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Electroexcitation of Li with application to the reactions Li(7r,y)1, He(0+,2+)
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The transverse form factor for the 5.37 MeV(2+, T = 1) level of Li is analyzed in terms of a
phenomenological model to give the configuration amplitudes and transition density. Radiative pion capture

rates for the 1s atomic orbital of Li leading to the two lowest states of He are estimated using the

phenomenological functions. The radiative pion capture rate to He(g. s.) agrees with experiment, but the

rate to He(2+, 1.8 MeV) is larger than the measured value. It is shown that if the longitudinal form factor is

small at q —m, the transverse 5.37 MeV form factor gives the radiative pion capture matrix elements

directly. As part of this study, the C2 form factor was measured near q =I, and its implications on the

wave functions are considered.

NUCLEAR REACTIONS 6Li.(e, g'), &=76-141 MeV; cr(E;E...6). Li deduced

form factors, wave functions, radiative capture.

I. INTRODUCTION

In a recent paper, Renker et al. ' presented mea-
surements of the radiative pion capture (RPC) rate
from the 1s atomic orbital in 'I.i leading to the
ground and first excited states of 'He. By elimin-
ating the contribution from the competitive p-state
capture, interpretation of the results becomes
greatly simplified. For example, the 1s capture,
rate in the impulse approximation (neglecting nu-
cleon Fermi motion) is primarily determined by
the nuclear matrix element of 7 o -z~e '"' between
I i and He. This operator is related by isospin

rotation to the spin-dependent part of the (e, e') in-
teraction leading to the corresponding analog state
in I.i. In other words, the same nuclear matrix
elements occur in 1s radiative capture and elec-
tron scattering when the final states belong to the
same isospin multiplet.

In this work, we use the information provided
by the electron scattering form factors for the
3.56 MeV (O', T= 1) and 5.37 MeV (2', T= 1) levels
of 'Li to estimate the (v, y)„rates to the ground
(O', T=1) and 1.80 MeV (2', T= 1) states of 'He.
The transition to the 2' state is complicated by the
fact that the transverse form factor for the 5.37
MeV state does not have a unique multipolarity,
but can in principle be a mixture of M1, E2, and
AI3 components. Therefore, we have performed
a phenomenological analysis of this form factor
similar to that previously done for the 3.56 MeV
M1 transition. ' From this, we conclude that
electroexcitation of the 5.37 MeV level is predom-
inantly E2+M3 in character, with nearly equal
contributions from each multipole.

For excitations involving recoupling within a
(lp)" configuration, we show that the convection

current matrix element vanishes for M3 transi-
tions, and is negligible for E2 transitions pro-
viding the longitudinal (C2) form factor is small.
Then only the spin-dependent magnetization density
contributes, and the (v, y)„nuclear matrix ele-
ments may be obtained directly from the corres-
ponding E2 or M3 form factors, assuming the
simple impulse approximation is valid.

%e have measured the longitudinal form factor
of the 5.37 MeV state near the momentum transfer
appropriate for the radiative capture reaction and
verified that it is small. The capture rate to
'He(2') derived directly from the 5.37 MeV trans-
verse form factor is shown to be in reasonable
agreement with the result derived from the pheno-
menological functions.

The ls capture rate to 'He(g. s.) is found to be in
good agreement with the measurement of Renker
et al. , but the transition to 'He(2') is two standard
deviations above the experimental value. On the
other hand, our estimate of the ratio of the (y, v')
cross sections to the same states is in accord
with the result of Audit et al.4

II MEASUREMENT OF FI (q) FOR THE 5.37 MeV
LEVEL

As alluded to in the Introduction, the longitudinal
form factor of the 5.37 MeV level provides a mea-
sure of the convection current contribution to the
transverse E2 form factor, and also provides a
constraint on the phenomenological wave functions.
In this section, we briefly discuss the present
measurement of this form factor. Unfortunately,
because of the natural width of this state (I'„,
= 0.55 MeV), and its disposition relative to the
much larger and broader 4.31 MeV (2', T = 0) level,
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even a crude measurement is extremely difficult
and time consuming. Furthermore, the 5.37 MeV
total form factor is known to be predominantly
transverse in character, "so the longitudinal con-
tribution is small even at forward electron scatter-
ing angles.

