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Magnetic Structure of ' 0 at High Momentum
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The elastic magnetic form factor of ' 0 has been measured for efI'ective momentum transfers 2.47
~ qeff ~ 3.65 fm '

by electron scattering. The form factor drops by almost three decades in this range.
The data follow an extreme single-particle Woods-Saxon shell-model calculation. Many-body eA'ects

such as meson-exchange currents or core polarization do not seem to play a significant role in the q
range of this experiment.

PACS numbers: 25.30.Bf, 27.20.+n

The shell model has been very successful in explaining
the structure of many nuclei. In particular, the magnetic
properties of nuclei with one nucleon outside a closed
shell should be explained by the properties of that
single-particle orbital outside the closed shell. A good
case to study is ' 0, which has one neutron in the d5i2
orbital outside the doubly closed ' 0 nucleus. The static
magnetic moment of this nucleus is —1.894@tv, ' which
is very close to the Schmidt value of —1.913@tv, and the
spectroscopic strength for the dsi2 orbital as determined
by

' 0(d,p) ' 0 reactions and heavy-ion elastic scatter-
ing is about 90% of the full single-particle strength.
However, both the large static quadrupole moment of
' 0 ( —2.578 e fm ) ' and the large E2 transition matrix
element to the first excited state (0.871 MeV, J'= —,

' )
indicate that the ' 0 core, as well as the valence neutron,
plays a role in the dynamics of ' 0. Calculations of core
polarization (CP) and meson-exchange currents (MEC)
show that these two effects cancel in the static magnetic
moment. However, CP does create a static quadrupole
moment for ' 0. These processes are then expected to
influence the behavior of the magnetization of ' 0 at
nonzero momentum transfers. A particularly advanta-
geous region to examine the magnetic structure for
eff'ects such as CP and two-body MEC is 2.8 ~ ~q~~ 4.0 fm, where the elastic single-particle amplitudes
for all multipoles are expected to have a common
minimum (see Fig. 1).

The experiment was performed at the Massachusetts

Institute of Technology Bates Linear Accelerator Center
with the high-resolution energy-loss spectrometer system
(ELSSY). This experiment was an extension of a previ-
ous experiment done at the same laboratory, but at lower
momentum transfers, by Hynes et al. Forward-angle
measurements were made with use of the targets of Ref.
6. Backwards-angle measurements were made with new
Be ' 0 targets with thicknesses ranging between 50 and
110 mg/cm manufactured at Lawrence Livermore Na-
tional Laboratory. All the targets were used in transmis-
sion geometry, with the normal to the target bisecting
the scattering angle. The abundances of different oxygen
isotopes in the new targets as determined by mass spec-
troscopy before the fabrication of the target were 51.3%,
31.6%, and 17.1% for ' 0, ' 0, and ' 0, respectively.
These values were determined independently during the
experiment by the method given by Norum et al. ,

9 and
the experimental ' 0 abundance agreed with the mass-
spectroscopy results. For the analysis of the data, the
mass-spectroscopic values were used since they are more
precise. An average electron-beam current of 10-20 pA
was used. The energies and the angles used in this ex-
periment are shown in Table I. In addition, forward-
angle measurements of elastic scattering were made on
Be ' 0 and ' C to provide the absolute normalization of
the data. Another point for comparison is the ' 0 da-
tum at ~q~ =2.47 fm which is consistent with the re-
sult of Ref. 6.

The electron-scattering cross section can be approxi-
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mated with the first Born approximation (and plane waves) ':
da/d 0 =Z'rrM, «r/[(q„'/I q I
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FIG. 1. The square of the magnetic form factor. The exper-
imental data are plotted vs q,a. The data of Hynes er al. (Ref.
6) are shown with squares, while the results of this work are
represented by crosses. The lower curves show the details of
the calculation with a Woods-Saxon potential: M1 multipole
(dotted curve); M3 multipole (dashed curve); M5 multipole
(dash-dotted curve); and the sum of all multipoles (solid
curve). All these curves are reduced by a factor of 100 for
clarity. The upper curves are as follows: the sum of the mul-

tipoles drawn again in actual size (solid curve); the form factor
squared with use of a harmonic-oscillator potential with an os-
cillator constant b, of 1.8 fm (dash-dotted curve); and the form
factor squared with use of the same Woods-Saxon potential
with the harmonic-oscillator corrections of Ref. 7 (dotted
curve).
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where da/d 0 is the laboratory cross section, Z is
the atomic number of the target nucleus, aM, «
=a cos ( —,

