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We have studied theoretically the proton pick-up (d, He) reactions leading to deeply bound pionic
atoms. The forward scattering cross sections for an incident energy Td =600 MeV have been calculated
using the effective number approach for the 'Pb target nucleus. It was found that the pionic 2p state
has the maximum cross section among all calculated states. We conclude that (d, He} reactions produce
pionic atoms in a detectable manner.

I. INTRODUCTION

We have investigated the (d, He) reactions in detail for
the formation of deeply bound pionic atoms, and found
that the (d, He) reaction is much more favorable than
the (n,p) reaction for the search. Deeply bound pionic
atoms were investigated by Toki and Yamazaki [1] and
were predicted to have narrow widths due to the repul-
sive pion-nucleus optical potential that pushes the pion
wave function outwards [2]. These states cannot be ob-
served in standard pionic-atom experiments that detect
pionic x rays. Hence, they proposed the use of pion-
transfer reactions such as (n, p) and (d, He). Following
their suggestions, deeply bound pionic states were
searched for by using the (n,p) reaction at T„=420 MeV
at TRIUMF [3]. No positive evidence was observed in
the experiment. To obtain better statistics with better
resolution, another reaction (d, He) at Td =1000 MeV at
SATURNE [4] was measured and its analysis is in pro-
gress. It was pointed out that the charge-exchange pion-
transfer reactions at large momentum transfer are sensi-
tively affected by initial- and final-state interactions. It is
found that the cross sections are about two orders of
magnitudes smaller [3] than the plane-wave Born-
approximation predictions of Refs. [1,2]. The same was
also reported by Nieves and Oset [5].

The formation of deeply bound pionic atoms by (n, d)
reactions was also studied theoretically [6]. It was found
that the distortion efFects of (n, d) reactions are smaller
than that of (n,p) reactions since the angular momentum
matching condition is well satisfied in (n, d) reactions. It
was concluded that (n, d) reactions are more suitable for
pionic-atom detection[6] and an experiment of this reac-
tion at T„=400 MeV is in progress at TRIUMF [7].
However, the weak neutron beam makes the experiment
extremely dificult. We, therefore, have studied the
(d, He) reaction for deeply bound pionic-atom formation
which uses a strong deuteron beam.

We show the schematic diagram for (d, He) reaction in
Fig. 1. The Q value of the reaction is given by

where co is the excitation energy of a pionic state with a
neutron hole and S„(j„)is the separation energy of the
neutron from the orbital j„.The pionic-atom binding en-

ergy is given by 8 . For Pb target the main contribu-
tion comes from the following orbitals: p, &z (ground
state, S„=7.367 Me V), f5 && ( S„=7.937 MeV), p 3&&

(S„=8.264 MeV), and i»&~ (S„=9.000 MeV).
We organize this paper as follows. In Sec. II we devel-

op the formulation of (d, He) reactions leading to deeply
bound pionic atoms using the effective number approach.
We then present in Sec. III the numerical results of cross
sections that include the distortion effects on the incom-
ing and outgoing particles. In Sec. IV we discuss the
background and quasifree pion production cross sections.
Section V summarizes the present study.

II. EFFECTIVE NUMBER APPROACH

Qn' 4V 3He

Ox(A 1)

The effective number approach is often used to calcu-
late a reaction cross section by using the cross section of
the elementary reaction. This approach is justified from

—Q =co+S„(j„)—[M„+M„—M, ]

=rn B+S„(j„)—6.787 MeV—,

FIG. 1. Diagram for proton-pick-up (d, He) reactions to
form pionic bound states on a neutron-hole state.
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FIG. 2. Momentum transfers in the (n, d) and (d, He) reac-
tions on ~o Pb for —Q= 130 and 140 MeV as functions of the in-
cident energy per nucleon.

with

dO, d A ~ He( A —1)m

do
eff' &

dn~ He~
(2)

the recoilless kinematics, in which a transferred particle
(in this case pion) carries little momentum in the target
frame. This condition is fulfilled at around Td=600
MeV (300 MeV/nucleon) as can be seen in Fig. 2, which
is the energy we consider in this paper.

