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Excitation of Ne by 180' Electron Scattering
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States in Ne have been studied by 180' inelastic electron scattering with incident energies
of 39 and .56 MeV. A large scattering peak is found at each bombarding energy, showing ex-
citation of a 1+, T =1 state at 11.2 MeV, with transition radius R =2.53+ 0.15 fm and radia-
tion width I'0 ——11+2 eV. Other levels from 11 to 19 MeV are also excited.

I. INTRODUCTION

Electron scattering at 180 has proven particu-
larly useful in exciting 1+, T = 1 states in even-
even T =0 nuclei. As electric transitions are in-
hibited at 180', magnetic transitions generally
dominate, particularly magnetic dipole (Ml} trans-
itions. Inhibition of AT = 0, M1 transitions' in
these nuclei further increases the selectivity of
observable peaks in 180 scattering data. The
states most abundantly excited are thus 1', T =1

states, the analogs of low-lying states in isobaric
nuclei. In addition, Kurath' has shown that the
transition strength is concentrated in the l.owest
few such levels. Previous work~' at 180' with
"Mg and "Si has shown agreement with these pre-
dictions.

Preliminary results' on Ne exhibited striking
concentration of the strength into one level at 11.2
MeV. In this paper, we report data on 39- and 56-
MeV electron scattering from Ne up to an excita-
tion energy of 20 MeV. These data are employed
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to obtain transition radii and radiation widths.
The results are used to identify analog states, as
well as to give information on the structure of
this nucleus through the use of Kurath's sum rule. '

ition considered is given by [Ref. 6, Eq. (15a)]

2J+1 (3)

II. THEORETICAL EQUATIONS

The data are analyzed using the model-indepen-
dent plane-wave Born-approximation (PWBA) ex-
pressions given by Rosen, Raphael, and Uberall. '
The correction to the distorted-wave Born-approx.
imation (DWBA) is obtained by use of the ratios
of DWBA cross sections to PWBA values for M1
and M2 transitions which are given by Chertok,
Johnson, and Sarkar. '

The reduced transition probability B for given
magnetic multipolarity Mi. is related to the mo-
mentum transfer q by the equation [Ref. 6, Eq.
(13a,)]

where u is the excitation energy, and Jo and J are
the ground- and excited-state spins, respectively.

Similar equations for electric transitions may
be obtained from Rosen, Raphael, and Uberall. '
We employ them in analysis of one case as an E2
transition, using the effective scattering angle
(-178'). The DWBA corrections are obtained by
interpolating in atomic number and momentum
transfer (not incident energy) using the tables of
Toepffer and Drechsel. " These tables are for
the longitudinal part of the E2 interaction, not for
the transverse part which dominates near 180 .
However, they are judged to be more than suffi-
ciently accurate for use with the small peaks,
particularly as the DWBA correction factors for
M1, M2, and E2 transitions are similar.

L + 3 (qR)' L + 5 (qR*)
L+1 2(2L+3) L+1 8(2L+3)(2L+5)

The parameters g and g* are transition radii de-
fined in Ref. 6. The radius R is approximately
equal to the nuclear-matter radius and has aver-
aged slightly less than 1.0A. ' ' fm for M1 trans-
itions in our work on masses 24-28. As the
fourth-order term is too small for experimental
determination here, we set A*=R. Although R is
a parameter useful for multipole determination,
its model-independent physical significance is
open to question. '

After DWBA corrections are made to the ex-
perimental cross sections for a given transition,
they are used to obtain I, R, and the ground-
state radiation width I',. As in our previous
work, '"we employ the equations for magnetic
transitions at 180'. In simple form, one obtains
[Ref. 6, Eq. (5)]

(2)

where 0, is the initial electron momentum and

1 +1 nn

[(2L + 1)!!]'
The ratio of cross sections at two bombarding

energies is independent of C and is used to deter-
mine the value of g for assumed values of I.. Usu-
ally only one multipolarity L yields a reasonable
value of R; this value of L is adopted together
with the corresponding values of R and t".

The ground-state radiative width for the trans-

III. APPARATUS AND DATA TREATMENT

The source of the electrons utilized here is the
U.S. Naval Research Laboratory 60-MeV linear
accelerator, operated at 360 pulses per second.
A beam of about 4 p, A, with a full energy spread
of 0.4% or 0.5% was directed into the scattering
chamber during the work on "Ne.

