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ABSTRACT

We study the reaction e+A—e' +(An~) with the =~ bound in the
nucleus as a means of producing deeply bound pionic states so far
unobserved. Although the cross sections found can be rather large, they are
overwhelmed by the background from the inclusive (e, e') reaction, which
makes the reaction not too suited for the investigation of these pionic states.



Except for the anomalous pionic atoms?’, the bulk of pionic atom
states are well described in terms of standard optical potentials of the
Ericson~Ericson type2’. The traditional X ray method to measure energies and
widths of pionic states fails to produce the deeply bound states of heavy
nuclei, like the 1s or 2p states of.nuclei in the Pb region. However, such states
are predicted by the standard potentials and the widths are fairly smaller' than
the separation between the levels3~5). This is particularly true in the potential
of ref.5’ where an acceptable solution to the ‘anomalies is found. Ah_:hqugh
some suggestions to measure these states.with different techniques have
been occasionally done®’, the real experimental puéh was given recently using
the {n, p) reaction producing a n~bound?’, which was suggested in ref.8’. The
reaction has failed so far to show any clear signal of these bound states.

The interest in finding these elusive states advises the exploration of
different reactions which can lead to their successful detection. One such
possibility is offered by the (e, e’) reaction producing a n— bound. This
reaction offers one incentive over the (n, p) because there is no distortion of
the electron waves. Instead, in the (n, p) reaction there is a substantial
redJétion of the cross section due to the distortion of the incoming and
outgoing nucleons 2.1} which makes the cross sections fairly smaller than the
First estimates of ref.8). It has however a drawback with respect to the {n, p)
reaction because it changes the charge of one nucleon in the nucleus and
then, because of Pauli blocking, only the valence nucleons will participate,
while in the (n, p) reaction there is a coherent contribution of all the nuclecns
to the amplitude.

The reaction has to be seen relative to the background. These two

reactions are .
e+(Z,A)~—e'+(Z +1, A m bound) (1

e+(Z,A)—>e'+X : (2)

While in the reaction (2) there will be a distribution of energies and angles of
the outgoing electron, in reaction (1), given an angle in the lab system, for the
outgoing electron, the energy of the nuclear system is fixed. Hence we shall
see some peaks corresponding to the reaction (1) at parficular energies given
by the energies of the pionic atom state.

The cross section for the reaction (1) is
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where Ein, Pin, Eout, Pout are the energy and momentum for the incoming
and outgoing electrons me the electron mass, M the initial nucleus mass,
E(A’' =) the energy of the outgoing nucleus with the bound pion, including
recoil,wr the pion energy including its mass and I' the width of the pionic atom
state. We will calculate explicitly the cross section for the reaction
e~+209pb— e~ + (299Bi 1)

In order to construct a model for the T matrix in eq. (3) we look at the
diagram in fig. 1. The vertex of the right correponds to the yn—pn~ reaction,
which is well described by a model including the Kroll Ruderman and pion pole
terms plus additional nucleon and A pole termsf2.13)] However, since we are
involved with small pion momentum components in the pionic wave function,
a very good approximation is given by the Kroll Ruderman plus pion pole
terms which we obtain from the diagrams of fig. 2 by neglecting the pion
momentum and using a relativistic nucleon propagator in fig. 2a. As a

consequence the T matrix can be written as

~iT=+iet (Boue) T#u(Bin) —BE- ¢ /7 B __ .jv (4)
q2+ie 2M-q©°
33( 1 9o 2M-q° )

M q°%, Gz oM
JY=<n'l'j'm { } .
| .23 2M-ge (s)

i
a°%,q2  2M |

eld? O, 1, m, ) Inljm>

where q=pi;n ~Pour» M the nucleon mass, g the NN coupling constant
(g/2M=f/mxr; f2/47=0.08) e the electron charge (e2/4m=a=1/137),
®n, 1, m, () the pionic wave function and n’'I'j’ m’, nljm the final and initial
nuclear states for the valence nucleons. We follow the conventions of
Bjorken Drell’4’ for the normalization of the spinors etc. Gauge invariance is

preserved in these approximations and one can easily see that q,, J¥=0.
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The trace involved in = = T2 is easyly evaluated and we find

T aimie (e Pern (M (gl L
(6}

. 2 92 &«
22z [2lpint g« Ty e ]

1

where we have used the gauge condition q, J¥=0. In order to obtain the value

of J* we must evaluate the following nuclear matrix element
MK) =<' 1'jm {3 K 87 0%, 1 m, (1) In ljm> (7)

which using Racah algebra can be expressed as

M(K) = /dm (-n™ K[ (21:211”21**“ I
- e 1)

E E C(1172j; 4, m—~y) C{(I' /2 ¢, m )
CU/2 1 UZm=p,m —g +p-m) Yo mm g+ gmmm (R)

z (D> Y —p v m, () @As)V2 0T pnl(q n 1)

§C(k[1 Xsw=—pg+mg,~my) CUNT;y, @—-p)
C(AX;000) C(IX1;000) . (8)

and

o

nlpnl(g n, )= [ r2Rar () Ra1(r) ja(qr) Rn,1,{r)dr  (9)
[=]

where R and R' are the radial wave functions for the nucleon and the pion
respectively and j, the Bessel function. '

The section under study can give rise to big cross sections because if
we look only at small scattering angles the photon excﬁanged in fig. 1t is
nearly on shell and the photon propagator can be made very large. However
one does not have to forget that the signal is to be seen over the background

of the inclusive (e, e') reaction, which also contains the same photon
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propagator. This inclusive cross section is very well known!5) and is given in

terms of the longitudinal and transverse response functions by

do _{ 2« )2
dQ dEout qZ

E2ue cosi% .

