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The electroproduction of 12.3+0.7 MeV positive pions from 8, leading to low-lying

states in ' Be, has been measured in the angular range 9 =30' —140' for incident electron

energies E,= 158.5 —165.0 MeV. The unique character of M3 transitions in the p shell

permits a direct comparison of d o/dEQQ with the analog electron scattering form fac-

tors in ' B, assuming the strong m.-nucleus interaction can be neglected. For the two lowest

T= I states, the (e,~+) angular distributions agree with the M3 form factors. The convec-

tive term in the M 1 form factor for the third T=1 state is deduced from a comparison of
the (e, m+) and (e,e ) data and is in good agreement with recent radiative pion capture re-

sults. The photoproduction cross section leading to the Be ground state is estimated.

NUCLEAR REACTIONS ' B(e,m.+)e' ' Be; E, =1S8.5 —165.0 MeV;
E =12.3 MeV; measured o(E„,O ); 0„=30'—140'; compare to electron

scattering, radiative pion capture, and photoproduction.

I. INTRODUCTION

The photoproduction or electroproduction of
pions in the energy range E (20 MeV, leading to
specific nuclear states, offers a method for probing
the pion-nucleus interaction in a region bridging
elastic pion scattering and conventional radiative

pion capture (RPC). In order to study the final-

state interaction, one clearly must minimize any un-

certainties in the nuclear structure which could ef-
fect the (y, ~+-) or (e, m+-) cross sections. In this pa-

per we describe possible candidates for transitions
where one could have a measure of confidence in

these structural effects.
Often in the past such structural information has

been provided by the electron scattering form fac-
tors for the corresponding analog states in the tar-

get nucleus. The problem is that, in general, both
the spin (i.e., magnetization) currents and the con-
vection currents contribute to the (e,e') transitions,
while the (y, m'+-), (e, tr +), and RPC tran-sitions de-

pend predominantly on the spin densities. Thus,
one must rely on some kind of model-dependent
analysis of the electron scattering form factors,
phenomenological or otherwise, to separate these
contributions, or simply ignore the convection
terms in the expectation that they are small.

This model dependence can be kept to a
minimum in selected cases, such as M3 transitions
in p-shell nuclei where the convection terms vanish
in a ( lp)" model space' and only one spin-dependent

matrix element participates. Specifically

FM3(e) ~ e I & Jf I IMi.i,-i ~r.
I I~; &

I A, =3

where

M" .=j (q )Y" (0)

and in our notation a sum over nucleons is implied.
The situation is similar for radiative pion capture

from 1s and 2p atomic orbitals in p-shell nuclei.
For M3 transitions the spin-independent terms van-

ish for reasons of parity, and if one makes the
reasonable assumption that the pionic wave func-
tions inside the nucleus, R„t(r), vary as r', then only
two matrix elements survive, namely

and its derivative with respect to q. In other words,
except for rotation in isospin space, the same nu-

clear matrix elements occur in the (e,e') and (m, y)
transitions. Therefore the relative magnitudes of
the M3 form factors evaluated at the momentum
transfer appropriate to RPC should equal the rela-
tive magnitudes of the RPC branching ratios for the
analog states.

This was nicely confirmed in a study of the
low-lying T=l states of ' B and ' Be, shown in

Fig. 1. The transition to the 1.74 MeV state of ' 8
is necessarily M3, and electron scattering establish-
ed the M3 nature of the 5.17 and 8.89 MeV form
factors. At the RPC point (q =0.67 fm ') the M3
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FIG. 1. The low-lying T= 1 states of ' Be populated
by the reactions {e,~+) (this work) and (m —,y) (Ref. 2)
on ' B. Also shown are the corresponding analog states
in ' B. The transition multipolarities to the 2+ states in
' B, and the J assignment for the 7.48 MeV state, are
based on the (e,e') results of Ref. 3.

the M3 electroproduction cross sections are directly
proportional to matrix elements of the type in Eqs.
(1) and (2), with the appropriate isospin modifica-
tion. That is, the (e,m+) double differential cross
sections are proportional to the analog M3 (e,e') form
factors evaluated at the appropriate momentum
transfers.

