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Cross sections of elastic and inelastic electron scattering at incident electron energies of
250 and 400 MeV are presented. Data are given for elastic and inelastic scattering from N5
and elastic scattering from N4, The data are analyzed with the use of the shell model, in
Born approximation. The rms radius of N4 is found to be 2.64 F at 400 MeV. The rms radi-
us of N!5 at 250 and 400 MeV is 2.65 and 2.63 F, respectively. Excited levels in N'° at 5.3,
6.3, and 7.3 MeV are studied. Values of the nuclear transition probabilities are presented
for these levels. The spin and parity assignments made are J"=3" and J"=3" for the doublet
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at 5.3 MeV. The 6.3-MeV level is assigned J"=%5".

Of the triplet of levels at 7.3 MeV, only

T+

the 7.3~ and 7.5-MeV levels are strongly excited. These agree with J"=3" and J ”=7 , Te-

spectively.

INTRODUCTION

Recently we have presented results concerning
measurements of the elastic electron scattering
by the N'® isotope.! The data were analyzed by a
phase-shift calculation using two phenomenological
models. We used the Fermi model (with two and
three parameters) and a simplified version of the
shell model (with two parameters ¢ and a). It was
found that a good fit could be made on both sides of
the diffraction minimum but not at the diffraction
dip. We present another analysis, here, which
uses a complete version of the shell model in the
Born approximation. We also present results on
the electron scattering from N obtained during
the same data runs. We have analyzed the data by
the same method and compare the radii of N* and
NS,

When we measured the elastic scattering cross
sections for N'®, we accumulated data on the in-
elastic scattering to the low-lying excited levels
to an excitation up to 8 or 9 MeV. We give the
cross sections and angular distributions corre-
sponding (1) to the doublet at 5.28 and 5.30 MeV,
(2) to the level at 6.3 MeV, and (3) to the second
two of the three unresolved levels at 7.16, 7.31,
and 7.56 MeV.

In Sec. I, some experimental details and the ex-
traction of cross sections for the levels are given.
In Sec. II, the formalism used to analyze the data
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is developed, and the expressions for a compari-
son with the experiment are given. Section III de-
scribes the analysis of the data and the results are
discussed.

The experimental setup was explained in the pre-
vious article® for the elastic e-N'5 scattering. The
same method was used for the elastic e-N'* and
the inelastic ¢-N'S measurements.

I. DATA REDUCTION

The data for inelastic N'5 scattering were treated
by the same method used in Ref. 1. The detection
apparatus has an energy resolution of about 0.08%,
but this is not sufficient to resolve all the levels.
A typical spectrum of the N'® electron scattering
spectrum is displayed in Fig. 1. The inelastic
spectrum shows three peaks. The peak labeled a
refers to the doublet at 5.276 and 5.304 MeV. The
peak b corresponds to the level at 6.328 MeV. The
third peak has the contribution of the three levels
located at 7.16 MeV (c), at 7.31 MeV (d), and at
7.57 MeV (e). The position of this third peak cor-
responds mainly to the level e, indicating that the
cross sections for the levels ¢ and d are less im-
portant.

We have assumed that the spectra are the sum
of Gaussian curves and have calculated the contri-
bution of each peak with a least-squares-fit pro-
gram. A typical example is shown in Fig. 2. This
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FIG. 1. An elastic and inelastic electron scattering
spectrum of N taken at 250 MeV using the 100-channel
ladder apparatus. The positions of the inelastic levels
are indicated by the letters. Those that are analyzed
and described in the text are a, b, d, and e.

L

L
233

method is an approximation because the third peak
is actually the sum of unequal contributions from
three levels. But, in most cases, the sum of the
three calculated Gaussian curves reproduced the
experimental spectrum very well, and each of the
Gaussian curves had the right position and about
the same spectral width. In some cases, that meth-
od gave a bad fit. This happened when the statisti-
cal accuracy was poor and/or the middle peak (b)
was small in comparison with the other ones. In
these instances some contribution from the 7.16-
MeV level (small compared with the 7.57 level)
was counted with the 6.31-MeV-level contribution
and not with the 7.57 level. In those cases, a man-
ual fit was done and the errors have been increased.
When the number of counts in each peak had been
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FIG. 2. The position of the inelastic N!° spectrum con-
taining the inelastic levels that are analyzed. The dashed
curves are the unfolded Gaussian curves of the three
groups of levels analyzed. N is the counting rate in ar-
bitrary units. The procedure is described in the text.

determined, the cross sections were calculated
relative to the elastic cross sections.

The statistical errors for these excited-level
cross sections have been calculated by taking into
account the error of the elastic cross sections and
the error on the statistics of the inelastic peak.
The last error is already a combination of the sta-
tistical error of the peak and the uncertainty in the
separation of each peak in the experimental curves.