The pionic-atom formation cross section can be written
in the eff'ective number approach as [9]

' lab

2.0

).5
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0.5

0.0
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Td /A (MeV/nucleon)
FIG. 3. (a) The differential cross section (der/dQ)" at 0' for

p(p, d)~+ as a function of the incident energy T~, derived from
the experimental values of (do. /dQ)' for p(p, m+)d. The
zero-degree cross sections are determined from the fitting of the
experimental angular distributions at each energy. The cross
sections are taken from different sources [11—13]. (b) The
differential cross section (do. /dQ)" at 0 for p(d, t)~+ as a
function of the incident energy Td/A(MeV/nucleon), derived
from the experimental values for d(p, m+)t [10,14]. The solid
curve is obtained by multiplying 1.7 to the theoretical result of
Fearing [10] to match the experimental cross sections.

2+«=2 X JX/(rCfn, ,(~)[0i (r)0, (r, ~)],~y, (r)d'r d~
Mm

Here, (d o /d 0)„„3,„„indicates the pionic-atom
formation cross section for the d + A ~ He+ [( A —1)
+m. ] reaction and (do/dQ) 3 denotes the ele-

mentary differential cross section at forward angles for
d+n~ He++ in the laboratory system, which is re-
lated to the c.m. cross section by

' lab lab 2 ' c.m.
do.

(4)
dcT

dQ c.m.

where pz' and p& are the laboratory and the center-of-
mass momenta of the outgoing He, respectively.

We use the experimental data of d +p~t +a+ as the
elementary cross section, d +n —+ H+~, by assuming
charge symmetry. The experimental zero-degree cross
sections for p (d, t)n. + in the laboratory frame are shown
in Fig. 3 at various energies together with the p (p, d)m+
cross sections [6]. The (d, t) cross section is an order of
magnitude smaller than that of (p, d). The behavior of
the cross section was well understood in terms of the
form factor for capturing a deuteron in triton [10]. The

g/(r)y;(r) =exp(iq r)D (b)

with

D (b) =exp —
—,
' J o'p(b, z')dz' (6)

solid curves in the figures are the fitted theoretical curves.
Since the (d, t) cross section has the largest value at
Td =600 MeV (300 MeV/nucleon), we investigate
(d, He) reaction at this energy in this paper.

The effective number X,z contains the pionic-atom
Pl (r) and neutron-hole 4 (r, o ) wave functions with a

'rr Jn

resultant angular momentum J. The spin wave function
(o ) with averaging over m, is introduced so as to

take into account the possible spin directions of the neu-
trons in the target nucleus. y, and g& denote the initial
and final distorted waves of the projectile and the ejectile,
respectively.

We use the eikonal approximation, in which the dis-
torted waves are approximated as plane waves with a dis-
tortion factor D (b), as
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TABLE I. The effective numbers iV,s, for the O'Pb(d, 'He) reaction at Td =600 MeV leading to various pionic states [(nl) j„']J
with j„=-p&/2 S„=7.367 MeV. SUM denotes the summed value for each J multiplet with the same pionic and neutron-hole
configuration.

[J.=pi/21

1s

1.05 X 10

2s

2.04 x 10
3$

7.46 X 10
4s

3.65 x10-'
5s

2.03 x 10-'
6s

1.24 X 10

SUM

2p

2.12 X 10

5.25 x 10-'
7.37 X 10

3p

5.85X10 4

1.48 x 10-'

2.06 X 10

4p
2.47 x 10

6.29 x 10

8.76 X 10

5p

1.26 x 10-'
3.22 x 10-'
4.49 x10-'

6p

7.30x 10-'
1.87 x 10-'
2.59x 10-'

3d
4.13x 10

3.19X 10

7.32 x 10

4d

2.12 X 10

1.63 x 10

3.75 x 10-'

5d

1.15x 10

8.84 X 10

2.04x 10

6d

6.76 x 10-'
5.17x10-'
1.19x 10-'

4.32 x 10-'
1.16X 10

1.59 X 10

5f
3.59 x 10-'
9.68 X 10

1.33 x 10-'

2.58 X 10

6.97 X 10

9.55 X 10

where o =(o d~+o hJv )/2. The deuteron-nucleon and
He-nucleon total cross sections are written as o.

d& and

oh&, respectively. Here p(b, z) is the density distribution
of the nucleus at an impact parameter b and beam-
direction coordinate z.

