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Electron Scattering by the Quadrupole Charge Distribution of N14f 
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The recent data of Meyer-Berkhout on the elastic scattering of 420-Mev electrons by N14 have been 
analyzed in the first Born approximation. A detailed treatment is given of the effect of the quadrupole 
charge distribution of the nucleus in causing a filling-up of the diffraction minimum. The intermediate 
coupling ground-state wave function of Visscher and Ferrell with an admixture of the spheroidal type of 
collective wave function, suggested by Fallieros and Ferrell, has been used in calculating the quadrupole 
form factor. Instead of using the Born approximation monopole form factor, the exact monopole scattering 
curve computed by Ravenhall from phase-shift analysis has been made use of. The spin-flip type magnetic 
scattering has also been calculated and found to be extremely small. The experimental data show the 
importance of the quadrupole charge scattering in the neighborhood of the diffraction minimum of the 
monopole scattering. The quadrupole scattering for the intermediate coupling is, however, completely 
inadequate to explain the observed data. This gives strong evidence for a collective enhancement of the 
N14 quadrupole moment through core deformation. The model of Fallieros and Ferrell, which predicts a 
total quadrupole moment of 3.07X10-26 cm2 (collective enhancement = 2.01 X10~26 cm2), is found to give 
a fairly good fit with the data. 

result because this nucleus has a spin of unity and a 
finite value of the quadrupole moment. The present 
author4,5 applied the intermediate-coupling shell model 
to the analysis of electron scattering by the ^-shell 
nuclei. I t was pointed out5 that nuclei having a non-
vanishing quadrupole moment (i.e., with spin greater 
than one-half) will produce additional quadrupole 
scattering which will incoherently add to the monopole 
scattering and fill up the diffraction minimum. In 
particular, from a calculation based on the intermediate-
coupling wave function for the N14 ground state given 
by Visscher and Ferrell,6 it was suggested that this 
nucleus would be a very favorable case where an 
experiment might reveal the quadrupole scattering. 

The experiment of M actually shows a marked 
quadrupole effect, much more than one would expect 
from the VF wave function. This wave function pro­
duces a quadrupole moment of 1.06X10-26 cm2 for N14, 
and the electron scattering calculated with it is found 
to be only about one-half of that observed at the angle 
where the monopole scattering would be expected to 
have its minimum. MFG have found that an inter­
mediate-coupling quadrupole moment of about 1.8 
X10~26 cm2 can give agreement with the observed 
electron scattering. But as they point out, the maximum 
intermediate coupling quadrupole moment, though of 
this magnitude, corresponds to a very unrealistic wave 
function. These authors have, therefore, considered two 
other models, namely the deformed oscillator potential 
and the deformed ^-shell models, and have found 
several sample combinations of the models which can 
reproduce the 420-Mev scattering data. In view of the 
phenomenological nature of their deformed models they 

4 M . K. Pal and S. Mukherjee, Phys. Rev. 106, 811 (1957); 
M. K. Pal and M. A. Nagarajan, Phys. Rev. 108, 1577 (1957). 

5 M. K. Pal, Ph.D. thesis, 1958, Calcutta University (unpub­
lished). 

6 W. M. Visscher and R. A. Ferrell, Phys. Rev. 107, 781 (1957). 
We will refer to this work as VF in the rest of the paper. 
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I. INTRODUCTION 

TH E elastic scattering data of 420-Mev electrons 
on N14 have been obtained by Meyer-Berkhout1 

and analyzed by Meyer-Berkhout, Ford, and Green.1 

These data reveal a striking dissimilarity with the 
corresponding data for two other ^-shell nuclei,2 namely 
C12 and O16, in that the pronounced diffraction minimum 
observed in the latter cases is entirely filled up in the 
case of N14. 

