
lower level to the now short-lived upper one [23]. As in the
pure helium case, an increased annihilation rate from the
short-lived level was observed when the resonance condi-
tion was met.

In addition to providing a more systematic insight
into the structure of metastable antiprotonic helium, this
so-called “hydrogen-assisted inverse resonance” (HAIR)
method offered the means to study the quenching effect
by Hy in greater detail [24]. The quenching cross-sections
obtained for a variety of six metastable states with this
technique yielded important information on the n and [
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dependence of the Hy quenching of states, showing that
within a given cascade with constant vibrational quan-
tum number v, the quenching cross-section increases by a
factor of 4-6 when n increases by one, while it decreases
moderately with increasing .

In order to shed some new light on the physics of the
underlying quenching processes, it was evidently neces-
sary to investigate the influence of the different vibrational
and rotational level structure of deuterium molecules on
the quenching efficiency. In the present paper we first
give a brief description of the experimental arrangements
used for our measurements. The subsequent comparison of
DATS with Hy and Dy admixtures can only give a qual-
itative picture of the quenching, which is then put on a
quantitative basis by using laser spectroscopy techniques
to measure the lifetimes of individual states or cascades
and to deduce Hs and D5 quenching cross-sections for the
states (39,35) and (37, 34).

2 Experiment

The experiments on antiprotonic helium were performed
at the Low Energy Antiproton Ring (LEAR) of CERN
using a 200 MeV /¢ antiproton beam (momentum spread
0.1%), which was extracted from the ring in two different
modes: (i) continuous, “slow” extraction at a rate of about
10*p/s, and (ii) pulsed, “fast” extraction of 100-200 ns
long bunches, each containing about 108 p.

Figure 1(top) shows a perspective view of the exper-
imental setup during slow extraction of the antiprotons
from LEAR. After the end of the beamline, a 100 ym
thick Be window, the antiproton beam traversed a few cm
of air and passed a 0.45 mm plastic scintillation counter,
which provided the start signal for the annihilation time
measurement (not shown in Fig. 1). It entered the tar-
get chamber through Kapton and CuBe windows and was
stopped in a cylindrical helium gas target, which was
kept at cryogenic temperatures by a cold helium gas-flow
cryostat. The dye laser pulse, which was expanded by
lenses to cover the p stopping region in the target ves-
sel, was introduced through quartz windows on the side
opposite to the beam entrance windows. The annihilation
time of each stopped antiproton was measured by seven
scintillator-lead shower counters, which detected at least
two of an average of five annihilation pions with an effi-
ciency of (99.7+£0.1)% [25]. This multiplicity requirement
was necessary to eliminate the background caused by the
7T — ut — et decay chain of positive annihilation pions
stopped in the vicinity of the target. This way, DATS es-
sentially free of background could be recorded, as shown
in Figure 2.

For laser spectroscopy experiments, however, the in-
trinsic ignition time of the laser system, which was trig-
gered by a randomly arriving antiproton, imposed a lower
limit of 1.3 us on the earliest possible time to study indi-
vidual metastable states — too late for a proper investi-
gation of certain quenching phenomena. This constraint
could be overcome in the pulsed antiproton extraction
mode, where the signal that initiated the extraction was
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Fig. 1. (top) Perspective view of the experimental arrange-
ment during slow extraction of the antiprotons from LEAR.
A beam of ~ 10*5/s (momentum 200 MeV/c) passed a scin-
tillation counter telescope (not shown) and entered the target
chamber through Kapton and CuBe windows, where it was
stopped in cold helium gas. The laser beam was introduced
through quartz windows on the side opposite to the beam win-
dows. (bottom) Plan view of the setup used in the pulsed ex-
traction mode. The shower counters of (top) were replaced by
a Lucite radiator, the Cerenkov light produced therein by the
charged annihilation pions being detected by a gated PMT. A
parallel plate ionization chamber (PPIC) was used instead of
the scintillator telescope to monitor the position and the time
structure of the beam.

