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The cross section for neutrino-induced nuclear reactions is presented in the form of a
multipole expansion, appropriate for the excitation of nuclear levels of a definite spin and
parity. The theory is then applied to the T=1 levels of C, knowledge of their excitation
cross sections being required for both low-energy (E, ~ 53 MeV, with neutrinos from
stopped muons) and high-energy (E, —GeV) neutrino experiments that use counters con-
taining carbon. We take a phenomenological approach, determining the needed transition
densities from fits to the measured form factors of these levels for the closely related elec-
troexcitation process. While the low-energy cross section is dominated by the excitation of
the 1' ground state of N, the high-energy cross sections receive their largest contributions
from both positive-parity spin-flip states and especially from the 1 giant-resonance levels,
with additional strength from 3+ and 2, 4 levels.

I. INTRODUCTION

The excitation of the T, c0 analogs of T= 1 lev-
els of "C by neutrinos incident on a carbon target
has been investigated theoretically previously.
This includes the transition to the 1' ground state
of "N, obtained in a shell-model calculation and
normalized by the observed "N P decay, ' as well
as the excitation of the 1 "isospin" (i) and the 0,
1, and 2 "spin-isospin" (si) or "spin-flip" com-
ponents of the giant resonance, "calculated using
the generalized Goldhaber- Teller model' or the
particle-hole model"' of Gillet. In addition, theo-
retical studies of the transition to the nuclear con-
tinuum have been made, ' ' and the differential
cross section summed over excitation energies
has been obtained by a sum rule. "

While the neutrino excitation of nuclear levels
is an interesting subject per se, its understanding
becomes equally important for all those neutrino-
induced elementary-particle reactions where com- p+e (la)

plex nuclei are present in the counters and/or the
target material. Two different types of neutrino
experiments may be considered, namely (a) ex-
periments with neutrinos of energy E, ~ 53 MeV
from the decay of stopped muons, "which have
been proposed" for high-intensity meson facili-
ties such as LAMPF at Los Alamos, and (b) ex-
periments with neutrinos in the GeV range, as
obtained, e.g. , at NAL, Batavia, Illinois. Most
of the mentioned relevant cross-section calcula-
tions are based entirely on theoretical models,
and it is well known that the particle-hole model,
for example, predicts cross sections for electro-
excitation (a process closely related to neutrino
excitation) that exceed the measured ones by fac-
tors of up to four. " For the present purpose of
obtaining neutrino cross sections for a "C target
with the excitation of all known T = 1 levels of "N,
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or
12N(+) + (lb)

(including the giant resonances and partly also
the rest of the continuum of "N), we deemed it
most reliable to follow a phenomenological ap-
proach, by obtaining fits to the measured electro-
excitation form factors of the T = 1 levels in "C
with the help of the generalized Helm model, "
and by then using the same model to predict the

neutrino cross sections of the analog states in
"N. By including the "photon points'" of the lev-
els in our fits whenever these were measured,
we endeavored to render our results partly model-
independent and hence more reliable even for the

low-energy neutrino experiments.
In order to carry out such a program" for "C,

we found it advantageous to expand the general
neutrino excitation formulas~ ' in a multipole
series, appropriate for the excitation of nuclear
levels with a given spin and parity. These multi-
pole formulas are derived in Sec. II in terms of
reduced matrix elements. They are of general
validity independently of any model, and they sim-
plify upon the use of the Helm model. In Sec. III,
we describe our determination of the Helm model

parameters by a fit of the electroexcitation cross
sections to the measured "C level form factors,
and in Sec. IV, we present our predicted neutrino
cross sections and the angular distributions of the
produced leptons in Eqs. (1), both for low (E„(120
MeV) and for high (E, (500 MeV) neutrino en-
ergies.

II. MULTIPOLE NUCLEAR CROSS SECTIONS

FOR NEUTRINOS

We consider the reactions

vi +Az-Az+l+ l(+)

and

(+) +
v& +Az Az-l+ l

(2a)

(2b)

Vthresh + ~ 1 ™g'

where l= e or p, with nuclear states
~ J, , M,) of A,

and j J~, Mf) of A~„. The nuclear recoil is q= v-1
(v, 1 being the momenta of v„ l), and the lepton en-
ergy is E, = v- ~ +m„~ being the excitation ener-

of A zy l measured from the ground state of A z
(in atomic mass units, with m, the electron mass).
This gives for the reaction threshold