A spherically symmetric nuclear charge distribution 
can give rise to only the monopole elastic scattering of 
the electrons. A first order Born approximation calcu­
lation for ^-shell nuclei, having such a distribution, 
predicts an exact zero in the elastic form factor at a 
value of the momentum transfer |Y~*<I| given by 
[6Z/(Z—2)y, where 7 is the scale parameter of the 
infinite oscillator well occurring in the Gaussian factor 
exp(—^yr2) of the single-particle wave functions.3 This 
should be true for the even-even spin-zero nuclei, C12 

and O16. The exact phase-shift analysis2 with the shell-
model charge distribution for these nuclei shows that 
the simple Born approximation result is correct to a 
very good approximation; only the exact zero of the 
form factor is replaced by a partially filled minimum, 
in agreement with the experiments. 

The case of N14 does not fit in with the above simple 

t Research supported in part by the U. S. Atomic Energy 
Commission under a contract with the University of Maryland. 
A report of this work was presented at the 1959 New York 
Meeting of the American Physical Society [Bull. Am. Phys. Soc. 
4, 59 (1959)]. 

* On leave from the Institute of Nuclear Physics, Calcutta, 
India. 

1 Meyer-Berkhout, Ford, and Green (to be published). In the 
rest of this paper the experimental part of this work done by the 
first author will be referred to as M and the theoretical part by 
MFG. 

2Ehrenberg, Hofstadter, Meyer-Berkhout, Ravenhall, and 
Sobottka, Phys. Rev. 113, 666 (1959). 

3 In the remainder of this paper we shall use r and q to denote 
the dimensionless quantities 7V and y~*q, respectively. 
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have limited themselves to the qualitative conclusion 
that a combination of the undeformed shell model and 
the deformed oscillator potential model may be the 
true picture for the N14 ground state, and that its 
quadrupole moment is probably higher than 2.0X10 -26 

cm2. For the details of the calculations based on a 
shell-collective model these authors have referred to 
the present work. 

Here we have considered the predominant part of the 
ground-state wave function of N14 to be that given by 
VF. Using this shell-model wave function together with 
an admixture of a state that is obtained by coupling 
the (lp)~2 ground state with the spheroidal excited 
state of the O16 core, Fallieros and Ferrell7 have found 
an enhancement of the N14 quadrupole moment from 
the intermediate coupling value of 1.06X10-26 cm2 to a 
value of 3.07X10~26 cm2. The purpose of the present 
work is to see if the electron scattering data near the 
diffraction minimum can be accounted for in terms of 
the additional quadrupole effects of this spheroidal 
admixture to the intermediate-coupling shell-model 
wave function. 

In Sec. I I we have given the formula for the differ­
ential cross section in terms of the monopole and 
quadrupole form factors and have related these latter 
quantities to the monopole and quadrupole parts of the 
nuclear charge distribution. Section I I I contains 
explicit expressions for the charge density distributions 
and the resultant form factors. The numerical results 
are compared with the experimental data in Sec. IV. 
To • avoid the error in the Born approximation result 
for the monopole scattering near the diffraction mini­
mum, we have used the monopole scattering curve 
computed by Ravenhall8 from exact phase-shift analy­
sis. The small correction due to the spin-flip type 
magnetic scattering has also been added. Section V is 
a summary of the work. The paper contains an Appen­
dix giving some of the details in the evaluation of the 
spin-flip scattering. 

II. GENERAL THEORY 

Following Schiff,9 we define the charge density p(r) 
as the expectation value of Z^ i [ l+T3©J>( r— t i ) in 
the nuclear ground state ty for the magnetic substate 
M=J, i.e., 

p ( r ) = ( ^ J | E t - i [ l + r 3 « ] 5 ( r - r , ) | ^ ^ ) . (1) 

The isotopic spin projection factor i [ l+T3( i )3 has the 
effect of restricting the above summation over all 
nucleons to that over the protons alone. Expanding 
8(r-Yi) as10 

7 S. Fallieros and R. A. Ferrell (to be published); this work 
will be referred to as FF subsequently. 

8 D. G. Ravenhall, see reference 1. 
9 L. I. Schiff, Phys. Rev. 96, 765 (1954). 
10 The spherical harmonics Ym

l(d,&) used in the present work 
are the same as used by E. U. Condon and G. H. Shortley, Theory 
of Atomic Spectra (The McMillan Company, New York, 1935), 
p. 50. 

