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Abstract. Recently, an experimental setup was proposed by Lapierre et al. [Physics with ultra slow an-
tiproton beams, AIP Conference Proceedings (2005), Vol. 793, p. 361] which would allow antiprotons and
highly charged ions to collide repeatedly in an electron beam ion trap (EBIT) due to a nested trap config-
uration. As mentioned by the authors, such a setup may open the possibility to study antiproton capture
into well-defined states through a resonant process which involves simultaneous electron excitation. In the
present work, we give some theoretical estimations of the feasibility of that process.

PACS. 36.10.-k Exotic atoms and molecules (containing mesons, antiprotons and other unusual particles)

— 32.80.Zb Autoionization

1 Introduction

Exotic atoms are fascinating systems where the param-
eters determining the properties of ordinary matter can
be tuned and investigated in completely new regimes. As
a consequence these systems can often be used as test
benches for fundamental constants and symmetries. For
example, the studies of metastable states in antiprotonic
Helium recently lead to a new and much improved value
for the electron-antiproton mass ratio [2,3]. That value can
be translated to a determination of the proton-antiproton
mass ratio, i.e. to a test of CPT symmetry. The antipro-
tonic systems studied so far [4-17] are produced when an-
tiprotons are stopped in liquids or gases. A slow antiproton
can then replace one of the atomic (A) electrons (occupy-
ing the main quantum number n.) through the process
A+ p — ATp+ e, where it will enter into a state with
main quantum number 1 & Ne/ iy / fe-

With the planned Facility for Low-Energy Antiproton
and Ton Research (FLAIR) at GSI, Germany, cooled an-
tiprotonic beams of an intensity many orders of magnitude
larger than available today will be provided. This might
open new possibilities for the production of antiprotonic
exotic systems. As mentioned in [1], a nested trap con-
figuration, e.g. based on the electron beam ion trap at
the Max Planck Institute in Heidelberg, Germany (HD-
EBIT), would eventually, if combined with an antiproton
source of sufficient intensity, allow to search for a pro-
cess that can be seen as the antiprotonic analogon of the
resonant process of dielectronic recombination. If, in an
antiproton-ion collision, the energy of the antiproton €; is
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tuned such that the resonant condition is fulfilled, a tar-
get electron can be excited and a doubly excited electron-
antiproton state may form

ATE 4 p — [ATTp]™ (1)

where ¢ is the charge of the ion A. The doubly excited
electron-antiproton state can subsequently decay by elec-
tron, antiproton or photon emission, and the different
decay rates will essentially determine the cross section
for antiprotonic capture. This process would, if probable
enough, provide an excellent possibility for high precision
spectroscopy of antiprotonic ions, since the capture occurs
in a well defined state that can be controlled by tuning
the collision energy. In this work, we aim to investigate
the formation and decay channels of such a state in or-
der to obtain a theoretical estimation of its feasibility. For
simplicity, we restrict ourselves to collisions with highly
charged hydrogenlike ions with the electron being in the
ground state.

The present article is structured as follows. In Sec-
tion 2, we schematically describe possible decay channels
for resonant antiproton capture and present a way to es-
timate the cross section. The computational methods are
given in Section 3 and some illustrative calculations for an
example ion are shown in Section 4. In the last section,
the validity and restrictions on the chosen approach are
discussed, followed by some concluding remarks. Atomic
units are used throughout unless stated otherwise.
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2 Theory

2.1 Decay channels

The doubly excited state [A7Tp]**(nl).(n'l'); formed in
the collision (1) is lying above the ground state of A9T. We
now give a qualitative description of its decay channels:

AP (e (n'l)p — AT (As)e 47 (2)
referred to as antiproton ejection in the following,

[ATF 5 (nl) o (n'l')p — [ATVTEI(n) — A/ — Al')p + e
(3)

referred to as Auger electron emission, and finally also

electronic and antiprotonic radiative dipole transitions:

[AﬁﬁVWnUA#Fb‘*Lﬁ+ﬂ0%—Anli1k0ﬂqﬁ+Zb

AT B (nl)o (0'1')5 — [AT 3] (nl)e (0 — A/ I £ 1)+ 7,

(5)
here and in the following n,n’,1,1’ denote the approxima-
tive one particle quantum numbers. Note that the forma-
tion of the doubly excited state (1) is the time reverse of
antiproton ejection (2) and hence the rates should be the
same according to the principle of detailed balance. While
the process (2) leads to the loss of the antiproton, Auger
electron emission and radiative transitions can be seen as
stabilization channels since the antiproton is bound in the
final state. Finally, we remark that the additional process
of direct radiative capture can be neglected in the present
context since it results dominantly in antiproton capture
into low lying states (this can be seen for example from
Kramers formula [18]) close to the nucleus. This would
lead to fast annihilation of the antiproton so that no pre-
cise spectroscopy of the exotic system can be performed.

2.2 Estimation of the cross section

In dielectronic recombination calculations it is common
to describe the cross section of an isolated resonance by a
Lorentz profile as in e.g. [19,20]:

/2

1
o(e) = S(Ed—Ei—€)2+F2/47 (6)

™

where Fj; is the energy of the doubly excited state, F; the
initial energy of the target ion (simply given by the 1s
orbital energy in our case) and e the positive energy of
the incoming particle. This description is known to be ad-
equate for resonances with a width much smaller than the
distance from the nearest threshold. Clearly, the profile
has its maximum at € = E;— E;. The width of the doubly
excited state is denoted by I" and S is the recombination
strength of the process, i.e. the integrated cross section

sz/a@¢. (7
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Since the described mechanism for antiprotonic capture
is very similar to dielectronic recombination, there is no
reason to abandon this picture. Some modifications, how-
ever, are indeed necessary. The dielectronic recombination
process usually denotes the complete two-step mechanism,
where a continuum electron is captured by simultaneous
excitation of a core electron to form a doubly excited state
(first step), and subsequent stabilization by photoemission
(second step) to complete the recombination. The recom-
bination strength can be expressed through the autoion-
ization rate A, of the doubly excited state (which is the in-
verse process of its formation) and the total radiative rate
A, (i.e. the sum over all possible radiative channels) and
is proportional to S ~ A, A, /(A + A,) because the emis-
sion of a photon is the only possible stabilization channel
when the particles are indistinguishable. Furthermore, if
the rates differ by some orders of magnitude, the faster
one can be neglected in the fraction and S is simply pro-
portional to the slowest rate (this is often the case in light
systems, where S ~ A,). In the present case, the first
step is very similar to dielectronic recombination, but the
stabilization is more complex. When the system decays
by particle emission, we have to differentiate between an-
tiproton, equation (2), and electron emission, equation (3)
in the doubly excited state, and since the electron emis-
sion provides an additional stabilization channel it should
be included in the expression for S, which with all factors

reads
— him? g_d Aq Z Astab
2Nﬁ(Ed - E’L) i Aa + Z Astab .

Here, the sum over all stabilization channels, Y Agtab, in-
cludes now the total radiative rate and the rate for all elec-
tron emission channels and A, is the antiproton ejection
rate which corresponds to autoionization in dielectronic
recombination. The weight factors g4 and g¢; stand for the
multiplicity of the doubly excited state and of the initial
ion respectively. We can conclude that for a quantitative
treatment of the process the calculations of the rates of
the different decay channels is indispensable.

S

(®)

3 Computational methods

Essentially, one has to calculate the positions and widths
of the resonances as well as the radiative transition rates.
The widths occur due to the coupling to the continuum
through the electron-antiproton interaction and can be de-
termined together with their positions by means of com-
plex rotation. The radiative rates can be obtained within
the dipole approximation, as briefly described below.