The effective number for configuration (I j„)J is then
I

Lm

with kinematical factor SJL,

2

SJI f exp(iq r)D(b.)R (r)R„(r)FI (r)d r

SJI =(l„(l„,')j„)J~(I I„)L—,';J)—
2I. +1

(21 +1)(21„+1)
( —)"

4m(2L + 1)
(I 01„0LO),

where R (r) and R„(r) are the radial wave functions for
the pion state and neutron-hole state, respectively. The
kinematical factor S&L contains a unitary 9j coefficient
and a Clebsch-Gordan coefficient with parity conserva-
tion.

III. NUMERICAL RESULTS FOR (d, 3He) REACTIONS

We calculated the effective numbers N, ~ for the
(d, He) reaction on a Pb target at T„=600 MeV for
various pionic states with i,3/2, f~/2, p3/z and p, /z
neutron-hole states. The results for N, z are summarized
in Tables I—IV and the expected spectra are shown in
Fig. 4—7. The largest X,& is 1.47X10 for the 2p state
with a p3/p neutron hole (Table II) and the corresponding
cross section is 65 pb/sr MeV (Fig. 5).

Figures 4 and 5 indicate that the pionic p states are
largely populated in the case of p&&2 and p3/2 neutron

holes. The pionic-atom formation cross sections for
j„=fs/z (Fig. 6) are —,

' of that of j„=P3/p (Fig. 5) for all

pionic states. The energy spectra for j„=f5/2 shows that
the pionic 2p and 3d states are populated almost equally
(-20 pb/sr MeV) and the resonance peak of the pionic
1s state is relatively larger. Figure 7 shows the pionic-
atom formation spectrum for j„=i&3/2 These cross sec-
tions are the smallest among the cases we have con-
sidered in this paper.

At Td=600 MeV the momentum transfer is small
(-0.3 fm '). Therefore, the quasisubstitutional states
[(I j„')J-0]are preferentially populated. These results
indicate that the matching condition J-qRO is also im-
portant in the (d, He) reactions as well as in the (n, d) re-
actions [6].

IV. BACKGROUND ESTIMATION

The feasibility of this reaction for the formation of
pionic atoms depends on the background cross section in
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TABLE II. The efFective numbers N, s, for the Pb(d, 3He) reaction at Tz =600 MeV leading to various pionic states [(nl) j„']J
with j„=p3~2. S„=8.264 MeV. SUM denotes the summed value for each J multiplet with the same pionc and neutron-hole
configuration.

U. =s 3i2]

3
2

1$

2.09 X 10
2$

4.07 X 10
3$

1.49 X 10
4s

7.30x 10-'
5s

4.06 X 10
6s

2.48 X 10

5
2

3
2

1

2

SUM

2p

3.81x 10-'
4.24 x 10-'
1.05 x 10-'
1.47 X 10

3p

1.05 X 10

1.17 X 10

2.95 x10-'
4.12 X 10

4p

4.45 X 10

4.94 X 10

1.26 X 10

1.75 X 10

5p

2.27 x 10-'
2.53 x 10-'
6.45 x 10-'
8.98 x 10-'

6p

1.31 x 10-'
1.46 X 10

3.73 X 10

5.19X 10

7
2

5
2

3
2

1

2

SUM

3d
7.08 X 10

1.18x 10-'
3.19X 10

3.19x 10-'
1.46 X 10

4d
3.64 X 10

6.06 x 10-'
1.63 x 10-"