used to trigger the laser system in advance of the ar-
rival of the p bunch, thus bypassing the delay caused by
the ignition of the laser. In the pulsed mode, however,
it was evidently not possible to resolve individual anni-
hilations of about 3 x 108 antiprotons occurring within
some 10 ps. Therefore, the shower counters were replaced
by a single Lucite radiator placed on one side of the tar-
get vessel (Fig. 1(bottom)), the Cerenkov light pulse pro-
duced by the charged annihilation products therein being
detected by a highly linear, gated photomultiplier tube
(PMT HAMAMATSU R5504GX-ASSY). The pulse time
evolution was recorded by a 500 MHz (2 GSa/s) digital
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Fig. 2. Delayed annihilation time spectra (a) in pure helium
and (b—d) at various number densities of Ha (grey line) and
D, (black line) molecules, obtained by varying the admixture
ratio as well as the target pressure. For a proper comparison the
DATS were normalized to the number of accepted antiprotons,
i.e. the total number of events in the spectrum. In order to
increase the data taking rate, the time window was reduced to
~ 15 us for the measurements (b—d), which caused the abrupt
cutoff of the spectrum in (b). For (c) and (d) the maximum
antiproton lifetime was already shorter than the time window.

oscilloscope. This analog detection method, however, did
not permit the 2.2 us background caused by the decay
chain of 7T to be suppressed. This fact could be accounted
for in laser spectroscopy experiments [24], where either the
intensity of a resonance spike or its shape play a role, but
it ruled out the analysis of full DATS recorded during fast
extraction.

The target consisted of “He (purity > 99.9999%) for
the measurements in pure helium, and of several sam-
ples of *He (purity > 99.9996%) to which Hy (purity
> 99.999%) and Do (purity > 99.7%) had been pre-
mixed to the desired concentrations, and the composition
of which had been analyzed by the supplier with a relative
accuracy of 2%. To exclude the possibility of contamina-
tion by impurities such as Oy or Ny the target gas was kept
at a temperature of 30 K throughout the experiment, well
above the boiling temperatures of Hy (20.3 K) and Do
(23.7 K) [26]. The absolute number density of Hy and Dgy
molecules in the target gas was controlled by varying the
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pressure of the gas samples between 1 bar and 10 bar.
The various temperature, pressure and Hs or Dy admix-
ture conditions for the different measurements are given
in Tables 1 and 2.

3 DATS with H, and D, admixtures

For a comparison of the overall quenching efficiency of Ho
and Dy molecules we measured a series of DATS at vari-
ous Hy and Do admixture ratios without laser irradiation,
as shown in Figure 2. Here, only the delayed part of the
spectrum (annihilation time 2 80 ns) is shown, while the
peak of prompt annihilating antiprotons has been cut off
by an electronic veto. When plotted in a semilogarithmic
scale, the DATS in pure *He (Fig. 2a) exhibits the typi-
cal downward bent structure, which reflects the effect of
parallel p cascades over several adjacent metastable levels.
The small fast-decaying component at early times appears
at helium target densities above 4 x 1074 mol/cm?®. Its de-
cay rate gradually increases with increasing density, until
it is fully absorbed into the prompt peak at a target den-
sity of 12 x 10~* mol/cm? [27]. While the appearance of
a second short-lived component at densities higher than
15 x 107* mol/cm? has been attributed to the density de-
pendent lifetime shortening of a single metastable state
with quantum numbers (n,l) = (37,34) [27], the origin
of the fast-decaying component present in Figure 2a has
not yet been clarified. Figures 2b—2d show DATS recorded
at Hy and Dy admixture ratios of (b) 10 ppm at 1.5 bar,
(c) 100 ppm at 1.2 bar and (d) 300 ppm at 3.0 bar, cor-
responding to number densities of foreign gas molecules
of (b) 0.36 x 106 cm™3, (c) 2.9 x 106 cm™3 and (d)
21.7 x 10'® cm™3, respectively. Obviously, the character-
istic behavior of the DATS as D molecules are added is
very similar to the case of Hy admixtures: certain long-
lived states are converted to shorter-lived ones, resulting
in an increasing short-lived component and a decreasing
long-lived part with increasing number density of foreign
gas molecules. The fact that the cascade-governed growth-
decay structure persists even at high admixture ratios
shows that the quenching of states is strongly non-uniform
both for Hy and D2 molecules. This behavior is in strong
contrast to the case of Oy admixtures, where a single ex-
ponential decay indicates that the quenching efficiency by
O2 molecules is similar for all metastable levels [21]. In
evaluating the significance of the slightly shorter overall
antiproton lifetime in the case of Hy admixtures compared
to the corresponding Dy concentration, the different ther-
mal velocities of the Hy and D> molecules must of course
be taken into account, as we have done in equations (2, 3)
below.