This measurement was made at the electron
scattering facility of the Saskatchewan accelerator
laboratory. The target was 99$ isotopically en-
riched 'I.i metal rolled to a thickness of about 20
mg/cm'. Incident beam currents were kept below
2.5 p, A to avoid target melting. The total momen-
tum resolution, as given by the elastic peak full-
width at half maximum (FWHM), was about 0.15%.

'The longitudinal and transverse form factors
are related to the differential cross section by

do ., 2 1 280~ ' —=E~'(q)+ —+ tan'- Er2(q)
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FIG. 1. Electron scattering spectra from Li showing

the 5.37 MeV peak on the flank of the broad 4.31 MeV
(2') resonance. The three spectra do not have a com-
mon scale factor. The solid curve represents the total
background under the 5.37 MeV resonance and the inset
shows the background-subtracted spectra. The Breit-
Wigner curves were fit simultaneously with the back-
ground by a least-squares procedure. The small peak
near 7 MeV is the 7.66 MeV (0') state of ~2C, apparently
introduced during target fabrication.
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FIG. 2. Longitudinal form factors of the 5.37 MeV
state based on the phenomenological densities and am-
plitudes determined from the experimental transverse
form factor. The curves are labeled by P, the ground
state I'& amplitude. The experimental result at q= 0.69
fm ~ is from the present work, the others are from Ref.
5.

dence of E„,2(q, 8) at a fixed momentum transfer
q. In this experiment, the scattering angles and
associated incident energies were 59.0' (140.9
MeV), 90.0' (99.3 MeV), and 140.0' (75.6 MeV),
corresponding to q = 0.687 fm '.

The area of the 5.37 MeV peak was determined
by simultaneously fitting the (e, e') spectra with a
series of shape functions describing the inelastic
peaks, plus a polynomial representing the elastic
peak radiation tail and the various breakup con-
tinua. ' Breit-Wigner resonances mere used for
the 4.31 and 5.37 MeV peaks. The position of the
5.37 MeV shape function, having been determined
from the back-angle data (and previous work),
was not allomed to vary during the fitting pro-
cedure, and its total natural width was fixed at
I'„,= 0.55 MeV.

The line-shape fits in the region of the 5.37 MeV
state are illustrated in Fig. 1, where the curves
represent the total "background" under the reso-
nance. When these are subtracted from the data,
me obtain the spectra shown in the inset. The
Breit-Wigner curves in this figure describe the
fits to the 5.37 MeV peak generated during the
least-squares spectrum analysis.

The area of the 5.37 MeV peak was normalized
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TABLE I. Summary of the present experimental .

results for the 5.37 MeV (2+, T=1) state of Li. Radia-
tive corrections and the elastic form factor were cal-
culated as in Ref. 3. The total form factor is defined
within +0.55 MeV of the peak center. Errors do not re-
flect uncertainties in the position and width of the state.

0

(Me V) (deg)

0'(5.37)/0'(el) I" ej (g) +tot (g, ~)
(&10 ) (calc.) (&10 )

140.9
99.3
75.6

59.0 1.12 + 0.20
90.0 1.80 +0.32

140.0 8.83 + 0.79
q = 0.687 fm
EI, (q) =(9.7+9.5) &10
Z~'(q) =(3.73+0.40) ~10 4

0.364
0.358
0.352

4.08 + 0.71
6.43 + 1.14

31.1 +2.8

to the elastic peak, which in turn was evaluated
by phase shift analysis, and radiative corrections
were made as discussed elsewhere. ' The results
are summarized in Table I, and as before, the
form factor represents the strength within +I'„,
of the peak maximum. From a least-squares fit
of E„,'(q, 8) vs —,'+tan'e/2, we obtain the separate
form factors given in Table I. 'The present and
previous' measurements of E~'(q) are displayed
ln Flg. 2.

