VOLUME 35, NUMBER 8

PHYSICAL REVIEW LETTERS

25 AucgusTt 1975

scaling of the normalization constant A, leaving the
general pattern of scaling violation unchanged.
14The apparent discrepencies for the AF case at x

=~ (0,20 are not to be taken seriously as there is no rea-
son for the theory to hold at such low q°.
5D, J. Fox ¢ dl., Phys. Rev. Lett. 33, 1504 (1974).
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Structure of variable widths from about 0.3 to 1.5 MeV has been observed in analyzing-
power excitation functions for inelastic proton scattering from %6Mg and 7Al. Statistical
tests and significant cross correlations show that it is very unlikely that this structure

is the chance effect of random fluctuations.

ate structure.

Since Block and Feshbach' and Kerman, Rod-
berg, and Young® suggested that simple modes of
excitation of the nucleus might lead to structures
with widths intermediate between those for the
compound nuclear states and those for single-
particle states, many attempts have been made
to identify these states in nuclear reactions.
Apart from isobaric analog resonances, however,
only two isolated examples of intermediate struc-
ture in the elastic or inelastic scattering of pro-
tons are considered well-established.®"® The
lack of selectivity in the (p,p’) reaction mechan-
ism presumably makes it difficult to observe de-
finitively nonstatistical peaks in cross-section
excitation functions, even when there is some
evidence for intermediate structure.®”® In this
Letter we report convincing evidence for inter-
mediate structure in the elastic and inelastic
scattering of low-energy protons from Mg and
27A1 from measurements of analyzing-power ex-
citation functions. The ease with which the struc-
ture is identified suggests that the method should
have wide applicability.

The analyzing power A, is a sensitive indicator
of coherent structure; its magnitude depends on
the interference between different partial waves.
For direct reactions, A, may be nonzero, but its
value should vary smoothly over an energy region
of several MeV. For compound reactions, the
value of A, averaged over a sufficiently large en-
ergy region should be zero because of the ran-
dom phases of the contributing partial widths. In
a region of high level density where the average
width I" of the compound states is much greater
than the average spacing D, the value of A, mea-
sured in small intervals should oscillate rapidly
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Thus these data are evidence for intermedi-

about zero in a manner characteristic of Ericson
fluctuations. Intermediate structure is indicated
by peaks in the excitation function of A, which
remain significant when the data are averaged
over a region much larger than I'.

The experiments were performed at the Rut-
gers FN tandem Van de Graaff accelerator, us-
ing the atomic-beam polarized-ion source. Solid-
state detectors were mounted at symmetric an-
gles on each side of the incident beam. Beam
polarization was monitored continuously with a
helium polarimeter. Targets were 0.5- to 1.0-
mg/cm? self-supporting foils of Mg and *7Al.
Data were recorded in 50-keV steps from 5.5-
to 9.4-MeV incident proton energy for Mg and
in 50- and 100-keV steps from 6.1- to 12.0-MeV
bombarding energy for 27Al at several angles be-
tween 60° and 160°. Excitation functions of A, for
several final states in **Mg at 140° and for 27Al at
145° are shown in Figs. 1 and 2.

The qualitative features that indicate intermedi-
ate structure are apparent from these figures.
The raw data in 50-keV steps [e.g., Fig. 1(b)]
show the expected Ericson fluctuations; a coher-
ence width T of about 50 keV has been determined
from previous cross-section measurements.”®
However, considerable structure remains when
these fluctuations have been smoothed by averag-
ing over larger intervals. The p, and p, data (p,
refers to the proton group leading to the ith state)
for 2*Mg at 140° are probably the most striking.
The p, data show two negative peaks about 750
keV wide separated by 1.5 MeV. The p, data re-
veal one positive bump of about the same width;
the value of A, rises to 0.7 at the peak compared
to values close to zero everywhere else. The
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FIG. 1. (a) Measured analyzing powers as a function
of incident proton energies for the reaction 2Mg(p,
') Mg at 6,,,=140°. Each point shown is the average
‘of three data points measured at 50-keV intervals. The
solid lines are guides to the eye. (b) Measured analyz-
ing powers as a function of incident proton energies for
the reaction **Mg(p,p,)*Mg (2,*) at 6,,,=140°. The da-
ta shown were taken at 50-keV intervals.

structure in the 27Al data has a greater variety
of widths, and the smoothed values of A, are not
as large. Note, however, that the 1-MeV wide
bump around 8.5 MeV appears in at least three
of the four observed channels and that p, and p,
are generally strongly correlated.