In the nonrelativistic" Hamiltonian

H=(p~g ~[(G~+ G„o o"+ G~(q/2m) o"y, + iG„(q/2m) (oxo )] (1+y,)/q(2
~ g„p„), (4)

with m the proton mass, we shall only retain the vector term with G„=10 'm 'f~(a') and the axial vector,
GA=-1.20G~, since we feel that the modest accuracy of present-day nuclear models, in particular of the
Helm model used below, does not really warrant the inclusion of the small pseudoscalar (Gv) and weak
magnetic (G„) terms. " For the proton electromagnetic form factor f~(A') (a function of A'=q —uP) whose
presence is suggested by the conserved-vector-current hypothesis, we took the empirical expression of
Janssen. ' The differential cross section of reactions (2) is then found as

g (Gv'(1+ v l) ~5)f ~' —2GvG„[Ref&*mt (v+l) +Im5)f*57f (vxl)]
l ~ Jj NjNy

+ G„'[2ReQ'* v5g l + ~$)f ('(1 —v l)+i(v l) ~ (If*-x If)]), (5)

where J, =(2J, +1)'~~, v= v/v, i =1/E„and the nuclear transition matrix elements are

qq(q) = (ql Mi

K(q) =
(Zg M~

A

q, M,.),j=l
A "q' ' M)Jj=l

(Ga)

(6b)

where 7 n=p, 7 p=n. The Wigner-Eckart theorem in isospin relates these to the matrix elements

(7a)

A

a'(q(=l q, M, r, " ' "',.
' q, M, ),j=1

(7b)



MULTIPOLE THEORY OF NEUTRINO-NUCLEAR REACTIONS. . .

so that, e.g. , for self-conjugate nuclei such as "C,

St( =+W2m', St[ =+& 2att'.

These matrix elements may be written in the form

(8)

(9)

where the transition densities

p(r) = (J&M&l p ('(r)
I J(M;),

p(r) =(JyMyl p'('(r)
I J;M;&

(10a)

(lob)

are the matrix elements of corresponding transition operators for which we perform a multipole ex-
pansion":

A

p'P(r) = -,
' +5(r —r,)r('.

= gp(„(r)Yf (r),
gm

A

p'P(r) = -,' g 5(r —r,)(("r, '
i=&

= g p„(r)&((*.(r). "
gg'm

Using the Wigner-Eckart theorem in the form

(1la)

(1lb)

(&~ M~ I oi~ I J,M () = &y '(J(M (, LM
I &yMi) «~ II Oi II J;)

we may express the transition densities as

p(r) = Jz 'g (J,M;, fm I J&M&)p(~(r)Yf (r),
gm

p(r} = Jz ' g (J;M, , 1m
I J(Mz) p(~( (r)&(("(r)

$f 'm

(13a)

(13b)

in terms of their reduced matrix elements (or multipole transition densities)

p('(r) =
&J IIP ((r) II J,),

p,", (r) =«, II p„(r) II J,).
(14a)

(14b)

Inserting Eqs. (13) into Eqs. (9} leads to a multipole expansion of the transition matrix elements

3g'(q) =(4((/Jq) Z(J(M( LM I JyMy)Iz(q) Y~~(((q),
LAf

+'(q) = (4((/Jz) Q (J,M„LM I J&M&)I~+.(q)Yzz. (q)

(15s.)

(15b)

in -terms of the reduced transition multipole matrix elements

» (»)= f'j, (» l»Y'( ), » (16a)

~ L'
lz, », (q) =i r'j~ (qr)pP», (r)dr (16b)

which contain the nuclear physics of the problem.
Equations (15) may now be inserted in the cross section of Eq. (5), and the nuclear spin sums evaluated

using standard Racah algebra. Using Eqs. (A-Vh) and (A-8e) of Ref. 3, we find as the result of some
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lengthy but straightforward calculations [for the case of Eq. (8)]:

dQ
=- .,' (G '(1+ v 1)Z I Ig(q) I'

dnl mA2 L

+2GvG„[g (v+ l)g (LO, 10 iL'0}ReIi~(q)Iii. (q) s q ~ (vx l) Q(LO, 10' L'0)lmII(q) Ili. (q}]
1,1.'

+G~'[(1 —3' l}Z II- (q}I'

+Wq (v- l) g (-1)iL'L"(L'O, L"Oi10)W(L'L"11;1L)Ii~l, (q}Iii (q)
gg lg tl

+W(v ql g- s v l) g ( 1) L'-L"(L'O, L"Oi20)W(L'L"11;2L)Ii~i (q)III, (q)]). (17)
LL L"

This expression may be simplified by parity considerations, assuming transitions to nonoverlapping nu-

clear levels. With Pi J, ) = w, i J, ), one has from Eqs. (7}:

It '(-q) = v, v, It'(q), 3Tt '(-q}= w~ v, 3tt '(q) .