No direct comparison between the (e,e') and

(e,n.+ ) cross sections can be made for the 5.96 MeV
state in ' Be (7.48 MeV in ' B). Electron scattering
identifies this as an M1 excitation, and hence, the
convection terms may not be negligible. In fact,
combined analysis of the form factor and the RPC
rate suggest the spin and convection matrix ele-

ments are comparable and interfere destructively.
One would therefore expect the experimental (e,n+ )

cross section to be somewhat larger than the predic-
tions based on the 7.48 MeV form factor if the con-
vection contributions are ignored.

Our measurements are in accord with this expec-
tation. Furthermore, we show that the M3 cross
sections are well described by the corresponding
electron scattering form factors; hence all three re-
actions, (e,mr+), (e,e'), and (rr, y) are mutually con-
sistent. Finally; we consider the photoreaction
'oB(y, m+)'oBe(g. s.) and compare it with recent mea-

surements.

II. EXPERIMENTAL DETAILS AND RESULTS

form factors of ' B give

FS.17 F8.89
2 2

=2.30 and
2

——0.40,
Fj 74 F& 74

while for the RPC branching ratios one obtains

Rr(3.37)
=2.30+0.24

Rz(g. s. )

and

R r(7. 54) =0.39+0.12 .
R&(g.s. )

In the present work we have investigated the elec-
troproduction reaction ' B(e,n.+)e' Be leading to
the ground state (0+;1) of ' Be and the excited
states at 3.37 MeV (2+;1), 5.96 MeV (2+;1), and
7.54 MeV (2+;1). The (e,m+) and RPC operators
are similar in structure and the respective reactions
share certain features; for example, within the limits
of certain simplifying assumptions discussed later,

This experiment was performed at the 250 MeV
linear accelerator facility at the University of
Saskatchewan. The angular distributions of
12.3+0.7 MeV pions were measured in the range
8 =30'—140' for incident electron energies of
158.5, 160.3, 162.0, and 165.0 MeV. These energies
were chosen so that successive states of interest in
' Be would be populated in association with the
production of 12.3 MeV pions. Thus at 158.5 MeV
the ground and 3.37 MeV states are accessible,
while at an energy of 160.3 MeV, excitation of the
5.96 MeV state becomes possible as well. The 7.54
MeV level is included at 162.0 MeV, and for an in-

cident energy of 165.0 MeV it is possible for ' Be to
be excited somewhat above 7.54 MeV. The thresh-
old for given excitation and pion energies depends
on the pion angle; for example, at 160.3 MeV the
kinematic cutoff for the 5.96 MeV state occurs near
0~= 80'.

Pions were detected by a four-telescope array
mounted in the focal plane of a 50 cm double-
focusing spectrometer, whose deflection is about
127'. The total momentum acceptance of the array
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is +3%. Each telescope was comprised of three sil-

icon surface barrier detectors, the details of which
are described in Ref. 4. Aluminum moderators
with thicknesses of 2.0—2.8 mm were located in
front of the telescopes to ensure that the 12 MeV
pions stopped near the midplane of the third detec-
tor.

The targets were fabricated of 96.2% enriched
polycrystalline ' 8 powder confined between berylli-
um windows, each 4 mg/cm thick. The windows
were separated and supported by an aluminum
spacer which was split to prevent any pressure dif-
ferential between the target interior and exterior.
The target thicknesses, 60 and 74 mg/cm, were
determined from the known mass of the boron
powder and the target surface area, assuming uni-

form distribution. No contamination of the spectra
by pion production from beryllium or "Bwas pos-
sible since we operated below their respective
thresholds.