4 Effect of H, and D, on individual
metastable states
Since the DATS reflect the integral effect of several p cas-

cades over many metastable levels, no information con-
cerning the effect of Hy and Dy admixtures on individual
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Table 1. Inverse cascade lifetimes (T,) ™" and decay rates v of the last metastable levels in the cascades v = 2 and v = 3 as a
function of target gas temperature T, pressure p and concentration of H> molecules cn,. Quantities derived therefrom are the
molar density of helium atoms pmo1 and the number density of Ha molecules ny,. For the measurements in pure helium, the
upper limit of the Hy content as certified by the supplier is given. The errors in 7' and p take into account the experimental
uncertainty of the sensors as well as slow variations in time due to the varying heat load by the laser and other external sources.

T p Pmol CH, NH, decay rate
(K) (bar) (10~* mol/cm?) (ppm) (10" em™?) (us™)
slow extraction (To=2)"!
29.4(6) 1.160(12) 4.74(10) 9.90(20) 0.282(8) 0.592(16)
29.3(5) 1.263(19) 5.17(11) 30.0(6) 0.934(27) 0.752(22)
29.53(5) 1.243(13) 5.05(9) 98.6(20) 3.00(9) 1.01(5)
29.22(5) 1.190(10) 4.89(9) 291(6) 8.57(23) 1.44(11)
20.77(4) 1.148(9) 4.63(7) 968(20) 27.0(7) 4.2(13)
pulsed extraction (Tv=2)" 1
100.0(5) 4.109(21) 4.91(4) <05 <0.015 0.427(27)°
slow extraction (To=2)""
30.18(3) 2.926(21) 11.61(14) <05 < 0.035 0.481(18)
30.1(7) 2.94(3) 11.68(29) 9.90(20) 0.696(23) 0.883(29)
30.2(4) 2.957(26) 11.72(16) 98.6(20) 6.96(17) 1.61(12)
32.1(29) 3.12(26) 11.6(15) 291(6) 20.4(25) 2.3(7)
pulsed extraction (To=2)"!
30.40(10) 3.086(17) 12.16(8) <05 <0.037 0.491(17)
31.00(10) 3.060(16) 11.82(7) 9.90(20) 0.705(15) 0.855(23)
30.00(10) 3.020(16) 12.06(8) 30.0(6) 2.18(5) 1.01(4)
30.00(10) 3.037(16) 12.12(8) 98.6(20) 7.20(15) 1.53(5)
29.30(10) 3.033(16) 12.40(8) 201(6) 21.7(5) 2.50(10)
20.94(14) 3.009(17) 12.04(9) 968(20) 70.2(15) 6.67(29)
slow extraction ~(37,34)
6.35(5) 0.251(5) 4.85(9) <05 <0.015 0.90(6)"
29.0(11) 1.157(21) 4.78(21) 9.90(20) 0.285(14) 0.88(5)
29.5(5) 1.256(19) 5.11(11) 30.0(6) 0.924(27) 1.00(4)
29.83(21) 1.204(7) 4.85(5) 98.6(20) 2.88(7) 1.12(10)
29.2(5) 1.191(10) 4.90(9) 291(6) 8.59(23) 1. 49(16)
20.8(4) 1.148(9) 4.63(7) 968(20) 27.0(7) 2.7(13)
30.0(10) 2.87(6) 11.5(5) <05 <0.035 1.04(6)
30.2(7) 2.94(3) 11.69(29) 9.90(20) 0.697(23) 1.22(6)
30.1(26) 2.92(29) 11.6(14) 98.6(20) 6.9(8) 1.50(9)
30.8(21) 3.07(19) 12.0(11) 291(6) 21.0(20) 2.9(6)
slow extraction (Tvzg)_l
30.24(24) 1.555(9) 6.17(6) 9.90(20) 0.368(9) 1.33(18)
pulsed extraction (Tvzg)_1
30.06(11) 3.058(17) 12.18(8) <05 <0.037 0.509(14)
30.00(10) 3.004(16) 12.35(8) 9.90(20) 0.736(16) 1.97(7)
29.90(10) 3.043(16) 12.19(8) 30.0(6) 2.20(5) 5.0(4)
30.00(10) 3.029(16) 12.09(8) 30.0(6) 2.18(5) 5.4(4)
30.00(10) 3.040(16) 12.14(8) 98.6(20) 7.21(15) 21(8)
slow extraction ~(39, 35)
5.80(5) 0.550(5) 12.12(17) <05 <0.037 0.644(15)°
30.7(7) 1.571(19) 6.13(15) 9.90(20) 0.366(12) 1.5(4)