1 
t(t-ii)=-t(r-ri) £ YJ*(fii}<pi)YmKO,<p), (2) 

Ti2 l,m 

one obtains 
P M = P O « + P 2 « 7 O 2 ( 0 ) + - - - , (3) 

where the monopole and quadrupole radial densities, 
po(r) and p2(r), are given by 

(4a) 

/ I 1 I \ 
P%(r) = (*jJ Li[ l+T3«]~5(r-^)Fo 2 (^)k/>. 

\ I < n-2 I / 
(4b) 

I t may be pointed out that for a ^-shell nucleus 
having a configuration (ls)4(lp)n Eq. (3) for p(r) 
terminates with the quadrupole term. In the case of 
N14 this is true, even when an admixture of higher 
configurations are considered, because the angular 
momentum / is equal to unity. 

The mean square radius (r2) and the quadrupole 
moment Q are related to the monopole and quadrupole 
radial densities, respectively, by the following inte­
grals3 : 

<f8) = r - i f poMHrfr, (5a) 

Q=7~ll ) J p*(rydr. (5b) 

In the same way the form factor for electron scat­
tering can be expressed in terms of radial integrals over 
po(r) and p2(r). The matrix element FM>M of the form 
factor is defined to be 

i 7 M ^ = Z - 1 ( ^ ^ J i E a [ l + r 3 ( 0 ] e x p ( i q - r , ) | ^ M - 7 ) , (6) 

which can be written as 

X ( ^ M ^ | E E l + r 3 « ] 5 ( r - r , ) | ^ f ^ (7) 
i 

If the quantization axis is chosen along the recoil 
momentum q then the matrix element is nonvanishing 
only for M=M'. Expanding eiq'T in terms of spherical 
harmonics,11 

« * " = E i iliM2l+im'i(qr)Yol(6), (8) 

and using Eqs. (2) and (4), one obtains 

FMM-FO+FMM™, (9) 
11 See, for example, J. M. Blatt and V. F. Weisskopf, Theoretical 

Nuclear Physics (John Wiley and Sons, Inc., New York, 1952), 
p. 785. 
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where 

(10a) i?o=4irZ_1 I ja(qr)po(r)r2dr, 

FMM™ = - (20r)»Z-1 f rHr j2(qr) 

X(*MJ\Zhl-+Tt(i)lfi(r-ri)Yl?(ei)\*Ji') 
i 

(J2M01J2JM) 
= - (20TT)^Z-1^ 

(J2J0\J2JJ) 

X f J2(qr)p2(r)f*dr. (10b) 

In Eq. (10b) (jij^Mi^lJij^jni) is a Clebsch-Gordan 
coefficient.12 In expressing the M dependence of the 
matrix element through the Clebsch-Gordan coefficient 
use has been made of the Wigner-Eckart theorem.13 

The ratio of the two Clebsch-Gordan coefficients has 
the following simple expression: 

(J2M0\J2JM) 3M2-J(J+1) 

(J2J0\J2JJ) ( 2 7 - 1 ) / 
(ID 

The differential cross section for electron scattering 
is given by14 

/da\ 

WQ/Mott 

da /d<r\ 

dti 
(12) 

where (da/dQ^Mott is the usual Mott scattering by a 
point nucleus and the quantity \F\2 is the average of 
I FMM 12 over nuclear orientation: 

m2=-
i 

•Z\F* 
2J+1 M 

1 

2J+1 M 
• X) I FQ+FM M (2)12 (13) 

The interference between the monopole and the 
quadrupole terms vanishes, leaving 