On the other hand, using the well-defined parities of Yii.(q) [Ref. 3, Eq. (A-2h)], one finds from Eqs.
(15) and (18):

(18)

v,.wz=(-1), for Ii terms ("longitudinal" or CL),

= (-1), for I» terms ("transverse electric" or EL},
= (-1) ", for I»„terms ("transverse magnetic" or ML),

employing for the multipoles the terminology of electroexcitation. ' (Note that CL and EL transitions have
the same selection rule and may be commonly called EL). This gives for the transitions of a given multi-
polarity and type a cross section from which the interference terms are absent:

(do/dQ, ) z„=(2lE,/vZ, ')[Gr'(1+ v l) iII.(q) i'

+G„'[(1—3 v l)+(-1) W(v gl q —s v ~ l)L'(LO, LOi20)W(LL11; 2L)]iI»(q) i'),

(do/dQ, )M~ =(21E,/vJ, ')G„'[(1—3 v l)Z'l Ir1. (q) I'

(20a)

+(-1) vY(v gl g —3 v l)P g L'L"(L'0, L"Oi20)W(L'L"11;2L)lii.(q)I«-(q)],L' L"

(20b)

where gi ~ means Pi. i„. This is our general result for the multipole cross section of neutrino-induced
nuclear reactions in self-conjugate nuclei leading to isolated nuclear levels.

III. COMPARISON WITH ELECTROEXCITATION CROSS SECTIONS

The corresponding multipole electroexcitation cross section is well known'; it is (in Born approximation)

do/dQ = 4'„' (bP/q ')'(Fc'(q) + (q'/a') [-,
' + (q '/a') tan' —,

' 8] Fr'(q)), (21a)

the Mott cross section being

o„"' = (o./2k, )'(cos-,' 3/sin'-, ' s)', (21b)

with n = 1/137, where now q =k, —kz, k,. z are the initial and final electron momenta, 8 = 4 (k„k,}, and
6' = q' —2', where 2 is the electroexcited level energy in Ai (differing from the energy &u of the analog
inAz» by the Coulomb energy shift). The "form factors"

Fc'(q) =&, 'g lit, (q) I',
L

Fr'(q) = ~i 'Z [lq'i(q)I' + lq',"(q)I']

(22a)

(22b)
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are given in terms of reduced transition multipole matrix elements

x, (e)= ' J '(, (e )np( )d

(longitudinal),

r,*(q)= "'[(I,~ ()"*El]J *j. ,(qr]j, ,( )d

(23a)

;-'(d (I)J.j„,(q.)j'~„,(.)d- ' q J'j, (q.)g,",(.)d.

(transverse electric), and

&~(q) =i Jl r'j ~(qr)j z'~z, (r)dr

"q[U. ()'"/f] J 'j,(q )g'~, ( )d —' "q(I"(t)J 'j „(q )g'~ „( )dr

(23b)

(23c)

(transverse magnetic). The multipole transition densities p~(~(r) of charge, j~~~ (r) of current and pz~~ (r)
of magnetization' are closely related to those of Eqs. (14) that contribute to the neutrino reaction; in fact,
for self-conjugate nuclei (T=0 in the ground state} such as "C, only the isospin-one part contributes in
the transitions to T= 1 levels considered by us, and the scalar densities pf(r) in Eqs. (16a) and (23a) be-
come identical, while we get the relation

p « '(r} p« '(r)sf 2m

&P &n
(24)

for the vector (spin) densities, p~ —p„=4.70 being the difference between the proton and neutron magnetic
moments. Note that neutrino reactions then depend on the nuclear charge and magnetization densities
only, while electroexcitation contains current densities in addition.

In the following analysis, we shall adopt expressions for the densities provided by the generalized Helm
model, ""which assumes essentially a distribution peaked at the "transition radius" A and smeared by a
Gaussian convolution of width g. This leads, apart from a factor due to the surface smearing

f (q) —e-s2a~/2 (26)

which all the form factors acquire, to the densities

p,"(r)=i,i 'P, r '6(r --R), -

pj~i, (r) = J;i y«'r 6(r R)

(26a)

(26b)

where

y« =y» /(p, ].), — (27)

p~ and y«. (y«. ) being strength parameters for transition charge and magnetization (spin) density. In
this model, the reduced matrix elements become

&~(q) =&;P~f,(q)j ~(qR),

4, (q) = ~( y i i f; (q)i i (qR)

(28a}

(28b)

for neutrino reactions (allowing for different radial and surface parameters R, g and R, g for charge and
spin transitions, respectively), and

&z(q) =~(psf, (qj)1.(qr),

L(q} = ~Q(~ + I)ll ] '"Pg ((dlq)fg(q)j I (qr) + y~, (ql2 m )f; (q)j, (qR)),

i(q} = -~««2 m) f (q)(~1.'"IL}y«„j„,-(qR) + I(&+ 1)I&j '"y„,j, ,(qR))

(29a,)

(29b)

(29c)
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for electroexcitation. In the latter case, the
charge and electric current transitions are re-
lated by the Siegert theorem (hence the same pa-
rameter Pz), while no current contribution to the
magnetic transitions was assumed. This seems
quite justified for our purposes in view of the fact
that the same assumption led to excellent agree-
ment in comparisons of M1 and p analog transi-
tions for self-conjugate 4N nuclei in the p and sd
shells. " The negligibility of current compared
to spin transition strength is made possible essen-
tially by the fact that in the electromagnetic re-
action, the spin term is enhanced over the current
term by the large factor p~ —p.„=4.70, while that
factor is not present in the weak reaction, so that
any error committed by the neglect of the current
term in fitting the electron scattering form factor
is reduced to 20% when the results of the fit are
used for predicting weak cross sections.

