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(.losely spaced differential cross sections have been obtained for elastic and inelastic scattering of protons
by Oi6 (0 ~& Q &~

—8.88 MeV), At laboratory angles of 80, 100, 120, 140, and 160', continuous elastic excitation
curves over the energy range from 13 to 19 MeV were obtained by a thick-target technique. For proton en-

ergies between 14.8 and 19.2 MeV, additional measurements with about 200-keV energy resolution were made

by conventional thin-target techniques. Numerical values of cross sections for elastic and inelastic scattering
are presented for the angular range from 15 to 160' at typically 10' angular and 200-keV energy intervals.
Differential cross sections often change by a factor of 2 within 200—500 keV for large as well as small angles.
The largest resonance is found at 14.9 MeV, but fluctuations at the upper end of the energy scale (= 19
MeV), particularly for inelastic scattering, are not significantly smaller. Some, but not all, of these strong
fluctuations occur slightly above the five reaction thresholds (p, 2p), (p,d), (p,He'), (p,prr), (p, ri) in the 12-
to 19-MeV region. Previously, nine of the elastic angular distributions reported here had been made available
for analysis by the use of an optical-model search code. Fits to within 10% were obtained, but the optical-
model parameters for good its showed strong energy dependence. It is suggested that simple potential scat-
tering provides an insufficient explanation for 0"(p,p)0" for the energy region investigated. The inter-
ference of potential scattering with compound nuclear scattering is discussed and shown to be very notice-
able, even for 200-keV energy resolution. Data and analysis emphasize the need for a theoretical approach to
scattering which takes explicit account of easily formed states in light nuclei.

I. INTRODUCTION cross sections for back angles are known to change ra-
pidly with proton energy up to bombarding energies of
at least 20 MeV. 7 For low proton energies many narrow,
I'(100 keV, resonances have been observed. ' ' At
higher energies, e.g., between 8.5 and. 13 MeV, most of
the known resonances seem to have widths between 120
and. 350 keV."It is, therefore, not unreasonable to
expect that for energies above 13 MeV the energy reso-
lution of cyclotron beams will suffice to reveal most of
the strong resonances. The exact d,etermination of their
wid, ths and, the detection of narrow resonances, of course,
would, have to await the completion of high-energy,
high-resolution accelerators.

The level density and the level widths in the com-
pound nucleus (F") increase as the energy is increased,
and fluctuations in scattering cross sections become
shallower and broader. One might ask if, as in heavier
nuclei, there is an energy in the 10—20-MeV region above
which optical model and distorted-wave Born approxi-
mation (DWBA) scattering theories can correctly ac-
count for most of the scattering amplitude. In order to
facilitate an answer to this question, differential cross
sections were measured for relatively small angular and
energy intervals. Most of the elastic angular distri-
butions presented in this paper, together with lower
energy cross sections obtained. by Kobayashi, ' were ana-
lyzed by Duke' with the UCI.A optical-model automatic
search program. " Just as for the similarly analyzed

'

~'OR heavy nuclei, the density of states of given spin
and parity at several MeV excitation is so high that

compound. -nuclear contributions to proton scattering
can either be calculated, by statistical methods or safely
ignored, for low-lying states. For light nuclei, it generally
is not permissible to neglect the compound contribution
to scattering, even if the excitation of the compound,
system exceeds 15 or 20 MeV. Interference effects of
"direct" and, "compound" scattering amplitudes remain
very noticeable. The intent of this work is to study cross
section changes with energy for scattering of protons by0" in detail and. , if possible, to find the magnitude of
the strongly energy-dependent part of the scattering
aiTiplitude for this particular nucleus and energy
region.