I F I ' H ^ O I H - W , 
where F 0 is given by (10a) and F2 is given by 

(14) 

F 2 = (^Z~\J2JQ\J2JJ)~l f J2(qr)p2(r)r2dr. (15) 

The quadrupole form factor F2 can be formally 

12 E. U. Condon and G. H. Shortley, reference 10, p. 73. 
13 See, for instance, M. E. Rose, Elementary Theory of Angular 

Momentum (John Wiley and Sons, Inc., New York, 1957), p. 85. 
14 R. Hofstadter, Annual Review of Nuclear Science (Annual 

Reviews, Inc., Palo Alto, 1957), Vol. 7, p. 231. 

related to the quadrupole moment Q by 

F2 = Z~l (J2J0\J2JJ)-1yQq^(q)) (16) 
30 

where $(q) has the following expression: 

\h(qr)-\ 

'o L qh 
*(q) = 1 SJ \~~2~V p W r 4 r f r / f Pi(r)rAdr. (17) 

The function $(q) has a behavior very similar to that 
of the monopole form factor. I t equals unity for q —> 0 
and approaches zero asymptotically in the limit q—>co. 
The q dependence of the quadrupole form factor has 
thus been reduced to the determination of the function 
$(q), which depends upon the details of the radial 
distribution p2 W-

In the next section we shall obtain explicit expressions 
for po and p2, and consequently for F0 and F2. The latter 
will be most conveniently specified in terms of Q and $. 

III. CHARGE DENSITIES AND FORM FACTORS 

The monopole charge density po(r), given by Eq. 
(4a), can at once be written for a nucleus having a 
shell-model wave function as follows: 

P O W - ( 4 7 T ) - 1 E P ^ P 2 W 3 (18) 

where R is the radial wave function of a proton and the 
summation runs over all the proton states. Using infinite 
well harmonic oscillator wave functions, one finds for a 
1^-shell nucleus of charge Z the following well-known 
result: 

2 
P o W = - 1 e x p ( - f 2 ) [ l + | ( Z - 2 > 2 ] . (19) 

The monopole form factor, calculated with this poW, 
from Eq. (10a) is given by 

•"O-̂ ")̂ -e2/4). (20) 

As mentioned in the introduction this form factor has 
a zero corresponding to g=[6Z/ (Z— 2 ) ] i 

In the absence of configuration mixing from higher 
shells the quadrupole radial density p2(r)y given by 
Eq. (4b), of a 1^-shell nucleus will obviously arise only 
from the 1^-shell protons, and hence will be propor­
tional to Rip

2(r). We, therefore, write 

P2°(r) = KRl2?(r), (21) 

where the constant K is determined by the details of 
the angular momentum coupling within the \p shell. 
The label s on p2 (and on other subsequent quantities) 
stands for the intermediate-coupling shell model. 

The N14 ground state has been treated with the 
intermediate-coupling shell model by VF. One can 
verify by using their wave function in Eq. (4b) that 

file:///~~2~V
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the constant K has the following expression 

K= (207r)-*(7/20Ci>2-|Cp2+ CSC. 
• • > 

(22) 

For an explanation of the symbols Cs, Cp, CD, and the 
numerical values of these quantities the reader is 
referred to their work. 

It is evident from Eq. (17) that this constant does 
not enter into the expression for ^(g) , which is given by 

terms linear in the admixture coefficient d. The term 
proportional to d2 gives rise to an additional monopole 
contribution, which will be neglected. The term linear 
in d causes an enhancement of the quadrupole charge 
distribution given by 

P2' '(r) = 2^($Vi*)i E i [ l + r 3 ( i ) ] -
1 

rf 

Xt(r-n)Yt(fii) 

*.(«) = 15 J * i p 2 w [ ^ 7 - W / j RivKr)rHr 

= exp(-52/4). (23) 

oiwA (28) 

Here (and subsequently) the label c denotes "collec­
tive." The total quadrupole radial density is, therefore, 

With the help of Eqs. (20), (23), and (16) one obtains 
from Eq. (14) the following expression for the squared 
form factor: 

Z - 2 

P2(r) = P2
8(r)+p2c(r). (29) 

-[('-IF') 
+ Z-2{J2J0\J2JJ)-2Q8Y 1 exp(-22/2). (24) 

180 J 

For N14 the ground-state spin / is equal to unity, 
(72/0 \J2JJ) =(10)-*, and ( ) ,S=1 .06X10- 2 6 cm2, as 
calculated by VF. 