We have employed Eqs. (22) and (29) for a fit to
the electron scattering form factors of the T=1
levels of "C as measured by the Orsay" and Sen-
dai2' groups for values of q up to 530 MeV/c, in
order to determine the parameters R, g, R, g,
and p~, y«. of each level. In addition, the "pho-
ton points" of the form factors, whenever avail-
able, "have been used for the fits also, in order
to make the low-energy results more reliable and
less model-dependent.

In Table I, we present the results of our fits for
all T = 1 bound and giant resonance levels in "C
as observed in electroexcitation, '""and in other
experiments as compiled earlier by Segel et aL"
Due to the similarity of electron- and neutrino-
excitation matrix elements, all states observed
in one process should also be seen in the other,
with the exception of 0 states that electrons do
not excite. These states, however, may be taken
from the particle-hole model: The calculation of
Gillet" predicts two such levels at 24.9 and 34.0
MeV, respectively, and their (relatively small)
neutrino cross sections have been calculated pre-
viously. ' '

The first column of Table I labels the levels,
the second gives their excitation energy & in "C
and the energy & of the analogs in "N as mea-
sured from the '2C ground state (with tentative
identifications of known '2N levels" ). The third
column gives spin and parity of the level, the
fourth the character (o=E,M) and multipolarity
L of the transition together with an indication (s)
of predominantly electric spin-flip states, or the
SU, character (i: isospin, or si: spin-isospin")
for the giant-resonance states. The following
columns present the parameters from our fits:
note that the surface parameter was taken as g=g
=0.77 F throughout. The only place where its val-
ue could be determined was in level No. 1 where

TABLE I. Parameters of T=1 levels in C obtained by a fit of the generalized Helm model (Ref. 15) to the observed
electroexcitation form factors (Refs. 21 and 22). We always fit with g =g=0.77 F.

Level No. u (cu) in MeV J" aL R, F LL -f pLL+ f Refe rence

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22

15.11 (17.34)
16.11 (18.31)
16.58 (18.54)
17.23 (18.99)
17.77 (19.34)
18.15 (19.69)
18.72 (20.49)
18.81 (20.61)
19.2 (20.9)
19.4 (21.1)
19.6 (21.3)
20.0 (21.7)
20.6 (22.3)
21.6 (23.3)
22.0 (23.7)
22.7 (24.4)
23.8 (25.5)
21-26 (23—29)
21-37 (23-39)
24.9 (26.6)
25.5 (27.2)
34.0 (35.7)

1+
2+

1
0+

1

4
2+
3+

3
1

0

0

Ml
E2, s
M2
E1
CO

El, s
E3
E2
El, s
M2, si
M4
E2, s
M3
E3
El, i
El, si
El, i
El
El
0 ~ ~ s1
E3

2.60

1.7Q

2.85
2.67
2.08

2.50

2.82
2.50

2.5Q

2.08
2.08

0.165

0.092

0
0.315
0.037
0.048

0.123

0.243
0.253
0
0.207
0.438
0.720

2.24
2,60
2 82
1.70

1.2'90

0.247
See text

0.812
0
0.019
0.338

3.47

2.67
2.08
2.97
2.82
2.50
2.40
2.82

0.421

2.60

2.08
2.08

See text

0.700
0
0.829
0
2.230
3.860

See text

0.97

0.65

1.47
2.68

0.72

-2.01

-0.99
2.59

2.22

a, b, c, d
c e
c, f

c, f, g
f
c

c, f, h

b, f
f

c,h
c, h
c

Reference 15.
Reference 21.

~ Reference 22.

Reference 27.
Reference 28.
Reference 23.

~ Reference 30."Reference 34.
' References 5, 6.
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two successive diffraction peaks were measured
in the form factor, and this value was retained
for all the other levels. The last column lists
the experimental reference used for the fits.

A short discussion of our fitting procedure fol-
lows, together with representative figures.

(1) 15.11 MeV, 1' level: The fit achieved with
the parameters of Table I is shown in Fig. 1, with
experimental points from Refs. 21 and especially
22. The inset to this figure presents the low-q
portion of the fit, with points from" Ref. 15. The
measured photon point" is located at (4v/Z')
x(Er/~)'=2. 6x10 ' F', and is fitted by our model
quite well.

(2) 16.11 MeV, 2' level: This is predominantly
an electric spin-flip level, "with a photon point
at (4v/Z') (Fr/&u)' = 1.94 x10 ' F . We fitted to
this point and to the form factor data of Fig. 8 of
Ref. 22.