fs (s) = uf&( )(—f, (s~)&f,f

f .(~)= &.&( )(i—.(q~)&f f.,
(7)

(8)

Here p.„=p~ —p„= 4.706, m is the nucleon mass,
and the coefficients Co, C„D, and E are functions
only of the ground and excited state amplitudes.
The proton and center of mass form factors, f&
and f, , and the radial matrix elements (jl(qr))
are defined in Ref. 3. As before, the radial den-
sity is expanded in a convenient series, with co-
efficients to be determined by the experimental
data. The only difference from the procedure des-
cribed in Ref. 3 is that here we do not assume the
radial density [R'(r)R(r )] is normalized to unity.
'The 5.37 MeV level is unbound to two- and three-
body breakup, so the radial wave function A'(r)
may be more spread out than the ground state
function R(r).

Most of the experimental results were obtained
using. Breit-Wigner fits to the spectra, and Er'(q)
is defined within +I'„, of the peak center. Con-
sequently, the theoretical form factors must be

., renormalized downward to account for the strength
not included within this limit'

lE'(q) l...= IE'(q) j,...,&1.42. (9)
III. PHENOMENOLOGICAL ANALYSIS OF THE 5.37

MeV FORM FACTOR

4„~(1",0)= c('S,+ P'P, + y'D, ,

llf, »(2', 1}=G'P,+H'D, ,

where"

(4)n = 0.924, P = 0.369, y = 0.102.

The inelastic transverse form factor in general
contains M1, E2, and 513 terms,

f'T'(q) = Eul'(q }+E's'(q)+ EN'(q },
where the individual form factors are given by

(q)=(—)I(:.(f.(e~&&+c.(f.(e~&&lf,f... (6)

Our purpose here is twofold. First, we require
wave functions and transition densities to estimate
the (&f,y)„matrix elements. Second, we must
establish the M1 contribution to the 5.37 MeV
transverse form factor, since if it is large, one
cannot expect the (m, y)„estimate based directly
on the form factor to be reliable (the Ml form
factor need not have a negligible convection cur-
rent part}.

We assume a (1p)' model space and L Swave-
functions

The transverse form factor expressed by Eqs.
(5)-(8) was fitted by the method of least squares
to 37 data points from Refs. 3, 5, 8, some unpub-
lished Saskatoon results, and the present measure-
ment. No corrections were made for Coulomb
distortion effects, which are usually small for
very light nuclei. Most of the data were obtained
at large scattering angles, and in view of the up-
per limits on E~'(q), are essentially transverse in
character. With the ground state configuration
given by Eq. (4), the fitting procedure was repeat-
ed for various excited state amplitudes (G, H) until
a minimum in the chi-square per degree of- free-
dom, X„', was located. One finds two solutions
for the 5.37 MeV amplitudes (G, H) which give
comparable X„', represented by G& 0 and G& 0,
where H is considered positive. The G& 0 solution
is rejected for reasons discussed later.

When the wave functions and radial density which
give the best fit are used to evaluate the longitu-
dinal form factor, given by

E.(q)=( ~~1)8t( )~"' GyHPJ&j, ( ))qf,f.. . (10)

we obtain the curve in Fig. 2 labeled P = 0.369, the
ground state 'I', amplitude. Although the experi-
mental errors are large, the discrepancy with
theory is evident. The source does not likely lie
in the amplitudes (G, H}, since the transverse form
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factor is mainly determined by the product +II,
and o. = 0.9-1.0 for most theories of 'Li. Vfe must
therefore consider the possibility that I6 as given
in Eq. (4) is too large.

In order to find a range of P values consistent
with the transverse and longitudinal form factors,
the fitting procedure was repeated for a series
of ground state amplitudes. For a given P, the
amplitudes n and y were constrained by the quad-
rupole moment' using a 1p-shell rms radius
(r )&'/2= 3.46 fm (Ref. 3) (the magnetic moment is
somewhat less sensitive to the amplitudes). The
predicted longitudinal form factors, as a function
of P, are summarized in Fig. 2.