The results are given in Tables I, II, and III,
which contain form factors and cross sections for

TABLE 1. Elastic electron scattering cross sections and form factors for N at 250- and 400-MeV incident electron

energy.
250 400
33 49 33, 49
0 q 10 xdﬂ 6 g 10 Xdﬂ
(deg) (FY) (em?/sr) 10*x F%(g?) (deg) (F-) (cm?/sr) 10*x F%(q?)
40 0.86 427061640 164363 32 1.12 12665+ 380 500+ 15
45 0.97 35 1.22 4600+ 120 26127
50 1.07 6627 £165 637416 38 1.32 151151 12044
55 1.17 40 1.38 747+ 24 73.2+2.3
60 1.26 943.7 £29 19546
65 1.35 43 1.48 218+ 7 28.8+0.9
70 1.45 105.2 =3 42.3+1.2 45 1.55 93.4+3 14.7+0.5
75 1.53 48 1.64 29.6+0.9 6.18+0.19
80 1.62 10.8 £8 7.2540.54 50 1.70 14.4+0.4 3.56+0.10
82 1.65 53 1.80 9.60+0.4 3.03+0.13
84 1.62 55 1.86 9.000.3 3.3220.11
920 1.78 2.8£0.2 3.50%0.31 65 2.16 4.56+0.2 3.43+0.15
100 1.92 75 2.44 1.2240.08 1.7240.11
105 1.99 80 2.58 0.425+0.041 0.799+0.076
110 2.05 85 2.70 0.12540.02 0.310+0.060
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TABLE II. Elastic electron scattering cross sections and form factors for N5 at 250~ and 400-MeV incident electron

energy.
250 400
33 49 3349
) . 10852 ] . 10852
(deg) (FY) (cm?/st) 10%x F%(q?) (deg) (F-1) (cm?/sr) 104x F2(q?)
40 0.26 37700+ 2400 1443+ 90 32 1.15 11260+ 510 445+ 21
45 0.97 13600+ 800 845+ 50 35 1.22 3540+ 150 202+9
50 1.07 4650 + 300 448+ 29 38 1.32 1127+45 89.8+ 3.6
55 1.17 1960+ 118 281+ 17 40 1.38 536+21 52.7+2.1
60 1.26 691+44 143+ 9 42 1.45 189+ 87 22.7+1.0
65 1.35 21013 61+£3.7 43 1.48
70 1.45 47.7+£2.9 19.1+1.1 45 1.55 41.8+1.5 6.74+0.25
75 1,563 14.2+0.85 7.72+0.46 48 1.64 6.88+0.40 1,44+0.09
80 1.62 3.10+£0.19 2.25+0.14 50 1.70 4,87+0.,20 1.20+£0.06
82 1.65 2,12+0.13 1.72+0.11 53 1.80 6.51+0.38 2.05+0.13
84 1.67 2,07+0.15 1.88+0.14 55 1.86 8.19%£0.27 3.02+0.,10
85 1.70 58 1.95 8.12+0.29 3.714+0.15
86 1.71 2.06+0.13 2.08+0.14 60 2.01 7.70+0,22 4,10+0.14
90 1.78 2.15+0.,17 2.69+0.21 65 2.16 4,91+0,14 3.68+0.13
95 1.85 2.57+0.15 4,17+0.25 70 2.30 2.05+0.,082 2.12+0.09
100 1.92 2.40+0.14 5.02+0.29 75 2.44 0.890+0.046 1.20+0.07
105 1.99 2.08+0.12 5.59+0.,34 80 2.58 0.340+0.015 0.64+0.03
110 2.05 1.37+0.10 4,72+0.32 85 2.70

N elastic scattering, N'® elastic scattering, and
N'® inelastic scattering, respectively. Figure 3
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shows a typical N* gpectrum. The lowest excited
level of N™ is well resolved from the elastic peak.
The form factors [defined as shown in Eq. (1) be-
low] are plotted in Figs. 4—8. The form factors
for the inelastic levels are given in Table IV.

II. THEORETICAL ANALYSIS

Evaluation of the theoretical cross section for
electron-nucleus scattering has been extensively
studied by the first Born approximation.2~* The
approximation is expected to be good when Za «1,
where a is the fine-structure constant. In the case
of nitrogen, Za ~0.05, so that the approximation
should be valid. One should point out another re-
striction. To evaluate the nuclear matrix ele-
ments, it is assumed that the nucleus can be treat-
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FIG. 3. The same as Fig. 1 for N,

250 MeV, a=1.67f
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FIG. 4. The form factor versus momentum transfer
from the elastic scattering of electrons from N at 250
and 400 MeV. The curves are the results of a monopole
fit to the data. See text for description.
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TABLE III. Inelastic electron scattering cross sections from NI at 250 and 400 MeV for the doublet level at 5.3 MeV,
the 6.3~MeV level, and the triplet level at 7.3 MeV.