3.1 Complex rotation

The technique of complex rotation has proven to be a pow-
erful tool for the description of resonances in atomic sys-
tems during the last decades. It has also recently been ap-
plied to antiprotonic helium [21]. Its advantage, obtained
by rotating the Hamiltonian eigenvalue problem into the
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complex plane, is that it allows a simultaneous calculation
of the positions, F,, and the widths, I', of the resonances
from the complex eigenvalues, F, of the complex symmet-
ric Hamiltonian matrix

E=E,—il/2. (9)

The non-relativistic three-body Hamiltonian of the system
in the center of mass frame reads

2 2 2
5 ‘Pp Zz 7 1
:pe+p_f>+m_e 42 = 7(10)
2pe  2pp my dmeg \1e  Tp  T12

where Z is the nuclear charge, p. and pp denote the re-
duced masses of the electron and antiproton (and my the
mass of the nucleus), r. and rz their distance to the nu-
cleus and 719 = |re — rp| the distance between them. The
kinetic energy of the nucleus is accounted for through the
use of reduced masses in the first two terms and the in-
clusion of the term pe - ps/mu, referred to as mass polar-
ization in the following.

We set up the Hamiltonian matrix in a basis of hydro-
genlike product wave functions

|62 ™) = {nalansly} SL™), (11)

where S is the total spin, L is the total angular momentum
and 7 is the parity. The one-particle hydrogenlike orbitals
can be obtained efficiently through B-Splines, which are
piecewise polynomial functions defined on a given set of
points, referred to as a knot sequence, distributed in a
certain interval. B-Splines have several desireable proper-
ties [22] and are widely used in physical applications (see
e.g. [23] for an overview). The solutions to the hydrogen-
like one-particle Hamiltonian,

I(l+1)h?
2412

Ze?

degr’

h? 9?
h(?“) = —Ew +

(12)
are expanded as

Py(r) = Z ¢iBi(r), (13)

where the coefficients ¢; are obtained by solving the eigen-
value equation given by the projection of the Hamiltonian
in equation (12) onto the B-Spline set. Complex scaling
of the radial coordinate (r — rexp(if) with a real rota-
tion angle 0 < 6 < 7/4) is introduced in equation (12) by
multiplying the kinetic energy term with exp(—2i6) and
the potential energy term with exp(—if).
The two-particle Hamiltonian (10) can be written as

H = he +hp+ haa (14)

where h. and h; have the form as in equation (12) (with
T="Te Tp, b= ,LLe,,LLﬁ) and
Pe - p[—) 62
Jr
my 4megria

hi2 = (15)

where the contributions to the kinetic and potential en-
ergy are scaled as before. Now each matrix element of
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H in the basis (11) can be calculated, yielding a complex
symmetric Hamiltonian matrix. After diagonalization, the
energies of the resonances are obtained in the form given
in (9). The whole procedure follows closely that of refer-
ences [24,25].

3.2 Radiative transitions

We use the first order perturbation approach in the dipole
approximation where the radiative rate A,. for a transition
from an initial state |¢;) to a final state |¢f) is in first
order given by

14
" 4eg 3h4

3
(57) Kwsetwr, a0

here, AFE is the energy difference between the initial and
the final state and E'1 is the dipole transition operator.
The final state |t f) is approximated by a product state of
the antiprotonic and electronic one-particle orbitals. For
a highly charged ion this gives sufficient accuracy. Even
in light exotic systems such as aniprotonic helium this
approximation can be used [26], although corrections to
the energy clearly become more important [27].

4 Illustrative calculations

As an illustration, we will investigate a few chosen res-
onances in a collision of antiprotons with a medium
heavy hydrogenlike ion, Ca'®*. The high charge simpli-
fies the calculations, since the correlation between the
electron and the antiproton is rather weak in this case.
(This does not hold for very light systems — antiprotonic
helium shows strong molecular features where e.g. a Born-
Oppenheimer treatment is suitable [28].) On the other
hand, the ion is light enough so that a non-relativistic
treatment is meaningful. The decisive quantity for the pro-
cess studied here is, as will be shown later, the capture
rate into the doubly excited state which to a first approx-
imation is independent of nuclear charge. The results pre-
sented can thus be generalized to neighboring ions, at least
for a qualitative picture. The calculated structure of the
positions of the resonances for a total angular momentum
of L =12 (see below) is schematically shown in Figure 1.
All resonances arising from the n, = 2, np = 48 configura-
tions lie below the 1s threshold, apart from one. The latter
one, however, lies very close to the threshold. Such reso-
nances are known to be very hard to describe numerically,
and no reliable results for the width were obtained in this
work. The resonances arising from the n, = 3, np = 45
and n. = 4, ny = 44 configurations lie very densely and
could not be resolved properly. The isolated resonance ap-
proach (6) may not be valid in this case. Further, if the
aim is to be able to control which state the antiproton is
captured into an isolated resonance is more appropriate.
Thus, we focus on resonances with their main contribution
from the n. = 2, np = 49 configurations in the following
illustrative calculations.
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Fig. 1. (Color online) Calculated structure of the electron-
antiproton resonances in hydrogenlike calcium at fixed total
angular momentum L = 12 (this choice will be motivated
in Sect. 4.1). The dashed lines indicate resonances arising
from contributions with n. = 2, while solid lines denote reso-
nances from higher electronic states (n. = 3,4). The numbers
44,45, 48,49 are the main quantum numbers of the contribut-
ing one-particle antiprotonic orbitals nz. The 1s threshold of
Ca'®t is at —200 a.u.

