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Abstract

The delayed annihilation time spectra (DATS) of antiprotonic helium atoms have been
studied in isotopically pure low temperature *He and “He gas at various densities. The
DATS taken at 5.8 K and 400 mbar are very similar in shape except for i) a small differ-
ence in the time scale and ii) the presence of a distinct fast decay component in the case
of ®He. The ratio of overall trapping times (mean lifetimes against annihilation), R =
Tirap(*He) / Tirap(*He), has been determined to be 1.144 + 0.009, which isin good agree-
ment with atheoretical estimateyielding R = [(M*(p*He)/M*(p*He)]?=1.14, where M *
denotes the reduced mass of the pHet+ system. The presence of a short-lived component
with a lifetime of (0.154 £ 0.007) s in the case of ®He suggests that the p>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 antiprotonstrapped in metastablestatesat 5.8 K
and 400 mbar is lower by 22.2(4)% for 3He than for *He. All the data can be fitted fairly
well with simple 3-level and 4-level cascade models.
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1 Introduction

The discovery of the delayed annihilation of antiprotonsin liquid helium at the Japanese
National Laboratory for High Energy Physics, KEK, in 1991 [1] contradicted the long-standing
belief that every antiproton coming to rest in matter would annihilate with the nucleus within pi-
coseconds. About three percent of all antiprotonsstopped in liquid helium werefound to survive
for an average lifetime of 3 xS, some of them living aslong as 25 uS— more than seven orders
of magnitude above the expected value. The historical backgroundisreviewed in [2].

The first experiment at LEAR/CERN in November 1991 confirmed this longevity in
gaseous *He and *He at room temperature, and revealed also a different mean lifetime of the
long-living antiprotonsin thetwo helium isotopes|[3, 4]. Thisisotope effect had previously been
postulated by Yamazaki and Ohtsuki [5] on the basis of apHe™ model suggested by Condo [6]
and developed by Russell [7]. According to thismodel ametastablepHe™ atom resultswhen the
antiproton is captured into nearly circular states with high principal quantum number

n~mng =/ M*/m, (1)

and high angular momentum quantum number [ < n — 1. Depending on the reduced mass M*
of thepHe™t system, n is 38 for p*He™ and 37 for p*He™. The small energy spacing of levels
with An = 1 inthisregion (~ 2 eV) strongly suppresses internal and external Auger deexci-
tation, since an energy of at least 25 eV is necessary for electron emission. The continued elec-
tron presence removes the I degeneracy of antiproton states with equal ». At the same time the
electron provides a Pauli-repul sion effect during collisions with other helium atoms. Both these
effectsstrongly reducethecollisional Stark mixington.S states, which normally producesimme-
diate annihilation. The only remaining deexcitation processes are dow radiativetransitions. The
joint effect of all these circumstances is to produce the anomaloudly long antiproton lifetimes
observed.

In November 1992 further extensive measurements of delayed annihilation time spectra
(DATS) from low temperature *He gas, high pressure liquid *He and *He and solid *He were
carried out, which yielded important results on the phase and density dependence of DATS from
pure helium media [8]. The isotope effect seen previously in room temperature gases [4] was
found to occur in the liquid phase also. In liquid *He the lifetime gradually became shorter with
increasing density and adistinct fast component was observed. The DATS from low temperature
“He gas showed the longest p lifetime (~ 4 ©s) and no fast decaying component. These obser-
vations prompted us to look for asimilar isotope effect in low temperature gas.

In the present paper we report the results of precise measurementsof DATS from low tem-
perature*He and *He gases. Here, we employed anew method using a highly efficient detection
system for annihilation pions (both charged and neutral), which was designed and devel oped for
laser resonance experiments[9, 10].

After abrief account of the experimental setup in Sec. 11 the experimental results are pre-
sented in Sec. 111. Section IV introduces some models to reproduce the characteristic shape of
the time spectra. In Sec. V the experimental results readiscussed and compared with theoretical
accounts.