We next consider the collective admixture d ^ 2 , ^ 1 ) ^ 
of FF into the intermediate-coupling ground-state wave 
function of N14. d is the admixture coefficient; ^fl is the 
intermediate-coupling ground-state wave function of 
the two \p holes in N14; and <i>2 is the spheroidal excited 
state of the O16 core denned below. ($2 ,^1)M1 denotes a 
state of resultant angular momentum 1 and projection 
M, formed by the angular momentum coupling of $* 
with &1. 

The spheroidal state with projection zero, $o2, has 
been denned by Ferrell and Visscher.15 For the sake of 
convenience in later discussions we repeat the definition 
here. Consider the following transformation: 

Xi(a) = Xiea/2, yi(a) = y4eat2, Zi{a) = Zie-«, (25) 

on the coordinates of the individual nucleons in the 
ground-state wave function, <£0°, and denote the trans­
formed wave function by $(a), a being a parameter. 
The state 3>o2 is defined by 

The contribution to the quadrupole charge distri­
bution from the core is given by 

P2cWFo2(^) = 2 ^ 2 1 0 1 | 2 1 1 1 ) < $ o 2 E i [ l + r 3 » ] -
\ I * r i2 

X5(f-n-)Fo2(^)F0
2wUo°\ 

2d 

(10)* 

Using (26) one obtains 

2d N d 
P2c(r)Yo2(6) = 

^ I Z i C l + r i W D S f r - r O l W ) . (30) 

(10)* 2 da 
<*(«)|E*[1+T,(i)] 

X5(r-r<) |$(c*)> U o . (31) 

In evaluating the matrix element we make a change 
in the variables of integration from r* to r / defined by 
the transformation of Eq. (25): 

r«'=r,(a), (32) 

and obtain 

2d NJ \d 
P2cWFo2W=T^T-<^>o0 - E * [ 1 + T , ( 0 ] 

"! x \da i 

$<?=N-
d$(a) 

da 

•(10)* 2 

2d N. 

X*(r-r/(-a))LA 

=iN Z ( 3 ^ - r ^ A (26) = IhA- E i [ l + T 3 ( i ) ] 
° * (10)* 2 \ \dai 

X*(r(a)-r / ) * A 
where the normalization constant N is easily found to be 

N= (18)-*. (27) 

We shall calculate the enhancement of the charge 
distribution due to this collective admixture up to 

16 R. A. Ferrell and W. M. Visscher, Phys. Rev. 102, 450 (1956). 

2d N d 

(10)* 2 del 
•Po(r(a)) (33) 

file:///J2JJ
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- SHELL 
-COLLECTIVE 

FIG. 1. Quadrupole radial 
density plotted against 7V. 
The ordinate is in units of 
y^/ir. The dashed curve 
labeled "shell" corresponds 
to the intermediate-cou­
pling wave function of 
Visscher and Ferrell.6 The 
solid curve labeled "collec­
tive" includes the collective 
enhancement as well. 

1.2 Ifi 2.0 2A 2.8 

where po(r(a)) is obtained from p0(r) by making the 
transformation (25). Carrying out the differentiation 
implied in Eq. (33) and using the value of N given by 
(27), we obtain 

4 
P2o= d(2r4~r2) exp(-f2). (34) 

15TT 

The collective enhancement of the quadrupole 
moment, Qc, is therefore, given by 

Qc= 
'16TT\* 

= 1 I T - 1 ! P2c(rydr= dy~K (35) 
V 5 / JQ VS 

Equating this to the value of QC=2MX10~2& cm2 

obtained by FF and using Y - * = 1 . 6 8 X 1 0 - 1 8 cm, we 
obtain 

J-0.26. (36) 

The above choice of the oscillator well parameter 7 
will be discussed in the next section. 