1.63 X 10

7.51 X 10

5d

1.98 X 10

3.30X 10

8.84x 10-'
8.84 x 10-'
4.07 X 10

6d

1.16X 10

1.93 X 10

5.17X 10

5.17X 10

2.39 X 10

9
2

5
2

3
2

SUM

4f
7.20x 10

1.44 x 10-'
9.28 x 10-'
1.39 x 10-'
3.18x 10-'

5f
5.99x10-'
1.20 x 10-'
7.74 X 10

1.16x 10-'
2.65 x 10-'

6f
4.31 X 10

8.62 X 10

5.58 X 10

8.36 x 10-'
1.91x 10-'

(i CY

dEdQ

40

3p

2p

d 0
dEdQ

80

60

3p

2p

jn=P3/2

!

( pb

(MeV sr)

20
4p

5p i4$
10

40

!

( pb

(MeV sr j
20

6p

4p

2 6 8
Pion Binding Energy (MeV)

2 4 6 8
Pion Binding Energy (MeV)

10

FIR. 4. Expected spectra of the Pb(d, He) reaction at
Tz =600 MeV leading to various pionic states of configurations
(nl) j„' for j„=p&&2. An instrumental resolution of 100 keV
FWHM is assumed.

FIG. 5. Expected spectra of the Pb{d, He) reaction at
Tz =600 MeV leading to various pionic states of configurations
{nl) j„' for j„=p3/2 An instrumental resolution of 100 keV
FWHM is assumed.
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TABLE III. The eifective numbers X,s, for the Pb(d, 'He) reaction at Tz =600 MeV leading to various pionic states [(nl) j„']J
with j„=f,~2. S„=7.937 MeV. SUM denotes the summed value for each J multiplet with the same pionic and neutron-hole
configuration.

U. =fsn l

0 5
2

ls
2.03 X 10

2s

4.11 x 10-'
3s

1.52 X 10

4s

7.S1 X 10

Ss

4.19X 10
6s

2.S7x 10-'

7
2

5
2
3
2

2p

1.10X 10

2.14X10 '
3.00 x 10-'
4.32 X 10

3p

3.03 x 10-'
5.97 x 10-'
8.36x 10-'
1.20 x 10-'

4p

1.28 X 10

2.53 x 10-'

3.55 x 10-'
5.08 X 10

Sp

6.54 X 10

1.30x 10-'
1.82 x 10-'
2.60 x 10-'

6p

3.78 X 10

7.51 X 10

1.05 x 10-'
1.50 X 10

9
2
7
2

3
2

1

2

3d

1.61 X 10

5.67 x 10-'
3.40 x 10-'
9.68 x lo-'
3.39 X 10

9.94 X 10

4d

8.44 X 10

2.92 x 10-'
1.75 X 10

4.97 X 10

1.74 x 10-'
5.13x 10-'

Sd

4.62 X 10

1.S9X 10

9.55 X 10

2.70 X 10

9.44 x 10-'
2.79 X 10

6d

2.72 X 10

9.34 X 10

5.60 X 10

1.58 x10-'
5.53 X 10

1.64x10 '

11
2

9
2

7
2

5
2
3
2

1

2

SUM

4f
6.84 x 10-'
7.27 X 10

3.20 X 10

4.67 X 10

7.00x 10-'
4.12 X 10

S.75 x 10-'

Sf
5.73 X 10

6.06 X 10

2.67 x 10-'
390xl0 '
5.8S x 10-'
3.45 x 10-'
4.81 X 10

6f
4.13X 10

4.36x 10-'
1.92 X 10

2.81 X 10

4.22 x 10-'
2.49 x 10-'
3.47 x 10-'

30

3n=fS/2

10
jn=113/2

d G

dEdQ
20

3d 6 G

dEdQ

/' pb

(MeV sr j»—
Gd

3p

4p

5d

4
5d

(MeV sr/
6d

3p

t

2p

2 4 6 8
Pion Binding Energy (MeV)

10 2 4 6 8
Pion Binding Energy (MeV)

10

FICr. 6. Expected spectra of the 'Pb(d, 'He) reaction at
Tq =600 MeV leading to various pionic states of configurations
(nl) j„ for j„=f,~2. An instrumental resolution of 100 keV
FWHM is assumed.

