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Using the experimental data on the time distribution of the annihilation events
we demonstrate the possibility to reconstruct the initial populations of nl levels of
antiprotonic helium.

Recently a new phenomenon was discovered in the process of negative hadrons
capture by helium. After forming hadronic atom, pions, kaons or antiprotons were
expected to be promptly absorbed because of the very fast deexcitation cascade.
However, it was found that in case of K~ capture a fraction of about 2% decays
before reaching low lying states [1]. The time distribution of the annihilation
products after p stop in helium, measured in experiment [2], revealed a delayed
component with a trapping time of 3 us and a fraction of 3%.

A conventional wisdom is that a hadronic helium is formed, by replacing one
of the electrons with the negative hadron, in the state with the orbit size close
to electron Bohr radius, ie.. with the most probable principal quantum number
n close to

n0=(M/me)1/2, (1

/

where M is the reduced mass of the atom and m, is electron mass. In the case
of antiproton capture the system [(pHe)n.ie] is formed with n =~ n, = 38.

A possibility of trapping was pointed out in the old paper by Condo [3!. Due
to the relatively large binding of lIs-electron in helium the Auger deexitation of
the states with large n and [ (close to circular orbits [ =n — 1) requires large
change of ! (Al > 3) and therefore is strongly suppressed. Since the remaining
electron prevents the Stark mixing, the near-circular states deexcite slowly via
the sequence of the dipole radiative transitions with small An. A more detailed
treatment of the energy spectra and the deexcitation rates for exotic helium atoms
was given by Russel [4], with the possibility of trapping being confirmed.

The lifetime of the circular state with n = 38 determined by the radiative
deexcitation rate is 0.7us according to [4]. With the atomic core polarization
taken into account [5,6], one gets the lifetime about 2us. This value is close by
the order of magnitude to the lifetime of the slowest component, 75 = (3.04:0.07)us,
observed in |2]. However, the measured time distribution of the annihilation events,
which can be represented as a sum of several exponential distributions with various
disappearance rates [2], is still a problema. Given the initial state with [ =n - |
and n = ng, the calculated absorption time distribution is quite different froin one
given by the exponential law and exhibits a build-up region with a characteristic
time scale comparable with one given by the disappecarance rate (see Fig.1}.
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Fig.1. Fig.2.

Fig.l. The time dependence of the population of the state (n,l)=(30,29) in case when ounly one
state (n,l)=(51,50) is populated at the initial moment t=0
Fig.2. The initial population of the circular orbits which results in a single exponent time

dependence with the slope 79 = 3.0us = ,\;ll

The aim of this paper is to investigate whether the observed time distribution
can be reproduced with a proper choice of the initial population of the states nl,
with the trapping provided by Condo mechanism.

In order to demonstrate the basic idea of the reconstruction of the initial
population from the observed tirne distribution we consider a simplified cascade
model describing the radiative transitions between the circular states ). The
populations p,(t) of the states n (n =nmin,..., "maz) are determined by the system
of equations:

Cidz';1 = —AnPn + ’\n°—(n+1)pn+1~ (2)
Here A, is the total disappearance rate for the state n, A\,._(,41) is the rate of
the transition from the state {n-+1) to the state n, ), = An-1)en-

A standard procedure is to solve the system (2) for given initial conditions.
Contrary to that we assume that the time dependence p,,in(t) is given, and the
problem is to find the initial populations p,(0). This problem can be easily
solved with using the standard method of eigenstates and eigenvectors, but in our
particular case, even a more simple method works. Using ansatz

Pr . (t) = exp (—t/70) (3)
we find

Pr(t) = cnexp (—t/7g), (4)
where the coefficients ¢, . 4+1,.,Cn, .. +k,... are determined by recursion. The

necessary condition for the solution to exist is 79=1/); for some state ¢, so that
¢, =0 at n> 1.

'}One may keep in mind that for the radiative transitions in a hydrogen-like atom the rate X,
1s monotonously decreasing function of n, and Ap ~ n~> at large n.