Using (29) in (17), we obtain 

Qs Qc 
$(q)=—$s(q)+--$c(q), 

Q Q 

(37) 

where Q is the net quadrupole moment ( = Q8+Qc) and 
5e(q) is obtained from (17) by putting p2

c(r) instead of 
p2(r). Note that $c(q) does not depend on the value of 
the admixture coefficient. The dependence of $(q) on 
this coefficient is contained in the value of Qe. 

A straightforward evaluation of the radial integrals 
in (17) with p2

c(r) given by (34) yields the following 
result for $c(q)'-

5c(q)=(l-&q*)txp(-<?/4). (3Z) 

Equations (23), (37), and (38) complete the derivation 
of the quadrupole form factor F2. 

IV. COMPARISON WITH EXPERIMENT 

In this section the numerical results for the differ­
ential cross section obtained from the formulas of the 
previous two sections will be compared with experi­
mental data of M.. 

Figure 1 shows plots of the quadrupole radial density 
p2(r). The dashed curve labeled "shell" corresponds to 

the intermediate-coupling expression [Eq. (21)^. The 
solid curve labeled "collective" includes the collective 
enhancement [Eq. (34)] as well. 

In Fig. 2 the calculated differential cross sections are 
compared with the experimental data. Note that the 
abscissa is the momentum transfer, instead of the 
usual angle of scattering. The experimental points are 
shown with their errors. 

The lowest curve labeled "monopole" is the differ­
ential cross-section curve calculated with the monopole 
form factor alone. It also includes the spin-flip type 
magnetic scattering,16 which contributes an extremely 
small fraction of the total scattering. Instead of using 
our Born approximation Eq. (20) to calculate the 
monopole scattering we have made use of the results of 
exact phase-shift analysis of Ravenhall.8 This accounts 
for the replacement of the exact zero of the Born 
approximation by the partially filled-up minimum. 

We have determined the oscillator well parameter 7 
by equating the momentum transfer corresponding to 
the zero of the Born approximation monopole scattering 
[Eq. (20)] to the momentum transfer corresponding 
to the middle of the flat plateau region of the experi­
mental points. Obviously the choice of the middle point 
for this purpose is arbitrary and the value of y-*= 1.68 
X10~13 cm determined in this way is liable to some 
uncertainty. However, this choice has been tested by 
calculating the monopole form factor from our Eq. (20) 
with this y and verifying that this reproduces the 
observed differential scattering cross sections for small 
momentum transfers. Since the Born approximation 
overestimates the nuclear radius it is understandable 
that RavenhalPs exact calculations determined a 
slightly smaller value, namely 7~^=1.625X10~13 cm. 
This value of the oscillator well parameter is in agree­
ment with that determined17 from the Coulomb energy 
difference of the neighboring mirror nuclei N15—O15. 

We have included the magnetic scattering in the 

FIG. 2. Differential cross 
section da/dQ (in cm2/ 
sterad) versus the momen­
tum transfer (y~*q). The 
lowest curve labeled "mono-
pole" has been drawn after 
adding the magnetic scat­
tering [Eq. (Al l ) ] to the 
monopole curve computed 
by Ravenhall8 from phase-
shift analysis. The central 
curve labeled * 'shell'' in­
cludes the quadrupole scat­
tering due to the intermedi­
ate-coupling wave function 
of Visscher and Ferrell.6 

The solid curve labeled 
"collective" contains the 
additional quadrupole scat­
tering due to collective 
enhancement of the quadru­
pole charge distribution. 