Scattering of low-energy protons by O" has been
investigated repeatedly, and for energies up to 13 MeV
very recent and detailed high-resolution excitation func-
tions exist. ' ' Above 13 MeV, experimental data are
much less complete and consist of a few angular d,istribu-
tions at different bombarding energies. ' ' Ois(p, p)ots

t This work was supported by the U. S. Atomic Energy Com-
mission and the Higgins Scientific Trust Fund, and the National
Science Foundation.
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be obtained by measuring the C"(p,p)C" cross sections
immediately following or preceding each Mylar run
with a polystyrene (C„H„) target. Apart from the
necessary subtractions at small angles thin target 0'6
data were obtained and analyzed, in a manner identical
to that described for C" data in Ref. 12, and, simultane-
ously with them. Mylar targets were preferred over a
gas target because they permitted the combination of
good, angular resolution, easy absolute cross-section
measurements, and high counting rates. Commerical
chemical analysis of the Mylar foils used, yield, ed a
composition C~004H8. 3 plus negligible traces of heavier
elements. The chemical analysis is believed. . to be ac-
curate to 0.5 j~ for carbon and oxygen and to 2'P~ for
hydrogen. The pulse-height resolution of the NaI(T1)
scintillation counters used, was better than or close to
2 jo for 15-MeV protons. This resolution, however, is
still insufhcient to resolve the doublets at =7 and =6
MeV (see Fig. 1). At one energy (17.0 MeV) several
spectra were taken with a 1-mm-thick gold surface bar-
rier detector (Molechem, Inc.) which was mounted at
an angle of 60' with respect to the proton trajectories.
A 2-mm-d. eep sensitive region obtained in this manner
stopped 17-MeV protons, and the improved, resolution
allowed an estimate for the cross sections of the 6.92-
and 7.12-MeV states individually (Fig. 2). The energy
resolution in these particular runs was about 145 keV
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0 20 40 00 00 IOO 120 I40 ISO 100 0 220 240
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FIG. 1. Typical NaI scintillator pulse-height spectra of 17.6-
MeV protons scattered from a thin Mylar target through 60' and
150'. Peaks are labeled by isotope and excitation energy. For
Ol,b=60' the shape of the 7-MeV group indicates comparable
excitation of the 6.92- and 7.12-MeV levels.
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C"(p p) C" scattering "' all data above 12 MeV could
be fitted for angles up to 160' to about &10%or better;
however, these fits could be obtained only at the cost
of considerable and nonsystematic energy variation of
some optical-model parameters. The difhculties with
energy variation of parameters were worse for 0" than
for C".This is consistent with the observation that the
fluctuations of all 0"(p,p')0" cross sections are even
more pronounced than the fluctuations in the C"(p,p') C"
cross sections for the same energy region.

II. EXPERIMENTAL METHODS

The inelastic and most of the elastic cross sections
presented, in this paper were obtained by conventional
scintillation counter (NaI) spectroscopy. Commercial
Mylar foils (Cis04Hs) served as targets and were always
chosen to be thinner than 100 keV. At angles smaller
than 60' the C" and 0"elastic peaks were not resolved
However, reasonably accurate 0" cross sections could.

"J.S. Nodvik, C. B. Duke, and M. A. Melkanoff, Phys. Rev.
125, 975 (1962)."W. W. Dsehnick and R. Sherr, Phys. Rev. 133, 8934 (1964).
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FIG. 2. Pulse-height spectra of 17-MeV protons taken with an
early Au surface barrier (Si) detector. For 81,b=70' the 6.92—
7.12-MeV doublet is resolved. Peak widths are essentially that of
the beam width, except for the group at 6.1 MeV which appears
slightly broader. The continuum "background" is due to elastic
protons which lost only part of their energy in the depleted region.
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Fxo. 3. Comparison of data presented in this paper for 8),b=80'
with previously published cross sections. 81 b=80' corresponds to
the second diGraction maximum for elastic scattering, and com-
parison with other publications is most sensitive to the calibration
of the absolute cross-section scale. Differences in energy and angu-
lar resolution will have little eGect on the agreement.

and mostly due to the energy spread in the cyclotron
beam. The excitation energy of the 6-MeV group was
measured as Q= —6.1&0.020 MeV and its width was
160 keV as compared to 145 keV for the 8.88 MeV and
the elastic peaks. This suggests that the 6.05-MeV (0+)
state is still weakly excited in inelastic proton scattering
at 17 MeV. (It is quite strongly excited below E„=10
MeV. ') In the cross sections given below the first four
0"levels are lumped into the 6.1- and, 7.0-MeV groups,
since only the sum of the cross sections for each doublet
is known reliably.