4.1 Angular momentum dependence and validation

The described combination of complex rotation with
B-Splines and subsequent diagonalization of the complex
matrix (also known as complex scaled configuration inter-
action CSCI) has already been applied to multiply excited
electronic states (see e.g. [25]). However, when applying
the same method to doubly excited electron-antiproton
states one is confronted with some practical difficulties
due to the fast oscillations of the high-n antiprotonic
states and the different extensions of the antiprotonic and
the electronic wave functions. To handle this situation we
work with different knot sequences for the two particles.
The number of knot points IV used for the electronic func-
tions is Ny = 45 with a box size of 2.0 a.u. and two dif-
ferent choices were tested for the antiprotonic functions
(NY =275 and N} = 325) with a box size of 0.2 a.u. The
electronic knot sequence is linear in the beginning and ex-
ponential further out. This is a scheme that is well tested.
The distance between the knots in the antiprotonic se-
quence is on the other hand slowly and steadly increasing
to obtain roughly the same number of knots between the
nodes in the n = 49 states for the full extension of the
wave function. The needed number of B-Splines is esti-
mated through comparison of the numerically calculated
energies of the relevant hydrogenlike one-particle orbitals
with the analytical values, that is, N} is increased until
a sufficiently good agreement is achieved. For example,
the analytical value of the antiprotonic n = 49 orbital
is £ = —149.1940989 a.u., and the numerically obtained
values are F = —149.194087 a.u. (with N} = 275) and
E = —149.1940985 a.u. (with N} = 325).

In order to further check the method for numerical
stability, we calculate now some relevant quantities with
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analytical wave functions and compare those with the cor-
responding result obtained with our method. This also al-
lows us to analyze the role of the total angular momentum,
as will be discussed below.

As the next step in the validation procedure we cal-
culate the antiproton ejection rate for a single product
state in the framework of the Fermi golden rule and com-
pare with the one obtained with complex rotation. In the
framework of the former, a decay rate A (or the corre-
sponding width I" = hA) for a transition from an initial
state |¢;) to a final state |¢f) caused by an interaction U
is given by

I = 2mp| (¢ U |9s) %, (17)

where p denotes the density of states. For the antiproton
emission from a doubly excited electron-antiproton state,
U can be approximated by the Coulomb interaction be-
tween the particles (U = (r12)~! in atomic units). For
further simplification, we represent the final state by a
single product wave function of the electronic 1s orbital
and the antiprotonic regular Coulomb function with an
energy € and angular momentum L which is also the total
angular momentum of the system

W) = {1seL}L).

The initial doubly excited state can be represented in the
basis (11), and since the total spin and parity are unaf-
fected by the Coulomb interaction we can write

|wz> = Z Cabl{nalanblb}’L>

a,b

(18)

(19)

where a, b run over all fixed parity combinations for which
lo and [ can be coupled to L. The main contribution will
come from the dominating basis functions (with n, = 2
and n, = 49), that is, from the matrix elements of the
form

({1seL}L|(r12) '|{2549 L} L), (20)
({1seL}L|(r12) *|{2p49 L+ 1}L).
They can be explicitly written as
{Unalaely YL|(r12) " {nelengla} L) = (21)