The target consisted of 5.08 cm of "Ne, cooled
by liquid nitrogen and at 4.4 atm pressure, in a
cylindrical chamber with end windows of 6-pm
Havar foils. Scattered electrons are magnetically
analyzed and a 0.5% momentum bin is counted by
each of three scintillation telescopes. The elec-
tron scattering apparatus has been described
more fully in a previous article' and the refriger-
ated gas target system has been described else-
where. "

Allowance was made for variations in neon den-
sity due to pressure changes and due to beam
heating. In general, the data were treated as in
our previous work. ' However, , the Schwinger cor-
rection employed here follows the comments of
Maximon. "

The area under a peak is integrated to about 1
to 1.5% below the peak energy and corrections
made for the low-energy tail. We have, in the
past, separately calculated and applied the cor-
rections due to Schwinger, bremsstrahlung, and
ionization-energy-loss distributions. Actually,
these three distributions should be folded, to-
gether with the instrumental effects. The correc-
tions will lower the energy of the peak position,
and the instrumental line-shape width will in-
crease the tail correction. Accordingly, a care-
ful folding of instrumental effects with Schwinger,



EXCITATION OF Ne BY 180' ELECTRON SCATTERING

bremsstrahlung, and ionization-energy-loss dis-
tributions was made for the 56-MeV da a at at 11.2-
MeV excitation. The relationship of these results
to the results using the previous method of cal-
culating corrections was plotted as a function of
integration interval below the peak energy. Thus,
the results of the folding were employed directly
for the peak considered and indirectly for other
cases.

~ ~ ~ ~The uncertainties given for the cross sections
are based on counting statistics and base-line
uncertainties only. As R is based on the ratio
f ross sections the uncertainties given for R

are based on those given for cross sections.
values given for radiation widths are absolute
values, and an additional uncertainty of about 15/p

absolute cross-section calibration and other fac-
tors.

1The excitation-energy scales were initial y
b d the elastic peaks. However, the fringease on
field of the spectrometer magnet has a smal e-
fect on the incoming electron beam and tnd therefore
on the position of the beam as it passes throug
the gas chamber. As this effect is greatest for

data taken at or near the elastic peak and is less
important elsewhere, it is desirable to avoid ca-
ibration at the elastic peak. (The problem does
not arise with solid targets, as the target may
be easily replaced with a scintillator to check
beam location, using a television system. } ln
a i ion~dd t' the neon elastic peak is not resolved

the foilfrom the elastic peak of the foils. While the oi
peak can be observed with the chamber empty, it
will be altered by the presence of gas and the cor-
rection for the foil peak is therefore not a simple
subtraction. For these reasons, the excitation-
energy sc e isal ' based on the 11.2-MeV peak, as
described below.

IV. RESULTS

Data were obtained with 'ONe and background
data were obtained with the empty gas chamber.

obtaining some data with the copper liner (see
Fig. 2 of Ref. ll} removed from the gas chamber.
As the amoun ot f Ne available was insufficient
for use with the larger volume, natural neon was
used in this case.
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The results of bombardment with 56-MeV elec-
trons are shown in Fig. 1, from the elastic peak
to an excitation of 20 MeV. The corresponding
results with 39-MeV electrons are shown in Fig.
2. The energy scales at the top of the figures
show calculated excitation, allowing for the re-
coil of ' Ne. The counting rates are the values
obtained after subtracting the counting rate with
the spectrometer set for energies greater than
the incident energy and then normalized to the
bin width and solid angle corresponding to a kinet-
ic energy of 35.22 MeV. The cross-section scales
are obtained using the atoms/cm' of ~oNe only. In
each set of data, the elastic peak and the peak
near 11-MeV excitation dominate the spectrum.
The spectra obtained with an empty gas chamber
are shown as dashed lines on the figures. These
background data show an elastic peak due to the
two 6-p.m Havar foils, but no other peak.

The presence of gas produces counts due to the
gas and also alters the "background" in two sig-
nificant respects. As mentioned above, electrons
scattered at -180' in the second Havar foil are
degraded in energy by passing through the gas,
and the foil elastic peak will be split into two

peaks. In addition, rather small-angle scatter-
ing in the gas will deflect electrons into the 1.11-
cm-diam inner wall of the gas chamber, produc-
ing counts by double scattering. It is seen that a
subtraction of vacuum data from "Ne data does
not yield the true net "Ne spectrum. However,
a.s the background data. show no inelastic peaks,
the "Ne inelastic peaks may be evaluated from
the total spectra.

The elastic peak of hydrogen is indicated in
each spectrum, Bt an apparent excitation energy
due to the much larger recoil energy of 'H. Al-
though o99.9/q of the neon was Ne, there was a
0.3% hydrogen contaminant. The intensities of
the observed peaks are in qualitative agreement
with those expected from the work of Jones et al."
Data with natural neon at 56 MeV did not show a
"6-MeV" peak, indicating that the sample was
relatively free of hydrogen.