Thick-Target Measurements

Previously a time-saving thick-target method" had
been successfully used in this laboratory for the measure-
ment of excitation functions. It was again employed for
0"with some degree of success, and we briefly review
the experimental procedure: An oxygen target, about
2 MeU thick for the incoming beam, was placed at the
center of the Princeton 60-in. scattering chamber. Scat-
tered protons were observed with a NaI(T1) scintillation
counter at back angles (80—160'), while the target was
positioned in such a way that the detected protons
entered and left the target through the same surface.
Thus the energies of the emerging, elastically scattered,
protons varied greatly, depending on the depth (and,
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Open circles are data taken from Ref. 6 and plotted at 100 keV
higher energies to compensate for diGerent energy calibration.
Crosses are data by Hardie et ul. ' Errors are shown where they
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therefore, energy) at which they were scattered. As
shown, in Ref. 12, such thick-target spectra are easily
transformed into diGerential excitation functions.

The construction of a thick 0"target presented. some
experimental problems. Ice, water, and LiOH targets
were used initially, but none was sufficiently uniform
or stable under bombardment for the experimental ac-
curacy desired, . Finally a high-pressure gas target was
built, which in most respects proved satisfactory. The
main drawback was that the protons had to pass twice
through a relatively thick (0.002-in. ) steel window, and
straggling and multiple small angle scattering reduced
the angular and energy resolution of the thick-target
data. "In addition, the background caused by inelastic
scattering from the steel window could not easily be
corrected for. Typically, the energy resolution obtained,
for the thick gas target was about 300 keU, and, the
angular resolution 68= ~2'.

A thick-target survey for elastic excitation functions
was made for 13(E(18.5 MeU at the angles Oi,b

——80,
100, 120, 140, 160'. This survey revealed a number of
very pronounced if broad (=500 keV) fluctuations.
Interest in optical-model analysis of 0"(p,p)O" scat-
tering and the experimental usefulness of good absolute
cross sections prompted us to supplement this initial
survey by conventional thin-target cross section meas-
urements, as described in the first paragraph. Thin
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plotted on log scales. Elastic-scattering cross sections at this angle
fiuctuate by about 10% while inelastic cross sections fiuctuate by
nearly a factor of 2. The Q value of the level near 8.9 MeV is taken
from the literature LT. Lauritsen and F. Ajsenberg-Selove,
Nuclear Data Sheets—Energy Levels of Light Nuclei —May 196Z
(National Academy of Sciences—National Research Council,
Washington, D. C., 1962), NRC 61-56$, the other values are
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target measurements provided better angular and
energy resolution in addition to absolute values for
elastic and inelastic cross sections. Therefore, in the
final analysis the thick-target d,ata were not normalized
internally as in Ref. 12; rather the absolute cross-
section normalization for each thick-target run (covering
a range of about 1.5 MeV) was obtained by comparison
to our thin-target data for the corresponding interval.
All thick-target cross sections so obtained are included
in Figs. 3—8. In Table I, thick-target cross sections are
given only for energies where no thin-target data were
taken.

III. EXPERIMENTAL ERRORS

Energy Resolution and Errors

The cross sections reported in this paper were ob-
tained with various experimental arrangements, and.
resolution and errors are not quite uniform. The largest
energy errors pertain to the thick-target data which are
included in Fig. 4, but are not generally tabulated. Typi-
cally their energy resolution was about 300 keV while
the absolute values of the mean scattering energy were
measured with a range-energy device'4 to an accuracy of
&100 keV.