“Measured at 100 K and 4.1 bar [21], i.e. at a density equal to that during the measurements at 30 K and 1.2 bar. *Interpolated
from measurements on the density dependence of (37,34) in pure helium at 6.3 K [27]. “From measurements on the density
dependence of (39, 35) in pure helium, which showed that the lifetime of this state remains constant over a wide range of
densities up to supercritical helium [27].
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Table 2. Inverse cascade lifetimes (T3)~
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! and decay rates 7 of the last metastable levels in the cascades v = 2 and v = 3 for

various number densities of D2 molecules np,. For the definition of the other quantities see Table 1.

T p Pmol CD, D, decay rate
(K) (bar) (10™* mol/cm?) (ppm) (10*¢ cm™3) (us™t)
slow extraction (Tvzg)f1
30.18(28) 2.926(21) 11.61(14) <05 <0.035 0.481(18)
30.4(15) 2.93(8) 11.5(7) 105.8(22) 7.4(5) 1.18(8)
30.52(21) 3.035(16) 11.90(11) 313(7) 22.4(5) 1.74(22)
30.52(21) 3.045(18) 11.94(11) 313(7) 22.5(5) 1.70(14)
pulsed extraction (Ty=2)""
30.40(10) 3.086(17) 12.16(8) <05 <0.037 0.491(17)
30.06(11) 3.053(17) 12.17(8) 9.85(30) 0.722(23) 0.684(20)
30.30(10) 3.030(16) 11.98(8) 30.7(10) 2.21(7) 0.957(20)
30.00(10) 3.031(16) 12.10(8) 105.8(22) 7.71(17) 1.229(23)
30.29(11) 3.035(16) 12.00(8) 1033(21) 74.6(16) 3.84(21)
slow extraction ~v(37,34)
30.0(10) 2.87(6) 11.5(5) <05 <0.035 1.04(6)
30.4(15) 2.93(8) 11.5(7) 105.8(22) 7.4(5) 1.40(24)
30.8(28) 3.1(16) 11.9(12) 313(7) 22.3(23) 1.41(13)
pulsed extraction (TU:3)71
30.06(11) 3.058(17) 12.18(8) <05 <0.037 0.509(14)
30.08(22) 3.060(21) 12.18(13) 9.85(30) 0.722(24) 1.93(5)
30.19(22) 3.038(16) 12.05(11) 30.7(10) 2.23(7) 4.31(17)
slow extraction ~(39, 35)
5.80(5) 0.550(5) 12.12(17) <05 <0.037 0.644(15)°
29.8(21) 1.48(7) 6.0(5) 9.85(30) 0.35(4) 1.00(22)
30.33(15) 1.007(6) 3.99(3) 30.7(10) 0.737(23) 2.7(12)

“From measurements on the density dependence of (39, 35) in pure helium, which showed that the lifetime of this state remains
constant over a wide range of densities up to supercritical helium [27].

states or possible isotope effects can be gained from an in-
vestigation of DATS alone. Therefore we applied the laser
resonance method to measure the lifetime shortening of
the states (n,1) = (37,34) at the end of the cascade v = 2
and (39, 35) at the end of the cascade v = 3 at various Hy
and Do admixture ratios. First results from the analysis of
a small data set for the case of Hy admixtures alone have
already been reported in [22]. From these measurements
we had concluded that for the cascades v = 2 and v = 3
states with higher n are much more strongly quenched
by collisions with Hy molecules than those with lower n.
This observation provided the basis for the HAIR tech-
nique [23]. Here, we present the results for both Hy and
D, admixtures obtained after the final analysis of all avail-
able data.