(10)

2
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where Ry, RT are the longitudinal and transverse response functions given in

L)

terms of the structure functions by

RT(qo,Id])=2Wi(qe,|dD
. (11)

o |2 - o 2 qz W (ge. 2 2
Re(qe, [§1) = Wi(qe, [§1) 5 + Wala®, {1 (2 )

qZ2
In ref. 157 Wi, W, are related to the longitudinal and transverse cross sections
by

[
N

el

2Mqeo + q2
Wilqo, [dl) = ——"——"0¢
8n2a M T
(12}
o 2 coL
Ws (ge, [g]) = 2Ma°*q L (op+ o)
8n2a M 1-qo*%q2

In the limit of q2— @ (real photons) o — 0 and hence, from eq. {11},
RL—0. In this limit oy becomes the real photon cross section. Note that
because we can go with the formulas to very small angles we have not
neglected the electron mass in eqs. (10), and (11) as in usually done in the
literature.

For small angles where the photon is very close to on shell, the
transverse part in eq. (10) dominate over the longitudinal part and from egs.
(1) (12) we have that
q°

n— oy (q@ (13)

Rr{(qe, |4l =q°) =
2n2a

with o, the total photon cross section. We take 6,(q°)=65 ybxA from
experiment in the region of interestf6.17} and with these ingredients we
evaluate the background cross section of eq. (10).

In table | we show the results for do/dQdE in the maximum of the peak
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for the excitation of the 1s and 2p states of 209pp compared to the
background contribution from eq. {10}, calculated at Ein =200 MeV + me.

As we can see the cross sections for the excitation of the discrete
pionic states can be large but the ratio of this cross section to the
background is very small. We should also note that for technical reasons the
forward angles are not reachable. We have also evaluated the cross sections
at Ein = 500 MeV. At these energies q2 is very close to zero for forward angles
and the cross sections increase. However, the ratio of signal to background is
about the same as for Ein =200 MeV. Note that as q—>'0 the behaviour of egs.
(6) and (10) is not just given by the photon propagator since the square
bracket in eq. (10) and pF,Ju from eq. (6) both go to zero.

We have also evaluated the results for the e~ + *1Ca—e—+ (*!Sc —)
for the 1s state. The ratio of the cross section at the peak with the
background is of the order of 10-2 (bigger than for 229Bi). However one
should also note that one of the reasons for the increased signal is the fact
that the width of the 41Sc pionic state is very small (80 KeV versus 350 KeV
for 292Bi). A measurement with less resolution than this width would spread
the contribution and reduce accordingly the cross section at the peak.

" The numbers obtained indicate that the reaction is not very suited to
produce the pionic states. The main reason is the lack of coherence of the
reaction, since only the valence nucleon contributes to the amplitude as we
indicated. Looking simultaneously for signals of the creation or decay of the
pionic atoms can help to reduce the background. Hence taking into account
that the m~ is predominantly absorbed by pn pairs, the detection of two
neutrons back to back sharing the energy of the pion would be an indication
that the pionic state was created. This signal would be blurred by final state
interaction of the nucleons, but the nucleons from the background would be
less correlated. There could be confusion with the nucleons coming from direct
Y absorption by two nucleons in the background procefss, but here again the v
is mostly absorbed by np pairs?3 in the region of interest and we would see,
up to final state interactions, np pairs {(not nn pairs) back to back. This is
only approximative because the nucleons should match the photon momentum
plus the Fermi momentum of the initial nucleon pair. In ref18) where the
v+A—=(n~A') reaction was explored experimentally, the radiative pion

capture of the pionic atom was instead chosen as a test.
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One of the findings of this work is that one should try to look for
reactions giving a chance to the nucleons to contribute coherently to the
cross section in order to take advantage of the A2 factor in the cross section.
[n this sense the (n, p) reactions and related ones, or the {y, ®+) reaction!?,
could stand a better chance than the one studied here or the related one of

ref 18),
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FIGURE CAPTIONS

Fig. I: Feynamn diagram for the (e, e* t—) reaction on a

nucleon.

Fig. 2: Model chosen for the YN— nN vertex: &) gives rise
to the Kroll Ruderman terms when pr—-—0. b) Pion pole

term.

TABLE CAPTIONS

Table 1: d?6/d() dEoy. For the excitation of the 1s and 2p
states 299B; through the reaction of eq. (4), together with
the background from the inclusive (e, e') reaction on
209pb different scattering angles and E;,=200.5 MeV.
The valence proton in 22?Bi, is taken in the thg,» shell
and the valence neutron in 292Pb in the 2g 9,2 shell. The
oscillator parameter taken is «=0.407 fm-t (the radial

part is exp (~«2r2/2),



TABLE |

w

d2/dQ dEou¢ [ub/sr / MeV],

Ein=200.5 MeV

Blab is 2p background q2[MeV?2]
o° 0.23 0.45 600 -0.3
2.5 7.31073 1.510 2 20 -26.0
5.0° 1.91073 371073 5 -103
10.0° 0.46 1073 0.91073 1.4 -410




fig. |

fig. 2
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