103 xda/dQ
E, 0
(MeV) (deg) 5.3-MeV levels 6.3-MeV levels 7.3-MeV levels
250 45 311+31 451+ 39 296+ 38
50 221+ 32 271+43 200+44
55 149+ 24 160+ 17 140+ 24
60 7611 98+ 13 83+ 12
65 57+9 65+9 48+6.7
70 39+6 35.4+5 37.4%5
75 28.5+4 26.6+4 31.7+5
80 19.8+3 15.4+2 21.6+3
82 16.6+2 10.5+1.5 19.1+2
84 13.2+2 7.5+1.3 18.7+3
85 12.7+£2.4 6.5+2.0 16.0+3
86 9.95+1.4 8.7+1.3 13.9+2
90 8.28+1.3 4.8+0.7 10.4+1.5
95 4.80+0.7 4.01+0.6 5.3+£0.8
100 3.19+0.54 2.16+0.3 3.9£0.6
105 2.20+0.35 0.99+0.2 2.78+0.5
110 1,78+0.4 0.41+0.13 1.64+0.4
400 32 613+95 475+11 458+ 103
35 262+ 34 385+ 52 29141
38 220 + 20 266+ 30 247427
40 173+22 189+ 22 231425
42 140+10 122+ 15 154+ 21
45 88.4%9 766 1039
48 56.8+4 414 67+7
50 43.3%5 26+3 496
53 25,8+ 3 15.0+2 334
55 18.3+3 12.6+2 21£2.5
58 10.5+1 5,19+0.9 18.3+2
60 6.30+1 3.33+0.8 9.04+1.3
65 3.04+0.7 1.36+0.4 3.76+0.5
70 0.85+0.2 0.30+0.08 1.88+0.2
75 0.33+0.08 0.14+0,04 0.36+0.09.
80 0.19+0.05 0.04+0,01 0.18+0.05

ed nonrelativistically.® This assumption limits the
range of momentum transfers which can be used
within the framework of the present analysis. For
independent-particle excitations this limit is given
by (¢/M)® <1 (M is the nucleon mass and ¢ is the
momentum transfer). For this experiment (g/M)3
=0.15 for the highest g. Some relativistic effects
might appear at the higher ¢’s for independent-par-
ticle excitation. Using these assumptions, the dif-
ferential cross section can be written as

d_()'_= d_O; 2(,2
ae (dﬂ)oF @ 9, (1)
with

do\ _(do Ey 1 cosar]”

(7). (58 ), [1+jza cs0] " @)

The second factor in Eq. (2) arises from the recoil

of the nucleus. The form factor F can be developed
as

F2(g?, 0)=F  2(¢%) + (3 +tan? 3 6)F ;%(¢g?) , (3)

where the form factors F;%(g®) (longitudinal or Cou-
lomb term) and F;%(g?) (transverse term) are func-
tions of ¢% only and can be decomposed into sever-
al multipole contributions according to the selec-
tion rules and the transitions. The usual expan-
sions are

Fa)= L F o) @)
and
F2q? = >\Z=)1 [Fz2(@® +F,\2@%)]. (5)

We have chosen to compare the experimental re-
sults by using the shell model, which usually gives
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FIG. 5. The same as Fig. 4, for the elastic scattering
from N5,
good predictions for nuclei of the p shell. The elas-
tic scattering gives the charge distribution and
some other static properties such as the magnetic
moment and electric quadrupole moment.

For the inelastic scattering, the fits lead to
curves giving the values of the transition probabil -
ities for the range of g studied. The nuclear tran-
sition probabilities that are measured with real
photons or by Coulomb excitation with heavy par-
ticles are given by the extrapolation of the curves
to a momentum transfer of zero. The multipole
terms have been explicitly calculated by Willey?
for the shell model and developed for several nu-
clei.® With the following notation, the terms used
for the present analysis are indicated below:

_2z-2 -(x+d)
(1 3 Z x)e

2

|Fcolq?)|2= (6)

|Foy(@®)2= al(1p1 7,1 1d) e 4|2,
10x =(x+d)

2
=a|~3——(1— 2x)e

|F 2@®)1?= al(1p1 5,1 1p) e =42,

= alg_xe‘(x*'d)lZ’ (8)

SCATTERING OF HIGH-ENERGY ELECTRONS BY... 2061

MOMENTUM TRANSFER (f7)

-2 | 1.5 2 2.5
10 T T T I

|

|

|
Ll

! 1 | |
40° 50° 60° 70° 80° 90° 100° 120° |40°
250 MeV
1 { { 1 1
30° 40° 50° 60° 70° 80°

|65 | 1

SCATTERING ANGLE 400 MeV

FIG. 6. The form factor versus momentum transfer
for the inelastic electron scattering to the 5.3-MeV dou-
let in N'*, The curves labeled C1 and C3 are the sepa-
rate contributions to the form factor of these transitions.
The magnitude of each is found from a fit to the data as
described in the text. The solid curve is the sum of the
two transitions.