For thin-target runs the energy resolution was
130(AE(180keV and mostly a function of the cyclo-
tron performance. The mean bombarding energy was
measured with the previously mentioned range-energy

"G. Schrank, Rev. Sci. Instr. 26, 677 (1955).
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TABLE I. Experimental cross sections for 0"(P,P)0" in the laboratory system.
Angles in degrees, differential cross sections iu mb/sr.

+lab+

14.8
15.0
15.2
15.4
15.6
15.8
16.0
16.2
16.4
16.6
16.8
17.0
17.2
17.3
17.4
17.5
1'?.6
17.7
17.8
17.9
18.0
18.2
18.4
18.6
18.8
19.0
19.2

1460 493
1400 507
1513 548
1540 560
1493 551
1480 532
1479 600
1511 558
1540 634

581
1490 564
1370 560
1433 564
1450 584
1470 602
1420 600
1420 582
1406 578
1464 599
1466 598
1440 567
1424 580
1520 614
1529 637
1493 631
1530 669
1444

175
163
186
182
158
163
166
196
199
179
169
184
200
190
183
178
182
186
189
191
182
176
184
186
185
181

15' 25' 35' 45' 50'

39.6 28.7
38.1
37.8 23.0
37.2
28.8
28.8
31.5
33.7
36.7
42.3
40 1
45.5 25.2
47.9
44.9
48.5
40.2
40.8 29.2
40.2
45.2
39.3
39.9 25.6
36.2
34.9 25.0
35.1
34.0
35.3
38.1 24.5

60' '?0'

34.6 46.7
34.9
36.0 51.3
39.7
44.9 64.8
42.0
38.4 60.8
34.0
29.9 46.4
31.7
28.0 43.4
27.2 42.5
333
37.4 47.2
38.6
39.1
40.6 51.7
42.2
43.1
42.5
43.0 53.5
44.8
43.2 52.7
43.8
42.6 51.2
42.8
37.2 50.8

80'

48.1
46.5
48.3
48.5
58.2
59.0
58.2
53.0
51.0
46.0
43.2
40.8
39.5
42.8
42.0
45.0
45.8
46.0
42.5

43.4

40.3

40.7

90'

41.7

33.4

35.9

40,2

38.4

33.3
31.6

31.1

30.9

28.2

24,0

21.9

23.3

37.3 31.2 23.4 17.8
30.0 19.5
22.2 13.5 14.7
19.2 10.3
18.5 10.2 10.7 15.2
18.6 6.5
20.0 7.91 4.77 9.00
20.2 4.40
21.8 8.74 4.06 5.40
19.5 4.35
17.1 6.57 3.03 4.51
20.5 10.3 4.42 3.37
20.0 6.00
20.2 11.4 6.68 6.27
20.5 6.50
20.0 6.40
17.1 9.00 5.43 6.59
1/.2 4.90
18.0 5.25
19.0 5.05
16.4 9.24 5.08 3.63
15.0 5.55
12.3 7.21 4.80 3.61

20.3 32.7 50.8
18.7 47.6
18.7 26.4 36.6
18.5 31.4
19.7 22.8 24.7
17.8 17.3
14.5 17.5 16.8
13.0 17.4
9.11 14.1 17.7
7.85 16.0
7.43 9.89 11.2
5.72 8.61 10.6
7.20 14.1
8.80 13.3 16.6
8.90 17.6
9.40 18.0
9.98 14.3 17.1
8.15 17.5
7.20 17.6
6.40 17.9
5.83 11.0 17.9
5.55 16.5
4.59 7.79 13.1

10.8
5.31 8.90

7.67
3.36 4.78

15.8

9.68 5.29 4.31 3.68 3.60

3.90 3.70 3.59 3.399.16

100' 110' 120' 130 140' 150' 160'

Relative 5%%uo 5.5%%uo 5% 7% 1O% 5%%uo 5% 5%%uo

error
5%%uo 25% 25'%%uo 25'%%uo 25'%%uo 2.5'%%uo

0 (p,p')0
t ttt

m t' tttt tt
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Fro. 7. Elastic and inelastic excitation functions at el,b=120'.
Recently a similar elastic excitation curve was measured with
a smaller beam energy spread (=50 keV) LR. A. Kene6ck, W. S.
Gray, and J. J. Kraushaar, Bull. Am. Phys. Soc. 9, 68 (1964)g.