(3) 16.58 MeV, 2 level: Figure 2 presents our
fit to the measured data"; the two-peak structure
of this form factor does not represent successive
diffraction peaks, but a destructive interference
pattern of the two magnetic terms of Eq. (29c).
Only a small upper limit is known" for the photon
point, (4w/Z')(Fr/~)' & 3 x10 ' F', and the value

from our model (6 x10 ' F') falls within this range.
(4) 17.23 MeV, 1 level: Proca'"" sees here

a strongly excited level, while Lightbody' and
Yamaguchi find only a weak one. Since the latter
two measurements agree with each other, we

adopted their data (Yamaguchi does not present
them as a form factor, so that we had to read them
off his published excitation spectrum). The mea-
sured photon point, " (4v/Z')(Fr/up)'=1. 9 xl0 ' F',
was also taken into account by us.

(5) 17.77 MeV, 0' level: This monopole state
is only mentioned by Segel" and has not been di-
rectly observed in the electroexcitation experi-
ments. We therefore decided to calculate its ex-
citation strength with the breathing-mode model, "
in order to have at least theoretical information
on it. This model predicts the form factor

I (q) = F(q) =r— , '(8nmAu&) ' q[dF(q)/dq] (30a)

ao[~(2+ 5o.)/(2+ 3o.)] '~' = r, , = 2.40 F . (30c)

in terms of the ground-state form factor, for
which the harmonic-oscillator result is applicable":

E(q) = Z[1 ——,'[oq'ao'/(2+ 3a)] je ' '0 ', (30b)

with n = 3(Z- 2) = —,, and

IO 3X IO Io 3

IO-4— 0.2 0.6
(F )

I.o
IO4—

Al
N Al

N

IO '-
IO

IO-6
0

q(F ')

IO-'
0

q (F-')
FIG. 1. Helm model fit to the form factor of the 15.11-

MeV, 1' level in C. Data from Yamaguchi (Ref. 22)
and Rosen (Ref. 15).

FIG. 2. Helm model fit to the form factor of the 16.58-
MeV, 2 level in C. Data from Yamaguchi (Ref. 22).
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It is known that, while the breathing model gives
a good description of observed form factors, its
absolute predicted magnitudes are too high by
large factors. " Indeed when comparing the pre-
diction of Eq. (30a) with Yamaguchi's" electro-
excitation spectrum for FL,'(q), there seems to be
indication of a small state at 1V.VV MeV but with
only about 2/~, or at most 5%, of the intensity
given by the breathing model.

(6} 18.15 MeV, 1 level: This is observed by
Yamaguchi" as a pure electric spin-flip level,
hence is not contained in Segel's" low-energy data.

(7) 18.72 MeV, 3 level: This state is listed by
Segel,"but no photon point was measured. Yama-
guchi' finds it purely longitudinal.

(8) 18.81 MeV, 2' level: This small state is
not clearly seen by Yamaguchi. " %e fitted to the
photon point of Segel, 23 (4v/Z')(Fr/&g)' = 2.2 x10 '
F, and to the form factor of Proca."

(9) 19.2 MeV, 1 level: This state, together
with the two following levels, is part of the experi-
mentally unresolved "19-MeV complex" which
also includes the

(10) 19.4 MeV, 2 level, and the
(11) 19.6 MeV, 4 level: They shall here be

discussed together. The photon point of Segel"
for the 1 level, (4 v/Z')( Fr/u&)' = 2.26 x10 ' F',
was used to determine its Helm parameter P, .
The total complex, shown in Fig. 3 (transverse
form factor}, could be fitted relatively easily by
the 2 and 4 states as shown (dotted curve). The
lacking portion around q -1.0 F ' was then made

CV g
U

IO 2
AJ
N

2I-37 MeV

up by the 1 level whose pyy parameter was thus
determined. The same model was also found to
provide a very good fit to the data published by
Donnelly' that contain both transverse and longi-
tudinal components, and include the 3 state at
18.V2 MeV as well.

(12) 20.0 MeV, 2' level: The longitudinal form
factor of this state was fitted to Yamaguchi's"
data, the transverse form factor to the calculation
of Boyarkina (theoretical 23.9-MeV level) as
quoted by Yamaguchi.

(13) 20.6 MeV, 3' level: The spin assignment
was suggested for this state by Yamaguchi, and
we have fitted his transverse form factor.

(14) 21.6 MeV, 3 level: This state besides the
0' state discussed earlier, presents the largest
uncertainty in our analysis. It was seen as a weak-
ly excited level in Yamaguchi's" electron spectra
(both longitudinal and transverse), with a possible
assignment of 2' or 3; the latter choice was sug-
gested by comparison with a theoretical predic-
tion, "rather than by a theoretical fit to a mea-
sured form factor. For our purpose, the form
factors were extracted from Yamaguchi's electron
spectra and fitted by the Helm model, which was

2I-26 MeV

IO'—
2x IO-&

OTAL -FLIP TERMS (si)

2I-37 MeV

N IO

CV ~

IQ 3
OJ

N
2I-26 MeV

/
x /

/
/ I

CURRENT TERMS (I)

Io-'

q(F I)

IO4

(F I
)

FIG. 3. Composite transverse form factor of the "19-
MeV complex" containing 1, 2, and 4 levels, and
Helm model Qt. Data from Yamaguchi (Ref. 22).