|F cs(@®)[?= Bl(1p17, 1 1d) =2,
= leslz e -(x+d)|2 , 9)
and
IFiun@®)1? = |B(1p1 ol 1p) Ve~ + yVx e~1p| 7,1 1p)I2,

=x[B(1 - 2x) e *'P+ Zyx g =Gt 0|2 (10)

and

d = %qz(apz - aZ/A) .
a is the parameter of the harmonic oscillator, a,
is related to the mean radius of the proton a,
=2((r,»)"2=0.63 F, A is the atomic number, and

d takes into account a correction for the finite size
of the proton and recoil corrections evaluated by



2062 DALLY, CROISSIAUX, AND SCHWEITZ

MOMENTUM TRANSFER (f)

- I. .
0 1 = 2 &2

~
N

Fi

>
-
A
o
w
-4
10
3 250 Mev
$ 400MeVv \
0° \

\

1 1 1 1 1 \ | 1 1
40° 50° 60° 70° 80° 90° 100° 120° 140°
. . | 250 MeV
| 1
30° 40° 50° 60° 70° 80°
SCATTERING ANGLE 400MeV

FIG. 7. The same as Fig. 5, for the excitation to the
6.3-MeV level in N'°, The curves C1, C2, and C3 are
fitted to the data to find which multipole transition is in
volved in the excitation.

Tassie and Barker.® «, g, and v are coefficients
depending upon the characteristics of the nuclear
transition, and are determined by a fit to the data.

A. Elastic Scattering

For the elastic scattering, the number of the
multipoles that we have to deal with is restricted
by the selection rules. The initial and final states
are identical. Only the terms C0, M1, and C2 are
possible. Furthermore, it is convenient to ex-
press explicitly static characteristics of the nu-
clei such as the magnetic dipole moment u and the
electric quadrupole moment €. In this case, the
terms that are fitted are

Fc2(g®)  [identical to Eq. (6)],
4 2
2(,2\ = q (J+ 1)(2J+3) Q —2(z+d)
F %) 18-_#J(2J—1) Z e , (11)
and

0o
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FIG. 8. The same as Fig. 5 for the excitation to the
triplet of levels at 7.3 MeV in N'>, The curves have the
same significance as in Fig. 5. Only two levels are ex-
cited strongly.

- B2 -
Fut@) =5 T3 s (5) 11 3 adafiersor,

(12)

where J is the angular momentum of the ground
state of the nucleus, and m, is the nucleon mass.
Normally, at low momentum transfers, the first
term F., (monopole term) is predominant. When
only that term is present, the corresponding rms
radius is

(r)=a? (5—32'—‘1>+§- <a,,2 -%). (13)

In the fit by the shell model in the previous article,*
only the first term F,, was used, and a parameter
a replaced the quantity %(Z - 2).

B. Inelastic Scattering

The general formalism indicated above is appli-
cable to the study of the inelastic levels. Because
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TABLE IV. Form factors for inelastic electron scattering at 250 and 400 MeV from excited levels at 5.3, 6.3, and

7.3 MeV.
104 x F2(¢g?)
E, 0
(MeV) (deg) 5.3-MeV levels 6.3-MeV levels 7.3-MeV levels
250 45 17.1+2 24.8+2 16.2+2
50 19.1+3 23.5+4 1744
55 21.3+3.4 23.0+3 20.0+3
60 18.1+3 26.6+4 19.8+3
65 19.0+3 20.6+3 15.4+2
70 15.9+2.5 14,3+ 2 15.1+2
75 15.6+2.3 14.6+2 17.3+2.6
80 14.5+1.9 11.83+1.5 15.9+2
82 13.7+1.7 8.64+1.3 15.8+ 1.7
84 12.0+1.7 6.81+1.2 15,9424
85 124+24 6.34+£1.9 15.5+2.5
86 9.95+1.4 8.74+1.3 13.9%+2
90 104+1.6 6.00+0.9 12,92
95 7.76+1.2 4,96+0.7 8.66+1.3
100 6.68+1.1 4,52+0.7 8.24+1.3
105 591+1 2,66+0.6 749+1.2
110 6.17+1.3 1.43+0.5 5.70+1.3
400 32 27.2+4 21.1+5 20,4+4.6
35 17.3+2 25.3+3 19.1+2.7
38 17.2+2 20.8+2 19.3x2
40 16,1+2 18.7+2 22,9+2.5
42 16.4+1.2 14,412 18.1+2.5
45 14.1+14 12.1+0.9 16.5+1.5
48 11.6+0.9 8.4+0.8 13.6+1.4
50 10.7+1.2 6.5+0.7 12.2+1.5
53 8.564+1.1 5.0+0.7 11.1+1.3
55 6.73+1.1 4,6+1 7.70+0.9
58 5.25+0.6 2.6+0.4 6.66x1
60 3.50+0.6 1.9+04 5.02+0.7
65 2.29+0.6 1.02+0.3 2.82+0,4
70 0.87+0.2 0.31+0.08 1.43+0.2
75 0,46+0.1 0.20+0.06 0.51+0.,1
0.076+0.02 0.34+0.1

80 0.36+0.09

of the fact that the initial and final states are dif-
ferent and can have different angular momenta, the
selection rules give terms not present for elastic
scattering. In addition we make the following re-
marks:

(i) There is no term F, for the inelastic case.