2 Experimental Method

The complete experimental setup used in the present experiment (including the high effi-
ciency detection system and the cryostat used to provide the low temperature gas target) will be
described in aforthcoming publication [11]. Here we confine ourselves to a brief description of
the setup, the electronics and the data acquisition system necessary to record the time spectra.
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2.1 Experimental Arrangement

Figure 1 showsa plan view of the setup used in the experimentsfor investigating the long-
lived states in pHet atoms. A 200 MeV/c p beam with an intensity of about 10* p s~ was de-
livered from the Low Energy Antiproton Ring LEAR at CERN. At the end of the beam line, the
antiprotons passed through a 100 xm thick Be window into the air and then traversed a0.5 mm
thick plastic scintillator, which served as a beam counter to provide the start signal for the an-
nihilation time measurements. After passing through the holein aring veto counter (A), the an-
tiprotons entered the helium target chamber through 50 pm Kapton and 407 pm steel windows,
the latter being covered with an 875 um thick Euplex foil (smilar to Kapton) for moderation, a
value which was determined by Monte Carlo ssimulation. Details on this program, which takes
into account the Barkas effect of the energy loss, canbefoundin[4]. A CCD camerawith its op-
tical axisat 45° to the beam axisimaged scintillation light leaking out of the surface of the beam
counter B and allowed us to monitor the beam position [12]. An additional 50 xm thick degrader
(Euplex foil) was placed in front of the Kapton window to fine tune the stopping distribution of
antiprotonsin the target gas.

Annihilation time spectra were recorded in isotopically pure gaseous *He (impurity con-
tent < 1 ppm) and *He (enrichment 99.95%, impurity content < 30 ppm) at pressures between
200 mbar and 1040 mbar and low temperatures, since thelongest p lifetimeshave been observed
under these conditions[8].

The cryostat used to cool the target gas to temperatures between 4.3 K and 10 K resembled
the oneused in previousexperimentsdiscussed in [8]: thecylindrical target chamber was 21.8 cm
long and had a diameter of 6.2 cm. Liquid helium from a reservoir evaporated into a second
chamber surrounding the target chamber, the flow of helium being controlled by aneedle valve.
Thefine adjustment of the temperature was carried out viaa heating wirelocated at the vaporizer
and connected in afeedback loop to a temperature sensor in contact with the target vessel.

Charged pions and 7° decay gammas from antiproton annihilation were detected in seven
shower counters(SinFig. 1), each comprising 11 layers of alternating scintillator and lead plates.
These counters, subtending a solid angle of about 80% of 4, were able to detect annihilation
events with an efficiency of about 99.7%.

2.2 Electronics

Thelogic diagram of theelectronicsisshownin Fig. 2. Light from the beam counter B was
detected by two photomultipliers on opposite sides of the scintillator. The signals of the seven
shower counters are represented by SO through S6. A wide range TDC (LeCroy 4208) with a
resolution of 1ns/channel was used for the timing measurements. The coincidence of the beam
detectors B1 and B2 started all the TDC channelsif the antiproton had not hit the veto counter
A, if the computer was not busy with readout and if nop had been detected by either A, B1 or B2
within the previous 50 us. Each shower counter signal SO. . .S6 stopped adifferent TDC channel.
The trigger condition for computer readout of an event was

6
B1 x B2 x A x Computer Veto x PrePileUp x Y S,

=0

where °¢_ S; isthe analog sum of the shower counter signals. The time spectra were recorded
in the range from —0.5 usto +49.5 us relative to the time of the prompt annihilation peak by
delaying the stop signalsby ~ 500 ns. Prompt annihilation events could be discarded by the elec-
tronics (‘ prompt veto’), thus considerably reducing the computer dead time. To avoid confusion
in assigning annihilation events to the corresponding antiprotons, pre pile-up events (those in
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which ap had been detected within the previous 50 pS) were rejected by hardware veto, as de-
scribed above. Post pile-up events (events with asecond p within 50 us after TDC start), on the
other hand, had to be discarded in the analysis. For that purpose the time spectra of the beam
detectors B1 and B2 were recorded using the multi-hit mode of the TDC (in which the timein-
terval between two successive pulses in the same input line is digitized). If the spectrum of one
of the B counters had multiple hits within the time window of 50 xS the event was discarded by
software.

For each event the TDC information as well as the analog signals of all detectors were
stored. The datawere acquired by aCES Starburst J11, aPDP-11 compatible CAMAC Auxiliary
Controller, transferred to a VAX station using Direct Memory Access and then written on tape.
Since we carried out pre and post pile-up rejection in aninterval of 50 us each, the dead time of
the data acquisition system was ~ 100 xS per accepted event.