4.1 Determination of level lifetimes

We developed several methods, partly complement-
ing each other, to measure the lifetimes of individual
metastable states. Two of them, the “depletion recovery
method” and the “overall cascade lifetime method”, pro-
vided the basis for the results reported in this paper and
will be described briefly in the following.

The lifetimes of the two levels involved in a laser in-
duced transition between a metastable level and an adja-
cent short-lived one at the end of a given cascade can
be determined directly by studying the pulse shape of
the resonance spike and the depletion zone following the
spike in the DATS. In particular, it can be shown that
the dip in the DATS caused by laser-induced annihila-
tions which are then missing after the spike, recovers to
the shape of DATS without laser irradiation with a time
constant determined only by the decay rate of the
resonantly deexcited state [27]. Figure 3 shows the
depletion-recovery spectrum, i.e. the difference between
the normalized DATS with and without laser irradiation,
obtained (a) in pure helium and (b) at an Hy admixture
of 100 ppm with the laser on resonance with the transi-
tion (37,34) — (36,33) at 470.72 nm. The insets display
an enlarged view of the peak area together with a fit of
a sum of two exponentials, describing the peak decay and
the depletion recovery, respectively. The decay rate v of
the level (37, 34) obtained this way is noted for both cases,
clearly showing the lifetime shortening of the (37, 34) state
by Hs admixtures.

The state emptied by the laser is repopulated from
higher-lying states, an effect which can be studied by
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Fig. 3. Depletion-recovery spectrum of the 470.72 nm reso-
nance at 30 K, 2.9 bar (a) in pure helium and (b) at an Hs
admixture of 100 ppm, together with a fit of a sum of two expo-
nentials describing the peak decay and the depletion recovery,
respectively.

varying the laser firing time with respect to the arrival
of the antiproton, as shown for the 470.72 nm resonance
in Figure 4 for (a—d) slow and (e-h) fast extraction modes.
The advantage of a much earlier laser firing time in fast
extraction mode (due to the accelerator signal preceding
D extraction) is clearly visible. The resonance intensity
reflects the time evolution of the population in the reso-
nantly deexcited level, which is determined not only by
its own lifetime, but also by its repopulation from higher-
lying levels in the same cascade. When plotted against the
laser firing time, the resonance intensity exhibits an ap-
proximately single exponential decay with a lifetime T,
the so-called “overall cascade lifetime”. Figure 5 shows
the dependence of the resonance intensity on the laser fir-
ing time for the measurements during (a) slow and (b)
fast extraction shown in Figure 4. For the event-wise ac-
quisition applied in the slow extraction mode of (a), the
resonance intensity was determined by subtracting DATS
without laser irradiation, which were recorded simultane-
ously to those with laser light during the dead time of
the laser, from DATS with laser, both normalized to the
same number of entries before the resonance peak (see
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the enlarged insets in Figs. 4a—4d). The number of en-
tries in the resonance peak above background was then
normalized to the total number of events in the DATS
between 0.1 us and 5 us to yield the resonance intensities
plotted in Figure 5a. Since the DATS recorded in fast ex-
traction are the result of only a single laser pulse, there
was no simultaneous recording of DATS without laser irra-
diation. Consequently, the resonance intensity was deter-
mined by fitting a single exponential to a 60 ns wide range
before and after the laser peak, respectively (see insets in
Figs. 4e—4h) and subtracting this function from the ana-
log DATS. The resonance intensity plotted in Figure 5b is
then calculated from the area under the laser peak above
background, normalized to the total area between 0.3 s
and 10 us. The overall cascade time deduced by fitting a
single exponential to the decay of the resonance intensity
is also indicated in Figure 5, showing that the results ob-
tained in fast extraction agree very well with those from
slow extraction.