(ii) The transverse electric terms of Eq. (5) are
usually small. They have been assumed negligible
and only the transverse magnetic terms have been
used.

(iii) The coefficients @, B, and y are parameters
that are used to fit the data.

(iv) It is not possible to investigate the unresolved
levels separately. However, two factors work in
our favor in these cases. The transitions are pre-
dominated by Coulomb excitation with little or no
transverse part. In addition, for our particular
levels, the unresolved levels have different multi-
pole transitions. For these reasons, the measured

form factor is composed mostly of only two contri-
butions, each with different functional behavior, so
that the nuclear transition matrix element of the
separate levels can be untangled from the whole.
From the fit to each level, as shown in many pa-
pers,®7 it is possible to find the nuclear transition
probabilities for radiative deexcitation, B(A, J;, Jy)
by evaluating the form factors in the limit g - 0.
Transition probabilities found in this way corre-
spond to excitation of the level, and such a
B(A, d;, d;) is identified as BY. The relation to the
B(x, d;, J;) for deexcitation, BV, is through a statis-
tical factor dependent on the spins, and is
2J,+1
Bi———i—zJI+1Bi. (14)

J; is the ground-state spin, and J, is the excited-
state spin.

The form factors for the various multipoles are
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found by fitting the shell-model expressions (6)
through (10) to the data. Once the contribution of
a given multipole has been determined, these are
related to the nuclear transition matrix elements.
A typical equation is that for the F,%(¢?)’s, and is

47g®*  B(C,,q,d,;,J,)t
2(,2) = INK SRS IAS ]
el @) = as nnp 7%t

(15)

The relations for the F,2%(g?) and F,,%(¢?) are
found in Ref. 3. We are actually seeking the nu-
clear transition probabilities which occur in the
limit g2~ 0.

For the case =3, as an example, F,(q%)/q® is
found from the fit of the data to Eq. (9), through
evaluation of the parameter 8. Finally, we have,

11)2
B(Cy, J;, It = @D

GZZOE-—ZZeZBaSe’Z" . (16)

This procedure is entirely model dependent, so
that the result is not unique. However, if an ap-
propriate model is chosen, a part of the arbitrari-
ness is removed.

III. DATA ANALYSIS

A. Coulomb and Transverse Excitation

It has been pointed out by many authors,> ™8 that
it is possible to distinguish the Coulomb excitation
from a transverse excitation by measuring the
cross sections at different electron energies for
the same momentum transfer q. If F?(g?, 0) is in-
dependent of the angle 6, one has only a Coulomb
excitation as seen in Eq. (3). If, on the other hand,
F2(g?, 0)/(3 +tan®3 0) is independent of 6, one has
predominantly a transverse excitation.

For the elastic N'* scattering there are points
only up to the diffraction minimum at 250 MeV. It
is seen in Fig. 4 that up to ¢=1.7 F~!, the points
at 250 and 400 MeV fit reasonably well on one
curve. Therefore, F;2(¢?) is predominant in this
range. In the same way, for N'® (Fig. 5), the
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points fit on one curve up to ¢ ~1.6 F~*. Above ¢
=1.6 F71, the points no longer fit on one curve. It
has been estimated that the transverse contribu-
tion represents 45% of the excitation at g=2 F™!
compared with 55% longitudinal excitation. For
the excited levels, shown in Figs. 6, 7, and 8, the
excitation appears to be mainly longitudinal.

B. Determination of Parameters

The preceding paragraph shows that for the elas-
tic scattering the first Coulomb term F,(¢?) [Eq.
(6)] predominates at low momentum transfer. The
fit to these data was done in two steps. The first
one was to determine the best value for the pa-
rameter a with a least-squares-fit program, us-
ing only the points with a g value less than that at
the diffraction minimum. This is identical to the
shell-model calculation of Ref. 1, with the differ-
ence that the coefficient a is fixed [@=3$(Z - 2)
=1.666 for nitrogen]. This gives a value for the
mean radius. For the complete study, additional
multipoles are then introduced and all experimen-
tal points are taken into account. The main param-
eter @ was initially set at the value found in the
first step, and an iteration procedure was followed
which determined the set of parameters with the
best x? value. The final value of a from the elastic
scattering results was used in the calculations on
the inelastic scattering.

As a criteria for the acceptability of the results,
we required the x? to have a reasonable value, and
that relative contributions of the Coulomb trans-
verse excitations that come from the fit be compat-
ible with the results discussed in Sec. III A.