' 0)/4E) sin ( —,
' 0) is the Mott cross section, a

is the fine-structure constant, 0 is the laboratory scatter-
ing angle, Eo is the incident electron energy, @=[1
+(2Eo/M)sin ( —, 0)] ' is the recoil factor, and M is
the mass of the target nucleus. Fz is the longitudinal
form factor and FT is the transverse form factor, and

I FT I

' =
I FM I

+
I FE I

. For elastic scattering, the
electric form factor FE =0; thus only Fz and the mag-
netic form factor FM contribute to the cross section. '

The momentum transfer I q I (=q) is given by I q I

=ro —q„2, where ro is the energy and q„ is the four-
tnomentum transferred to the nucleus: q„= —4EoEf

V(r) = Vuf(r)—
Pl+

(2)

where

f(f) = [1+exp[(r —R)/a] j (3)

with the following parameters: Vo=52.56 MeV, V, ,
=5.332 MeV, R =3.153 fm, and a =0.523 fm. The well

depth Vo and the spin-orbit potential depth V, , are
chosen to reproduce the ' 0 neutron binding energy
(4.143 MeV) and the energy dilference (5.083 MeV) be-
tween the ds/2 and d3/2 orbitals. These parameters,
which are obtained from (d,p) reactions, yield an rms
radius of 3.36 fm for the ds/2 neutron orbital. This value
is smaller than the rms radius of 3.46+ 0.09 obtained

! xsin ( —,
' 0), where Ef is the final energy, Ef =Eo —ro

For elastic scattering, q„= —4E(r/sin ( —,
' 0). To first

order, the Coulomb distortion of the electrons increases
the momentum transfer, yielding an eA'ective momentum
transfer q,f given by"

q,f =q[l+ —', ( —', )' Za/Eo(r )' ],

where (r ) '/ is the rms charge radius of the target nu-

cleus. For the q range of the present experiment, when a
distorted-wave calculation for the magnetic form factor
at q,f is compared with a plane-wave calculation at q,
the largest diA'erence in the total form factor is about
5%. Therefore, for convenience, the data at q, lr are com-
pared with the plane-wave form factor at q.

The results of this experiment along with the previous
data for 0.55~ IqI ~2.74 fm ' frotn Ref. 6 are
presented in Fig. 1 and the present results are also tabu-
lated in Table I. Note that there is a point at 2.47 fm
from this experiment which overlaps with the results of
Ref. 6. The squared transverse form factor

I FM I is ob-
tained from relation (1) by performance of a Rosenbluth
separation, in which

I Fz I +[—,
' +tan ( —,

' 0)] IFM I
is

plotted against —,
' +tan2( —,

' 0) and the slope of the line is

I FM I . (Note that for the kinematics of this experi-
ment, q„2 = —

I q I
2.) The spin-parity assignment of ' 0

is J = —', +. Therefore, for elastic scattering, CO, C2,
and C4 are allowed for the longitudinal part of the form
factor, and M 1, M3, and M5 are allowed for the trans-
verse part of the form factor.

Figure 1 shows the individual magnetic multipoles and
their incoherent sum along with the previous and present
data. The solid curve drawn in Fig. 1 is a theoretical
calculation with use of the wave functions of a single-
particle Woods-Saxon potential of the form

1708



VOLUME 60, NUMBER 17 PHYSICAL REVIEW LETTERS 25 APRIL 1988

TABLE I. The cross sections and the transverse form factors for ' O.

qeff
(fm-')

2.48
2.47
3.15
3.14
3,34
3.33
3.65
3.65

Energy
(MeV)

249.3
685. 1

318.7
685. 1

338.6
685. 1

371.8
685. 1

Angle
(deg)

160.0
41.7

159.0
54. 1

159.0
57.7

159.0
63.9

drr/dn ~&(drr/d&)
(mb/sr)

1.47 x 10 +' 6.5%
3.24 x 1p + 4 2%

7.03 x 10 + 12.1%
2.55xlp- + 97%
1.32x 10 ~ 10.0%
6.15 x 10 ~ 12.5%
1.76 x 10 +' 35.0%
7.85x 10 ' + 37.4%

I FM I

' ~ &
I FM

I

'

