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Laser resonance transitions between normally metastable
states of antiprotonic helium atoms were induced making use
of state dependent quenching effects caused by trace admix-
tures of Hz to the target helium gas. With this method of
“Hp-assisted inverse resonances” the decay rates of the states
(n,1) = (39,1), | = 36,37,3% and (38,1), | = 35,36,37 of
ﬁHe"’ were determined as a function of the H> admixture.
The quenching cross sections at 30 K deduced therefrom for
the states with n = 39 were found to be of the order of the ge-
ometrical cross section for pHet-H, collisions (2 10715 cm2)7
with a moderate decrease with increasing . Within a given
cascade with constant v = n — 1 — 1, the quenching cross sec-
tions for states with n = 38 are smaller by a factor of 4-6
than those for states with n = 39.

PACS number(s): 36.10.-k, 34.90.4q, 42.62.Fi

I. INTRODUCTION

About three per cent of antiprotons stopped in he-
lium are known to survive for several microseconds! ® —
more than six orders of magnitude longer than the typ-
ical picosecond lifetimes of antiprotons brought to rest
in ordinary matter. In all other target materials inves-
tigated so far (Li, Ne, Kr, Xe) no evidence for delayed
annihilation was seen®*%. This extraordinary longevity
of antiprotons brought to rest in dense helium indicated
the trapping of these antiprotons in certain metastable
states of antiprotonic helium atoms.

The antiprotonic helium atom is a neutral three-body
system p-e~-He?* (= pHeT) formed when an antipro-
ton (p), after its slowing down in inelastic collisions
with atomic electrons, is captured by a helium atom,
thereby liberating one of its two electrons. In the ini-
tially formed state of pHet the antiproton wavefunction
is characterized by maximum overlap with the wave-
function of the electron it displaces, its most proba-
ble orbit having therefore a principal quantum number
n~ng =+/M/m ~ 38 where M and m are the reduced
masses of the p—*He?t and e~ —*He?t system, respec-
tively; the remaining electron stays essentially in the 1s
ground state. In this configuration the antiproton and
the electron nearly equally share the total binding en-
ergy, ~ 4 Ry+ Iy = +79 eV. On the above accounts, the
pHe™ system can be regarded as an exotic atom with two
negatively charged particles bound by a helium nucleus,
or as a peculiar diatomic one-electron molecule with the
antiproton as a negative nucleus, the vibrational motion
of the two nuclei, characterized by a vibrational quantum
number v = n—1[{—1, being separable from the electronic
motion.
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Since the wavefunction of the antiproton in its initially
occupied state considerably overlaps that of the remain-
ing electron, the antiproton was commonly believed to
quickly eject the electron via Auger effect. The ionized
pHe?t system thus formed is subject to strong electric
fields in collisions with surrounding helium atoms, which
induce Stark transitions to nS states. These are imme-
diately followed by annihilation of the antiproton with
the nucleus, so that the whole process from capture to
annihilation should be over in less than a picosecond.