_IV. RESULTS
A. Elastic Scattering on N'* and NS with the
Monopole Approximation

In order to establish an initial value for the pa-
rameter a, a best fit of the data was made to the

TABLE V. The parameters obtained from the best fit to the elastic scattering data using contributions from additional
terms in the multipole expression of the form factors. See text for definitions. Errors are standard deviations weighted

by xz.
u Qx 102
Degrees static static
a | 1| Qx10% @ of value value
Nucleus Energy (F) (ny) a (cm?) (F) x* freedom (2 y) (cm?)
N4 400 1.75 30 044  (1.52%4.2) 2,64 38 10 0.4 2 x10722
£1.2 +65 £0.35 x 1072 7.1x10-%D
N1 250 1.74 2.5 -0.64 0 2.65 42 14 0.28 0
+0.2 + 2.8 +0.4 (assumed)
400 1.72 4.5 —-0.24 0 2.63 34 13 0.28 0
+0,14 + 3 +0,13 (assumed)

2E. Segré, Expevimental Nuclear Physics (John Wiley & Sons, New York, 1953), Vol. I, p. 485.
b Handbook of Chemistvy and Physics (The Chemical Rubber Company, Cleveland, Ohio, 1967), 48th ed., p. E-69.
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FIG. 9. The fit to the elastic scattering from N at
400 MeV using the shell-model description. The mono-
pole (C0), magnetic dipole (M1), and electric quadru-
pole (C2) term contributions are shown in dashed lines.
The solid curve is the total result of three terms.
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FIG. 10. The same as Fig. 9 for N5, Only monopole
(C0) and magnetic dipole (M1) terms contribute.
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TABLE VI. The results of a phase-shift analysis for
elastic electron scattering on NB as found in Ref. 1.
The parameters are shown for the shell model and
Fermi models with two and three parameters. « is as
defined in Ref. 1.

Energy a o {r)
Shell model 250 1.711 2.26 2.61
(F¢ only) 400 1.75 172 2.59
Energy c z w (ry
Fermi 250 2.48 0.50 cee 2,67
Two parameter 400 2.43 0.50 eee 2,65
Fermi 250 2.23 0.48 0.32 2,71

Three parameter 400 2.32 0.50 0.14 2.70

first term, F, [Eq. (6)], in the form-factor ex-
pansion. Only points occurring before the diffrac-
tion minimum were used to find a value for a. The
results of such a monopole fit to the N* and N5
data are shown in Figs. 4 and 5, respectively.

B. Elastic Scattering on N'* and N** with All Terms

The formulas (4)—(6), (11), and (12) were used
and fitted with the parameters a, @, u, and a.
The quadrupole moment of N'® is zero because the
angular momentum is J=3. Nevertheless a fit has
been tried, and a value @ =0 was found for the best
fit. A final calculation assumed @ =0.

The results are given in Table V and in Figs. 9
and 10. For convenience we also show in Table VI
a summary of the results for the elastic scattering
of N obtained in Ref. 1. There we used the phase-
shift analysis that evaluated the Fermi two- and
three-parameter models and another version of
the shell model.

In principle, p and @ should represent the static
magnetic dipole and electric quadrupole moments
of the nucleus. The values found for u and @ are
not the same as the static moments of the nucleus.

C. Inelastic Scattering on N'$

The levels are excited primarily by the longitu-
dinal mode, although it is possible to distinguish
a transverse mode at high momentum transfer.
The average value of a found from the elastic scat-
tering at 250 and 400 MeV was used for the inelas-
tic study. The results of the analysis are sum-
marized in Table VII. The values of B(\,J;, J,)¥
found in this experiment are presented, as well as
those of other sources.

(1) Doublet at €,;=5.276 and €,=5.304 MeV. These
levels are known to have angular momenta

J"=3" for level at €,=5.276 MeV,
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TABLE VII, Summary of the experimental results on the inelastic scattering from N5,
The 250~ and 400-MeV data were separately fitted to the 6.3~-MeV transition when M1 was included in the fit.
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Column 1 is the level energy.
The 250~

and 400-MeV data were combined for the fits to the other levels and for the fit to the 6.3-MeV level when C2 was used

alone.

Column 2 gives the possible transitions. These transitions in parentheses were not considered for the fits. Col-

umn 3 identifies the fitting parameters defined in the text, and column 4 gives their values. Column 5 is the x*/degree

of freedom for the fits. Column 6 contains the values of B(MA,J;, J)+ found in this experiment.

Column 7 has values of

Bi found from other experiments, and lifetimes found in this experiment in column 8 can be compared with other exper-

imental values in column 9 and the values obtained using an independent particle model (column 10).

standard deviations weighted by the x? of the fit.