FIG. 4. Longitudinal and transverse form factor fits to
Yamaguchi's (Ref. 22) data integrated over the 21-26-
MeV and 21-37-MeV regions of excitation.
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only possible within large error limits (up to per-
haps a factor of 2).

(15) 22.0 MeV, 1 level: This is a (purely lon-
gitudinal) isospin (i) component of the giant elec-
tric dipole resonance. Data of Yamaguchi" were
fit.

(16) 22.7 MeV, 1 level: This is the (purely
transverse) spin-isospin (si) component of the

giant electric dipole resonance; our fit is based
on Yamaguchi's" data.

(17) 23.8 MeV, 1 level: This is another purely
longitudinal member of the giant electric dipole
resonance, representing with the 22.0-MeV level
a collective isospin vibration split into two levels.
Yamaguchi's" data were fitted, and the summed iso-
spin strength of the two i states gives with our fit
a photon point value of (4v/Z2) (Fr/2)' = 5.3 x 10 2

F' that compares reasonably well with the experi-
mental value 6.0X10 F of Bezic" as quoted by
Yamaguchi.

(18) Summed (21-26 MeV) 1 levels: Due to a
large underlying continuum, Yamaguchi" does

I9,I

IS, I

not present the individual form factors of levels
above 24 MeV (such as the 25.5 MeV, 1 state or
the 29.0-MeV state}, but only the integrated
strength over the 21-26 MeV region, i.e., in-

cluding the three preceding levels. We have fitted
this composite as a 1 excitation (Fig. 4}, where

for the transverse squared form factor, the cur-
rent and spin contributions were added incoherent-

ly. This leads to the famous "dip'" in the inte-
grated 1 cross section separating the i and si
terms. The photon point value (4v/Z')(Fr/9)'
= 6.3 &&10 ' F' is again fitted to the Bezic" value

as quoted by Yamaguchi.
(19) Summed (21-37 MeV) 1 levels: This com-

posite was fitted as the preceding, with results
shown in Fig. 4 also.

(20) 24.9 MeV, 0 level: This excitation cannot

be seen in electron scattering, and the neutrino

cross section will be taken from a particle-hole
calculation. "'

(21) 25.5 MeV, 3 level: Yamaguchi" sees here
at large values of q a state rising above the 1

level, attributable to a predicted 3 state. We
found it impossible to extract any form factor val-
ues from his electron spectra, and were thus
obliged to disregard this level.

(22) 34.0 MeV, 0 level: The same remarks
as for the 24.9 MeV, 0 level apply here.

Io-"'—
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E

C)
I—
LIJ~ Io-4'
CA
C)
CL

0

IO

I, I
+

I0,2

I l,4

~9, I

i4, I

—l3,3+

5,0+

I2,2+

I
0-43

20

8,2+

40 60 80 l00 I 20
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FIG. 5. Calculated v, cross section for excitation of
N levels in the range of low neutrino energies. States

are labeled as in Table I. Dashed curves are included
in the composite state No. 19; dash-dot curves are un-
certain. Dotted cross sections (0 levels) are taken
from Ref. 6. Total does not include the dashed and the
dotted curves.

IV. NEUTRINO CROSS SECTIONS

Using the Helm model parameters of Table I in
the reduced matrix elements of Eqs. (28), we have

calculated neutrino cross sections for reactions
(la) and (lb) from the formulas of Eqs. (20). We

shall first consider low-energy cross sections
(E, ~120 MeV) for which only reaction (la) is im-
portant; knowledge of this process is needed in
the proposed stopped-muon source neutrino ex-
periment. " Figure 5 presents the calculated total
cross sections in this energy range; the excited
' N states are labeled as in Table I. It is seen
that below 60 MeV, it is one state that dominates
the neutrino cross section, namely the "N ground-
state (the analog of the 15.11 MeV, 1' state in "C).
Only above this energy, the giant E1 states domi-
nate the picture, i.e., mostly the E1 composite
No. 19. The dashed curves designate E1 states
included in No. 19, i.e., the composite No. 18 and
the individual levels Nos. 15-17. Of the individual
levels, the strongest one is actually No. 10, the
2 member of the "19-MeV complex, " and No. 6,
an E1 spin-flip level. We have also entered as
dotted curves the two 0 levels Nos. 20 and 22,
taken from the model calculation of Ref. 6; their
strength is thus likely to be overestimated, per-
haps by a factor of 2. The two states that are
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most uncertain in our calculation (dash-dot) are
No. 14 (3 ) and No. 5 (the 0' state, for which we
multiplied the breathing mode result by 0.05);
they are small in the low-energy region, however.
The total cross section shown in Fig. 5 does not
include the dashed and the dotted curves.