— MONOPOLE 
SHELL 
COLLECTIVE 

2.8 3.0 3.2 3.4 3.6 
MOMENTUM TRANSFER 

16 For some details of the calculation of this quantity, see the 
Appendix. 

" B. C. Carlson and I. Talmi, Phys. Rev. 96, 436 (1954). 
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"monopole" curve in order to emphasize the effect of 
the quadrupole scattering. The large discrepancy of 
the experimental data with the "monopole" curve in 
this region of momentum transfer has to be understood 
in terms of the quadrupole scattering. 

To this end we have plotted the remaining two curves 
in Fig. 2. The central curve labeled "shell" contains, 
over and above the monopole and magnetic scattering, 
the quadrupole scattering calculated with the inter­
mediate-coupling wave function of VF [Eq. (24)]. It 
is found that in the region of the minimum this curve 
predicts a scattering which is only about one-half of 
the observed scattering. This clearly demonstrates the 
existence of an additional quadrupole moment of N14 

in addition to the usual shell-model quadrupole moment. 
The curve labeled "collective" in Fig. 2 includes the 

effect of the collective enhancement of the quadrupole 
form factor. This curve agrees fairly well with the 
experimental data except for a small region on the high 
momentum transfer side where it still underestimates 
the scattering by a few percent. In view of the fact 
that the Born approximation has been applied in 
calculating the quadrupole scattering and also that the 
term of the order of d2 has been neglected, we did not 
try to improve the fit further by altering the value of 
Qc given by FF. 

V. SUMMARY AND CONCLUSIONS 

The electron elastic scattering data for N14 give 
definite evidence of quadrupole charge scattering. With 
the intermediate-coupling ground-state wave function 
of VF, one predicts a differential cross section which is 
still about one-half of the observed value near the 
diffraction minimum. By choosing the coefficients 
(Cs, Cp, CD) of the S, P, D states in the intermediate-
coupling wave function so that the maximum value of 
the quadrupole moment («1.80X10~26 cm2) is pro­
duced, it is possible to secure agreement with the 
observed electron scattering. But this would be in 
complete disagreement with the cancellation of the 
C14—N14 0-decay matrix element, which was the 
requirement satisfied by VF in choosing their wave 
function. The electron scattering data, therefore, 
definitely indicate a core deformation of N14 as the 
source of its additional quadrupole moment. 

We have, therefore, used the spheroidal core defor­
mation of FF and found that the collective enhance­
ment Qc of the quadrupole moment of N14 by 2.01 
X10-26 cm2 found by these workers is in very good agree­
ment with the observed electron scattering data. At 
the present state of the experimental data slightly 
different combinations of the intermediate-coupling 
quadrupole moment Qs and the collective enhancement 
Qc can be chosen and still one can obtain a good fit 
with the data. However, since one believes in the VF 
intermediate-coupling wave function on the ground of 
the cancellation of the C14—N14 /3-decay matrix element, 
we can assume that the value of Qs= 1.06X10-26 cm2 

used in the present work is fairly reliable. Restricting 
ourselves to this value of QS1 our conclusion in the 
present paper is that the 420-Mev electron elastic 
scattering data of M require a collective enhancement, 
QC«2X10~~26 cm2, of the quadrupole moment of N14 

through core deformation. 
We would like to point out an approximation made 

in writing the collective enhancement of the quadrupole 
charge distribution and the related quantities in Sec. 
III. The expressions given there correspond to the 
contribution to these quantities by the core, had there 
been no effect of the Pauli exclusion principle between 
the (l/>) holes in the intermediate coupling state Ŝ 1 

and the (1/0 hole present in the spheroidal state <£2. 
Such effects would cause some correction to the expres­
sions given in Sec. III. One would expect, however, the 
correction to be small and of the order of 1/Z since this 
is caused by the effect of one proton lacking from the 
closed shell. This correction was explicitly calculated 
using the creation and annihilation operators to write 
the states and then applying the standard algebra of 
such operators. The correction found in this way was 
actually small and has, therefore, been omitted in the 
paper for the sake of simplicity and clarity of presen­
tation. 