2.3 DataAnalyss
The data were analyzed event by event as follows:

1. Post pile-up events were rejected using the multihit mode of the TDC.
2. The annihilation time and the time spread of the shower counter hits were cal cul ated.
3. Eventswith only a single hit on one of the seven shower counters were discarded.

The post pile-up rejection has already been described in the previous section. The annihilation
time is defined as the time between passage of the p through detector B and the average time of
arrival of its annihilation products in the shower counters. Only events for which the standard
deviation of the shower counter events from their average was less than 10 ns were included
(‘dispersion’ cut). To minimize the background caused by =+ — u* — et decays, we required
that at least two of the seven shower counters had detected an annihilation product (‘ multiplicity
two’ cut)

3 Experimental Results

Figure 3 shows two typical DATS from *He and ®*He, both taken at 5.8 K and 400 mbar.
The time spectrum from *He is essentially the same as our previousone|3, 4, 8], but with better
statistics and background suppression, showing again that antiprotons can survive up to 25 usin
helium gas. Both DATS clearly deviate from asingle exponential sope, exhibiting adownward
bent structure for long decay times when plotted in a logarithmic scale. This shape indicates
that the p cascades down aladder of successive metastable levels, before coming to a state from
where a fast Auger transition is possible. Annihilation via the Stark effect in a collision with
another helium atom then immediately follows the gjection of the remaining electron. Although
the maximum trapping time of an antiprotonin*Heisclearly longer than in®He, the DATS from
3Heand *He are very similar in shapefor ¢ > 2 us. For shorter decay times, however, adistinct
fast component shows up in *He, but not in *He.

Tables 1 and 2 summarizethe experimental conditionsand resultsfor low temperaturepure
3He and *“He measurements. The molar density o, Was calcul ated using the second order virial
expansion of the state equation. The second virial coefficientsfor *He and *He were interpolated
from theoretical values[13]. Thetrapping fraction f, the averagelifetime T, of antiprotonsand
the results of fitting cascade models to the time spectra, shown in the subsequent columns, will
be discussed in the following sections.



3.1 TrappingFraction
The trapping fraction f, defined as

Number of delayed annihilations
Total number of annihilations

f = ’ (2)

isonly given for runsin which the prompt peak had not been suppressed by the el ectronic prompt
veto. An annihilation was then considered as delayed if it occured more than 15 ns after arrival
of the antiproton. In Fig. 4 the experimental resultsfor f in*He and *“He, shownin Tables 1 and
2, are plotted versus the molar density. The trapping fractionin*Heis always significantly lower
than that in *He. At 5.8 K and 400 mbar the observed ratio is

f(*He)
= 0. .004. 3
7o 0.778 + 0.00 (3)
With the exception of very low densitiesit remains constant in the density region under investi-

gation.

The scintillation counter array used in previous experiments[4, 8] was ableto distinguish
between annihilations in the target gas and in the walls of the target chamber. This feature was
lost in the highly efficient shower counter system described in Sec. I1. Antiprotons annihilating
in the target chamber walls, however, would contribute to the prompt peak and would therefore
bias the result for the trapping fraction. To investigate this problem, we cal cul ated the stopping
distribution of antiprotonsin our target by Monte Carlo ssimulation [4]. Figure 5 a) shows the
stopping distribution of 120000 p (200 MeV/c) obtained in *“He gas at atemperature of 5.8 K and
a pressure of 400 mbar (gme = 8.66 - 10~* mol/cm®). The fraction of p stopping in the walls
of the target chamber under these conditionsis only about 1.1% and is not sensitive to possible
uncertainties of the thicknesses of counters and windowsin the beamline. The antiprotonswere
calculated to have amean range of 8.6 cm and arange straggling of 3.6 cm (FWHM) in thetarget
cell. The situation changes drastically when the pressure is decreased to 200 mbar (Fig. 5 b).
According to our simulation the mean range of antiprotonsin the target gas at these conditions
i$16.9 cm, with arange straggling of 9.5 cm (FWHM). About 50% of the antiprotonswere then
found to annihilate in the walls of the target chamber, thus considerably reducing the fraction
of delayed p. Unlike the situation at 400 mbar, however, this number depends strongly on the
exact thicknesses of countersand windows in the beamline. Neverthel ess, the simulation clearly
shows that most antiprotons are stopped inside the target at 5.8 K and 400 mbar. We therefore
use the data at our experimental ‘ standard’ conditions, namely 5.8 K and 400 mbar.