At exeitations above 10 MeV, T =1 levels be-
come available in "Ne and significant resonances
are expected. In addition to the large peak, a
number of smaller peaks are barely evident at
about 12.0, 12.9, 13.9, 15.8, 16.9, 18.0, and 19.0
MeV. The data with natural neon confirm the
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TABLE I. Values of differential cross sections, spin and parity, transition radius, and radiation width for levels
excited in ~ONe, with 0%HA corrections.

Level energy
(MeV)

(da./dQ) 58 (da/dQ) 3&

(10 "cm'/sr) (fm)

I'0

(eV)

11.235 ~

11.58 +0.03

2,53 +0.15

(1 8b
&2.7"

4 1+1,0

11.2'2. i

0.65 +0.18"
0.40 +0.13b
0.016+.0.009'

~see beefs. 14 and 15.
bThe value calculated for R2 is negative, with a positive upper limit. Therefore, the value of lo is calculated as-

suming that R is between zero and the maximum value consistent with the data.

existence of most of these peaks. The electron
scattering data do not show peaks at an excita-
tion of 13.17 or 13.48 MeV, where 1', T=l levels
have been reported. '4

Our peak at 11.2-MeV excitation has been iden-
tifieds with the level found by Lawergren, Fer-
guson, and Morrison" and by Ritter, Parson,
and'bernard. ' However, with additional data, it
became evident that the peak at each bombarding
energy has a shoulder on the high-excitation side.
An analysis of line shapes indicates that there is

I.Z09 (2 )
0+,I-,2~

II.56 5-,oa4+

I.057 I+

&+ 2+ &+ I l.27
I l.255 0.95

0.825 2+
I I 08 ty+)

0.85

l0.86

0 2+ 10.275 2+ 0

0 0+
„Na

FIG. 3. Energy-level diagram of low-lying analog
states in nuclei of mass 20. The energy scale is adjust-
ed so that the lowest analog states are aligned.

a main component, at an excitation energy of
11.22 + 0.05 MeV on the initial energy scale, and

a smaller component at about 0.345-MeV greater
excitation. Basing our final energy scale on the
identification of the main component with the lev-
el at 11.235 MeV, ~+ ~5 the minor component is at
11.58 + 0.03 MeV.

V. DISCUSSION

The results show a remarkable concentration of
inelastic scattering strength into one level. One
expects magnetic dipole transitions to dominate
in 180' electron scattering, and the ratio of the
cross sections at the two bombarding energies
does indeed fit this assignment, with B = 2.53 fm
as given in Table I. As M1 transitions from the
O', T =0 ground state of Ne to other T =0 states
are inhibited, ~ the state at 11.235 MeV must be a
1', T =1 state and therefore the analog of a 1'
sta'te in "F.

When the results for the state at 11.58 MeV are
analyzed assuming a magnetic transition, an as-
signment of M2 is indicated. However, analog-
state considerations suggest an E2 assignment.
As electric multipoles are sometimes seen weakly
at 180', we present the results of an E2 calcula-
tion in the table.

It is useful at this point to compare our' results
with other information on the lowest T =1 states
of 2oNe and their analogs Figure 3 shows the
lowest-energy T =1 states'4 "of "Ne together
with states' ' of ' F and 2oNa in the correspond-
ing energy range. It is seen that there is a
marked similarity in these three nuclei. The 1'
level in aoNe at 11.235 MeV, which dominates our
spectra, a.ppears to be the analog of the level at
1.057 MeV in 'oF. The highest "Ne level shown,
which we observe at 11.58 MeV, is probably the
analog of the 2+ level at 1.309 MeV in BoF. This
"Ne level would be reached by an E2 transition
here, a conclusion marginally consistent with the
cross sections taken from the shoulders of the
11.2-MeV peaks at the two bombarding energies.
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FIG. 4. The curves show the ground-state l s-coupling
matrix element of Ne as a function of deformation g ac-
cording to the Nilsson model, for two values of p. The
value obtained from the 11.235-MeV level only, using a
= —2.03 MeV, is shown by the horizontal line within the
error limits indicated by the dashed lines.

None of the other peaks is large enough for a
good quantitative analysis. Considerable trans-
ition strength is seen between 12- and 19-MeV
excitation, but the multipolarity cannot be deter-
mined.