Inspection of Fig. 2 suggests P s 0.20. However,
since the ground state magnetic moment deviates
moriotonically from the experimental value for P
&0.369, as a compromise we will adopt P= 0.200
as our alternative estimate of this amplitude. The
respective magnetic moment is 5%, above the ex-
perimental value, not an unreasonable difference .

considering we have ignored configurations higher
than (1p)', as well as two-body contributions.
Both sets of amplitudes are presented in 'Table II

The normalization of the radial density [R'R],
also determined by the least-squares fit, is
slightly less than unity. The transition radius,
defined as the rms radius of [R'R], is estimated
to be (r,')' '= 3.78 fm.

The 5.37 MeV transition density parameters
(b, a„) for P = 0.200 and G = 0.460 are as follows:

b = 2.324 fm, a, = 6.641 x 10 ' fm '

a, = -3.502 x 10 ' fm ', a4= 7.427 x 10 ' fm '
ae= -1.668 x 10~ fm~, as= 2.619 x 10 ' fm '~ (11)

Since the X,
' and corresponding (G,H) are nearly

independent of b, we have arbitrarily used the
value obtained from the 3.56 MeV form factor an-
alysis. ' According to Eq. (9) the a„must be mul-
tiplied by (1.42)' ' to represent the entire reso-
nance.

The fit to the transverse form factor with the
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FIG. 3. Transverse form factor of the 5.37 MeV state
and its multipole components compared with the data.
The curves represent the least-squares fit with the .

p =0.200 amplitudes of Table II. The 82 and M3 form
factors have the same q dependence [see Eqs. (7) and
(8)], differing only in their normalization. The peculiar
change in slope of the fit above q= 2 fm ~ is caused by
the absence of any constraints on the physical form fac-
tor at high momentum transfers, and should not be con-
sidered as realistic.

I'„(M1)= 0.27 + 0.05 eV. (12)

Finally, for completeness, we make a few re-

P = 0.200 amplitudes of Table II is shown in Fig. 3,
along with its multipole components. The E2 and
M3 contributions are nearly equal, but the M1
form factor is suppressed and has a diffraction
minimum at q=0.75 fm '. Actually, the multipole
form factors do not change significantly between
the two sets of amplitudes, suggesting the decom-
position shown in Fig. 3 is not strongly model de-
pendent.

The M1 form factor gives the ground state M1
radiative width for the entire 5.37 MeV resonance:

TABLE II. Configuration amplitudes for the ground state and excited T =1 states of 6Li as
obtained from the phenomenological analyses. The set labeled C is preferred if the 5.37 MeV
C2 form factor is considered an acceptable constraint. The L-S wave functions are defined
by Eqs. (2), (3), arid (13).

Ground (1+, T=0)
n P y

5.37 MeV (2+, T=1)
6 H

3.56 MeV (0+, T=1)
B

0.979

0.924

0.200

0.369

0.041

0.102

0.460

0.360

0.888

0.933

0.881 R 0.018
0.996 + 0.004
0.843 + 0.022
1.00

-0.473 + 0.034
0.087+ 0.039

-0.537+ 0.034
-0.012 + 0.041

(C)
(D)
Q)
(B)
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marks about the 3.56 MeV M1 form factor. The
I.-S wave function for the 3.56 MeV (O', T = 1) state
in a (lp)' configuration space is

4', „(0',1)=A'S +B'P (13)

Previous analyses of this form factor utilized the
wave functions corresponding to P = 0.369. Since
the present work suggests the P = 0.20 ground state
may be more realistic, we have reanalyzed this
transition and give an alter native set of excited state
amplitudes which we call sets C and D, to dis-
tinguish them from the former A and B solutions
(Table II). As before, we use the ground state
radiative width as a constraint, and the amplitude,
uncertainties reflect the experimental error on
this quantity.