In contrast to DATS recorded event by event in slow
extraction, where the assignment of error bars is straight-
forward, an analog DATS obtained in fast extraction re-
flects the time evolution of a single light pulse produced by
the charged annihilation products of some 1025 stopped
in the target. Generally, the error of the observed signal
amplitude is then given by the statistical fluctuations of
the number of annihilation events and the pulse height
fluctuations of a single annihilation event. Here, the bin
errors were determined from an analysis of the statisti-
cal deviations of each measured DATS from its expected
smooth, multi-exponential decrease. The error bars deter-
mined therefrom are in good agreement with an estimate
of the errors taking into account the various physical pro-
cesses from Cerenkov light production to photoconversion
in the PMT [24].

4.2 Lifetime shortening by H;

First we applied the techniques described above to the
transition (37,34) — (36,33) in the cascade v = 2 at a
vacuum wavelength of 470.72 nm, which had previously
been studied extensively in pure helium [12,27], at vari-
ous Hs admixture rates. In Figure 6a the cascade lifetime
T,—2 is presented together with the lifetime 7(37,34) of
the last metastable state at a temperature of 30 K and
a pressure of 3 bar as a function of the number density
of Hy molecules ny,. The corresponding concentration of
Hs molecules is given at the top abscissa. The fact that
T,—2 is about a factor of two larger than 7(37,34) in pure
helium reflects the feeding of the state emptied by the
laser from higher-lying levels in the same cascade. With in-
creasing Hy concentration this feeding gradually decreases
and can be neglected completely above 100 ppm, corre-
sponding to a number density of Ho molecules of about
8 x 10'® ecm™3. At these conditions the resonance inten-
sity of the 470.72 nm transition decreases according to
the lifetime of the last metastable level, so that the cas-
cade lifetime can be interpreted as the lifetime of the last
metastable state. A completely analogous behavior had
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Fig. 5. Resonance intensity of the 470.72 nm
transition versus laser firing time, from mea-
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been found previously from an analysis of a subset of the
present data at a target gas pressure of 1.2 bar [23]. Due to
the density dependent shortening of the lifetime 7(37,34)
in pure helium mentioned above, the lifetimes measured
at 3 bar are shifted towards smaller values compared to
the ones at 1.2 bar. Table 1 summarizes all experimental
results for the inverse cascade lifetime (T,—2)~! and for
the decay rate [7(37,34)]"! = v(37,34) as a function of
temperature 7', pressure p and number density ny, of Ho
molecules.

005115225335445
Laser firing time(s)

surements during (a) slow extraction and (b)
fast extraction of antiprotons at 30 K, 3 bar
and an Hy admixture of 100 ppm.

A qualitatively similar picture, but shifted to much
lower Hy concentrations, resulted from the observation of
the transition (39,35) — (38,34) in the cascade v = 3
at a laser wavelength of 597.26 nm. As can be seen from
Figure 6b, the cascade lifetime T),—3 approached the life-
time 7(39,35) of the last metastable level already at an
Hs admixture ratio of 10 ppm. At 30 ppm the lifetime of
the resonantly deexcited level was too short for the res-
onance to be observed in the slow extraction mode. In
this case the cascade lifetimes measured in the pulsed ex-
traction mode yielded directly the lifetime 7(39, 35) of the
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Fig. 6. Cascade lifetime T}, (open squares) of the cascades (a)
v =2 and (b) v = 3 as a function of the number density n,
of Ho molecules (bottom abscissas) or the Hy concentration
(upper abscissa), compared with the respective lifetime 7(n, 1)
of the last metastable state in the corresponding cascade (full
circles). The data points in pure helium (Hz impurity content <
0.5 ppm) are plotted at an Ha concentration of 0.25 ppm. Since
the lifetime of the state (39, 35) is known to remain constant
over a wide range of densities [27], data points at different
target densities were taken into account for (b).

last metastable level. All available experimental results
for the inverse lifetime (T,—3)~! as well as the decay rate
~(39,35) of the state (39,35) at different temperatures,
pressures and Hs admixture ratios are given in Table 1.

4.3 Lifetime shortening by D,

In order to look for possible isotope differences in the
quenching of metastable states by Ho and Dy admixtures,
we performed a sequence of similar measurements for Do
admixtures. The results for T,,—2 and 7(37,34) measured
at various Dy admixture ratios at 30 K and 3 bar are
shown in Figure 7a. As in the case of Hs admixtures,
the feeding from higher-lying states diminishes with in-
creasing Do concentration. Above a number density of
1x 107 em ™3, there is no repopulation of the state (37, 34)
after its emptying by the laser, so that its lifetime 7(37, 34)
is equivalent to the cascade lifetime T,,—5 as measured by
varying the laser firing time. The experimental values for
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the decay rates in the cascade v = 2 measured at different
D5 concentrations are summarized in Table 2.

