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Perturbed angular correlations were measured between 1.98-MeV y rays de-exciting
the 3.3-psec 2+ state of 0 and the 0* particles following the reaction ' C( 0„' 0")' C
at 33 MeV. A magnetic spectrometer was used to resolve the O* ions into the compo.-
nent 8+, 7, and 6 charge states, and the correlations were determined separately for
each. The measurements yield information on hyperfine interactions in the 7 and 6
charge states. Limits are obtained on the ionic ground-state occupancies and on the value
of the nuclear g factor.

The particle-y angular correlation of the 1.98-
MeV transition from the first excited state of"0 following the reaction "C("0,"0*)"C has
been described recently. ' These data are con-
sistent with (i) pure I,=O population of the 2'
state with the symmetry axis z close to the mo-
mentum-transfer direction, and (ii) strong hyper-
fine interaction (HFI) in the 7' ionization state.
These measurements have now been repeated,
with the difference that the predominant charge
states 6+, 7+, and 8+ of the scattered "Q have
been separated in a magnetic spectrometer and
the correlations measured for each. For the 8'
ions the correlation confirmed an essentially
pure I,= 0 population. The 7' correlation exhibit-
ed a strong perturbation, and the 6' was almost
unperturbed.

The experimental arrangement [Fig. 1(a)] was
very similar to that of Ref. 1. A 100-pg/cm'
carbon target was bombarded by 500 nA of 33-
MeV "Q 5 ions. The 8', 7', and 6' charge
states of the "Q ions in the 1.98-MeV state were

resolved with a double-focusing, 188' magnetic
spectrometer described by Start et a/. ' We placed
the spectrometer at 21 to the beam, following
Ref. 1. Both the magnetic rigidity and the energy
of the particles were recorded by a position-
sensitive counter at the spectrometer image.
The only resolution problem encountered was
overlap of the 6' ions with "C 5' ions emitted in
the same reaction [but at a different c.m. angle,
see Fig. 1(b)]. These groups were adequately
separated by differential slowing down in a 1-mg/
cm' nickel foil in front of the counter. The spec-
trometer entrance slit was 1' wide (in the reac-
tion plane), 10' high, and curved to minimize
kinematic broadening. Charge-exchange effects
in the residual vacuum at any point around the
whole of the magnet are estimated as being less
than 0.3fc.s The arrangement of the 3-in. &&3-in.

NaI scintillators is shown in Fig. 1(a). Coinci-
dence spectra were recorded using the multipa-
rameter system described in Ref. 2. Singles
counting rates did not exceed 3 X 10'/sec. The
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FIG. 1. (a) Schematic view of spectrometer and counter assembly. The three scintillators in the reaction plane
are at lab angles of 52.7', 97.7', and &44.7' to the beam, or 0', 45', and 90' (in the ' 0* rest frame) with respect
to the symmetry axis (Ref. 1) at 56' lab. The "p" detector is also at 90 but inclined 60' to the reaction plane.
(b) Measured differential cross section (see Ref. &) of inelastically scattered ' O. Arrows refer to the spectrom-
eter acceptance angles for 0* and the kinematically coincident C.

measured angular correlations for the three
charge states are shown in Fig. 2 and in Table I.

Approximate cylindrical symmetry (around an
axis very close to the momentum-transfer direc-
tion') is demonstrated by the consistency of
counting rates in the 90' and "y" detectors. Con-
sequently, the data have been analyzed according
to the familiar expression

W(8 ) = ~PQ, G,(Z)P„( sc8o&),

0=0, 2, 4, Z=6, 7, 8,

where the coefficients A~ are those for a pure
I,= 0, 2-0 transition (with the s axis along the
symmetry line), namely, A, /3, =-,', A, /4, = ——",.
The G,(Z), which account for attenuations due to
HFI, finite geometry, and nuclear reaction ef-
fects, can be written as

G„(Z) = G„(Z)G„(geom)G,(nucl). (2)

Within the statistics on the 8' data, where no
HFI is involved [G,(8) = 1], the attenuation ob-
served is consistent with finite-geometry effects
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FIG. 2. Angular distributions of y rays in coincidence with 0 ions in the 8+, 7+, and 6 charge states. Count-
ing rates have been corrected for movement of the y-emitting source. Also shown are calculated curves for a
pure I~=0, 2 —0 correlation and for maximum (hard-core) perturbation.
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TABLE I. Summary of counting rates.

(deg)
Nz(e)
Z=v

0
45
90

CC@py

54
289 +13

35 +7
43 +9

589 +21
862 +25
332 +18
322 +30

343 +28
1095 +41
184 +24
215 +36

of the scintillators, beam, and spectrometer
slit. Evidently, the excited "0nuclei are al-
most completely aligned along the presumed sym-
metry axis.

At such short nuclear lifetimes only the con-
tact field associated with a single 1s electron is
large enough to generate a measurable perturba-
tion. ' Thus, the time-integral attenuation coef-
ficients for static, randomly oriented HFI in the
7' charge state can be expressed as'

A(k+ 1) ((u~)'
G„(V) = 1 —n 7) (2I+1)2 1+(ur)

where the HFI frequency is given by

(u=(2I +1) Iu~g~ I(I )0/ I.

(3)

(4)

The magnetic field at oxygen nuclei is calculated
to be II(0)=85.5 MG. ' The quantity o(7) repre-
sents the ionic ground-state occupancy (or its
average over the nuclear lifetime).