FIG. 7. Expected spectra of the Pb(d, He) reaction at
Tz =600 MeV leading to various pionic states of configurations
(nl)„j„ for j„=i13/2 An instrumental resolution of 100 keV
FWHM is assumed.
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TABLE IV. The efFective numbers N, if, for the 'Pb(d, He) reaction at Tz =600 MeV leading to various pionic states [(nl) j„']J
with j„=i13/2 S„=9.000 MeV. SUM denotes the summed value for each J multiplet with the same pionic and neutron-hole

configuration.

(J =&i3/2]

13
2

1s

2.25 x 10

2s

4.99x 10-'
3$

1.92 X 10

4s

9.59 x 10-'
5s

5.40 x 10-'
6s

3.32 X 10

15
2

13
2

11
2

SUM

2p

3.15 X 10

3.03 x 10-'

9.52 X 10

9.83 x 10-'

3p
1.02 x 10-'

9.78 x10-'
2.64 x 10

2.74 X 10

4p

4.55 x 10

4.38 X 10

1.12 x 10-"

1.16x 10-'

5p

2.39 X 10

2.30x 10-'
5.72 x 10-'
5.97 X 10

6p

1 41x10
1.35 x 10-'

3.31 X 10

3.45 x 10

17
2
15
2
13
2
11
2

SUM

3d

4.39 x 10-'
7.51 X 10

3.69 x 10-'
1.26 X 10

4.61 x 10

4.99x 10-'

4d

1.47 X 10

2.51 X 10

1.95 x 10

6.63 x 10-'

2.40x 10

2.61x 10-'

Sd

6.71x 10-'
1.15 x 10-"
1.07 x 10-'

3.65 X 10

1.32 x 10-'
1.43 x 10-'

6d

3.64 x 10-'
6.22 X 10

6.32 x 10-'
2.1SX 10

7.74x10 '
8.39x 10-'

19
2

17
2

15
2

13
2

11
2

9
2
7
2

SUM

4f
5.26 X 10

1.21x 10-'
4.84 x 10-'

2.93 x 10

2.88 x 10-'
2.00x 10-'
1.89 x 10-'

2.21 X 10

5f
4.35 x 10

1.00 x 10-'
4.16x 10-'
2.52 x 10

2.40x10-'
1.67 x 10-'

1.57 X 10

1.84x 10

6f
3.11X 10

7.18 X 10

3.05 x10-8
1.85 x 10-'
1.73 x 10-'
1.20 X 10

1.13x 10

1.32 X 10

the range of 140 MeV excitation. No experimental data
are available at such high excitation for neither (d, He)
nor (d, t) cross sections. Recently, the (n, d) spectrum on

Pb in the range of 140 MeV excitation was measured at
the TRIUMF CHARGEX facility [7]. The spectrum
shows a distinct quasifree m production component
above 140 MeV and a Aat background of about 0.4
mb/srMeV. We assume a qualitatively same spectrum
for the (d, He) reaction and evaluate the flat background
for the (d, He) reaction to be 40 pb/sr MeV from the
(n, d) data by simply assuming a reduction factor —,', for
(d, He).

An overall spectrum at T&=600 MeV including the
four neutron holes is shown in Fig. 8 with Oat back-
ground cross sections of 40 pb/sr MeV. The substitution-
al states make the largest peaks and the dominant contri-
butions come from the 2p pionic state with neutron p3/2
and p»2 hole states. We can also see the pionic 1s state
formation at Q ——134 MeV as a shoulder in Fig. 8.
This figure shows that the pionic-atom formation cross
sections are much larger than the Hat-background cross

120

100

80

60
( pb

(MeV sr j 4o—

20

i I I I I t I I I I I i I f I I I I I I I I I I0
-1 40 -138 —136 -134 -1 32 -1 30

g vaiue (Mev)

FIG. 8. Expected spectra of the Pb(d, He) reaction at
T„=600MeV, where all the neutron holes {p,/2 p3/2 f5/p li3/p)
are taken into account. An instrumental resolution of 100 keV
FWHM and a Aat background of 40 pb/sr MeV are assumed.
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q=pd pI k~ p ~

co=Ed —E& =E —E .