Similar measurements for the transition (39,35) —
(38,34) at 597.26 nm confirm also for Dy admixtures that
the higher-lying state (39, 35) is subject to a much stronger
quenching, as can be seen from Figure 7b. The results for
(Ty=3)~! and (39, 35) obtained at various experimental
conditions are given in Table 2.

4.4 Quenching cross-sections

Before we started employing laser spectroscopy to study
the metastable states of antiprotonic helium, two possible
mechanisms responsible for the hydrogen-induced short-
ening of the antiproton lifetime in helium had to be con-
sidered. Either the initial population of metastable states
was reduced due to a modified energy distribution of an-
tiprotons before capture, or the lifetime of already popu-
lated metastable states was shortened. The fact observed
earlier that the fraction of delayed annihilations remained
nearly constant, independent of the foreign gas concentra-
tion [3], already provided a strong indication for the latter.
The lifetime measurements of individual states reported in
this paper undoubtedly confirm this conjecture.

The fact that the decay rates of all the states un-
der investigation exhibit a linear increase with increas-
ing number density of Hs or Dy molecules suggests
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Fig. 8. Decay rates of the levels (a) (37, 34) and (b) (39, 35) at various Ha (empty symbols) and Dy admixtures (filled symbols).

a simple model, in which the metastable states are de-
populated in binary collisions with foreign gas molecules
Xs5. The observed non-uniform quenching of states is ac-
counted for by a state dependent quenching cross-section
o22(n,1), averaged over the distribution of thermal veloc-
ities at 30 K. The experimental decay rate 7y(n,l) of a
given level is then determined by the decay rate in pure
helium, ~o(n,l), and the collisional depopulation rate,
Y3¥2(n,1) = nx,voy?(n,1), where nx, denotes the num-
ber density of foreign gas molecules and v is the relative
velocity of the collision partners. Since the thermaliza-
tion time of the pHet system, which immediately after
formation has a kinetic energy of the order of some eV,
is much shorter than the typical lifetimes of metastable
states [28], we assume thermal equilibrium when a for-
eign gas molecule is encountered. The total decay rate of
a state (n,l) is then given by

(2)

y(n,1) = yo(n,1) + nXQUthaé(Q (n,l),

with the thermal relative velocity [29]

o — [8kgT
th = M

Here, kg is the Boltzmann constant, T" the target gas tem-
perature and M the reduced mass of the pHe™ X5 system.
At a temperature of 30 K, v, is 660 m/s for a pHe™—Hy
collision and 530 m/s for a pHet—Dy collision.

In Figure 8 we compare the experimental decay rates of
the levels (a) (n,l) = (37,34) and (b) (39,35) for various
number densities of Hy (open symbols) and Do (full sym-
bols) molecules. To account for small temperature fluc-
tuations during the individual measurements, the results
are plotted versus the areal collision rate ny, /p, (1) ven (T')
(in units of cm~2s7!) of the pHe™ system with foreign gas
molecules. The circles indicate results obtained with the
depletion-recovery analysis, which directly yields the de-
cay rate of the level under consideration, while the squares
denote inverse average cascade lifetimes determined by
varying the laser firing time. According to our discussion
in the previous section, these can be interpreted as the

(3)

Table 3. Cross-sections oq(n,!) for the quenching of antipro-
tonic helium atoms by He and D2 admixtures as obtained from
the fit of equation (2) to the experimental results for the decay
rates of the levels (39, 35) and (37, 34).

(n,1) of2 (1071¢ cm?) o2 (1071 em?)
(39, 35) 20.2(11) 30.8(14)
(37,34) 1.10(5) 0.65(5)

decay rate of the last metastable level, provided that re-
population of the state is negligible.