Similarly, in the two-electron system (charge
state 6'), any attenuation is due to configurations
with an unpaired 1s electron. In this case, how-
ever, the effective hyperfine field will be re-
duced (in certai. n cases to zero) by the fine-
structure coupling with the other electron. Thus,
without independent information on the distribu-
tion of electronic excitations, only limits can be
set on the parameters a(7), o,(6), and +7—here
n(6) represents the fraction of 6+ ions in 1s
X (0 1s) configurations. This leads to o.(7) &0.65,
n(6) &0.14, and &uw&1. 86. With 7 =3.25+0.20'
(as measured by Doppler-shift attenuation meth-
od and recoil distance) one gets tgl&0. 20.

An indication for considerably higher ground-
state occupation in the 7' ions is furnished by
recent measurements on the relative electron
pickup cross section to the 2s state for 6+ car-
bon ions of comparable velocity. ' A value of
(2.2 x 1.0)%%uo was found, implying predominant
ground-state population. This result is in good
agreement with Born-approximation calculations, '
according to which some 80% of these ions are

formed in the ground state, and another [~/(~
+ v»)]XV% reach it from the 2p state in time to
cause a perturbation (~»= 0.4 psec 9). This would
imply a(7) &0.86 and consequently 0.20 & tgl&0. 36.
Moreover the 6' data would then indicate 0.14
& a(6) &0.37, again consistent with the prediction'
of favored ground-state occupation and thus with
the findings of Faessler, Povh, and Schwalm"
for the first excited state of ' Ne. Furthermore,
the semiempirical approach of Dmitriev, "which
is based on experimental charge-state probabil-
ities, predicts a value n(7)= 0.85. Within the
framework of this theory the predominance of
the ground-state occupancy can be understood in
the following way. The ions are presumed to be
stripped down to a charge state whose ground has
a characteristic velocity e, which matches the
translational velocity of the ions. The ions can
also be formed in excited states within a match-
ing width corresponding roughly to a factor of 2
in velocity. For hydrogenlike ions produced
with a velocity matching the 1s shell, the n= 2
shell is barely within the matching width and all
higher levels are excluded.

The above considerations also explain the rad-
ically different pattern of HFI encountered in
heavy nuclei, namely perturbations, character-
ized by long and complex cascades of optical
transitions. " In these cases the ions have ground
states with principal quantum numbers implying,
in general, a large level density and consequent-
ly a large number of levels within the matching
width.

The upper limit quoted above for the g factor
(Igl &0.36) is considerably smaller than the jj-
coupling shell-model prediction, as the dominant
components of the "0 (2') wave function, (d,&,)'
and d,~,s,~„ imply values of g ranging from
-0.76 to —0.51." However, even a small ad-
mixture of d,~P», would appreciably lower the
calculated g factor. '~ A recent calculation with
Kuo-Brown wave functions yielding g= —0.246"
is well within the experimental limits.
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itude to Dr. M. A. Grace for his encouragement
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Giant Dipole Resonances in ' C Observed with the Polarized Proton Capture Reactions
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The giant E1 resonances of '2C have been studied with the polarized-proton capture re-
actions "B(p,.

) 0)
' C and "B(p,y&)

' C. The effects of proton polarization on the angular
distributions were large and of opposite sign for yo and y&. Coupled with the unpolarized
measurements the polarized results produce additional significant limitations on the
allowed configurations of the giant El resonances in ' C.

One of the remarkable properties of the El
giant dipole resonance (GDR) is the approximate
constancy over the resonance of the angular dis-
tributions which involve the y channel. ' This
phenomenon is often in marked disagreement with
predictions of the simple particle-hole model
and has not been entirely explained by refine-
ments of this model.

In this Letter we report. the first polarized-
proton capture (p, y) measurements and their
application to a study of the configurations of the
GDR. With transverse proton polarization the
angular distribution of the capture radiation pro-
vides limitations on these configurations in ad-
dition to those obtained from the unpolarized
measurements. Thus, the polarized measure-
ments represent an important expansion of the
experimental information which bears on the
nature of the GDR and the question of the constan-
cy of its angular distributions.

Because of its simplicity from both an experi-
mental and theoretical point of view and the rela-
tive completeness of existing information on it, m

the reaction "B(p,y) "C was the first one selected
for study. Also attractive was the opportunity of
obtaining good measurements on both the y,

(ground-state) and y, (first-excited-state) transi-
tions.

The polarized proton beam was provided by a
polarized ion source of the atomic-beam, sex-
tupole-magnet type, ~ and was then accelerated
by the Stanford FN tandem Van de Graaff. Beam
currents on target in the range 2-5 nA were avail-
able for the experiment. The "8 target used for
most of the work was approximately 1 mg/cm'
thick and consisted of five separate self-support-
ing foils stacked closely together. The y rays
were detected in the Stanford 24 em ~24 cm NaI
spectrometer. ' The reaction was monitored by
counting particle yields at 35' and at 135' as well
as with a current integrator. Although the par-
ticle yields are also dependent on the polariza-
tion, the reproducibility of the yields for a given
polarization helped to establish the reliability
of the measurements.

The polarized angular distribution can be writ-
ten in the form

m, (e)

= —'[1++ag, (cose)+P nQ b, sink()), (1)
4v 0 =1

where P is the polarization of the incident proton