The eff'ective number formalism may be written as [15]
lab

do
d QddEd

der R (a), q) .
dQ

(10)

The response function R (co, q) is written as

R (co,q)=N, tt f d p p~(p)5(co E+E—),
where

sections.
Then, we estimate the quasifree (unbound) ~ produc-

tion cross section just above the m. production threshold
in the (d, He vr ) reaction in order to study the He
spectrum near the threshold. The nucleon inside the tar-
get nucleus moves with momentum p and energy
E =V M +p where we neglect the binding energy for
the nucleon. We assume also that (A —1) nucleons are
spectators. The outgoing pion momentum k and energy
E from the (d, He) reactions are written as

120

100

d G

dEdQ,
80

( )Ib
!(MeV sr)4D—

20

0 I I I I I I I I 1

-190 -180 -170 -160 -150 -140 130

Q value (MeV)

FIG. 9. Expected spectra for the Pb(d, He) reaction lead-
ing to various pionic atom states for all the neutron holes and
an expected spectrum leading to quasifree unbound pionic states
at Td =600 MeV. An instrumental resolution of 100 keV
FWHM and a Aat background of 40 pb/sr MeV are assumed.

N s= f d r p(r)exp —f op(b, z')dz' (12)

We have studied theoretically the possible use of the
(d, He) reaction for the formation of deeply bound pionic
states. The calculation was made at 600 MeV because
the cross section is considered to be the largest due to the
largest elementary cross section and small momentum
transfer. We find the preferential population of quasisub-
stitutional states [(nl) j„]J=O as in the case of the
(n, d) reaction. The pionic 2p state with neutron holes
3p;&2 and 3p3/2 are preferentially populated for a 'Pb
target. It was found that the main structure of the spec-
trum showed up well above the assumed background.

Here p (p) is the momentum distribution and p(r) is the
neutron distribution in the target nucleus and they are
normalized to 1 and to the neutron number, respectively.
For simplicity, we take p (p)=N exp( —p /po) with

po = 177 MeV/c and p(r ) =po/ I I +e px[ ( r —R ) /a ] ] . We
determined po so as to reproduce the same (p ) as Fermi
distribution with pz =280 MeV/c.

The results are shown in Fig. 9 with the pionic-atom
formation spectrum. We assume 40 pb/sr MeV to be the
fIat background cross section as in Fig. 8. The spectrum
shows that the resonant peaks of pionic atom formation
are significantly higher than the quasifree ~ formation
spectrum.

It is extremely interesting to examine the fine structure
of [(nl) j„]Jmultiplets experimentally by using the
(d, He) reaction, where the fine structure is caused by the
pion-neutron residual interaction. As has been discussed
for the case of (n, d) reactions [6], each member of the
rnultiplet has different incident-energy dependence.
Hence, one can, in principle, discriminate the multiplet
members. The (d, He) reaction is more suited for this
purpose than the (n, d) reaction because of a good energy
resolution and a high beam intensity. Such resolved mul-
tiplets, if observed, would give important information on
the pion-neutron-hole interaction.

We require very high-resolution spectroscopy because
we expect many discrete peaks of small natural widths.
To this, Yamazaki et al. [8] have recently studied the
possible use of the inverse kinematics where heavy nuclei
are injected on light target nuclei and the recoiled light
ejectiles are detected after producing pionic atoms in
heavy nuclei. If coupled with a high-quality heavy ion
beam as produced by SIS/ESR of GSI, one may get an
energy resolution as good as 100 keV.
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