The new amplitudes yield a transition density
virtually indistinguishable from that of Ref. 3. The
P-decay ft, ~, value for 'He, and the threshold
photopion cross section leading to 'He(g. s.) have

been recalculated with the C amplitudes in Table
II. With the coupling constants employed by Cam-
marata and Donnelly, ' we obtain ft», = 789+ 23,
compared with the "experimental" value f,&,

——814
(Ref. 9). The photopion cross section is 7+4%
higher than our previous estimate. '

IV. COMPARISON OF PHENOMENOLOGICAL AND
THEORETICAL AMPLITUDES

Since the phenomenological amplitudes were
generated by fitting various electromagnetic form
factors with no consideration given to the nuclear
potentials, residual interactions, etc. , it is worth-
while comparing the present results with the amp-
litudes derived from more fundamental approaches.
Here, we consider two examples.

The first example is obtained by diagonalizing
the Hamiltonian matrix using the Kuo-Brown two-
body matrix elements in a (lp)' model space. The
single-particle energy difference e =E(lp, ~,)
-E(lp, &,) is probably somewhere around 3-5 MeV
for 'Li, and indeed as shown in Table III, the theo-
retical and phenomenological amplitudes of the

ground and 5.37 MeV states compare favorably
for g = 3-4 MeV. The situation with the 3.56 MeV
state is not so favorable, the shell model giving
a smaller I.= 1 component than the phenomeno-
logical analysis. Although the predicted 2'- 0'
separation is 1.76 MeV, in good agreement with
experiment, the excitation energies relative to
the ground state are about 1.8 MeV too low.

For the second example, we consider the cal-
culation by Barker" which relies on the known ex-
citation energies to determine the exchange mix-
ture in the effective shell model interaction. 'The

resulting amplitudes are given in Table III.
Both calculations give wave functions that are

more or less consistent with the phenomenological
results. Note that the theoretical values of G are
positive, which is the principal reason for re-
jecting the G~ 0 phenomenological solutions.

V. APPLICATION TO 6Li(m p) 6He

The radiative capture rate from the 1s atomic
orbital is given in the impulse approximation by"

(14)

where 5= c = 1, k is the photon momentum in the
c.m. system, and m„M are the pion and nuclear
masses. The constant A is the elementary dipole
amplitude E,,(v ) = (3. 62+ 0. 04)x 10 'm, ' (Ref. 11).
The transition matrix element between the states
J. and Jy ls

where e~ is the photon polarization (X=+1) and r
is the isospin operator defined by r ~p)= ~n). The
operator notation implies a sum over nucleons.
Since the pion wave function varies slowly over the
nuclear volume, it has been removed from the nu-
clear matrix element and replaced by the value

TABLE III. Comparison of the theoretical and phenomenological amplitudes. The results
based on the Kuo-Brown two-body matrix elements are indicated by &, the single-particle
p&f 2-p3~2 splitting.

Model
Ground (1,T =0)

Cl P
5.37 MeV (2', x=1) 3.56 MeV (0', V =1)

G H A B

&=3 MeV
&=4 Mev
E=5 MeV
Barker
Phen. model

0.984
0.977
0.966
0:992
0.979

0.149
0.205
0.259
0.120
0.200

0.010
0.056
0.017

-0.028
0.041

0.452
0.539
0.597
0.553
0.460

0.892
0.843
0.802
0.833
0.888

0.960
0.945
0.931
0.934
0.881

-0.280
-0.328
-0.364
-0.358
-0.473
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at the nuclear center:

(16)

find

8 =0.64 for ho= -0.030m, '. (18)

Here, p, is the pion-nuclear reduced mass, and B
is a distortion factor which takes into account nu-
clear size and strong interaction effects. This
factor was obtained by computing the pion 1s
atomic orbital bound by a Gaussian charge distri-
bution (r, = 2.56 fm) and modified by a strong
potential of the form

The multipole decomposition of Eq. (15) is ac-
complished by expanding (o e„)e"~' in vector
spherical harmonics [see e.g. , Ref. 13 Eq. (3.30)],
and with the Wigner-Eckart theorem one obtains

2pV, (r) = -4w(1+ m, /m)b, p(r) . (17)
+ l&J&llvxM„ irx IIJi&l (19)