3.2 Overall Trapping Time

Figure 6 a) compares DATS from pure *He and *He at 5.8 K and 400 mbar, showing that
the shapes of the spectraafter 2 usare surprisingly similar to each other except for thetime scale.
A guantitative value for this difference can be obtained by enlarging the time scale of the *He
spectrum, until the long-lived parts of the two spectra match [4]. In order not to be sensitive to
different short-lived components, only the time range between 2 us and 17.5 us was taken into
account. Figure 6 b) shows the same spectraas Fig. 6 a), with thetime scale of the *He spectrum
stretched by 14.6% (solid line) and the*He spectrum containing the errors of both spectra. From
various pairs of DATS taken at the same conditions we obtained an average scaling factor of
1.144, which isreadily interpreted as the ratio of overall trapping times

Tirap(*He)

——= =1.144 .009. 4
Toeen(*He) + 0.009 (4)



In previous publications[4, 8] theaverage lifetime T, of antiprotons, calculated from the
time spectra N (¢) as
fmax . N(t) dt
Tav(t07tmax) — ftot ( )
wm N(t)dt

has been used to compare DATS from *He and *He. In order to consider only the long-lived part
of the spectra, ¢, was chosen to be 2 usfor *He and *He. For afair comparison of 7., (3He) and
T..(*He), however, one has to take into account that the time scale for *He was found to be a
factor of 1.144 larger than for ®He. If ¢, isset to be 2 usfor *He, avaueof ¢y = 1.144 - 2 us ~
2.3 us should therefore be used for *He. Table 1 shows Ty, (*He), calculated for ¢y = 2 us, while
Table 2 contains T, (*He) for ¢, = 2.3 us. At ‘standard’ conditionstheratio of average lifetimes
in*He and *Heis

- t07 (5)

T..(*He)

T..(*He)
showing that T, indeed reflects the overall trapping time of antiprotons, provided that the dif-
ferent time scales in *He and *He are taken into consideration.

~ 1.153 4 0.009, (6)

3.3 Short-lived Component

Apart fromthe small differencein thelong-living part of the spectraastrong fast decaying
component appearsin all *He DATS, which is not present in low density *He (Fig. 3). Although
small admixtures of foreign gases (in particular H, and O,) to helium are known to induce afast
component in the spectra[14], thereis no possibility that gaseous impuritiesintroduced into the
present target could have caused the short-lived component in®He alone, because at temperatures
around 5K all possibleimpurities, e.g. H, or O,, are frozen or liquefied. The presence of the fast
decaying component is therefore intrinsic to *He. By fitting a ssmple sum of two exponential
functionsto the *He spectra between 0.1 s and 5 us, the lifetime of the fast component in *He
was determinedto be(0.154+0.007) ps. Thefraction of all trapped antiprotonsannihilating with
thisrelatively short lifetime (compared to radiative transitions) was found to be (13.3 + 0.2)%.
Thissuggeststhat thereisat least one stateinp®He™, which has anintermediate lifetime between
metastability (lifetime ~ 1-2 us) and Auger-dominance (lifetime < 10 ns).

4 Fitting to Cascade Models

In the previous section the various overall trapping times of antiprotonsin *He and *He
have been determined by comparing DATSfrom*He and *Hefrom 2 usup. These methods, with
their sengitivity limited to thelong-lived region, do not take into account the different short-lived
componentsin *He and *He. We thereforetried to find afitting function which is capable of de-
scribing both the short- and long-lived componentsin the DATS. A propensity rule impliesthat,
after being captured into ametastabl e state, the antiprotonsfollow a cascade through subsequent
metastable levelswith An = Al = —1 [5, 15]. The DATS we observe are therefore a superpo-
sition of almost independent sequences, each with aradial node number v = n — [ — 1 = const.
The ratio of crossover transitions between individual sequences have been estimated to be at
least one order of magnitude smaller than the radiative transitions within agiven chain [5]. As
an approximation, one may describethe system of independent sequences by only one (fictitious)
representative ladder of levels, averaging over the individual cascades.