Measurements of proton yields were used to
check the uniformity of the target. Also each pion
run was bracketed by measurements of protons.
This technique enabled us to detect changes in den-

sity during prolonged exposure to the electron
beam. After the experiment these changes were
found to be due to local sintering of the boron
powder. When a density change occurred the pion
run was discarded and a fresh spot on the target
was used. The pion yields were then normalized, if
necessary, using the proton yield from the new spot.
The final errors in the pion cross sections in part re-
flect the uncertainties in these corrections.

The pion yields were corrected for background,
pion decay in fiight (nearly 50%), losses due to mul-

tiple scattering in the telescopes, and photopion pro-
duction from bremsstrahlung generated within the
target. For the latter we relied on the measure-
ments of Stoler et al. modified for the present
geometry, resulting in a correction of about 7%.
The experimental double differential cross sections

were deduced for each detector telescope using the
known spectrometer acceptance, detector momen-
tum acceptance, etc. The final results are presented
in Table I and Figs. 2 —5 as averages over the four
telescopes.

III. COMPARISON WITH ELECTRON
SCATTERING

We wish to make a qualitative comparison be-
tween the (e,a+) and (e,e') cross sections, and to
this end several approximations will be made. We
assume the plane-wave forward-peaking approxima-
tion can be applied to the undetected electron
despite the large energy loss. In this limit terms
like k(o"k)/co& which contribute to the so-called
longitudinal matrix elements are negligible, as are
terms depending on the pion momentum for the
pion energies considered here. The electroproduc-
tion cross section may then be written

d o N do.

dE dQ coy dQ
(3)

where N is the virtual photon spectrum, co& is the
photon energy, and (do/dQ~)r is the photopion
differential cross section involving only the usual
cr e~ threshold operator.

In evaluating the photopion cross section we ig-
nore the strong pion-nucleus interaction and treat
the pion as a plane wave modified by the Gamow
factor Co(g) to partly account for Coulomb distor-
tion. The limited accuracy of the present data does
not justify a detailed treatment of the strong in-
teraction, whose effects in any case are expected to
be minor in comparison with the Coulomb distor-
tion. With these assumptions the differential
(y, n+) cross se.ction in the impulse approximation
and the laboratory frame is given by

TABLE I; Double differential cross sections for the reaction ' B(e,m+)e' Be for pion kinet-
ic energies 12.3+0.7 MeV, as determined in this work. The units are 10 cm / MeV sr. The
incident electron energies are E, while 6 represents the observed pion angle in the laboratory
frame, with respect to the incident beam.

E,
t,'MeV

158.5
160.3
162.0
165.0

30'

1.9+0.9
11.3+1.9
28.0+2.3
44.2+4.6

40'

2.4+0.6

22.2+1.5

90'

4.8+0.8
6.6+0.9

10.7+0.8
20.9+1.7

120'

14.1+1.7

132'

4.6+0.8
8.3+1.0

140'

3.8 +0.9
12.1+1.2
13.6+1.3
26.6+2.6
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do
dQ

I

r '2 '

f Pn=2@
m kq

r

E~ k~1+ 1— cos8
s~

(4)

where m~, M„, and Mz are, respectively, the pion, nucleon, and final nuclear masses, (E~, p~) are the pion to-
tal energy and momentum, (cur, k&) are the photon energy and momentum, and q =kr —p~ is the momentum
transferred to the nucleus. We take the ir-nucleon coupling constant to be f =0.081. The isospin-loweririg
operator is defined by r

~ p & =
~

n & and differs by a factor of v 2 from the conventional spherical tensor.
The sums in Eq. (4) are performed in the usual manner by expanding the operator in a multipole series and

applying the Wigner-Eckart theorem. We chose the quantization axis along kr (i.e., kr e~=O), and for MA,

transitions obtain

+ i+~&~fMf I""(~«)& IJiMi&l'=
~ 1

&~fllMu. -i ~~ ll~i&' +»n'{),
MMf A.