Nonlocal and absorptive terms have been ignored
in V,(r), while the isovector (b, ) term vanishes
if, as we assume, the proton and neutron distri-
butions are identical. The density p(r) was also
assumed to be a Gaussian-type distribution. " We

In the notation of deForest and Walecka, "
M,",(r) =g, (kr)Y,"„(n) (2o)

p~, l&z, llvxM„~
I la,.&l*= (J, -(~ z) M~„,+(gg+ y)

M ., ~ ~;)

The states J& in 'He and the T = 1 levels of 'I,i
are presumably members of the same isospin
multiplet, in which case the matrix elements in
Eq. (19) and those for the analog states in 'l.l are
related by a Clebsch-Qordan coefficient in iso-
spin space. For T; = 0, T& = 1 we have

TABLE IV. Badiative pion capture rates from the 1s
atomic orbital of SLi based on the phenomenological L-S
amplitudes and transition densities.

6Li 6He (g.s., 0+)
J3 ~&(ls) (sec ~)

0.200
0.369

-0.473 4.77x10 2 1.39x10&5
-0.537 4.48 x10 ' 1.30x10"

Exp. value: (1.39 + 0.16) x10~5 (Bef. 1)

Li He (1.8 MeV, 2+)
G QM)2 Ay(ls) (sec )

0.200
0.369

0.460 1.96 x 10 5.64 x 10
0.360 1.99x10 ' 5.70 x10"

Exp. value: (3.3+1.2) x10 (Bef. 1)

where Q is the appropriate multipole operator.
The right side of Eq. (22) was evaluated using the
phenomenological Li wave functions and transi-
tion densities.

The 1s radiative capture rates to the ground and

first excited states of 'He are summarized in
Table IV. 'The ground state transition rate is in
good agreement with the experimental results of
Renker et al. ,

' but the capture rate to the 1.8 MeV
(2.') state is about 70%, or two sta.ndard devia-
tions above the experimental value. For the ex-
cited state transition the multipole contributions
are estimated to be in the ratio Ml/E2/M3
= 0.095/0. 93/1.0.

VI. THE Li ~ He (1.8 MeV, 2+) TRANSITION:
MODEL INDEPENDENT CONSIDERATIONS

The difference between the predicted and ex-
perimental capture rates to the 1.8 MeV (2') state
of 'He is puzzling in view of the good agreeme~t
achieved for the ground state transition. There-
fore, we will consider an alternative approach to
the former transition, and show under what cir-
cumstances the nuclear matrix elements may be
obtained directly from the experimental form fac-
tor.

In general, transverse form factors have con-
tributions from both the convection and magneti-
zation currents, while only the latter are relevant,
via Eq. (22), to the radiative capture process. If
the convection terms are negligible at q = k, then
the electron scattering form factor gives (M)' di-
rectly:

(23)
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where Z is the charge of the target nucleus and
the other symbols have their previous meaning.

The 5.37 MeV transverse form factor has M1,
E2, and M3 components, and all the amplitudes
and transition densities considered here produce
a minimum in E~,'(q) in the region q = 0.7-0.9 fm '.
(This minimum has also been suggested by oth-
ers. ') Therefore it seems likely that Er'(q) is
dominated by the E2 and MS terms near q = k
= 0.67 fm ', the momentum transfer appropriate
for capture to 'He (2').

In Appendix A we show that the convection cur-
rent makes no contribution to M3 transitions in
a (Ip)" space, and in Appendix B we show that the
convection contribution to Es, (k) is negligible
even when the initial and final state radial func-
tions differ slightly providing Ec, (k) is small.
Then, since the M1 term is suppressed, the ex-
perimental 5.37 MeV form factor provides a lozeex
limit for the sum in Eg. (19). From the experi-
mental form factor (renormalized upward by 1.42)
and Eq. (23) we obtain

Qg)'= 1.99 && 10-2

A„(ls)= 5.42 x 10'~ sec ' (24)

which are not appreciably different from the re-
sults in Table IV.