4.1 Three-Level Cascade Model

The simplest model whichisableto reproduce the characteristic downward bending of the
annihilation spectraat¢ ~ 8 usisap cascade over three metastable level sfollowed by an Auger-
dominated short-lived state [8], as shown in Fig. 7. The antiproton annihilatesimmediately after
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thefast Auger transition to an ionized pHet* state. The rate equations for the populations of the
different levels are then

dN;
- = -)\N 7
dt 14iV1, ()
dN
d—t2 — —)\2N2 —|— )\1N1, (8)
dN
d—t3 — —)\3N3 —|— )\2N2, (9)

with ); being the radiative decay rates of the metastabl e states. Since our aim was only to repro-
duce 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 our models. Due to the non-orthogonality of real
exponential functionsit isdifficult to obtain aconsistent set of fit resultswith six free parameters.
In most of the cases, however, we found similar values for the radiativerates A; and X, both in
3He and *He. Thereforewe set A\; = ), and further assumed that the initial populations of all
three levels be equal (IV:(0) = N,(0) = N3(0) = No). Inview of the high level-density and
the small level-spacing around n = n, thisis probably justified. The solution for Ns(t) of this
system of differential equations with three free parametersis

22t 22 A
N t — N 1 _ 1 1 -1t
2(t) °{A3—A1 (Ag—A1)2+A3—A1}e

+ N, {1 B + X }e‘“t. (10)
Az — A1 (As— )2

Figure 8 showsthe results of afit of the annihilation rate A3 N5(t) to typical spectra, recorded at
5.8 K and 400 mbar in *He and “*He. The shape of DATS from *He without afast component is
described satisfactorily (x2 4 ~ 2), whilethe simplified 3-level fitting function cannot reproduce
the strong short-lived component and the downward bent structure of In N (¢) for longer decay
timesin3He (x2, ~ 10). Despitethislack of sensitivity thefit resultsfor \; and )\; are presented
in Tables 1 and 2 for comparison with earlier publications. The 6-parameter fit provides a better
representation of *He DATS, but, as mentioned above, thefit results are inconsistent due to the
large number of free parameters.

4.2 Four-Level Cascade M odel

One obvious possibility to enhance the growth-decay structure of the fitting function nec-
essary for satisfactory fit results for *He, isto consider ap cascade over four metastable states
instead of three, as shown in Fig. 9. Since the downward bent shape of the DATS indicates a
reduced feeding from higher levels at longer decay times, the initial population N, of the high-
est state in this four-level decay chain was introduced as an additional free parameter in the fit.
The initial populations of the lower levels were assumed to be equal (V,). To ensure stable fit
results, the decay rateswere set to be equal for thethree upper levels, asin thethree-level model.
Extending the three-level model as described results in a second growth-decay term oc t2e=*1t
in addition to the one « te=*1t in Eq. 10:

A3¢2 A3t A2t
N.(t _ Nl 1 . Nl 1 N, 1 — A1t
a(t) { e —2)  Ca— e 0)\4—)\1}6

N A3 oY, n At W (11)
S FC VR A GV WAL VN W

A A} A3 } Cat
+Nog1l— + — e
° { A=A a—=A)2 (A= A)?




Typical fits are presented in Fig. 10. The function is capable of reproducing the behaviour of
DATS from *He (&) and ®*He (b) both for short and long decay times (x2.; ~ 2). To achieve this,
however, an additional parameter had to be introduced.

Theresultsfor A; and A\, are givenin Tables 1 and 2. In Fig. 11 the radiative rates A, A4
and theratio of initial populations N /N, are plotted versus the molar density. The decay rate \,
of the upper metastable states was found to be higher for *Hethan for *He (Fig. 11 a). Comparing
values of )\; for *Heand *He at ‘ standard’ conditions one finds an average ratio of

A1(3He)

A1(*He)
whichisin good agreement with the ratio we have obtained from the direct comparison of DATS
(Eq. 4). Thus, \; determines the overall trapping time in our model. It is interesting to see that
thevalue of \; found for *He (0.46(1) ps™*) in such asimplified model isin agreement with the
decay rate of the (r, 1) = (40, 36) state (0.49(2) ps™*), determined by resonant deexcitation of
antiprotonswith laser light [10].

The decay rate of the last metastable level ), in our model represents the fast decaying
component of DATS (Fig. 11 b): it isroughly afactor of three higher in *He than in *He, again
suggesting the existence of at least one border state with alifetime between a metastable and an
Auger-dominated zone in *He. However, no calculations of Auger rates have been performed
for 3He up to now. Again, theresult for A, in*He (0.78(2) ps™t) agrees surprisingly well with
the value found for the state (n, 1) = (39, 35) in our laser resonance experiment (0.72(2) us™t).