Recent experiments” '?, which used laser light to
specifically tag certain states of pHeT, unambiguously
proved that the metastability observed in helium occurs
due to antiprotons being captured in high-n states with
large angular momentum { < n — 1. For these circular or
nearly circular orbits, fast Auger transitions with multi-
polarity L = Al < 3 are energetically impossible. This is
due to the small energy level spacing AF = F, — E,_1
of ~ 2 eV for n = 38, which requires a large jump in
the principal quantum number n of the system in order
to release the energy necessary for ejection of the second
electron (Ip ~ 79 eV —4 Ry = 24.6 V). Since [ Sn — 1
for circular or nearly circular orbits, this 1s equivalent to
a large jump in orbital angular momentum/{. Auger tran-
sitions with Al > 3, on the other hand, are strongly sup-
pressed, because the Auger rate, which is known to de-
crease by three orders of magnitude when |Al| increases
by 1, is much lower than the radiative rate!® 1%, The
continued presence of this electron suppresses collisional
Stark mixing of high-/ and low-{ states by removing the
[-degeneracy of states with equal n and, due to the Pauli
exclusion principle, preventing the electron cloud of a col-
liding helium atom from penetrating the pHeT system.
Hence, these high-(n,!) states predominantly decay via
slow radiative dipole transitions with Al = +£1, whose
rate as given by Fermi’s Golden Rule is
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Due to the almost classical localization of the antiproton
wavefunction for large-n states, transitions with An > 1
are much slower than those with An = 1, because the
larger transition energies AFE, for An > 1 are out-
weighed by a much smaller overlap integral {f|E1]é) of
initial and final state wavefunctions'®. In the molecu-
lar picture, this means that the familiar selection rule
Av = A(n =1 —1) = 0,1 for radiative transitions
between low-lying vibrational states of an ordinary di-
atomic molecule is reduced to Av = 0 in the case of pHeT
due to the large angular momentum'*. Thus, as our
laser spectroscopy experiments in pure helium confirm,
the metastable states in the large-(n,!) region preferably
decay via a cascade of slow radiative transitions with con-
stant vibrational quantum number v, each with a lifetime
of ~ 1 us. The cascade terminates when the antiproton
arrives at a short-lived state from which Auger decay
with Al < 3 is energetically possible. In the calculated

level scheme of large-(n,l) states of p*He™, displayed in
Fig. 1, these sequences of transitions are shown as arrows
along v = const with the theoretical transition wave-
lengths given in units of nm. The full horizontal bars
denote radiation-dominated metastable states while the
zigzag bars indicate Auger-dominated short-lived states,
which decay to the states of ionized pHe?t, shown as
dash-dotted lines.

The anomalously long antiproton lifetime thus pro-
duced in pure helium has been observed to be reduced
slightly by 10% admixtures of light noble gases (Ne, Ar,
Kr), whereas already 250 ppm of Xe showed a much
stronger influence®. For the molecular admixtures H,
and Os, however, the quenching was found to be much
more violent: Already a few hundred ppm destroyed the
metastability almost completely. On the other hand, the
presence of ~ 1% of Ny affected the p lifetime much less
than O, and H,%35 It is the purpose of the present
investigation to shed some new light on the physics of
these different quenching processes. In the case of Ha,
even at concentrations of a few ppm a fast-decaying com-
ponent appeared in the delayed annihilation time spec-
trum (DATS) together with a corresponding reduction
of the long-lived part, indicating that certain normally
metastable states had been converted to shorter-lived
ones. A more detailed investigation of the effect of Hy on
populations and lifetimes of individual cascades or sin-
gle states of pHeT | rather than on the average lifetime of
antiprotons as reflected by the DATS, required the appli-
cation of a laser resonance technique, which we had es-
pecially developed for studying these antiprotonic helium
atoms. Its principle is to induce resonance transitions of
pHeT from a metastable state to a short-lived one by
irradiation with a laser pulse of the corresponding wave-
length, resulting in almost instantaneous annihilation of
the antiproton and a spike-like response in the DATS
at the time the laser is fired'®. In addition to yielding
very accurate values for the transition wavelengths, this
method also provided the means to determine the life-
times of metastable levels and investigate their pressure
and impurity dependence!®™ 21,

Studying the lifetimes of the states (n,{) = (37,34) at
the end of the cascade v = 2 and (n,l) = (39,35) at
the end of v = 3 as a function of the Hs-concentration,
we had observed a strong n dependence of the quench-
ing effect?® indicating that in these cascades states with
higher n are much more strongly quenched by collisions
with Hy molecules than those with lower n. Recently,
we employed these state-dependent quenching effects to
selectively depopulate the higher one of two adjacent
metastable levels in a cascade by adding the appropri-
ate concentration of Hy molecules to the target gas and
then applied a laser pulse to induce an “inverse” transi-
tion (n,{) = (n+ 1,4+ 1) between the long-lived lower
level and the now short-lived upper one??. This “Hs-
assisted inverse resonance” (HAIR) method extended our
laser resonance technique (restricted in the pure helium
case to transitions between a metastable and a short-