= lolp L
I e A YA T AT
k=0

where we introduced the standard notation for Wigner
67-symbols and reduced matrix elements between spheri-
cal tensor operators C* [29], representing the angular part,
while R* stands for the radial part of the integral

rk

RF = /drldTQPnala (Tl)Fﬁl; (TQ)ﬁPnclc(rl)Pndld (r2)
>

(22)
where we denote the Coulomb wave with energy € and an-
gular momentum [, by F' and by P,; the bound state
reduced radial wave function, which are all known ana-
lytically. For a stable implementation of Coulomb func-
tions, Barnetts algorithm was used [30]. To investigate
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Fig. 2. Multiplicity scaled squared matrix element A =
27|({1s €L} L|(r12) {25 49 L} L)|? converted to inverse time
units as a function of the total angular momentum L at fixed
energy € = 4.95 a.u. (see text for further details). The energy
equals approximately the difference between the 1s threshold
at —200 a.u. and the position of the considered resonances.
However, it should be stated that for slightly different energies
the matrix elements are practically identical.

the angular momentum dependence we restrict ourselves
to the first matrix element in (20) with I, = I, = 0 and
Iy =1lqg = L (see (21)). Here, the angular part equals unity
and only the £ = 0 term in the sum contributes. The re-
sults of the calculation are shown in Figure 2. It turns out
that the squared matrix element is indeed very sensitive to
the total angular momentum and can vary by several or-
ders of magnitude (similar behaviour is also found for the
other matrix elements listed in (20)). If we also account for
the multiplicity, the recombination strength (8) is propor-
tional to ggA, and has its maximum around L = 12. This
motivates our choice of angular momentum (cf. caption of
Fig. 1).

We can now compare the transition rate calculated
with Fermi golden rule and analytical wave functions for a
single product state with the width obtained as the imag-
inary part of the complex scaled second-order energy con-
tribution, which should be identical. We look thus for the
equality

7|({1s €12}12|(r12) "1 {2549 12}12)|* =

. f:<{1sz’12}12|(r12)‘1|{2s4912}12>2
Im r
Es5, + E£9,12 — Ef, — E;

=1 r—rexp(i0)

(23)

The sum on the right hand side runs over the whole
spectrum of the antiprotonic radial functions 4 (with the
corresponding energies F;) generated with B-Splines and
NP is the number of the states included (which is lim-
ited by the chosen B-Spline parameters). The energy € of
the Coulomb wave on the left hand side equals the term
€ = ES,+ El 15— Ef, = 0.812 a.u. that appears in the de-
nominator on the right hand side. Note however that the
energies F; are complex and thus the condition € # E;
holds for all 7 in (23). As shown in Figure 3 agreement
is achieved for a sufficient number of included configura-
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Fig. 3. Convergence of expression (23) as a function
of the number of included antiprotonic states N* (here
Nhax = N —k —2 = 316) for the matrix element A =

7| ({15 €12}12|(r12) 1 {254912}12)>. All values are given in

atomic units.

tions (the relative difference between the analytical value
and the converged result is about 10~%). A similarly good
agreement is found also for the other matrix elements.
This comparison provides, in fact, two kinds of informa-
tion: the agreement between the analytical value and the
sum in (23) can be seen as an indicator of how well the an-
tiprotonic wave functions are represented by the B-Splines
(ie. if the used number of knot points N! is sufficient),
while how fast (that is, after how many included terms)
the sum converges towards the analytical expression is a
measure at which point it can be truncated. As can be
seen from the figure, already after N? = 85 terms conver-
gence is provided, although the number of knot points in
the antiprotonic knot sequence N} would allow to include
NP = N,f — k — 2 = 316 antiprotonic states. However,

max
one should keep in mind that the results given so far do
not, even approximately give the true antiproton ejection
rate since we considered only one particular basis state
instead of a coherent sum. Nevertheless, the scaling with
respect to total angular momentum could be investigated

and the numerical accuracy was tested.

