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ENERGY DEPENDENCE OF DCX CROSS SECTION
IN GROUND STATE TRANSITION ON 58Fe*
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Differential cross section of the double charge exchange (DCX) reac-
tion %6Fe(r*,m~)%6Ni at the pion energies 10 and 60 MeV is calculated
in the proton—neutron quasiparticle random phase approximation using a
realistic nucleon—nucleon interaction. A detailed structure of the transi-
tion amplitude through intermediate states is discussed in some extent.
It is shown that the observed resonance-like behaviour can be explained
at least semi-quantitatively in terms of an ordinary NN process due to
all over increase of the transition amplitudes with pion energy for each
J™-multipolarity. The pn—QRPA seems to be a good framework for a
description of structure of nuclei involved in double charge exchange pro-
cesses.

PACS numbers: 25.55.Kr

1. Introduction

The double charge exchange (DCX) with low energy pions has attracted
constant interest since mid-eighties. Past reviews on this reaction include
one by Becker and Batusov [1] and one by Dzhibuti and Kezerashvili [2].
Most recent activity in the field is summarized in reviews by Clement [3]
and Johnson and Morris [4].
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No. 2P03B 189 09 is also gratefully acknowledged.
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In spite of such a long interest the data for DCX transitions are still
very limited. For example in the case of the DCX reaction on 12C the
energy dependence of the cross section has been measured at one value of
the scattering angle (6 = 35°) and at the pion energy T = 49,59,79,89
MeV [5]. More complete data are collected for the ground state transitions
on calcium isotopes *4:48Ca [6]. Recently three-point angular distribution
at Ty = 50 MeV has been obtained at the Paul Scherrer Institute for the
ground state transition on °6Fe {7]. In this case also data from Los Alamos
National Laboratory are available [8]. All these experimental observations
show the strong energy dependence of the DCX forward-angle cross section,
which rises by some factors of 3 or more in the energy domain 20-50 MeV
as well as between 100-70 MeV [3, 9-13].

In contrast to such an observed behaviour almost all of the theoretical
models with a plane wave as well as with distorted wave approximation are
not able to predict even roughly this strong energy dependence of the DCX
cross section. The microscopic calculations give a rather smooth energy be-
haviour around T’ = 50 MeV except the predictions by Martemyanow and
Schepkin [14] who have introduced the dibaryon resonance “by hand” to
explain this dependence. This explanation is still not widely accepted and
arguments against the approach are still discussed [15-17]. In this paper
we are going to argue that also in the conventional two-nucleon mecha-
nism one is able to describe gross features of the energy dependence of the
DCX cross section within the proton-neutron Quasiparticle Random Phase
Approximation (QRPA).

2. The model

In a series of papers [18-21] a new approach to the DCX process was for-
mulated in terms of the QRPA framework. It was shown that the approach
was successful in quantitative explanation of the DCX angular distribution
and cross section for the defined pion energy. Here we shall discuss the
dependence of the DCX cross section on incoming pion energy in the same
approximation.

A detailed description of our formalism can be found elsewhere [20, 21].
In this paper we recapitulate main features of the theory to make the text
readable.

The differential cross section for the DCX reaction is defined by the
total amplitude such that
2
Ly [F}’”(k, k') + FP(k, k’)]
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where k, k', q are the momenta of incoming and outgoing pions and the
momentum transfer during the DCX process, respectively. The partial am-
plitudes FSS)(k, k) and ng)(k, k') connected with s-wave and p-wave pion-—
nucleon effective interactions are given in the form [20, 21]:

hplg) = -V2i — Z For (@R (2)
pn JM
A . 1
ha(g) = —4m Z2V2w, ) (2p +1)% pn Ry (3)
. ™ pn

In both Egs. (2) and (3) the charge transition density R;,’,JEVI is given by a
formula

721{,]1‘4 :upanT(anM) + vpuné'(anM)
+ upun D(pnd M) — vyv, DT (pnJ M) . (4)

The proton-—neutron pair creation operator C'f(pnJM), the pair annihi-
lation operator C'(pnJM) and additional one-body operators Df(pnJM),
D(pnJM) appearing in eq. (4) are defined in the way keeping an usual
phase convention under time-reversal. Definitions (2) and (3) also contain
the function ]-'I;I,f” which can be expressed in terms of the nuclear form-

factor Gi,fn. Its explicit form can be found in Ref. [20]. The occupation
amplitudes u’s and v’s are obtained by solving the BCS equation in some
model space.