We may compare our semiempirical cross sec-
tions with those of the particle-hole model. Yama-
guchi" has identified the states observed by him
with those of the particle-hole model; the latter
are listed in Table II in terms of their dominant
configuration, together with the labels of Ref. 6.
They are identified with the states of the present
labeling, some of which being split up into several
components experimentally. The reduction factors
for going from particle-hole theory to phenomeno-
logical cross sections at E„=60 MeV (comparing
with Fig. 2 of Ref. 6) are roughly 0.5, except for
the 2 level of the 19-MeV complex which is re-
duced by about 0.1.

It may be worthwhile noting that all these states,
except for the "N ground state at (d = 17.34 MeV,
may decay by proton emission since the proton
threshold lies by only 0.595 MeV above the "N
ground state.

In Figs. 6 and 7, the angular distribution of the
emitted electrons with respect to the incident neu-
trino direction are plotted versus the cosine of the
electron angle for the most prominent or other-
wise interesting states. Figure 6 presents the
magnetic states: (a) the 1' state (No. 1), (b) the
2 state (No. 10) (No. 3 having a similar angular
distribution), and (c) the 4 state (No. 11) [with
a similar angular distribution of the 3' state (No.
13)J . One sees that while at low neutrino energies
the electron always tends to emerge backward, at
higher energies (-100 MeV) it will be emitted more
in the forward direction for the M1 transition, "
less so for M2, and it will still go backward for
M3 and M4, due to the higher q dependence near
threshold of the higher multipoles, favoring larger

values of q and hence backward emission.
Figure 7 shows the angular distributions of the

electric states: (a) the 0' state (No. 5), (b) the 1
isospin state (No. 15, with No. 17 being similar),
(c) the composite state No. 18 (with Nos. 19, 6 and
the 1 si state No. 16 being similar), (d) the 2'
state (No. 2). Again, a backward shift takes place
for the higher multipolarities; while the electron
in the El (i) transition is still mainly forward,
the El (si) transition tends to produce backward
electrons due to its higher power of q, and the E2
and E3 transitions even more so. The 0' state
has a characteristically different angular distri-
bution.

Ali angular distributions in Figs. 6 and 7 were
normalized to unity at 90'electron angles. We
note that, as seen from Eqs. (20a), the angular
distribution will be zero (for E, »ping, ) at 180' for
electric states which have no spin transitions.
This is exemplified by states Nos. 5, 7, 15,
and 17.

The high-energy integrated cross sections (E„
(500 MeV) are presented in Figs. 8(a) for created
electrons, 8(b} for muons; they remain practically
flat for higher energies (our calculations reach up
to 2000 MeV}. It is clear that in this domain, the
giant E1 states dominate the neutrino cross sec-
tion, especially those integrated over the con-
tinuum (No. 19 or 18), but also the individual El
levels (Nos. 6, 15-17). The positive-parity spin-
flip states (Nos. 1 and 2) still are very large, as
well as the 2 and 4 states (Nos. 10 and 11}of the
"19-MeV complex, "which was to be expected.
Another state, however, which also contributes
noticeably at large E, is the 3' state No. 13.
The 0 state cross sections were again taken from
previous calculations (Ref. 5). The "total" curve
does not include the dashed and the dotted curves.

Comparing with the particle-hole results, Fig.
3 of Ref. 5, we find as shown in Table II that phe-
nomenologically, the giant resonance E1 states

TABLE II. Identification of present states with particle-hole states, and approximate empirical reduction factor of
neutrino cross sections at E~ =60 MeV and E~ =1200 MeV.

1 si

Dominant
configuration

2s«, ( p3/, )
'

1d5/2 (1p3/f)

1d3/~ (1p 3/~)

Reference 6
label

Present
label

15,17
(18)

16 (18)

Reduction
factor

E, =60 MeV

0.6

0.6

0.4

Reduction
factor

E, =1200 MeV

0.25

0.8

1.0

2s f/f (1p3/~)

1d5/p (1p 3/2) 10

0.4
0.1

0.2

0.2
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at, e.g. , E, = 1200 MeV are hardly reduced at all,
while the separate 1 state and the 2 states
are reduced by factors of approximately 0.2.
Figures 9 and 10 present typical angular distri-
butions of the emitted electrons corresponding
to the reaction (la). Figures 9(a) and 9(b) show
the angular distributions at 160, 300, and 500
MeV for the M1 state No. 1 and the M3 state
No. 13, respectively, indicating the relative back-
ward shift for the higher multipolarities, and rela-
tive forward shift for the higher energies. In Fig.
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FIG. 6. Angular distributions of electrons emitted in
reaction (1a) for magnetic states: (a) 1+ (No. 1), (b) 2
(No. 10), (c) 4 (No. 11). Curves are labeled by the neu-
trino energy E,(in MeV).