lived level at the end of a cascade) to previously inacces-
sible levels in the metastable region of the (n,!)-plane.
The partial level scheme of p*Het, shown in the inset
of Fig. 1, summarizes the six HATR transitions (bold ar-
rows) (n,l) = (38,]) = (39,1 4+ 1), = 35,36,37 and
(n,0)y = (37,0) = (38,{ + 1),! = 34,35,36 between nor-
mally metastable states (bold horizontal bars) and the
two “conventional” metastable to short-lived transitions
(thin arrows) at the end of the cascades v = 2 and 3,
together with the experimental transition wavelengths in
units of nm. The (n,{) assignments of the two “con-
ventional” transitions were made taking into acount a
theoretical estimate by Ohtsuki'® of the boundary be-
tween the radiation-dominated metastable states and the
Auger-dominated short-lived ones, while the HAIR tran-
sitions were assigned their respective (n,{) values by com-
paring the experimental transition wavelength with the
theoretical results by Korobov!"18.

In order to identify the HAIR transitions as peaks in
the DATS, it was necessary to find, for each individ-
ual transition, the appropriate Hy concentration which,
on the one hand, considerably shortened the lifetime
of the upper level, but, on the other, still left a suffi-
ciently large population in the lower one. Employing
these Ho concentration scans we were able to determine
the lifetimes and Hs quenching cross sections of the states
(38,),1 = 35,36,37 and (39,(),l = 36,37, 38 presented
here for the first time, which were previously known
only for the two states (37,34) and (39,35), thus pro-
viding important systematic information on the [ and n
dependence of the Hs quenching for a wider variety of
metastable states of pHe™.

In the present paper we give a brief description of the
experimental setup, describe the procedure used to de-
termine level decay rates from the HAIR measurements
and present Hs quenching cross sections for all the six
daughter states of the observed HAIR transitions de-
duced therefrom.

II. EXPERIMENT

The results reported here were obtained with the
200 MeV /¢ antiproton beam from CERN’s Low Energy
Antiproton Ring LEAR. The HAIR method requires that
the laser pulse be applied early enough after the antipro-
ton stop to assure that there is still a detectable pop-
ulation left in the lower level, since the lower level life-
time is shortened to some extent by the Hy admixture as
well as that of the upper one. This condition was met
by using a sequence of 100 ns long antiproton bunches,
each containing ~ 10® particles. The signal that initi-
ated the extraction of antiprotons was used to trigger
our laser system prior to the arrival of the bunch. Thus
the antiprotonic helium atoms could be probed as early
as 180 ns after their formation, in contrast to the case
of continuous extraction of antiprotons, where the laser

system was triggered by a randomly arriving antiproton
and hence could be fired only after an intrinsic ignition
time of 1.3 us.

Figure 2 shows a plan view of the experimental setup
used for the HATR measurements. At the end of the beam
line the bunch of antiprotons passed through a 100 pm
thick Be window and traversed a few cm of air and a
parallel plate ionization chamber (PPIC), which served
as a beam position and intensity monitor, before enter-
ing the target chamber through a 50 pym Kapton and a
500 pgm CuBe window. To stop the antiprotons in the
target, 1150 pm of degrader material (EUPLEX) were
added between the Kapton and the CuBe window for
moderation. Additional 175 pm of EUPLEX were placed
outside the cryostat in front of the CuBe window for the
fine adjustment of the antiproton stopping distribution
inside the target gas chamber. The total thickness of
degrader material necessary was determined by a Monte
Carlo simulation taking into account the Barkas effect on
the energy loss®. The pulsed dye laser beam entered the
target chamber through two quartz windows on the side
opposite to the beam entrance window.

The target gas consisted of *He (99.9996% pure) to
which Hy (99.999% pure) had been premixed at concen-
trations of 98.6 ppm, 291 ppm and 968 ppm with a rel-
ative accuracy of 2%. To avoid Hs condensation in the
target gas and contamination by impurities such as No
or Os, the target gas was maintained at a temperature
of 30 K throughout the experiment. For this purpose
the stainless steel target chamber was mounted inside a
cryostat with cold helium flowing through Cu pipes sur-
rounding the target vessel. To stabilize the temperature
a heating wire around the target chamber was connected
in a feedback loop to a sensor located on the target cham-
ber. The number density of Hy molecules in the target
gas could be changed by varying the pressure of the pre-
mixed gases between 1.5 bar and 10 bar. The pressure
dependence of the metastability in the low density regime
employed here is known to be negligible!® compared with
the violent dependence on the Hs concentration.