It is interesting to compare the distribution of
magnetic dipole electron scattering in the T =0
even-even nuclei in the 2s-1d shell. In "Ne, we

find a striking concentration of M1 strength into
the lowest 1', T = 1 level, and we see no peaks
below 10.3 MeV, where only T =0 states can exist.
In the case of '~Mg, the strength is concentrated
in the two lowest levels, ' the second lowest being
strongest. The dominant peak~ in "Si represents
the third-lowest 1", T = 1 state. These three
cases are in agreement with Kurath's prediction'
that the M 1 strength is concentrated in a few of
the lowest-energy T = 1 levels. Unlike these nu-
clei, the results" with "S show no large scatter-
ing peak.

The electron scattering results may be used
with Kurath's work2 to yield information on nucle-
ar structure and deformation. Kurath relates the
energy-weighted sum of the M1 transition
strengths to the ground-state expectation value of
the sum of the nucleon spin-orbit couplings, the
other contributions being considered small for
I=0 =T even-even nuclei. In terms of the quanti-
ties used here, the relationship is

0.614 MeV P 1; 10 MeV (p~gl ~p—g eV coo,.
(4)

where Foz is the radiative width of the M1 trans-
ition from the excited state of energy cu,

&
to the

ground state. We shall take the coupling parame-
ter in the ld shell to be a = -2.03 MeV, based on
the 5.08-MeV state" and the ground state of ' O.

In view of the dominance of the 11.2-MeV peak,
one might initially evaluate the left side of this
equation using only that level, obtaining a value
of 2.6V, with limits of 2.24 and 3.19, assuming
the equation and the value of a to be exact. How-
ever, significant contributions to the sum can be
made by levels at high excitation which do not
show up as prominently in the spectra. The upper
limit of the sum in Eq. (4) cannot therefore be
evaluated solely on the basis of this one level.

We have calculated the right side of Eq. (4)
versus deformation g, using Nilsson wave func-
tions for two values of the parameter p, . One
obtains 4.0 for all oblate deformations (orbit 6)
and decreasing values with increasing prolate de-
formation (orbit 6). The results are compared
with our one-level value in Fig. 4. Our single-
level value places a lower limit on the sum and
therefore places restrictions on the values of g,
p, , and a which are acceptable in the Nilsson mod-
el.

Finally, it should be pointed out that the strong
concentration of M1 strength into one level in "Ne
is theoretically explained by Akiyama, Arima,
and Sebe' in terms of a shell model based on
SV(3) symmetry. They note that the dominant
part of the M1 operator is given by g, v„.cr, , which
cannot change the spatial symmetry. In particular,
this operator cannot excite the main component of
the ground-state wave function, [4](80)"S „ to a
T = 1, 1' state. It is then only by admixture of
other states through spin-orbit coupling that an
M1 transition can be effected by the above opera-
tor. Among the possible admixed states, the
[31](61)'P~ o is strongly dominant. Of the T= 1,
1' states available for transitions from the latter
state, only the [31](61)"P~,has nonvanishing
strength.
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Quasielastic electron scattering from 3He and H is investigated with a model in which the
two-nucleon interaction is described by a separable potential. Cross sections are given in the
impulse approximation for the ejected proton and scattered electron detected in coincidence,
and for detection of only the scattered electron. Both two- and three-body breakup of 3He and
H are considered, with final-state interactions between the spectator nucleons included in

three-body breakup. Good agreement is obtained with all the electrodisintegration data, ex-
cept the He coincidence data, for wave functions derived from separable potentials which re-
produce the s-wave two-nucleon phase. shifts at low and medium energies. Rescattering cor-
rections between the spectator particles are found to be important in calculating three-body
disintegration. The need for more refined and reliable coincidence data is reaffirmed.

I. INTRODUCTION

Electron scattering is a powerful tool to probe
the structure of the trinucleons, 'He and 'H, and
to obtain information about nucleon-nucleon inter-
actions. The electric charge and magnetic form
factors of 'He and 'H, which provide information
about the three-nucleon ground state, can be mea-
sured by elastic electron scattering. Electrons
scattered inelastically from the trinucleons also
are sensitive to the ground-state wave function,
but such experiments also involve the three-nu-

cleon continuum states. A great amount of work
has been done both experimentally and theoretical-
ly on elastic electron scattering, "but the work
on inelastic electron scattering from 'He and 'H

has been more limited.
'He and 'H inelastic electron scattering experi-

ments have involved both low and high nuclear ex-
citation energies, but no pion production. The
most recent experiments have been concerned
with the threshold region. Frosch et a/. have
searched for excited states of 'He by measuring
inelastic spectra up to 17-MeV excitation energy.