The errors are

Fitted parameters BMM\)4 Lifetimes 7 (sec)
Mode of Param- x 2/degree This Other This Other
Level excitation eter Value of freedom expt. expts. expt. values  Weisskopf
5.27 C3 B (0.104 +0.005) (62.5 =2.1)¢2 60e2? (2.46+0.1) 2.7x10712b  11x10710
(M2+E3) x10~1 x10~10 >10712¢
42.8/31 >5x10~12d
5.30 C1 a (0.124 £ 0.02) (0.362 +0.07)e? (1.16+0.2) 4.3x10 4c 1,1x107V7
(E1) x10~1 x10717  «3x10~13d
6.3 c2 a 0.369+0.02) 66/33 (4.03  +0.14)e® 4.92%2 (1.97+0.2) 2.23x 1071
(M1+E2) x10~1 x10-14
a (0.325+0.04) (3.49 =+0.3)e 4.9¢%% (2.18+0.3) 1.1x107M4e 2 23x10-1
x10~1 x10™1 1,65x 10714 f
6.3 C2+M1 11.7/14 <«4.5x10°148
(250) (E2) B (0.114+0.06) (0.0853+ 0.04)e? (2.89+1.4) 1.94x10716e 1 ,3x10~1
v (0.072£0.04) | x10717 2.43x 10718 f
a (0.207+0.02) z (2.26 +0.2)e? 4.9¢%2 (3.53+0.3) 2.23x 1071
6.3 C2+M1 a0t (g 1/18 x107%
@00)  (£2) (0.168+0.06) g : (0.182 +0.06)e? (1.35+0.6) 1.8x 10716
(0.124£0.06) ) x1071
7.30 C1 a (0.846+0.2) (0.123 +0.03)e? (1.30+0.3) <2.5x10718 0.41x107Y"
(E1+M2) x10~2 33/31 x10-17
7.56  C3 B (0.124 + 0.004) (56.0 +1.6)e® 60’2 (2.19+0.07) 9.2x10~1
(E3) x10~1 x10711

2B. G. Harvey, J. R, Meriwether, J. Mahoney, A. Bussiere de Nercy, and D. J. Horen, Phys. Rev. 146, 712 (1966).

bp, G, Bizzeti, A. M. Bizzeti-Sona, S. Kalbitzer, and B. Povh, Nucl. Phys. A104, 577 (1967).

°T. K. Alexander, A. E. Litherland, and C. Broude, Can. J. Phys. 43, 2310 (1965).

dE, K. Warburton, K. W. Jones, D. E. Alburger, C. Chasman, and R, A. Ristinen, Phys. Rev. Letters 14, 146 (1965).

®G. A. Beer, P. Brix, H.-G. Clerc, and B. Laube, Phys. Letters 26B, 506 (1968).

fA. R, Poletti, E. K. Warburton, and D. Kurath, Phys. Rev. 155, 1096 (1967).

gR. D, Gill, J. S. Lopes, O. Haussen, and H. J. Rose, Lifetime Measurements in Mass 15, Internal Report, Nuclear
Physics Laboratory, University of Oxford, Oxford, England, 1968 (unpublished), Ref. 27/68.

and

J"=3" for level at €,=5.304 MeV .

For €,, the excitation can be obtained by transi-
tions C3 and M2+E3. For €,, the excitation can be
obtained by a transition C1. The data must be ana-
lyzed with the contribution of both levels together,
because the experimental resolution is not enough
to separate them. We neglect a contribution in

M2+ E3, which is assumed to be small compared
with C3. Using formulas (3), (4), (7), and (9) (pa-
rameters « and B), the fit is shown in Fig. 6. The
parameter a cannot be determined with much pre-
cision, because the C3-transition contribution dom-
inates the form factor in the range of ¢ covered by
this experiment. Therefore one has a larger un-
certainty on the nuclear transition probability of
the level at 5.30 MeV.

(2) Level at € =6.328 MeV. The angular momentum
is J=3. A first analysis has been done by neglect-
ing the transverse contribution and assuming that
the parity is not known, the curves have been plot-
ted for excitation by C1 (if J=3% or 3), C2 (for J=73
or 3), and C3 (for J=3) using Eqs. (7), (8), and (9).
The result is shown in Fig. 7. It is clear that the
curves using only C2 as a first approximation are
closest to the data. However, the C2 curve devi-
ates badly from the data points at higher ¢q. In or-
der to try to improve the fit, the analysis was re-
peated with the addition of a magnetic dipole term
M1 [from Egs. (4), (5), (8), and (10)]. This is
done separately for the 250- and 400-MeV data
because of the angular dependence. The result is
shown in Fig. 11, and the over-all fit is consider-
ably improved. The need for an M1 term seems
clear, and the angular momentum is J"=$".
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(3) Levels at €,=7.16, €,=7.30, and €3=7.57 MeV.
The position of the envelope of the three peaks (see
Figs. 1 and 2) implies that the level at 7.16 MeV
is not strongly excited. Therefore we have fitted
the experimental points with the levels at 7.30 MeV
@"=%") and 7.57 MeV (J"=2*). We have again ne-
glected the transverse contribution and have used
longitudinal contributions C1 (for 7.30 MeV) and
C3 (for 7.57 MeV). The formulation is then iden-
tical to that of the doublet 5.27-5.30 MeV. The fit
is shown in Fig. 8. Here, as in the 5.3-MeV doub-
let, the C3 transition is better determined, be-
cause of its dominance, so that B¥ of the 7.3-MeV
level is less well known.