Theratio of initial populations Ny /Ny, presented in Fig. 11 ¢), isin all cases smaller than
unity, indicating that the initial population of metastable states in ap Het atom decreases with
increasing principal quantum number n. Several theoretical arguments based on cal culated tran-
sition rates show that an artificia cutoff in the initial population of states aboven ~ 40 is nec-
essary to reproduce the shape of DATS [16, 17].

~1.14 4 0.03, (12)

5 Discussion and Conclusions

The observed isotope effects have to be compared with the present theoretical knowledge
of pHe' atoms. The two main theoretical descriptions of this three-body system are the molec-
ular approach [15, 18, 19] and the atomic approach [5]. Very recently they have been supple-
mented by large configuration-space variational methods [20], which yielded the energy levels
and transition energies shown in Fig. 12. The ratesfor radiative transitions have been cal culated
both in the molecular and the atomic approaches. p*Het and p*He", as shown in Up to now,
the Auger rates have only been calculated for p*He", using the atomic model [5]. According
to these calculations, Auger transitions with Al < 3 to states of ionized pHet* (also shownin
Fig. 12) occur quickly, the relevant states having lifetimes < 10 ns (indicated by zigzag linesin
Fig. 12). Auger transitionswith Al > 3, on the other hand, are expected to be much slower even
than the radiative processes and are thus ‘ forbidden’ . The corresponding metastable levels have
lifetimes in the order of 1-2 s (indicated by bold linesin Fig. 12). While actually calcul ated
only for p*He", the same rule was applied to the case of p®*Het inFig. 12 b).

The overall trapping time 7., Of antiprotons depends on i) the lifetimes of theindividual
metastable levels, ii) the number of metastable statesand iii) theinitial population of these states.
Assuming that the p is captured into a Bohr orbit with a principal quantum number n ~ ng =

\/ M*/m. (approximately 38 for *He and 37 for *He) and with alifetimer,, , the overall trapping
time T}, Can be estimated [5] by

-

Me

Tirap X Tny, X Number of metastable states [ (13)

Me e



Thisyields for the ratio of overall trapping timesin *He and *He

Tirap(*HE) lM*(?He)r ~1.14. (14)
Tep(*HE) | M(p°He)

The experimental resultsfor thisratio, asgivenin Egs. 4 and 6, arein excellent agreement
with this simple theoretical consideration based on the atomic model. A less direct approach to
compare the DATS from *He and 3He is to examine the fitted decay rates. The ratio we obtain
from values of \; found in the four-level model for *He and *He at similar densities (Eg. 12)
showsthat \; determinesthe overall trapping timein our model. We cannot extract decay rates of
individual statesfromthese simplified models, for which theratio of lifetimesaccordingto Eq. 13
would be 1.10. Therefore, we have shown that the three different methods employed — scaling
of the spectra, calculating the average lifetime and fitting a chain decay model — converge to
the same result for the overall trapping time as a ssimple theoretical estimate.

Thefact that we have observed a pronounced short-lived component in®He DATS at 5.8 K
and 400 mbar, which does not appear in *He under the same conditions, seems to indicate the
existence of an initially populated state with an intermediate lifetime between the metastable
zoneand the Auger-dominated zonein3*He. Cal culations of Auger-transitionratesfor *He, which
might give an explanation for this striking effect, are therefore eagerly awaited.

We have observed a 22% lower trapping fraction of antiprotonsin pure*He than in pure
“‘Heat low temperatures. A similar difference of thetrapping fractionsin roomtemperature gases
was also reported in [4]. On the other hand, a crude theoretical estimate assuming a flat energy
distribution of p up to 25 eV beforecapturegives f ~ 4% for helium, independent of the reduced
mass of the pHe™ system [5].
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T p Ommol f [Taw(2 ps)A1 [ps~H1As [ps~ A1 [ps [ As [
[K] [mbar] [10~* mol/cm®]| [%] [ps] 3-level model 4-level model
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)102.7(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)

Table 1: Summary of target conditions, trapping fractions, average lifetimes and fitted decay
rates for low temperature pure *He measurements. The errors quoted for temperature and pres-
sure arise from fluctuations in time around the mean value, caused by our feedback stabilizing
system.