Each antiproton bunch of some 10® particles produces
about 3 - 10° metastable pHet atoms and it is clearly
impossible to measure individual annihilations of these
within 10 ps. We therefore used an “analog” method
to record the DATS!?23: the Cerenkov light produced
by the charged annihilation products in a simple Lucite
radiator, subtending a solid angle of about 36% of 4,
was detected by a highly linear, fast photomultiplier tube
(PMT) and the resulting anode current was recorded by
a 400 MHz digital oscilloscope (2GS/s, 8 bit resolution).
Since the large light pulse coming from ~ 10% antipro-
tons annihilating within the first 10 ns would damage a
normal PMT, we used a gatable variety, developed by
HAMAMATSU Photonics Ltd. (R5504GX) for this spe-

cific application.



I1II. DECAY RATES

Figure 3(a) shows an analog DATS obtained at 30.2 K,
4.8 bar and an Hy concentration of 98.6 ppm with the
laser wavelength tuned to the (n,{) = (38,35) — (39, 36)
transition. A small but significant peak appeared in the
DATS at exactly the laser firing time (~ 180 ns after
arrival of the antiproton bunch). The time structure of
the corresponding laser pulse recorded by a PIN diode
can be seen in Fig. 3(b). For the duration of the laser
pulse (~ 30 ns), the resonance peak in the DATS not only
reflects the daughter state lifetime, but is distorted by
Rabi oscillations and dephasing collisions'®. In addition,
it 1s convoluted with the complicated time structure of
the laser pulse itself. After the end of the laser pulse,
however, the peak decays with a rate determined only by
the decay rate of the short-lived upper level of the HATR
transition. In our analysis of the peak decay rates we
therefore confined ourselves to times after the end of the
laser pulse.

In pulsed extraction, the analog DATS observed with-
out laser irradiation reflects the chain decay of many in-
dependent antiproton cascades from all initially popu-
lated levels, superimposed on a single exponential decay
component with a lifetime of 2.2 us, originating from the
7t — ut — eT decay chain of prompt annihilation pi-
ons stopped in material surrounding the target chamber.
The analog detection of Cerenkov light produced in a
large radiator does not permit these put decays to be be
distinguished from delayed annihilation pions with our
present experimental setup.

In order to reliably determine the decay rates of
the laser-induced peaks, an adequate description of this
“background” (here, “background” means analog DATS
without laser irradiation) by a simplified model as com-
pared to the multi-parameter analytical solution of the
cascade equations is essential. It turned out that a simple
sum of two exponentials can reproduce the background
very well:

B(t) = N [Afem™ " 4+ Aa(1 — fle=*2f], (2)

where A; was fixed to (2.2 ps)~!, the decay rate of
stopped uT, while Ay was a free parameter of the fit;
f denotes the fraction of the 2.2 ps contribution to the
total spectrum and N is an overall normalization param-
eter.

For times ¢ > 9 a single exponential with an am-
plitude A, and a decay rate A, was added to this
background to describe the exponentially decaying laser-
induced peak:

Alt) =
N [Aife it 4 2o(1 = fle=et] | t < tn
N [x\lfe_Alt + Ao (1 — fle P=t + Ap/\pe_APt] , > el

(3)

Here, 12" and 2 denote the beginning and the end of
the laser pulse, respectively.

Even this relatively simple function, however, yielded
consistent fit results only for high-statistics analog DATS
which had been recorded at the beginning of a spill from
LEAR, whereas fairly largely fluctuating results were ob-
tained for medium- and low-statistics spectra with less
antiprotons in a bunch. In order to include all exist-
ing analog DATS for a given transition recorded with
the same target conditions in our analysis and to elimi-
nate fluctuations in the fit result, a set of analog DATS
was fitted simultaneously with the same parameter values
for A1, Ap and f, respectively, for each spectrum. Only
the peak amplitudes Aé and the normalizations N’ were
treated as independent parameters for each spectrum 3.
Hence, depending on the number m of DATS included in
the fit, the number of free parameters was 3 + 2m. The
fit was performed in several steps:

1. Fitting of the background function Eq. (2) to the
region before and after the peak to obtain initial
values for the parameters Ay, f and N”.