Although we have assumed the configuration
space is (1p)' (but not necessarily harmonic os-
cillator functions), the preceding arguments are
a bit more general. The convection current part
of E»'(q) vanishes if we expand the basis to in-
clude any s- or p-orbital components. Similarly,
the remarks about E»(q) are valid for any E2
transition that only involves angular momentum
recoupling.

VII. PION PHOTOPRODUCTION NEAR THRESHOLD

Our estimate for the ratio of radiative capture
rates to the 2' and 0' states of 'He is larger than
the experimental ratio. Since the pion photopro-
duction cross sections near threshold leading to
the same states in 'He depend essentially on the
same nuclear matrix elements, evaluated at nearly
the same momentum transfer, one would expect
a similar behavior for the ratio of photopion cross
sections if the source of disagreement lies in the
nuclear wave functions. The predicted 'Li(y, v')
'He(0') cross section has already been shown to
be in reasonable accord with experiment. 4 Unfor-
tunately, the 'Li-'He(2'} experimental data are
complicated by the underlying. n+ 2n continuum.

The photopion results are usually expressed in
terms of the quantities a(i-f}, defined in Ref. 4,
which are proportional to the matrix elements
(M)', Eq. (19), at the appropriate momentum

transfers (0.72-0.73 fm '). We will not deal here
with the complications introduced by the distorted
pion wave functions; this is discussed, for ex-
ample, in Refs. 7 and 2. Our estimate of the ra-
tio, and the experimental value, are

a['Li —'He(2') ]
0,

~

=0.57 (phen. model)

= 0.70+ 0.24 (expt. ; Ref. 4) .
Although well within the quoted error, the theo-
retical ratio is lower than experiment, in con-
trast to the radiative capture situation.

Note that the excited state cross section may
contain a contribution from the a+ 2n background,
which we have not included in our calculation.
This would serve to increase the experimental ra-
tio above the theoretical value.

VIII. DISCUSSION

The 'Li(2', 5.37 MeV) form factor has been used
both directly and indirectly to estimate the RPC
rate to 'He(2'), and the results are consistently
about 7(P%%d above the experimental value of Ren-
ker et al.

Since our prediction is relatively model inde-
pendent, the origin of the discrepancy likely lies
elsewhere. Contamination of the experimental
cross section by the nearby 0'. + 2n continuum is
not the problem, since the theoretical value is
already too large. It can be argued that we are
pushing the model too far in the sense that the
2', T=1 states are not true analogs, that is, they
may not have identical radial functions as we as-
sumed in applying Eq. (22). The 2' states have
different natural widths and dispositions with
respect to the two- and three-body thres-
holds, so some difference in the radial structure
is expected, but it would have to be unreasonably
large to resolve the discrepancy, and furthermore
would destroy the favorable agreement we achieve
with the photopion cross sections.

To summarize, the (e, e'), (w, y)„, and (y, v')
cross sections to the 0+, T=1 levels are consis-
tent, but a marked disagreement of unknown origin
exists among the transitions to the 2', 7.'= 1 states.

This work was supported by the Natural Sciences
and Engineering Research Council of Canada.

APPENDIX A

In this appendix, we show that in a (Ip)" model
space, the convection part of the nuclear transi-
tion current density does not contribute to M3
transitions.

The MX matrix element is
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(f
~

7'»'(q)
~

&i&= Jt dr X/;
' [jg(qr)&)",„,(0)), (Al)

where J« is the transition current density, and
here we are concerned only with the convection
part of J&,-. In the approximation that T»' is a
one-body operator, Eq. (Al) may be expanded in
terms of single-particle matrix elements between
states Q, and Q/, where

g; =R(r/)Y, (0/) Q/=R'(r/)Y, (0/) . (A2)

The single-particle current, symmetrized to sat-
isfy the continuity equation, is

J/,.(r,) = 2' ' [4,'v4, (v.it-&, )'y, ], . (AS)

where e/= [1+7,(j)]/2 is the charge of the particle.