device to +50 keV and regulated to &0.1%. A cross
check for the accuracy of the absolute energy deter-
mination was made by remeasuring the excitation
curve for 0"(p p)O" for 0=160' and 16.7(E(17.5

MeV with a magnetically analyzed beam with a total
energy resolution of 60 keV" (crosses in Fig. 8). The
position of the sharp minimum near 12.0 MeV agrees
very well within the quoted errors of the two indepen-
dent measurements. Cross sections below 15.7 MeV can
be compared with data by Kobayashi' (Figs. 3, 4, g,
and 9). The agreement is excellent except for a system-
atic difference of about 100 keV in the energy scales.
This difference is smaller than the sum (125 keV) of the
experimental uncertainties reported. It becomes smaller

yet if the same range-energy curves are used for the
determination of the beam energy. For instance for a
range of 385 mg(A1)/cm' more recent curves" give
an energy 8=16.00 MeV while the curves used by
Kobayashi'v yield 15.96 MeV. Our remaining difference
in energy scale is about 60 keV, and well within the
combined experimental uncertainties. Comparison with
another set of published 0"(p,p)0"cross sections' with
regard to the energy scale is possible but somewhat am-
biguous, since the cross sections are given for diGerent
back angles. It appears, however, that the energy scale
of Ref. 7 differs by about 200 keV from ours and by
about 300 keV from Kobayashi's. '

"The Princeton beam analyzing magnet was recalibrated by
R. Pollock to d E&&30 keV. The author is indebted to Ch.
Whitten for performing the cross check with the analyzed beam.

"Our range energy values for Al were taken from H. Bichsel,
Phys. Rev. 112, 1089 (1958); End (private communication 1961).

"H. Bischel, R. I'. Mozley, and W. A. Aron, Phys. Rev. 105,
1788 (1957).
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Cross-Section Errors

Uncertainties in the differential cross sections are due
to counting statistics (&2% for elastic scattering), the
need for background (or C") subtraction, counting loss
corrections, imperfect reproducibility of energy settings,
uncertainties in counter geometry and in charge and
angular readings. These errors were estimated and added
as random errors, and are given at the bottoms of
Tables I—IV. In addition to the errors quoted, we may
have unknown systematic errors due to possible faults
in target uniformity, charge integration, and zero-angle
calibration. The angular calibration error is &0.2'.
Systematic cross-section errors are believed, to be smaller
than 5% at e~,b

——15' and smaller than 3% for all other
angles. For comparison with other work such systematic
uncertainties should be added to the explicity quoted
random errors.

In the energy range investigated comparisons with
results from Ref. 2 at 13.0 MeV and Refs. 6 and 7 at
several other energies can be made and are shown in
various figures. Wherever variations of differential cross
sections with energy are small we find the expected
agreement with all references quoted. In strongly energy-
dependent regions, agreement remains good with Refs. 2
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Fro. 9. Comparison of total cross sections for 0"(P,n)N"
(Ref. 30) with total cross sections for inelastic scattering. Open
circles are data by Kobayashi (Ref. 6). Solid dots and crosses refer
to present work. Partial cross sections are shown for elastic scatter-
ing. Proton energies and excitation energies are in MeV.

and 6. But discrepancies with Ref. 7 of up to 20% ap-
pear, which are outside the combined experimental
errors and possibly due to a di6erent energy calibration.

FIG. 8. Elastic and inelastic excitation functions at 01 b=160'
(solid dots). Open circles are values taken from Ref. 6. Crosses are
high-resolution data with aE(60 keV (Ref. IS). The threshold
energies for various nuclear reactions are shown below the energy
scale.