2. Fitting of Eq. (3) to the entire region, excluding
the 30 ns duration of the laser pulse, with the pa-
rameters As, f and N? fixed to the values obtained
in step 1 to get preliminary values for the peak pa-
rameters A, and Aé.

3. Release of all parameters and fitting of Eq. (3) with
the complete set of parameters to the spectrum,
again excluding the 30 ns, during which the laser
pulse was applied.

Figure 3(a) shows an analog DATS with the result of
a simultaneous fit of 27 analog DATS taken at 30.2 K|
4.80 bar and an Hy concentration of 98.6 ppm with the
laser tuned to the transition (n,!) = (38,35) — (39, 36)
(solid line). The vertical lines indicate the duration of
the laser irradiation, which has been excluded from the
fit. The background function without the peak is also
shown (dashed line).

In Fig. 4 background-subtracted peaks of the transition
(n,l) = (38,35) — (39, 36) at three different number den-
sities of Hy molecules are displayed. The lifetime 7, with
which the peak decays after the end of the laser pulse,
clearly becomes shorter with increasing Hs admixture,
directly reflecting the reduced daughter state lifetime of
the transition. Table I summarizes the decay rates of the
states (39,1), [ = 36,37,38 and (38,/), [ = 35,36,37,
deduced at different target conditions. The number den-
sity of Ha molecules nyy, was calculated using the second
order virial expansion of the state equation. The sec-
ond virial coefficients were interpolated from theoretical
values?*,

In order to obtain correct errors for the fitted decay
rates 1t was essential to assign uncertainties to the sam-
pled analog DATS. Generally, the statistical fluctuations
observed in a measurement of a signal V = N - ¥ gener-
ated by N events, each producing an average pulse height



7, arise from two sources: (i) the statistical fluctuations
on = VN of the number of events N, and (i) the pulse
height fluctuations o, of a single event, in the case of a
PMT readout due to the approximately statistical nature
of the conversion of photons to photoelectrons. There-
fore, oy = ¥/+\/Tipe with T, being the average number of
photoelectrons produced by a single event. The variance
of the observed signal V is then?®

1
ot = No? +7%0% = N7° <1+_ ) (4)

Npe

Since an exact calculation of the bin errors using
Eq. (4) fails due to the lack of reliable data on the num-
ber of charged particles hitting the Cerenkov counter,
the number of Cerenkov photons produced and the light
collection efficiency in the radiator and the light guide,
an attempt was made to determine the bin errors from
an analysis of the statistical fluctuations in the measured
analog DATS. To this end the reduced chi squared, x2,
was evaluated for each fit of Eq. (3) to a set of analog
DATS using bin errors given by o; = /V; for each bin
1. To account for the time response of the PMT system,
which is governed by an electron drift time spread of the
order of 5 ns, the bin width was chosen to be 5 ns as well.
In the short time range under consideration, Eq. (3) can
be assumed to perfectly describe the analog DATS, as
can be seen from Fig. 3(a). Assuming that the signal
heights V; are independent from each other, the correct
errors on the signal height are then 6; = \/x2 - ¢, which
yield a x2 of 1. Application of this procedure to the spec-
trum shown in Fig. 3(a) resulted in a relative error on the
signal height of ¢;/V; = 1.1/+/V;, where V; is measured
in units of mV.