FIG. 7. Angular distributions for electrons emitted in
reaction (la) for electric states: (a) 0+ (No. 5), (b) 1 i
(No. 15), (c) 1 (No. 18), (d) 2+ (No. 2). Curves are la-
beled by the neutrino energy (in MeV).



1922 H. UBERALL et a E.

10-38

10-59

ELECTRON NEUTRINOS

TOTAL

19, 1

10, we present the electric state angular distri-
butions: (a) the 0' state (No. 5), (b) the 1 com-
posite state No. 18 (very similar to the composite
No. 19 and also to the other 1 states Nos. 15-17),
and (c) the 3 state (No. 14). In all cases, the

pe ak shifts to increasingly smaller angles with

increasing energy, but the I' state is the only
level whose angular distribution reaches all the

way down to 0 .

IS, I V. SUMMARY

10-4o

10-41

15, 1

~11,4 17, 1

16, 1

z5,0+

~3.2

12,2 9, 1

In this calculation, we predict the neutrino cross
section of "C with the excitation of all known T = 1

levels, mainly as observed in electron scattering.
The weak transition densities were determined
phenomenologically from those of electron scatter-
ing, by fitting the latter ones to the observed form
factors of the levels. In this way, we expect our
neutrino cross sections to be reliable and as model-
independent as possible. A comparison of the in-
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FIG. 8. Calculated &, and I cross sections, (a) for
v —e (b) for v&- p. , for excitation of N levels in thee
range of high neutrino energies. States are labeled as
in Table I. Dashed curves are included in the composite
state No. 19; dash-dot curves are uncertain. Dotted
cross sections (0 levels) are taken from Ref. 5. Total
does not include the dashed and the dotted curves.
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FIG. 9. Angular distributions of electrons emitted in
reactions (la) for N magnetic states: (a) 1' (No. 1),
(b) 3' (No. 13). Curves are labeled by the neutrino ener-
gy (in MeV).
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dividual cross sections with those calculated by
us previously"' on the basis of the particle-hole
model gives the right order of magnitude of cor-
responding states, but some quite significant nu-

merical differences in some states.
As to the antineutrino reaction, Eq. (2b), one

se~s from Eqs. (20) that the interference terms
which differed in sign between neutrinos and anti-
neutrinos have cancelled out. Therefore, except
for small effects caused by differences in thresh-
old energies, the antineutrino cross sections will
be the same as those calculated in the present
paper for neutrinos.

Note added in proof: After this paper had been
submitted for publication, we received a report
by O' Connell, Donnelly, and Walecka (ODW),
since published, "in which the problem is
treated on the basis of a particle-hole shell model.
Comparison shows that as a function of E„ the
total cross sections given by the shell model reach
a maximum around 250 MeV and then descend to
their asymptotic limit already at 200 MeV from
below. (A similar behavior is noticeable in Fig.
4 of Ref. 5). The asymptotic limits of both models
come out about the same if ODW cross sec-
tions are reduced by the phenomenological factor
2 (or 4 for the positive-parity states) mentioned
by him . Excitation strengths of individual states
are plotted by ODW at their cross-section maxi-
mum of E, =250 MeV only, and thus appear some-
what larger than our states at that energy.
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We have compared the usual impulse-approximation and the elementary-particle treatments
of nuclear processes using nuclear P decays as examples. Both treatments are shown to lead
to essentially equivalent results for allowed transitions and for natural-parity forbidden trans-
ition of the types AJ ' =1 and possibly 2', 3, ... . There exist, however, some differences
in detailed structures in small correction terms. In the case of unnatural-parity forbidden
transitions, in particular, J; '(0 ) J&f(0+) +e + v~, there exist some discrepancies between
the two approaches, suggesting an important role of meson-exchange corrections in the im-
pulse approximation.

I. INTRODUCTION

There are two alternative methods used to de-
scribe nuclear weak processes such as nuclear
P decay and muon capture in nuclei. The first
method is to apply the usual impulse-approxima-
tion treatment (IAT); the second' is to treat the
nuclei as "elementary particles" (EPT). The first
method involves the use of model-inspired nuclear
wave functions and various other approximations
such as the neglect of meson-exchange and nu-
cleon off-mass-shell effects. The second method
involves, in principle, no approximation. The

nuclear structure, in this case, is contained in
nuclear form factors.

The two approaches are complementary in the
sense that IAT is appropriate for the study of
nuclear models and structures, and EPT is con-
venient for the study of basic ideas in weak inter-
actions such as the conserved-vector-current
(CVC) and the partially-conserved-axial-vector
current (PCAC) hypotheses. In view of the fact
that IAT involves the above-mentioned approxi-
mations, the use of IAT is expected to be some-
what limited, in particular in the treatment of
forbidden transitions where meson-exchange cor-