4.2 Rates

The number of configurations that can be included in
a full CSCI calculation in practice is, of course, limited
by the computational resources and the basis set needs
to be truncated in some way. After performing some
convergence tests, the following configuration have been
used. We restricted the angular symmetries to {s, L} and
{p, L £ 1}, while the maximum number of antiprotonic
orbitals is limited by the used B-Splines parameters as
NP —k —2 = 316 where N} = 325 is the number of
knot points used and k£ = 7 the order of the B-Splines.
The same restriction applies to the number of electronic
orbitals, for the representation of which N = 45 knot-
points were used and hence Ny,ax = 36. However, to keep
the size of the matrix to be diagonalized within reasonable
boundaries we truncated the antiprotonic basis further.
For a correct representation of the antiprotonic emission
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Table 1. Positions and half widths corresponding to antipro-
ton (p) and electron emission (e) and total half widths of the
2—49 resonances for L. = 12 with and without mass polariza-
tion, given in atomic units (a[b] = a x 10°). See text for further
details.

Res. I Res. I Res. I1I

Position —195.586 —-194.786 -193.628

Without r/2(p) 7307 8806  2.0[5]
mass-pol. I/2(e) 4.4[-5] 3.6[-7] 7.7[-6]
> (I'/2(p,e))  4.5]-5] 9.2[-6]  2.8[-5]

T/2(total) 5805  9.5[-6]  3.0[-5)

Position -195.586 -194.786 -193.628

With I/2(p) - 1.8[-5]  3.7[-5]
mass-pol. I'/2(e) 6.2[-5] 8.5[-7] 1.3[-5]
> (I/2(p,€)) - 1.9[-5]  5.0[-5]

T/2(total)  7.8[-5]  1.9[-5]  5.3[-5)

channel and the bound part we included the maximum
number of antiprotonic states in the configurations with
the electronic 1s, 2s and 2p orbitals, while for the remain-
ing electronic orbitals only 114 antiprotonic orbitals were
used. This was found to be sufficient for convergence (cf.
also Fig. 3) and yields a matrix size of about 10* x 10%.

As indicated in equation (8), not only the total width
but also the antiproton ejection rate and electronic Auger
rate have to be calculated distinctly in order to obtain
the recombination strength. Both processes, however, arise
from the electron-antiproton interaction, and it is not triv-
ial to separate them. An approximate separation can be
achieved by excluding configurations which form a cer-
tain decay channel, and as a check for consistency one can
compare the sum of the hereby estimated partial widths
with the obtained total width. In order to exclude Auger
electron emission, only antiprotonic orbitals with n > 44
were included, so that the system becomes virtually stable
against electron emission because of the absence of low ly-
ing antiprotonic states. On the other hand, to isolate the
electron emission channel the low lying antiprotonic states
should definitely be included, while now all configurations
involving the electronic 1s orbital are excluded so that the
system is virtually stable against emission of the antipro-
ton. All calculations were performed with and without the
mass polarization term to investigate its significance. The
results are shown in Table 1.

It is found that the antiproton ejection rate of the high-
est 2-49 resonance is very low and could not be resolved
properly in the present calculation. The result after in-
cluding mass polarization is below the achieved numerical
accuracy and is therefore not given in the table. The two
other resonances, however, are broader and can be de-
scribed rather well. The effect of the mass polarization
term is clearly visible and should not be neglected even
for rather heavy nuclei. The reason is of course that even
compared to the large mass of a heavy nucleus the mass
of the antiproton is not negligible. The second and third
resonance also show good consistency in the distinct de-
scription of the channels since the sum of the antipro-
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Table 2. Partial half widths for electronic radiative tran-
sitions into the final states [{1s4911}11) (AL = —1) and
[{1s4913}13) (AL = +1) and total radiative half widths of
the 2-49 resonances from Table 1, given in atomic units (a[b] =
a x 106). The coefficients from the expansion of the doubly ex-
cited states in the basis (11) correspond to the basis states
{2549 12}12) (c1), |{2p49 11}12) (c2) and [{2p4913}12) (c3).

lei)*  Je2* Jes|? AL=-1 AL=+1 T}%/2
Res. T  0.83 0.08 0.08 855 8.5[-5]  1.7[-4]
Res. T — 0526 047 5.7[-4] 5.1[-4]  1.08[-3]
Res. Il 0.16 0.39 0.44  4.3[-4] 494  9.2[-4]

ton and electron emission widths agrees rather well with
the obtained total width. The observed difference arises
most likely due to interference effects between the chan-
nels, underlining the approximative nature of an indepen-
dent treatment.