Statistical tests of Baudinet-Robinet and Ma-
haux® indicate it is very unlikely that such struc-
ture can be the chance effect of random fluctua-
tions.’ The first test (IV.3. in Ref. 5) involves
calculation of the fotal number of runs above and
below an arbitrary reference value R. (A run is
defined as a sequence of independent data points
all of which are above or all of which are below
R.) The second test (IV.5. of Ref. 5) is based on
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FIG. 2. Measured analyzing powers as a function of
incident proton energy for the reaction 2Al(p,p’)*"Al
at 6,,,=145°, The solid lines have been drawn through
data points which have been smoothed over an interval
26E of 300 keV.

the length of the longest run observed both above
and below R. Random data will generally consist
of a relatively large number of mostly short runs.
Note that these are only two of numerous possi-
ble tests. It is necessary to satisfy just one to
indicate nonrandomness.

Values of A, averaged over 2 to 3 times I'' and
separated by 2 to 3 times I"' were considered in-
dependent.'* In the absence of intermediate struc-
ture, the data points of Fig. 1(a) would thus fluc-
tuate randomly about an average value defined by
the direct-reaction contribution which is assumed
to be constant. Test 1 indicates that it is less
than 1% probable that either the Mg p, data
points or the Mg p, data points in Fig. 1(a) con-
stitute a set of independent random numbers.
Test 2 indicates nonrandomness at the 1% level
for the *'Al p,, state at 145° and for the *Mg p,
state at 140°.

These tests were applied to the entire range of
data at once. Test 2 is more sensitive if it is ap-
plied successively to regions of data only slight-
ly larger than the width of the apparent interme-
diate structure. The assumption of a flat direct-
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TABLE 1. Probability P that the data are random.
The value listed is the smallest value obtained from
the statistical tests described in the text.

Angle Angle

Reaction 120° 140° 160° Reaction 145°
2%Mg(p,py) >0.05 >0.05 >0.05 *'Al(p,p,) >0.05
®Mg(p,py)  0.01  0.01 >0.05 2TAL(p,p,) 0.01
WMg(p,p,)  0.05 0.01 0.02 *"Al(p,p) >0.05
’ 27A1(P 9p5+6) 0.01

reaction background is also essentially certain
for a small energy range. The probability P of
satisfying this modified Test 2 was calculated
for computer-generated random numbers. Table
I summarizes the results of all these tests. No
nonstatistical structure was positively identified
in forward-angle data. The p, and p, data for
?*Mg and the p, and p,,, data for *7Al are thus not
in accord with the predictions of the statistical
model. This statement remains true for all but
the *7Al p, state even if the “independent” aver-
aged data points have a normalized correlation
of about 0.30; the probability that the p, data are
random would increase to about 7% in this case.

Calculations of normalized cross correlations
R%’ petween different channels a also indicate
that the data are not random. Because we were
searching for intermediate structure of width
about 1 MeV, the correlations were calculated
over an interval of 1.2 MeV for both actual and
smoothed data. Since finite-range-of-data er-
rors are not yet known for A, correlations, the
probability of obtaining large values of R**’ was
calculated for computer-generated random num-
bers. Comparison of the values of R’ for the
actual data with the computed values for random
numbers is thus another test of whether the aver-
aged data are consistent with randomness. For
27Al, the cross correlations between p,-p,, po-
Ps+e, and py-p..¢ all appear to be nonstatistical,
as expected from Fig. 2. For example, for 1.2-
MeV intervals around all energies between 8.1
and 9.1 MeV, |R(p,-psse)l is greater than 0.6 for
the unsmoothed data and greater than 0.8 for the
smoothed data; this is less than 1% probable for
random numbers. The correlations for Mg are
not as pronounced, but they also are very unlike-
ly for random numbers.