(R 'ffmf
~

7'gg'(q)
~

R f;m; &

~
~(R'l/m/) (qr)V"„„,'(il) V~Rl;m, ) . (A4)

Using the definition of the vector spherical har-
monics,

Y",(il) = g (Apl
i

A.1k'/, )Y „(Q)e (A5)

and the closure property of the spherical harmon-
ics, Eil. (A4) may be written

For simplicity, the particle label will be sup-
pressed in the following. Combining Eqs. (AS) and

(Al), we obtain the general single-particle term

(R'l/m/& r, "(q)~Rl m;)=
~ Q Q (/&v q

I

X Ai/)(l/m~ Y„„(A)~lm)(lmR'~ j„(qr)V, ~Rl m;).
qv ra

The sum over the projections is facilitated by the Wigner-Eckart theorem, giving

(A6)

(8'lcm ~MI„"(q ~R&l m&=( ~)(-1&'P"&(21+I&"*Q / ' ' ' ' (r,
( ~r,

~

~&&

(m/ -p, -m j 1 l

x(R l (A7)

which vanishes if X& l,-+ l&. In other words, the
convection part of T~ ~ is a tensor operator of
rank X in the orbital angular momentum space.
Thus, the convection current does not contribute
to the M3 transition in a model space restricted
to s- and p-wave orbitals.

I

&/~':„(q&~*&=-( )("'„')

I

x dr p/, Y„„(Q)j„(qr) — j „„(qr)
~al

APPENDIX B

We wish to show that the convection current
makes a negligible contribution to the 5.37 MeV
transverse E2 form factor at momentum trans-
fers corresponding to the radiative pion capture,
q = 0.67 fm '. Actually, the argument is more gen-
eral and applies to any E2 form factor involving
recoupling within a (1p)" configuration, if the
longitudinal (C2) form factor is known to be small.

The EX matrix element is

(f~r" (q)~i)=- JI dri„. Vx [j,(qr)V;»(fl)],
q

(Bl)

where as before we retain only the convection part
of J«. Using various integral identities and the
continuity eiluation, Eil. (Bl) becomes

Zq

[y(1+ 1)]l/2 kg /i

where p« is the transition charge density, v&,.
=Ez -E,. is the excitation energy, and

I&/f „„=j„(qr)Y,„(O) .

The first term in Eil. (B2), without the j„„(qr}
part, is the longitudinal (Coulomb) matrix element
reduced by the factor (-~/,. /q)[(A. + 1)/A, ]'/', which
is much less than unity. For E2 transitions in a
harmonic oscillator (1p}"configuration, the j „„(qr}
part reduces the first term even further providing
(qb, )'/6& 1, and this is satisfied for q= 0.67 fm '.
Finally, we have shown that E~'(q)&2x 10~ for
the 5.37 MeV state, so the contribution of the first
term in Eq. (B2}to E»'(q} is less than 5 x 10" and
completely negligible. Therefore, we have
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(f[t „(q)[()=[ ())„, Jdrl„„r Z~, (8 )

Combining Eqs. (A3) and (B4), we obtain the
single-particle matrix element

(&'~/~/i T,(q)i&f;~;&

~(ani)( [z(x+ ())"' .
' ' s~ s~ ~') '

and final oscillator parameters, the convection
current part of the E2 form factor which follows
from Eq. (B5), relative to the total longitudinal
C2 form factor, is given by

where q= f)0/f), and

For transitions involving angular momentum re-
coupling within the 1P shell, Eq. (B5) vanishes if
(([), and Qz have identical radial functions, such as
in the usual harmonic oscillator model. We may
obtain an order of magnitude estimate of the form
factor when the radial functions are not the same,
by considering oscillator functions with different
oscillator parameters in the initial and final 1p
orbitals. If b, and bo are, respectively, the initial

(B7)

(This expression is independent of the j-j config-
uration amplitudes. ) Then, with q= 0.67 fm ',
q = 1.2 and Eo,'(q) & 2 x 10~, Eq. (B6) yields
~Ez',"(q)i'(3x 10 . This is the same order as the
result generated by the first term of Eq (B2. ), and
even if both contributions add constructively, the
total form factor (squared) is 2 x 10 ' and there-
fore negligible.
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