Using the above charge exchange operators (3) and (4) one can write

the transition amplitudes Ff,s) and Ff,p) in second order perturbation theory
as [21]:

b

(5)
where r = s or p for the s- and p-wave interactions (2) and (3), respec-
tively. In Eq. (5) |¢,0%; nt(k)) denotes the ground state of the initial
nucleus (A, Z) and an incoming positive pion with the initial energy ¢; =
(k2 + m?,)% In analogy, |f,0%; 7~ (k')) stands for a ground state of the
final nucleus (A, Z+2) and an outgoing negative pion. In the case of p-
wave interaction (2) the denominator D(s)(E,',ek, E,;]l) has a simple form
E; + €, — EJ. A more complicated case of the double scattering of pion by
two nucleons within sequential mechanism needs to involve a pion propaga-
tion between both acts of neutral pion absorption. In this picture there is

Z(f, 0t ;7= (k") O mJ MY(mJM|O™)i, 0t 7t (k))

(r)
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impossible to separate nuclear and pion momenta and energies and one has
to calculate the matrix elements in sum (5) using a pion propagator in the
static approximation [22]

|9 ,0(9))(Pr0(q)]
lq|2 + mZ

(6)

where @_0(q) is the neutral pion wave function and ¢ = k — k' means
the momentum transfer. Integration over intermediate pion momentum is
understood.

Results discussed below were obtained with the plain wave approxi-
mation for the propagated neutral pion. The approximation is known as
rough one [17, 23, 24], but to keep nuclear structure effects in pion-nucleus
interaction as simple as possible we will use it through this paper.

The DCX amplitude (5) contains a sum over all excited states |m.JM)
of the intermediate nucleus and thus there is no need in the theory for
the closure approximation. These intermediate states are populated in the
particle-hole excitations and determined by solving the QRAP equation of
motion. The detailed structure of this equation can be found in Refs. [20]
and [21].

Using transition operators (2)—(3) and explicit form of the intermediate
states one can find final expressions for the partial amplitudes in the ground
state to ground state transition:

s / 70(@)Pro(q)
F((;S)(k. k') = (4 ) Z / 6L6L3 D(s)TJEi?equ;qu)
X {[2 V2 Zé (pyn)ip ( (pn)o"p“n + }(pn)oupvnﬂ
X ['2 V2 Z (X(";n)o'ul’v" + Y(;')ln)ovpun” } : (7
pn

F(P)(k k’)— (_j_)2z ____l—_P 058
ol (ke k') = — 7(cosByr)

My 4 Ei+wr — E,‘{l

% {[,/12 Z(_ Jp+Jn+JG]m(L ) ( (p")]L Up + Y(pn)Jztpvn)]
pn

[\/ﬁ ZG(Jpn)J(k) ( '(";n)‘]u,,vn + Yp )vaun)} } . (8)
pn

In Egs. (7)-(8) we introduced the abbreviation 6(p,n) = npn,djpjnSipt, -
The quantity Pj(cos#;s) is the Legendre polynomial depending on the
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scattering angle 6;,. X's and Y’s are forward- and backward-going am-
plitudes of the QRPA solution for the excited states in the intermediate
nucleus.

3. Result and discussion

In this paper we look in some detail for a dependence of the differential
cross section on structure of the intermediate states for the ground state
transition on ®°Fe — 56Ni. This reaction has already been experimentally
investigated [6,11, 12, 25, 26]. Although the data for this transition are very
limited, especially for non-analogue transitions one can conclude readily that
the transition exhibits a well pronounced resonance-like behaviour if one is
looking for energy dependence of the forward cross section [3, 26].

In the present calculations an inactive core is not taken into account.
So, we assumed a model space consisting of all bound or quasi-bound states
calculated with a Coulomb-corrected Woods-Saxon potential and with sin-
gle particle energy lower than 5.0 MeV. We also allowed different shells to
be occupied by protons and neutrons. Two-body matrix elements needed
for construction of the QRPA equations for intermediate states are obtained
from the realistic nuclear matter G-matrix by solving the Bethe-Goldstone
equation with a one-boson-exchange potential of the Bonn group [27]. The
two-body matrix elements calculated for nuclear matter are not specialized
for a given nucleus. Thus and due to the finite Hilbert space used one has
to renormalize them by multiplying with factors ggair, ggair, ghp and ggln\
slightly different from 1.0.

For the ground states of the parent and daughter nuclei one obtains
uncorrelated vacuum states by solving the standard BCS equation in the
above-mentioned model space. Two renorinalization factors ggair and ggair
multiplying the proton and neutron pairing matrix elements are fixed by
adjusting the empirical pairing gaps [28] to the lowest quasiparticle en-
ergy obtained from the gap equation. Because the pairing gaps cannot
be extracted for nuclei with a magic number of protons or neutrons we
obtained the corresponding pairing strengths from the adjacent even-even
nuclei. Their values are: 36Fe — 0.938, 0.993; 3°Ni — 1.030, 0.908. As a
result of such a procedure we evaluate the occupation amplitudes u’s and
v’s needed not only for calculations of the ground state of the initial and
final nuclei, but also used in the QRPA equation of motion of intermedi-
ate states. To determine the QRPA matrices fully one must also fix two
additional renormalization factors: the strength of the particle-particle gpp
and the strength of the particle-hole ggﬂ interaction. For this purpose we

used the isobaric analogue state (IAS) and the Gamow-Teller state in cobalt
56Co which are known to be 3.65 MeV and 10.60 MeV, respectively [29].
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Adjustment of these states to their experimental energies makes it possible
to fix the strength qg]l: approximately 0.9. Details of such a procedure can
be found’ elsewhere [19]. The second factor ghp can be treated as a free
parameter of the theory and we decided to fix it at the bare nuclear matter
value 1.01.