2 4

+&~fijMV. +1 0~ )~~g&
—+»»q2 A, A, +2 . 2

2

X[&(&+I)]'~(1——,sin 8~) (5)

where the multipole operators are defined by Eq. (2), and 9~ is the direction of the recoiling nucleus with
respect to ki,. Finally, we assume that the individual nuclear matrix elements in Eq. (5) can be related to the
corr~ponding electron scattering matrix elements by lsospin rotation. Between states of isospin T, =0 and

Tf ——1 we have

&JfllQ~ IIJi&'= , &~yllQ~-. II&c&'

where Q is the appropriate multipole operator.
In general, the complete expression given by Eq. (5) cannot be related to the MA, form factor by isospin ro-

tation since the combination of multipole operators here is not equivalent to that proj~ted by the v~tor
cu~ent in an electromagnetic transition. However, for MA, transitions of maximum multlpolarity within a
given configuration space, only the matrix elements of Mxx i F are nonvanlshing and Eq. (5) is then directly
proportional to the square of the analog form factor.

The differential electroproduction cross section for these "stretched" MA, transitions is obtained from Eqs.
(3)—(6), with the result

'2
= —,Nn

z m

4M„EMi„(q)
Co'(g)X({),{)q)z'

Pp —Pn g
(7)

where pz „ is the nucleon magnetic moment, FMi„(q) is the form factor for the analog state, and

2 A, +1
E ky1+ 1 — cos8„

s~
(8)

This factor is essentially unity for the present
kinematics.

Equation (7) gives the required relation between
the M3 form factors of ' B and the corresponding

(e,m+) cross sections. The form factors for the
1.74, 5.17, and 8.89 MeV states were obtained from
the Helm model fits to the Saskatoon electron
scattering data described in Ref. 3, but here we ig-
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FIG. 2. Double differential cross sections for the
(e,m+) reaction leading to the ground plus first excited
states of ' Be, for an incident energy E, =158.5 MeV
and detected pion energies of 12.3+0.7 MeV. The
curves are predictions based directly on the experimental
M3 form factors for the 1.74 MeV (0+) and 5.17 MeV
(2+) states of ' 8 as discussed in the text. The gradual
decrease in the 3.37 MeV curve is due to the kinematic
cutoff for excitation of this state which does not occur
simultaneously in all detectors.

18060

nore the small M1 contributions possibly present
for some states at low momentum transfers. Note
that we have used these fits merely as an interpola-
tive device and do not rely on the resulting densities
for any aspect of the analysis.

We have also included the 7.48 MeV M1 form
factor in the analysis, ignoring any influence of the
convection currents. The angular distributions de-
pend on the ratio EMq (q)/q which is strongly
multipole dependent, varying roughly as q for
small momentum transfers. Since q increases with

0, the M1 cross section should be predominant at
the forward pion angles while the higher multipoles
should dominate the back-angle cross sections.
(This conclusion carries over into more detailed
treatments of electroproduction as can be seen, for
example, in the work of Nagl and Uberall' on the
M2 and M4 transitions in ' C.) One may show
that, in the limit Os~0, Eq. (5) is proportional to
the purely spin-dependent part of FM I (q). Howev-

er, for the present kinematics 8~ (22', and hence,
Eq. (7) can only be considered a rough guide to the
Ml (e,mr+) cross section, even in the absence of
convection currents.

The cross sections were calculated for the
kinematic conditions appropriate to each detector
telescope, and an average over the four telescopes
was formed to compare with experiment. The re-
sults are shown in Figs. 2 —5.

Figure 2 represents the least ambiguous situation
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FIG. 3. Same as Fig. 2, but for E,=160.3 MeV.
The threshoM for population of the 5.96 MeV state has
now been crossed causing an increase in the forward-
angle cross section, consistent with the behavior expect-
ed for an M1 transition.

since only the lowest M3 excitations participate.
Agreement with experiment is seen to be quite satis-
factory, not only in magnitude but also as a func-
tion of 8 . The drop in the 3.37 MeV cross section
at large angles is due to the kinematic cutoff which
does not affect all telescopes simultaneously.