237



o

. 8.0 8.0 ;

9 ]

5 ] A=A(59,40) a 1 A=N(s446) b
6.0 3

2603 6.0

= ]

O by

f40 1 40 1

I3 ] ]

= :

= ] ]

5209 20

€3] ] b

2] 5 “LL'k
0.0 Jrrrrrrrrrrertsrmmrrermermeersrereeeeeserseseree 0.0 rrrerrerrresemmmrrrerererretrrrmrerrrrereree

0 10 20 30 40 50 60 0 10 20 30 40 50 860

n n

Fig.3. The relative populations of n states at t =0 for two cxamples of eigenstate solutions with
O N 3.0;1.35 (a) A= A(59'40), (b) A= X(54‘4(,)

A typical example of the initial population which provides a single ezponent
time distribution at the end of the cascade is shown in Fig.2. The deexcitation
rates [7] were calculated for hydrogen-like atom with effective charge Z.;; that
takes the electron screening into account according to [4], but no polarization
corrections [5,60] were included for the sake of simplicity. For the trapping time
corresponding to the measured one, 715 = 3.0us, we found the initial population
distribution to be centered at n =34, i.e. very close to the mass scaling estimation
no, while the highest state in the cascade chain mn n=1i=51 (70 = 1/Xs1).

As a next step toward a realistic cascade model we take into consideration all
the sublevels with | > L..s 2), Since there are no loops in the cascade without
Stark mixing, the set of eigenstates coincides with the set of the total deexcitation

rates:
Ant = Z At eni- (3)

n'l!

Since the number of eigenstates increases significantly, it becomes possible to find
several of them with the eigenvalues close to given value of 1/7¢. For example, the
states (n, 1) =(51,50),(52,48),(52,49),(53,47),(54,45),”.,(70,31) have the lifetime
1/An; within the limits (3.04 £ 0.09)us. Any proper normalized superposition of
the corresponding eigenstates may also fit the observed delayed component. As
a result, the solution to the problem of finding the initial population from the
observed time distribution is not unique.

To approach the real situation we have to take Auger deexitation in consid-
eration. The Auger transitions favor the minimum possible change in principal
quantum number thus feeding the near-circular orbits, and the Auger transition
with small change in angular momentum are fast on time scale considered [2]
and do not contribute significantly to the trapping time. Taking these features
into consideration one can find the region in the plane (n,l) with relatively large
values of n and I, n > 28 and [ > 27 [7], where the radiative transitions dominate

2)The states with | < lyuin are assumed to undergo fast deexcitation via Auger transitions, see
below.
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Fig.4. The l.distribution at the state n =38 for the eigenstate solutions shown in Fig.3

the cascade in [(pHe)e]-system. As it was demonstrated earlier, there exists a
set of initial populations of the levels in this region which result in the delayed
component described by exponential law. The initial populations of levels with
small n and ! are irrelevant to the trapping, the deexcitation of these levels
contributing to the prompt annihilation peak.

Fig.3 and 4 show two typical examples of the population distributions for the
eigenstates with eigenvalues ),; at (n,l) = (54, 46),(59,40) chosen in accordance
with the observed disappearance rate of the delayed component. The distributions
over n (Fig. 3) are very similar to that found in the simplified model (Fig. 2) with
the maximum close to ng=38. A structure in the left slope of this distribution
is due to the fast Auger transitions possible near n=30. The [ distributions for
given n are well localized, as it is shown in Fig. 4.
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In paper [2] the annihilation time distribution in the time interval 0.4sec <1t <
20usec was fitted with the sum of four exponential functions. By cheosing proper
eigenfunctions one can fit this experimental data as well. Using our cascade model
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and taking only the circular orbits into account we calculated the distributions
over n at various instants of time (Fig.5). A four peak structure at small time
corresponds to the four exponent fit of the experimental data (the real distribution
may differ from the plotted one when the fast Auger deexcitation for the states
with medium ! is taken iIntc account).

Our results should be considered as an estimation of the basic characteristics
of the real initial populations in antiprotonic helium because the simplified modei
of the cascade was used. Further improvements, including the electron polarization
effects in the radiative transitions [5,6] and bringing the Auger transitions into
consideration, are to be done in order to get more accurate results for initial
populations and to investigate the density dependence of the delayed annihilation.
It would be also desirable to compare thus obtained initial populations with the
theoretical predictions for capture process.

In conclusion, we have demonstrated that a set of initial populations of
antiprotonic helium can be found which produce as a result of cascade the delayed
component in the time distribution of the annihilation events. This delayed
component is described by singie ezponent law, and therefore the build-up problem
car. be removed with using a proper distribution ove: nl states at initial stage of
the cascade. The trapping results from the multi-step radiative deexcitation, as it
was suggested by Condo [3]. Using the slowest delayed component (7, = 3.0usec)
observed in experiment [2] we found the initial distribution over the principal
quantum numbers n being centered close to n; =38 in accordance with the mass
scaling estimate {1}. Since there exist many eigenstates with the values close to the
observed disappearance rate, the reconstruction of the populations is not unique.
Additioral information or theoretical considerations are required to eliminate this
ambiguity. The data on delayed radiative transitions between highly excited states
would be very useful for this purpose.
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