To calculate the radiative rates, we will exploit the
fact that in the expansion in the basis (11) the doubly
excited states are almost completely determined by only
a few basis states, namely those with n, = 2, . = s,p
and ny = 49, I = 11,12, 13. Thus, to apply the approach
described in Section 4.2 we explicitly consider the matrix
element that appears in (16). For a transition of the form
[{nin"l"} L;) — |[{nin'l'} Ly) it reads

e 4 [(AE\®
A= — — | — 2L 1
" dmeo 30 ( c ) @Lr+1)

2 2
X </ Pn’l/ (r)rPnulu (T)d’l’> {ll;lf :}' '?I’L} <l/H Cl ||l”>2.
(24)

Compared to electronic radiative transitions, the antipro-
tonic ones are found to be several orders of magnitude
slower. The reason is the small energy difference be-
tween the levels for small changes in the main quan-
tum number n (A, ~ (AE)3). For big changes in n,
on the other hand, the transitions are suppressed by the
fact that the initial and final wave functions have al-
most no overlap. We can therefore safely neglect the an-
tiprotonic radiative transitions in the following. Because
of dipole selection rules, only the basis states that in-
clude the electronic 2p orbital contribute (i.e. the basis
states |{2p4911}12), |[{2p4913}12)), while no contribu-
tion arises from the basis state |[{254912}12). We ob-
tain distinct rates for radiative stabilization into the final
product states [{1s4911}11) (AL = —I1-transition) and
{1s4913}13) (AL = +1-transition) by inserting the rel-
evant quantum numbers in equation (24) and multiplying
the result with the squared expansion coefficient that cor-
responds to the contributing basis state. The results are
shown together with the coefficients in Table 2 where the
total radiative stabilization rate is approximated by the
sum of both partial rates. As one can see from compari-
son with Table 1, the electronic radiative rates are about
two orders of magnitude larger than the ones for antipro-
ton and electron ejection.
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Fig. 4. Cross section for antiprotonic capture via Res. II in
the isolated resonance approximation (6) as a function of an-
tiproton energy.

4.3 Recombination strength and cross section

The calculated rates can now be used to estimate the re-
combination strength (8). Since the antiproton ejection
width of the 2-49 resonance at —195.586 a.u. could not be
resolved clearly, we will focus on the other two resonances
at —194.786 a.u. (Res. II) and -193.628 a.u. (Res. III).
For the chosen example, the multiplicity of the initial ion
with the electron being in the 1s state is g; = 2 due to
spin, while the multiplicity of the doubly excited state d
is given by its total angular momentum L, = 12 and 4 pos-
sible spin couplings to g4 = 4(2L4 + 1) = 100. Since the
radiative transitions turned out to be by far the fastest,
the stabilization fraction Fy = Y Agan/(Aa + D Astab)
approximately equals unity (Fs = 0.98 for Res. IT and
Fs = 0.96 for Res. III), and the inclusion of the electronic
Auger rate changes the result by only about one percent.
Furthermore, we see that as long as radiative stabilization
dominates (which is the case for large Z), a very precise
calculation of radiative rates is not necessary since they
cancel in the expression for the recombination strength.
The only quantity that needs to be determined to a rather
high accuracy is the antiproton ejection rate since the re-
combination strength is proportional to the latter. The ex-
pression for the strength can be written as S = (h%/m.)¢
where ¢ is a dimensionless quantity

¢ - 72 hA, 9d
2(pp/me) Ba— Bi gi" °

(25)

and with A%/m. = 7.62 x 10716 eVem? we obtain
Srr = 7.1 x 10722 eVem? for Res. IT and Sppr = 11.7 x
10722 eV cm? for Res. III. The Lorentz shaped cross sec-
tion profile (6) for Res. II, shown in Figure 4, has its max-
imum of 7.56 kbarn at 0.14 keV. Similarly, the peak for
Res. III reaches its maximum of 14.06 kbarn at 0.17 keV.
The widths of both resonances are much smaller then
the energy distance between them and thus they can be
treated as isolated to a good approximation.
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5 Discussion and concluding remarks