In order to check this result, an estimate of the error
based on Eq. (4) can be obtained, making the following
assumptions: The average number of Cerenkov photons
produced by a charged annihilation pion in 3 cm of Lucite
can be calculated?® to be 1500, taking into account the
spectral sensitivity of the PMT and the well-known av-
erage energy distribution of annihilation pions . With an
estimated light collection efficiency in the radiator and
the light guide of 5% and a quantum efficiency of the
photo cathode of 0.25, the average number of photoelec-
trons produced by a single pion is np. = 19. Taking into
account the known gain of the secondary electron multi-
plier section of the PMT, g = 10%, the average charge de-
posited on the anode of the PMT by an annihilation pion
is 30-10~15 C. Using Eq. (4), the relative error of the volt-
age at 50 Q in a time bin of 5 ns is then o /V = 0.6//V,
with V' given in units of mV. Considering the crude as-
sumptions made, this estimate is in fair agreement with
the results from the fluctuation analysis.

IV. QUENCHING CROSS SECTIONS

Figure 5 presents the observed decay rates as a func-
tion of the number density of Hs molecules, exhibiting a
fairly linear increase with increasing Hy number density.
It is then justified to apply a simple collisional model,
in which the metastable states are quenched in binary
collisions with Hs molecules, the sensitivity to Hs be-
ing characterized by a state dependent quenching cross
section oq(n,!). Assuming a hard-sphere potential, the
pHe™ system is slowed down from a kinetic energy of a
few eV after its formation to thermal energies in about
ten elastic collisions with other helium atoms?™?® and
has therefore been thermalized before it encounters an
Hs molecule. The observed decay rate of a given state
(n,l) can then be expressed as’

A(n, 1) = Xo(n, 1) + nu,venoq(n, 1), (5)

where np, is the number density of Hy molecules in the
target gas and vy, = \/8kpT /7 Myeq is the relative ther-
mal velocity of the collision partners®®. Here, kp de-
notes the Boltzmann constant, T the target gas temper-
ature and M..q the reduced mass of the pHet-H, sys-
tem. Since the daughter states of the HAIR transitions
are not accessible by our laser resonance method without
the admixture of Hs, experimental values for their decay
rates in pure helium are not available. Therefore, the val-
ues used for Ag(n,!) were the sum of i) all radiative E1
transition rates between states (n,{) and (n+ An,l£1),
obtained in a Born-Oppenheimer calculation'?, and ii)
the rate of Auger transitions from a level (n,{) to a state
of ionized pHe?T, calculated with a variational method
based on a molecular expansion of the wavefunction!.
All calculations of decay rates available up to now, how-
ever, do not take into account the pHet -He interaction at
finite target densities, which is known experimentally to
shorten the lifetime of the state (37,34) considerably!?.
For the state (38,35), the lifetime shortening at our ex-
perimental conditions (30 K, 1.55 bar) can be assumed
to be < 15% compared to the theoretical result, while
the (39, 35) state has been observed to remain nearly un-
affected up to liquid helium densities'®. Hence, a 15%
error was ascribed to the theoretical decay rates of the
states under investigation (n = 38,39, [ > 35) as an up-
per limit of a possible reduction of the level lifetimes at
finite densities. In Fig. 5 the results of fitting Eq. (5) to
the theoretical and experimental decay rates are shown
as straight lines. In Table II we present the quenching
cross sections of the different states deduced from this fit.
To complete the picture, the quenching cross sections de-
duced earlier for the levels (n,l) = (39,35) and (37, 34)
at the end of the cascade v = 3 and v = 2, respectively,
are also shown?%2!,

The results give a quantitative confirmation of the
strong n-dependence of the quenching by Hs molecules:
within a given cascade, the lifetime of the upper state is
more sensitive to Ho by a factor of 4-6 than that of the
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lower state. It was this fact that facilitated the HAIR
method. In addition, the quenching cross sections de-
pend on the angular momentum quantum number {: for
constant principal quantum number n, states with higher
[ are less affected by Hy admixtures than those with lower
[. Figure 6 summarizes the observed (n,{) dependence of
the Hy quenching cross section oy.