V. CONCLUSION

Our fits to the elastic scattering data (Table V)
using the shell model yield large values of 2. In
each case, about one third of the x* value arises
from one data point. However the x? would still
remain rather large. This is consistent with our
findings in Ref. 1. There, the phase-shift calcula-
tions for the Fermi models (away from the mini-
mum) gave better fits than the shell model. Thus,
although through the use of the various multipole
moments of the shell model we have been able to
fill in the minima in the data, the model does not
yield satisfactory fits. In addition the magnetic
moments required to make the fits are an order of
magnitude or more larger than the known static
moments. Such behavior was anticipated as a re-
sult of our previous work. The reason for this is
not understood.

The errors attached to the values of the param-
eters in Table V are the standard deviations found
from the error matrix, weighted by the x? of the
fit. These parameters are highly correlated, es-
pecially u and @. The errors given for the N pa-
rameters are especially large because we have at-
tempted to fit four parameters with a limited
amount of data.

The value of @ for N* is considerably larger than
that found by Bishop, Bernheim, and Kossanyi-
Demay,® whose measurements did not extend to the
diffraction minimum. If we confine our fit to the
term F0(¢®) [Eq. (6)] and use data in the ¢® region
below the diffraction minimum, then we find a
=1.68 F, to be compared with a=1.67 F from Ref.
9. This fit is shown in Fig. 4. Inclusion of the ad-
ditional terms forces the value of g higher. The
M1 term compensates for the decrease in the
cross section that occurs at low ¢2.
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FIG. 11. The 6.3-MeV-level data at 250 and 400 MeV
fitted with an M1 contribution in addition to the C2 multi~
pole.

The fits to the elastic scattering from N*° give
an a value that is very consistent between the 250-
and 400-MeV data and compares favorably with the
value found in Ref. 1 for the F,(¢?) term. Whether
or not the near equality of the a and () values for
N and N'® is real or not cannot be answered by
our data.

The results from the inelastic scattering are
summarized in Table VII. The agreement with val-
ues of B¥ and the lifetimes from other experiments
is good for the doublet at 5.3 MeV and the triplet
of levels at 7.3 MeV. The values of B¥ and 7 for
the C2 part of the 6.3-MeV transition are in good
agreement with previous results. However, our
result for the M1 part is an order of magnitude
different from other experiments. The errors
shown in Table VII were determined the same way
as the errors for the elastic scattering parameters.
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The observed forward-peaked angular distributions and polarization at 90° of photonucleons
from O'€ are ascribed to the interference of E1 and (E2+M1) transitions within the context of
a direct-reaction model, using wave functions computed in a Woods-Saxon potential.

I. INTRODUCTION

Data'? on high-energy photonucleon yields from
0% at energies above “the giant dipole” region ad-
mit a fairly simple analysis on the basis of a di-
rect-reaction model, assuming a pure E1 nature
for this transition.®** In the context of this model,
the differential photonucleon cross section at a giv-
en energy should be peaked at 90° and symmetric
about this point. In addition, for a pure E1 transi-
tion, the nucleon polarization at 90° should be zero.
Recent data on angular distributions®® and the po-

IL.

larization at 90°7~° contradict the last two general
predictions of the direct-reaction model, which,
on the other hand, reproduces the correct magni-
tudes of both the differential and the integrated
cross section. The purpose of this paper is to
point out that, within the framework of this direct-
reaction model, both of these phenomena indicate
the presence of other multipole transitions in the
photonucleon yields. In particular, the interfer-
ence of the E2 and E1 transitions is the primary
cause of the observed angular distribution®® and
polarization data.

MODEL

The pertinent formulas for the photonuclear cross sections of any multipole electromagnetic transition
of the order L caused by the absorption of an incident photon of energy E, and momentum E7 (defined with
respect to the momentum vector K of the outgoing nucleon) by a target nucleus of spin / is easily obtained
by generalizing expressions for E1 transitions given in earlier works.* ' Thus the differential cross

section is given by

do > > _ 1 (L+1)(L+1)]"2 1 E N\ T Vlagij-@e pepreg e
dg( y K ro@I+1) Z [ LL' (2L—1)!!(2L’—1)!!<ﬁc> -1 '
LL'AN'Q
llfigis
X314+ (=1 QU(LL - 11|QO)W (i, Li;L;5,Q)Z (4541} 53 3Q)AL WAL *(A)Pg(cosb) (1)

and similarly the integrated cross section is