T p Ommol Fo [Tar(2.3 p9) A1 [ps 1| As s~ 1A [us ]|Ag [s77]
[K] [mbar] [10~* mol/cm®]| [%] [ps] 3-level model 4-level model
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) [L.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) [L.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)|

Table 2: Summary of target conditions, trapping fractions, average lifetimes and fitted decay
rates for low temperature pure *He measurements. The errorsfor T' and p are due to fluctuations
in time around the mean value.
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S (Annihilation Detectors)

Stainless Steel Window

Kapton Window
10cm
—
B (p Detector)
p Beam
200 MeV/c
Cryostat Wall

A (Ring Counter) Target Gas Cell
He Gas Flow

Figure 1. Top view of the experimental setup. The p, extracted with a momentum of p =
200 MeV /¢, traverse a beam telescope (B and A) before entering the target chamber through
asteel window. A liquid helium cryostat keeps the chamber at temperatures between 4.3 K and
10 K. Both charged and neutral annihilation products are detected by seven shower counters S,
six of them surrounding the cryostat and one positioned underneath.
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Figure 2: Logic diagram of the electronics. B1 and B2 are the analog signals of two photomul-
tipliers, which detected scintillation light from the beam counter B, A isthe ring counter signal
and SO through S6 represent the shower counter signals. The analog signalsare then transformed
into logic pulsesby discriminatorsD. UGG isan updating 50 ps gate generator, used for pre pile-
up rejection, whereas GG generates a 50 us non updating gate for the TDC window. The End of
Window (EoW) signal is given by the End Marker (EM) of this gate generator. Latch modules
are abbreviated by L, symbolic coaxial cables represent 500 ns delay lines, respectively.
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————  “He, 5.8 K, 405 mbar

10

ffffffff *He, 5.8 K, 410 mbar

(counts / 100ns) / acc. p

10 &

Figure 3: Two typical p delayed annihilation time spectra (DATS) from *He and ®He, showing
the downward bent structure in the logarithmic plot, the different overall trapping times of an-
tiprotons and the fast decaying component in the case of *He.
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Figure 4: Trapping fraction of antiprotonsin*He and *He at low pressures as a function of the
molar density.
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Figure 5: Scatterplot of the calculated stopping distribution of 10000 p in the He target at Q)
5.8 K, 400 mbar and b) 5.8 K, 200 mbar. The antiprotons enter the target chamber (indicated
by solid linesin the plot, cf. Fig. 1) from the |eft side. At 400 mbar all antiprotons are stopped
in the target gas, while at 200 mbar alarge fraction was found to stop in the walls of the target
cell, considerably reducing the fraction of delayed annihilations. The projection of the stopping
distribution onto the beam axis (range distribution) is shown as a histogram.
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Figure 6: Time spectra of the delayed p annihilation in *He (solid line) and *He (dashed ling).
Figure a) revealsthe small differencein thetime scale between*He and *He DATSfor ¢ > 2 us.
Figureb) showsthe same spectraas Fig. a), with the time scale of the®He spectrum enlarged by
14.6% (solid line) and the *He spectrum containing the errors of both spectra.
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Figure7: Three-level cascade model. A, A, and ) arethe radiative decay rates of the metastable
states. N;, N, and N, represent the populations of the respective levels.
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Figure 8: Fitsof athree-level model with three free parameters (A, As and N) to the spectra of

Fig. 3.
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Figure9: Four-level model of thep cascade with decay rates ); of the metastabl e states and level
populations N;, respectively.
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Figure 10: Results of fitting a four-level cascade model with four free parameters to the spectra
of Fig. 3.
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Figure 11: Fit parameters \; (), A4 (b) and N; /N, (c) as calculated from the four-level cascade
model for *He and *He.
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Figure 12: Energy diagrams of p*He™ and p*Het, together with those of p*He™+ and p3Het .
The states of pHe™ are divided into a radiation-dominated metastable zone (bold lines) and a
zone of fast-decaying states (zigzag lines), which are expected to decay to states of ionized
pHe™ viaAuger transitionswith Al < 3. The main radiative cascades areindicated by arrows.
The transition wavelengths calculated by Korobov [20] are shown for the relevant transitions,
respectively.
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