Figures 3 and 4 show the onset of forward peak-

ing in the experimental cross section caused by the
5.96 MeV M1 transition. As expected, the M3
cross sections dominate at large 8 where theory
and experiment are still in approximate agreement.
The forward-angle discrepancy will be discussed in

the next section.
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FIG. 4. Same as Fig. 2, but for E,=162.0 MeV. Ex-
citation of the 7.54 MeV state is now possible. As in
Fig. 3, the 5.96 MeV prediction is based directly on the
7.48 MeV M 1 form factor in ' B. The discrepancy with
the forward-angle data is interpreted as a destructive in-

terference between the spin and convection terms in the
M1 form factor.
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I'IG. 5. Same as Fig. 2, but for E,=165.0 MeV. At
this energy it is possible for ' Be to be excited somewhat
above 7.54 MeV.
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At the highest incident energy (Fig. 5) too many
new states become accessible to form any con-
clusions except that perhaps some forward peaking
in the cross section still prevails. The M3 contribu-
tion from the 7.54 MeV state is weak in all the an-

gular distributions because of the small relative
strength of the analog 8.9 MeV form factor in ' B.

IV. DISCUSSION AND CONCLUSION

Angular distributions of 12.3+0.7 MeV pions
from the ' B(e,m+)e'' Be reaction leading to low-

lying T= 1 states in ' Be have been measured for
pion angles 8 =30'—140'. The ' Be ground and
first excited state (3.37 MeV) are populated by M3
transitions and in a (Ip)" model space would be in

the category of so-called stretched transitions. In
such cases the (e,m+) cross sections are directly
proportional to the analog (e,e') form. factors, as-

suming the pions can be treated simply as Coulomb
distorted plane waves. Using this relationship, the
present double-differential cross sections were
shown to be in accord with the experimental form
factors of Ansaldo et a/. within experimental er-
rors of about 20%.

In the Introductiori we reviewed the argument
presented by Truol showing agreement between the
(e,e') and RPC studies for the lowest analog states
in ' 8 and ' Be. With the present work internal
consistency has now been established for all three
reactions, (e,e'), (e,n.+), and (n. ,y), for the two
lowest analog states. For comparison, the momen-
tum transfers to the nucleus in the (e,n+) study are.

q=0. 53 —1.02 fm ' which encompasses the RPC
point, q =0.67 fm

We now discuss the third analog state (2+;1)
which lies at 5.96 MeV in ' Be. The forward peak-
ing of the experimental (e,sr+) cross section which
occurs when population of this state becomes possi-
ble is consistent with the M1 assignment given by
the (e,e') work, but the magnitude of the cross sec-
tion based directly on the analog form factor is
clearly too small. Since the convection contribution
has not been removed from the form factor in cal-
culating the (e,n+) cro.ss sections, this implies that
destructive interference is occurring between the
spin and convection terms. The same conclusion
was reached in the RPC experiments.

Comparison with the RPC deduction can be
made more quantitative by assuming, as in Ref. 2,
that the operator M~~~+~ o. does not contribute sig-
nificantly to the 7.48 MeV M1 form factor of ' B.
Then, following the notation of those authors, we

have

'Ml(e) '['P P. )'ol+—'ol i

where Roi is proportional to

&&yllMio'~r IIJ &

(9)

and Loi is the convection term. In this approxima-
tion, Eq. (5) reduces to a single term, independent of
8», and the (e,m. +) cross section is then directly pro-
portional to ~Rot

~

. From the forward-angle data
in Figs. 3 and 4 and the experimental form factor
one obtains

Loi

Rpi
—1.05+0.11,

to be compared with the RPC result

Lpi = —1.04+0. 14
Rp)

(see Ref. 2). Thus, within the framework of the
same model assumptions, the agreement between

the (e,e'), (e,n+), and (n. ,y) experiments extends
to the third analog state in the ' Be-' 8 systems.