V. DISCUSSION AND CONCLUSION

The HAIR method has provided access to a class of
metastable states in the (n,!)-plane that had previously
been hidden from experiment. The decay rates of six
transitions between such normally metastable states of
pHeT observed by this method were determined and
quenching cross sections for the Hs-induced short-lived
daughter states were deduced. We observed a strong
increase of the quenching cross sections with increas-
ing principal quantum number n. On the other hand,
the cross sections decrease moderately with increasing
angular momentum quantum number [. Using the van
der Waals radii of a He atom, rg. = 1.22 A3%, and an
H, molecule, rg, = 1.38 A3l the geometrical cross sec-
tion for a pHet—H; collision is 21 - 1075 cm?. The fact
that the quenching cross sections deduced for states with
n = 39 are of the same order of magnitude as the geomet-
rical cross section means that these states are quenched
to almost 100% in a single collision with an Hs molecule,
while the probability to quench the energetically lower
lying states with n = 38 is much smaller. Recent experi-
ments with Os admixtures exhibit an even more violent
quenching of states than in the case of Hs, however, with
similar quenching cross sections of the order of the ge-
ometrical cross section for all metastable states®?. At
present the physico-chemical interactions leading to the
strong quenching of all levels in the case of Oy as well
as the surprising state dependence of the quenching ob-
served for Hs are not yet understood.

Here, we confine ourselves to qualitative arguments,
aiming at a tentative explanation of the state depen-
dent quenching in the case of Hy admixtures, which need
further theoretical confirmation. The radial probabil-
ity densities (charge distributions) of the antiproton and
the electron in each of the six HAIR daughter states of
pHet calculated by Korobov!'" %33 are shown as func-
tions of the p~He?t and e~ —He?*t distances, respectively,
in Fig. 7. These average charge distributions have been
determined by integrating over all angular variables; thus
neglecting the polarization of the electron cloud due to
the Coulomb repulsion between the slowly moving an-
tiproton and the electron’3. Clearly, the mean radius of
the antiproton orbit increases with increasing n (o< n? in
the case of hydrogenic wave functions), while the mean
electron radius decreases slightly. For states with con-
stant n, the mean antiproton radius decreases with in-
creasing [; the electron wavefunction is not altered con-

siderably. The fact that the mean radius of the antipro-
ton exhibits the same (n,!) dependence as the observed
quenching cross section, may indicate that the primary
role in the quenching process is played by the antipro-
ton. The electron, whose spatial distribution varies re-
ciprocally with (n,!) compared to that of the antiproton,
shields the p orbit of lower-n states against a colliding Hs
molecule more than that of higher-n states, possibly lead-
ing to a reduced interaction probability of antiprotons in
lower-n states with a colliding H, molecule. It remains an
open question, how the exchange interaction between the
remaining electron of the pHe™ system and the two elec-
trons of the Hy molecule protects the metastable states
of lower n, similar to the effect that leads to the Pauli-
repulsion between pHet and He mentioned in Sec. 1., and
whether such an effect can account for the state depen-
dent quenching cross sections at all, which are a factor
of 4-6 larger for states with n = 39 than for those with
n = 38. Calculations of state dependent [pHe'], , — Hs
interaction potentials are therefore eagerly awaited.
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TABLE 1. Decay rates A(n, ) of six HAIR daughter states, determined by simultaneously fitting Eq. (3) to a set of analog
DATS measured at a temperature 7" and a pressure p with an Ho admixture cg, as given in the table. The number density
of H> molecules ng, was calculated using the second order virial expansion of the state equation. The theoretical decay rates
Xo(n,1) for an isolated pHet system'*'®
shown in the last column.

, which were used to deduce the quenching cross sections presented in Table II are

(n,1) T (K) p (bar) cu, (ppm) nim, (10'® cm™?) A(n, 1) (us™h) Xo(n, 1) (ps™)
(39, 36) 30.2 3.02 98.6 71 12.4(16)
30.2 4.80 98.6 11.2 21.2(11)
30.2 3.03 291 21.1 34.9(20)
0.62
(39,37) 30.2 1.80 98.6 113 10.9(10)
0.62
(39, 38) 29.8 3.28 291 23.1 7.6(21)
29.9 4.75 291 33.3 12.7(10)
0.62
(3%, 35) 30.0 1.55 963 36.2 17.0(27)
0.69
(3%, 36) 30.3 1.56 963 36.1 9.1(34)
30.9 4.29 291 96.8 17.3(14)
0.69
(3%, 37) 33.1 8.78 963 183.3 12.1(13)
31.8 9.61 968 208.8 13.8(25)
29.8 10.0 968 231.3 14.2(20)
0.69