(2.50+ 0.18)x 10

(2.11 % 0.26) x 10

(4.41 ~ 0.46) x 10

(7.07+ 2.63) x10

from the best fit to the previous data. ' A calculation
was also done with a harmonic-oscillator wave function
with b =1.8 fm (dash-dotted curve). The center-of-mass
correction and finite nucleon size are taken into account
by use of the harmonic-oscillator model and the dipole
fit, respectively. ' As can be seen in the figure, the
harmonic-oscillator calculation falls more than a factor
of 5 below the data at high q. At intermediate momen-
tum transfers, where the M3 multipole is predicted to be
dominant, both calculations show discrepancies with ex-
periment. This intermediate multipole quenching seems
to be universal in elastic magnetic scattering. " Taking
CP and MEC into account produces an M3 suppression
but does not resolve the discrepancy between the data
and the single-particle model form factor at intermediate
momentum transfers. ' A suppression of the M3 mul-

tipole can also be achieved if a deformed '60 core is tak-
en 15,16

The eA'ects of processes other than the simple one-

body interaction are expected to be more important at
higher momentum transfers, where the extreme single-
particle-model form factor falls very rapidly with in-

creasing q (see Fig. 1). Note that for a nucleus such as
'70, which has an odd neutron in the stretched single-
particle orbit (Jo=l+ —,

' ), the nature of the Mk mul-

tipole, where X=2Jo, is determined by the radial wave
function of the unpaired nucleon. The influence of
configuration mixing is expected to be very small since
the relevant excitations involve two-particle, two-hole
states which have an energy of at least 2@co in the oscil-
lator shell model. ' This is in contrast to the ' C mea-
surements where the Ml multipole is not predicted by
the jack-knife single-particle orbit. ' First-order CP
eA'ects are also small in this region. ' The data present-
ed in this work along with those of Ref. 6 show that in

the region where the M5 multipole is dominant, the ex-
treme single-particle picture is sufficient to explain the
magnetic behavior. This is not the case for 'V, where
other processes have to be taken into account in order to
explain the magnetic structure of this nucleus at high-
momentum transfers. '

The MEC's uniformly increase the form factor at the

peak of the M5 multipole by 10%-20%. '42 Using cal-
culations of MEC's, Hicks' fits the form-factor data by
adjusting the strengths of the different multipoles and
the radius of a Woods-Saxon potential. He finds a small

effective charge of 0.04e for the neutron and neglects it
in his fit since the effect of CP is included in the factor
that multiplies each multipole. The factor multiplying
the M5 amplitude is 0.96+ 0.11, and the largest adjust-
ment is to the M3 amplitude where only 0.53~0.06 of
the single-particle value is required. Another effect is

due to three-body forces (TBF) which enhance the form
factor (already corrected for CP and MEC) at the peak
of the M5 multipole by about 50%; however, the effect
becomes smaller as the momentum transfer is in-

creased. It should be noted that the eA'ect of TBF
+MEC almost cancels the efl'ect of CP in the calculation
of Ref. 20.

Recent calculations by Blunden and Castel have
shown that second-order core polarization gives a
suppression nearly independent of q for the M5 mul-

tipole. The second-order contribution renormalizes the
single-particle strength. Using harmonic-oscillator wave

functions (b =1.76 fm), they show that this efl'ect has
opposite sign from the MEC and thus decreases the net
efl'ect of MEC at higher momentum transfers. These
efl'ects individually are generally less than 20% of the
single-particle form factor at the peak and increase slow-

ly with the momentum transfer. The dotted curve in

Fig. 1 shows the efl'ect of MEC, the first- and second-
order CP, and the 6-isobar corrections. These effects
have been added to the Woods-Saxon form factor, the
square of which is represented in Fig. 1 (solid curve).
This addition of harmonic-oscillator MEC and CP
corrections to the Woods-Saxon prediction can only be
justified qualitatively by the argument that for many-

body efI'ects, such as MEC, the momentum transfer is
shared by the nucleons and thus the amplitudes should

be evaluated at smaller momentum transfers where the
harmonic oscillator and Woods-Saxon predictions are
nearly identical. This will not be the case at very high
momentum transfers. For instance, note that in the
high-q region, ~F~ ~

&& ~FM ~
. In particular, the
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secondary maximum at ~q~ =4.2 fm ' is not predicted
by the harmonic-oscillator calculation.

A recent calculation, ' which treats the problem rela-
tivistically, has the same general features as the curves in

Fig. 1. However, it underestimates the data at high
momentum transfers by more than a factor of 5. There
are as yet no corrections to the single-particle picture in

this relativistic calculation.
The data up to

~ q ~

=3.65 fm ' exhibit a variation of
~ FM ~ by 3 orders of magnitude from the peak of the
M5 multipole and support a phenomenological single-
particle interpretation of the M5 multipole. EA'ects

beyond the extreme single-particle picture do not seem to
alter this interpretation.
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