We now consider the photopion reaction leading
to the ' Be ground state. It is not possible to reduce
the present data directly to the equivalent (y, m. +)
cross sections by Eq. (3), but we can make an esti-

mate of the ground state cross section with the as-
sistance of the electron scattering form factors. The
broken curves in Fig. 2 are based on the 1.74 and
5.17 MeV M3 form factors of ' B as previously
described. The effective (e,sr+) cross section to the
3.37 MeV state of ' Be, but not the ground state, is
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suppressed somewhat by the kinematic cutoff as
one moves across the focal plane of the spectrome-
ter. From the ratio of these curves one can derive
the relative contribution of the ground state transi-
tion to the total cross section that is nearly indepen-
dent of the pion distortion, and application of these
renormalization factors to the experimental data
yields the electropion cross section to the ' Be
ground state. From Eq. (3) one then deduces the
corresponding "experimental" photopion results
and these are represented by the data points in Fig.
6.

The solid curve in Fig. 6 was calculated by com-
bining Eqs. (3) and (7), yielding

~Vl

10

1 C',

Ey(MeV)
180 220 260 300 540

I & 1 I I l

lo 1O

B (y, 7r+) Be(g.s.)

8„=9O'

8 35)( $0
—3Z2

dQ~
. y

p
X

k
Co (i))X(8~,8q)

y

(10)

to 30

)k

60 90 120 150 180

PION ENERGY (MeV}

where as before FMi„(q) was obtained from a Helm
model fit to the 1.74 MeV form factor. Since this
fit does not take into account the Coulomb distor-
tion effects in the electron scattering data, we have
refitted those data using the effective-q approxima-
tion, in which the experimental q values are re-
placed by

8-

bt 4-

-z B(y,7r+} Be(g.s.}

E~ =I2.3 MeV

I & i ) i t I

30 60 90 120 150

8~ (deg)

FIG. 6. Photopion angular distribution leading to the
' Be ground state as deduced from the data in Fig. 2.
The solid curve is based on the M3 form factor for the
1.74 MeV state of ' B. For the dashed curve some al-
lowance was made for Coulomb distortion of the (e,e')
data by using the effective-q approximation.

FIG. 7. The 90' photopion cross section leading to
the ' Be ground state, as a function of the pion kinetic
energy. The open-circle point is from this work, the
closed-circle points are from Rowley et al. (Ref. 11),
and the triangle points are from Bosted et al. (Ref. 12).
The curves are as in Fig. 6.

3cKZ
ff ~ l+2ER

e

where E, is the incident electron energy and
R =(—,)' r~, is the radius of the equivalent

sphere. The resulting (y, n+) cross section is the
dashed curve in Fig. 6. The two curves differ by
10—20%, and although the effective-q approxima-
tion tends to exaggerate the Coulomb corrections, it
does suggest that such effects are not negligible.

Finally, in Fig. 7 we compare the 8 =90' cross
sections given by Eq. (10) with the recent work of
Rowley et al. " and Bosted et al. ' Actually, the
energy region of the latter authors extends far
beyond the range where the present simple model
has much validity, so the favorable comparison evi-
dent in Fig. 7 at high pion energies is somewhat
puzzling.

A more complete treatment of the photo-
production and electroproduction cross sections
would entail full distortion of the pion wave func-
tion by the strong and Coulomb forces, and would
require knowledge of the nuclear transition spin
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densities. For stretched MA, transitions these densi-

ties can be obtained directly from the form factors
by Fourier-Bessel analyses, for example, but in any
case are relatively model independent. Thus, the
low lying M3 transitions appear to be good candi-
dates for exploring the final state tr-nucleus interac-
tion where assumptions concerning the structure of
the participating states must be kept to a minimum.
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