TABLE II. Quenching cross sections o4(n,l) in units of
107! cm?, obtained from a fit of Eq. (5) to the experimental
and theoretical values for the decay rates of Table I.

l 34 35 36 37 38
n
39 28(10)*  25.8(10) 13.6(13)  5.4(4)
38 6.8(11)  2.57(21)  0.89(8)
37 1.1(4)

“from Refs.?%2!
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FIG. 1. Level scheme of large-(n,[) states of p*Het. The
solid horizontal lines indicate radiation-dominated metastable
levels with lifetimes of ~ 1 ns, zigzag lines Auger-dominated
short-lived states, which decay with a lifetime of ~ 10 ns
to states of the ionized p*He?T system!*!?,
dash-dotted lines. Radiative transitions along the main

stream of decays with Av = 0 are displayed as arrows with the
17,18

shown as

theoretical transition wavelengths given in units of nm
The small inset shows an enlarged view of the part of the
(n, 1) plane, which is covered by our laser spectroscopy exper-
iments, summarizing the six HAIR transitions between nor-
mally metastable states (bold arrows) and the two “conven-
tional” transitions from a metastable to a short-lived state
at the end of the v = 2 and v = 3 cascades (thin arrows).
The experimental vacuum wavelengths for these transitions
are given in units of nm.
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FIG. 2. Plan view of the experimental setup used for the
HAIR measurements. The 100 ns long bunch of antipro-
tons, extracted from LEAR with a momentum of 200 MeV /¢,
passed through a position monitor (parallel plate ionization
chamber, PPIC) before entering the target chamber through
a Kapton and a CuBe window. The target gas with pres-
sures between 1.5 bar and 10 bar was kept at a temperature
of 30 K in a liquid helium cryostat. The charged annihilation
products were detected by a Cerenkov counter on one side of
the target vessel, the PMT being read out by a digital oscil-
loscope. The pulsed laser beam entered the target through
quartz windows on the opposite side of the chamber.
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FIG. 3. (a) Analog DATS (photomultiplier output pulse
shape as recorded by a digital oscilloscope) of the transi-
tion (n,1) = (38,35) — (39, 36) obtained at 30.2 K, 4.8 bar
and an Hy concentration of 98.6 ppm. The solid line is
the result of simultaneously fitting Eq. (3) to a set of 27
analog DATS (including the one displayed), the dashed line
represents the “background” function Eq. (2) without the
laser-induced peak. The vertical lines indicate the duration
of the laser pulse, which has been excluded from the fit. (b)
Time structure of the corresponding laser pulse recorded by

a PIN diode.
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FIG. 4. Background subtracted HAIR peaks of the tran-
sition (n,l) = (38,35) — (39,36) at three different number
densities np, of H> molecules. The lifetime 7 of the peak,
directly reflecting the lifetime of the daughter state of the
transition, decreases with increasing H. admixture.
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FIG. 5. Decay rates of the six HAIR transitions for differ-
ent Ho number densities. To account for small fluctuations
of the temperature between the different measurements, the
decay rates are plotted versus the flux ng,(T)vin (7). The
corresponding approximate number density of Ho molecules
is indicated on the top abscissa. The straight lines show the
results of fitting Eq. (5) to the theoretical and experimental
decay rates of Table I.
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FIG. 6. The (n,l) dependence of the Hy quenching cross
section oq. The arrows indicate HAIR transitions between
a long-lived lower state and an Hs-induced short-lived upper
state.
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FIG. 7. Radial probability densities of the antiproton R? |Us(R)|* (solid curve) and the electron 2 |¥.(r)|* (dashed curve)
for each of the six HAIR daughter states, calculated by Korobov!7'®%®  as a function of the p—-He?*t distance R and the
e~ -He?* distance r. All angular variables have been integrated over, thus neglecting the core polarization effect of the electron

cloud due to the repulsive interaction between the antiproton and the electron'®.
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