In conclusion we remark that the quadrupole moment 
of N14 estimated from the quadrupole resonance experi­
ments18 is much smaller than the estimate made here 
from the electron scattering data. It would, therefore, 
be desirable to re-examine the uncertainties involved 
in the calculation of the molecular field, on which the 
value of the quadrupole moment found in the resonance 
experiment depends. 
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APPENDIX 

In this Appendix we give some details about the 
calculation of the spin-flip type magnetic scattering. 
Though the results have been found to be extremely 
small we prefer to include them here in view of the 
considerable interest in the magnitude of the spin-flip 
type scattering among the workers in this field. (See, 
e.g., MFG.) 

18 T. P. Das and E. L. Hahn, Nuclear Quadrupole Resonance 
Spectroscopy (Academic Press, Inc., New York, 1958), p. 153. 
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The spin-flip type scattering gives rise to an addi­
tional form factor, whose square adds up incoherently 
to that for charge scattering. This is given by5 

\Fm\*=Z-*(2J+l)-^ cos-2(0/2) 
X[l+sin2(0/2)]|3Tl|2, (Al) 

where 
\M\2= E \(JM'\%\JM)\\ (A2) 

M,M',n 
and 

3a s { 4 [ 1 + T B ( 0 ] exp(tqT<)v(f) 
2Mc 

+ (4Cl+r8(f)>p+iCl-r«(»)>n) 

X(qXa<)'exp(tqT<)}. (A3) 

Here juw and jup are the magnetic moments of neutron 
and proton, respectively, in units of the nuclear 
magneton and <r is the spin operator for the nucleon. 
The summation index \x takes the values ± 1 , and by 
the zb 1 components of the vector operator 3 we mean 

(A4) 

In evaluating the above matrix element the z axis 
should be chosen in the direction of q. 

For the intermediate-coupling wave function we 
obtain the following expression for the matrix element: 

Oaf'|3±1|iJf> 
l 

^{E/Mc%\\My ±l | l l l i f /)--esin((9/2), (A5) 
v2 

where 

.e= j (-c^+-Cp2)+(/,n+^)[(c5
2- ~cA 

V 6 

(-) CPCZ,VI[ e*p(-gV4). (A6) 

17 1 
-Cs

2+ Cz,2 

6 120 6y/5 

l / 6 \ i 

CSCD 

We will next calculate the collective enhancement to 
this matrix element. This is given by 

2d(2UM 121 \M '}(V 13,1 $o°), (A7) 

where the state <3>M
2 is obtained by generalizing the 

second form for <3>0
2 in Eq. (26) of the text as follows: 

where QQ2 is the mass quadrupole operator 52i(3z%*—rt*)9 

and hence 
*S=WQS*o*. (A8) 

When the z axis is chosen in the direction of q, one 
obtains 

(qXcr)±1==dz^a-±i> (A9) 

which, operating on the single-particle states, should 
change the spin part of them. According to Eq. (A8) 
the single-particle states in <£/ differ from those in $0° 
only in their spatial parts and therefore, that part of 
3f„, which contains the magnetic moments, will not 
contribute to the matrix element (A7). Evaluating this 
matrix element with the rest of the operator 3?,,, we 
obtain 

/ E \ 1 
')( )—d -{2\ixM\mM' 

Xsin(0/2)(12+g2) exp(-<?2/4). (A10) 

Using (A5) and (A10) in (A2) and the resultant 
expression in (Al) we arrive at the following expression: 

2+\F„ (All 

where 

and 

M2=i/(0)e2, (A12) 
2 = ^ 2 / W ( l + A ? 2 ) 2 exp(-5V2), (A13) 

f{d) = Z-i{E/MclY cos-2(0/2) sin2(0/2) 
X[l+sin2(0/2)]. (A14) 