To estimate the feasibility of resonant antiproton capture
by electron excitation in highly charged ions, we adopted a
theoretical approach which is based on the one often used
in calculations on dielectronic recombination. The choice
is motivated by the similarity of the processes. We per-
formed illustrative calculations for a few resonances in hy-
drogenlike Ca'?* and found the cross section to be about a
few kilobarn in the 0.1-0.2 keV region. The stabilization of
the intermediate doubly excited electron-antiproton states
is dominated by electronic radiative transitions.

The question is now how the obtained results should
be interpreted with regard to the feasibility of the pro-
cess in general. In principle, the calculated recombina-
tion strengths are of the same order as found in dielec-
tronic recombination calculations and measurements, see
e.g. reference [31] on lithiumlike beryllium or [32] for He™
where the calculated strengths lie in the region 1 < S <
25 x 10722 eV cm?. Therefore, an experimental observa-
tion of the process described in the present work does not
seem impossible. Another question is whether the results
can be used to draw conclusions also about ions in other
charge states. The antiproton ejection rate (which is, as
mentioned before, the decisive quantity) is independent
of Z to a first approximation, and hence the qualitative
picture is also valid for neighboring ions. However, the ra-
diative rate scales as Z* which means that for lighter ions
the stabilization fraction F; can be significantly smaller
than one and hence the cross section decreases. Also the
electron-antiproton correlation becomes more and more
significant as Z decreases. For significantly higher nuclear
charge, on the other hand, relativistic effects can play a
role.

Finally, there is another aspect that should be dis-
cussed. In antiproton-ion collisions, capture can also occur
through a non-resonant process if an initially bound elec-
tron is scattered into the continuum:

P4 AT — [pATTDH] e, (26)
This process has no counterpart in electron-ion recom-
bination, although it is possible that a continuum elec-
tron is captured and a bound electron is emitted in an
electron-ion collision. Such a process conserves the num-
ber of bound electrons. Contrary to this case, we are deal-
ing with two different particles and can therefore clearly
distinguish which one is emitted in the final state. The cor-
responding process with antiprotons (26) has been stud-
ied by Cohen for several singly charged ions [33] and by
Sakimoto for Het [34]. The cross sections they provide
are relatively large, about ~0.2 a3 or ~5 Mbarn for a cen-
ter of mass energy of 1 a.u. Note though that this is
the total cross section summed over all angular momenta
and over all final states of the captured antiproton, while
the present calculations consider the capture into a spe-
cific quantum state. This non-resonant process is indis-
tinguishable from the resonant process where the doubly
excited state decays by electron emission. Reference [34]
finds in fact that this type of resonances gives a larger
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contribution than the pure direct process. This might be
because the considered impact energy is such that many
resonances (Rydberg series) overlap in energy and can be
populated, compare e.g. the energy region of the (3-45)
and (4-44) resonances in Figure 1. If the purpose is to
control into which state the antiproton is captured such a
resonance dense region is not an optimal choice. In highly
charged ions where the energy difference between different
n-manifolds is larger it might be easier to avoid them. A
related question is that of interference between the reso-
nant and non-resonant process. Such interference will of
course be possible. We note however that the bulk part of
the resonance strength calculated here is coming through
the photon decay channel which leads to a different charge
state than the direct process. With this channel no inter-
ference can take place, and thus we expect the effect of
the non-resonant channel to be additive. The dominance
of the photon decay channel is due to the high degree of
excitation of the antiproton. To release the electron the an-
tiproton has, for the resonances treated here, to undergo
a transition with An > 6 and the result is a suppression
of the Auger rate. For resonances with a higher degree
of electronic excitation and a lower degree of antiproton
excitation the situation can be very different.

In conclusion, we may say that from this first theoreti-
cal estimate the exotic dielectronic-like process of resonant
antiproton capture in highly charged ions does not seem
to be completely out of reach.
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