This correlation analysis and the statistical
tests of randomness clearly indicate nonstatisti-
cal structure. Is it possible that we are deceived?
Of course, improbable events do occur. In addi-
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tion, an unusually rapid variation with energy of
the direct-reaction background, very different
from the slowly varying predictions of the dis-
torted-wave Born approximation, might distort
the statistical analysis. Finally, an improbably
large correlation between the “independent” data
points of Fig. 1 would also increase the probabil-
ity that they could arise from random nuclear am-
plitudes. According to Ericson fluctuation theo-
ry,' the normalized autocorrelation C(¢) is only
0.10 if € is 3T, but this is not known for A,. Thus
a decisive test of our analysis would involve cal-
culation of the probability distribution of A, for
inelastic scattering using random compound nu-
clear amplitudes. Haglund and Thompson'® have
begun to perform such calculations for elastic
scattering where the number N of independent re-
action channels is much smaller than for inelas-
tic scattering. While initial indications are that
A, has somewhat larger correlations and fluctua-
tions than the cross section, similar calculations
of cross sections for N=1 show apparent struc-
ture which is quickly damped as N increases.?
Even the N=1 structure would not appear non-
random according to the statistical tests of Ref.
5.

The nature of the apparent intermediate struc-
ture is not yet understood. Previous analysis of
cross-section data for Mg indicated no signifi-
cant deviations from the statistical model®; for
27Al there are indications of nonrandom structure
in the cross section but positive identification
would be very difficult.*® There is stronger evi-
dence for structure in the (p,a) reaction on
2Mg.'® The relationship between the structure
in the cross section and the structure observed
here in A, is not simple, but this is expected
since peaks in the A, excitation function must
correspond to the interference of at least two en-
trance-channel partial waves.!® The fact that so
much structure is observed for both 2Mg and 27Al
makes it likely that overlapping intermediate
states are at least partly responsible in both cas-
es. This could account for the fact that unusual
structure is not clearly visible in cross-section
data; it becomes visible in A, data because of
the sensitivity of A, to interference.

Further clues to the origin of the observed
structure are presently being sought by extend-
ing the measurements to higher energies (where
we have now found further structure), and to
neighboring nuclei, and by analyzing the angular
distributions of A,. It may be noteworthy that the
structure observed here in 4, for *’Al(p,p’) is
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surprisingly similar to structure previously ob-
served in the cross-section excitation function
for the ?"Al(p,v,)?**Si capture reaction.'” Explan-
ations of the bumps in terms of more general
doorway configurations such as particle-vibration
coupling® may also be possible. In any case, the
striking nature of the structure observed here in
Ay, compared to the much more gentle average
structure observed for so long in cross-section
studies, suggests the importance of pursuing this
investigation both theoretically and experimental-
ly.
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correspondence.
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The g factor of the 6,* state at 3189 keV (T'y;,=5.4 nsec) in #2Ca has been remeasured
with a significant improvement in accuracy by a pulsed-beam time-differential method
using an in-beam superconducting magnet at 61 kG. The g factor obtained is g(6;*)=—0.415
+0.015. A g(vfy,)=—0.53+0.02 is extracted from this result by use of the coexistence
wave function due to Erikson; this value is in agreement with the single~particle value of
— 0.547 indicating a negligible orbital anomaly ég;.

The study of the magnetic moments of nuclear
states near doubly closed shells provides a use-
ful probe into the magnetic properties of nucle-
ons inside nuclear matter. Because of the struc-
ture of the bare M1 operator, there are no first-
order core-polarization contributions to the sin-
gle-particle magnetic moment from a core which
is doubly closed in both L-S and j -j coupling,
as for the *°Ca nucleus. Recently there have been

theoretical efforts’"* to understand the magnetic
dipole moments of states in the Ca region in
terms of effective f,,,-nucleon moments and
hence to test the additivity of f,,, magnetic mo-
ments in this region. The determination of wheth-
er there are anomalies in the orbital part of £, ,-
nucleon g factors, 8g,, due to mesonic effects®

is of considerable interest. The magnetic mo-
ment of the 6,* state in **Ca plays a pivotal role

497