The calculated dependence of the DCX forward cross section on incident
pion energy is shown in Fig. 1.
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Fig. 1. Energy dependence of the forward-angle (5°) cross section for the ground
to ground state transition on 3°Fe (solid line). Data indicated by error bars are
taken from refs. 11, 12 and 25. (The drawn short-dashed curve is only to guide
the eye.)

Although only semi-quantitative explanation of the resonance behaviour is
obvious, our calculations point out a possibility of steep rise of the DCX
cross section in the range energy of 10-60 MeV. The curve is not steep
enough on the high energy side above 60 MeV, but a peak around this
energy is clearly seen. So, even if dependence for higher energies is not so
pronounced, one could argue that also the 2N-mechanism used in this paper
gives an important contribution to the rise of the DCX cross section around
pion energy 50—-60 MeV. It is obvious, that if such a mechanism is responsible
for the observed behaviour we must find some additional effects or/and
reexamine approximations made in the approach to reduce magnitude of
the DCX cross section in the higher than 60 MeV energy of the incident

! One can adjust this parameter using additional spectroscopic information, e.g.
reduced transition probabilities between the excited states of the intermediate
nucleus and its ground state.
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pion. First of all what we have in mind is a replacement of the static pion-
nucleus interactions (2) and (3) by their relativistic generalizations. An
influence of such a change is expected to be not important for the p-wave
amplitude but it could make more considerable alteration in the s-wave part
of the DCX cross section. In the paper we have also assumed a zero-range
character of the s-wave Hamiltonian (3). For more accurate approach one
should consider the finite range of this interaction as well as finite size of
the nucleon in a nucleus. ;g
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Fig. 2. The most important contributions to the DCX transition amplitude come
from the intermediate 07, 1%, 27, 3%, 47, 5% and 0% states. The results for two
pion energies: T, = 10 MeV (empty bars) and T, = 60 MeV (black bars) are
shown. The particle-particle strength gip and the particle-hole strength gg;‘ are
fixed to be 1.0 and 0.8. respectively. {For details see text.)

Amplitude F, (arbitrary units)

A careful analysis of the partial amplitudes (7)—(8) at pion energies, for
which quite different behaviour of the forward cross section is observed may
also shed some light on possible explanation of the behaviour of the DCX
cross section. A magnitude of the DCX amplitudes for the intermediate
states with the largest contribution is shown in Fig. 2 for the two energies
of the incident pions: 10 and 60 MeV. All over increase of the amplitudes for
each J™-multipolarity comparing both energies can be seen. It is interesting
to note that the “analogue” path through 0% intermediate states shows in
both energy cases similar impact to the transition amplitude, whereas for the
non-07 states the amplitudes display rise of 1--2 orders of the magnitude for
60 MeV. This increase is especially noticeable for higher angular momenta



2214 W.A. KamiNskr. D. CHocYK

(37,47, 5%). As the non-analogue routs are important through short-range
nucleon correlations [30, 31], present calculations may suggest also their role
in a mechanism of the cross section rise around the incident pion energy 60
MeV. Investigations clearing this point are in progress.

5. Conclusion

In conclusion, we calculated the DCX cross section in the quasiparticle
pn—QRPA using the realistic two-nucleon interaction and found that this
model reproduced the gross features of the observed resonance-like shape of
the cross section as a function of the pion energy. An increase of the tran-
sition rate magnitude for pion energy 7, = 60 MeV is mainly caused by
strong increase of amplitudes for the non-07 intermediate state transitions.
Due to approximations made it is impossible at this stage of the work to
state definitely if the conventional 2N mechanism can exclusively provide
an explanation of the phenomenon. Such a statement can not be drawn
until calculations of the conventional sequential scattering at low energies
are performed and confirmed by the results of corresponding single charge
exchange measurements which at the moment are not available. Also par-
ticular attention has to be regarded to the role of nonanalogue intermediate
states as we stressed above. We shall study these problems including tran-
sitions on *%Fe to several individual excited states of nickel, predominantly
to 07 and 27 states [3, 6, 32]. The latter makes it possible to settle the
questions addressed in this paper more carefully.

The authors are grateful for stimulating and fruitful discussions with
Heinz Clement and Amand Faessler from the Tuebingen University. One of
them (W. A. IX.) thanks also the Department of Physics of the Jyvaskyld
University for its hospitality and Nordisk Forskerutdannings Akademi for
partial support during the completion of this work.
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