From a fit of equation (2) to v(37,34) with Hy ad-
mixtures (Fig. 8a, dashed line), a quenching cross-section
of ol!2(37,34) (1.10 £ 0.05) x 107'6 cm? was ob-
tained. In the case of Do admixtures (Fig. 8a, full line),
a quenching cross-section for this level of 0'(5)2 (37,34) =
(0.65 + 0.05) x 10716 ¢cm? follows from the fit.

For the level (n,l) = (39,35) we deduced a quench-
ing cross-section by Hy molecules of o> (39, 35) = (29.2+
1.1) x 10716 cm?. The decay rates 7(39, 35) with Do ad-
mixtures yield a cross-section of o?(39,35) = (30.8 +
1.4) x 10716 cm?, a value which agrees with the Hy result
within the error bars.

Table 3 summarizes the results for the quenching cross-
sections of the levels (37,34) and (39, 35) by Hy and Do
molecules.

5 Discussion and conclusions

Our laser spectroscopy experiments on antiprotonic he-
lium confirm the conjecture of a similar quenching effi-
ciency of hydrogen and deuterium molecules, which had
been suggested already by the measurements of DATS
without laser irradiation. The strong dependence of the
quenching cross-section on the principal quantum number
n observed in the case of Hy seems to be even more pro-
nounced in the case of Dy admixtures: for the state (39, 35)
we deduced Hy and D2 quenching cross-sections which are
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equal within the errors, while for the lower lying state
(37,34) we found that the quenching cross-section for Dy
is smaller than the Hy value by a factor of (1.7 £+ 0.2).
Our current knowledge about the n- and [-dependence
of the quenching by Hy and Do molecules, including re-
sults obtained from HAIR measurements for the levels
(38,1),1 = 35, 36, 37 and (39,1),1 = 36, 37, 38 [24], is
summarized in Figure 9.

Possible mechanisms leading to an enhanced depopu-
lation of metastable levels in collisions with foreign gas
molecules are inelastic collisions, which modify vibration-
al, rotational or electronic inner degrees of freedom of
the collision partners, and reactive collisions, e.g. disso-
ciation and ionization or exchange reactions. First pre-
liminary results by Valiron et al. [30], who performed a
calculation of the adiabatic electronic potential based on
ab initio quantum chemistry techniques, indicate that the
formation of an exotic molecule in the exchange reaction
pHet +Hy — [(pHe™)H] + H, which was suggested in [22],
might provide a possible explanation of the observed phe-
nomena. Considering that the pHe™ system chemically re-
sembles a heavy hydrogen atom, the dynamics of this re-
action is expected to be similar to that of the well-known
H + Hy — Hjy + H exchange reaction [31]. Indeed it was
found that the potential barrier for the collision of the
pHe™ system with an Hy atom depends strongly on the
geometrical conformation of nuclei during the approach
(the conformations of a system are the different spatial
arrangements of its nuclei or atoms, that cannot be made
congruent by rotations), a fact well known for the colli-
sion of an H atom with an Hy molecule. Averaging over
all possible geometries and taking into account the mod-
ulation of the P orbit during the collision, Valiron et al.
estimated n and [ dependent reaction barriers which, if
interpreted in terms of an Arrhenius-law, were in qual-
itative agreement with the observed systematics for the
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quenching cross-sections. In their model, the isotope ef-
fect on the quenching efficiency observed experimentally
may arise from the different spatial extension of vibra-
tional wave functions for Hy and D5y and from the change
of the zero-point energy during the collision. Detailed cal-
culations of rate constants and cross-sections taking into
account resonance and tunnel effects, however, are still
lacking and are eagerly awaited.

On the experimental side, further insight into the
mechanism of state dependent quenching of levels by hy-
drogen and deuterium molecules can be gained by sys-
tematically studying the temperature dependence of the
depopulation efficiency, with strong quenching of all lev-
els to be expected at higher temperatures, when reaction
barriers of the order of the thermal kinetic energy at 30 K,
as estimated by Valiron, cease to play a role. In addition,
the investigation of the quenching by Do can be easily ex-
tended to a wider range of metastable states employing
the HAIR method. After the closure of LEAR in 1996,
these experiments, however, have to wait for the Antipro-
ton Decelerator (AD), an all-in-one machine to collect,
store, cool and extract antiproton bunches currently be-
ing commissioned at CERN, to come into operation.
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