IV. DISCUSSION OF ELASTIC-SCATTERING RESULTS

Difterential cross sections in the laboratory system
for elastic and inelastic scattering are presented in
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TAnz z II. Experimental cross sections for 0"(p,p')0"* (6.1 MeV) in the laboratory system.
Differential cross sections in mb/sr, angles in degrees.

25 35' 45' 50 60' 70' 80' 90' 100' 110' 120' 130' 140' 150' 160'

14.8
15.0
15.2
15.4
15.6
15.8
16.0
16.2
16.4
16.6
16.8
17.0
17.2
17.3
17.4
17.5
17.6
17.7
17.8
17.9
18.0
18.2
18.4
18.6
18.8
19.0
19.2

13.9

9.7

13.6
15.8
19.1
17.0
12.0
15.7
15.7
14.3
12.4
11.2
13.1
14.0
13.4
12.8
13.5
11.6
11.9
10.8
11.3
12.1
13.4
12.0
10.7
9.6

10.4
10.1

12.0
13.0

10.8 10.5
12.2
14.1 13.2
13.1
11.7 10.1
13.3
14.8
12.3
10.7
94
9.6

12.0 10.8
12.9
12.0
12.7
11.8
11.5 11.5
12.3
13.2
13.1
11.9 11.0
11.6
10.9 10.2
10.2
11.9 11.5
12.3

10.9

7.9 7.4 8.1 8.3 8.9 8.7 8.7

9.9 9.6 8.2 8.2 7.2 6.3 5.3

10.2 9.5 8.2
10.6
11.6 10.8 10.0
10.2
9.4

10.1
11.6 9.6 7.2
11.3
9.0 7.7 6.3
8.1
7.2
8.8
9.3

10.0
10.2
10.0
10.5 8.8 6.5
11.5
12.1
12.2
11.2 9.1 7.2
10.3
9.8
9.8

10.1 7.8 6.5
10.4
10.3 8.4 6.2

7.9 6.0 5.8 5.7 5.6 5.6 5.3 5.5 5.7

5.9 5.0 5.3 5.5 6.0 6.7 7.6

5.2 3.67 3.48 3.28 3.51 3.66 4.06

4.47 4.85 4.69
5.9 5.2 5.3

6.0 5.4 4.7 5.0
6.9 5.4 5.1 5.1

4.34 4.63
5.2 5.6

4.86 4.79 '4.557.3 5.3 4.80 4.87 4.62 5.0

3.93 2.96 3.34 3.97 4.49 4.19 3.91

4.11 3.79 3.64 3.37 3.46 3.438.2 7.0 5.2

4.62 3.52 3.46 3.40 3.53 3.43

4.58 3.34 3.27 3.27 3.30 3.30

2.80

3.04

4.89 3.08 2.01 2.69 3.24 3.77 4.14

8.5
6.9
4.8
5.4
6.6
8.8
8.6
5.8
4.41
4.57
4.90
6.0
5.7
5.0
4.58
3.85
3.06
3.29
3.13
3.46
3.63
3.56
3.18
2.42
2.40
2.69
2.47

Relative
error

10%%uo 4%%uo ~%%uo ~% 4'%%uo ~% ~%%uo ~%%uo 5'%%uo ~%%uo

TABLE III. Experimental cross sections for 0"(p,p')0"* (7.0 MeV) in the laboratory system.
Differential cross sections in mb/sr, angles in degrees.

gelsb
+bLbg 15' 25 35' 45' 50' 60' 70' 80' 90' 100' 110' 120' 130' 140' 150' 160'

14.8
15.0
15.2
15.4
15.6
15.8
16.0
16.2
16.4
16.6
16.8
17.0
17.2
17.3
17.4
17.5
17.6
17.7
17.8
17.9
18.0
18.2
18.4
18.6
18.8
19.0
19.2

5.5
4.5

3.9

5.17
7.4
9.6
7.8
7.0
6.2
7.1
8.9
8.7
95
8.5
6.6
6.9
5.3
6.4
8.7
8.2
9.9
94
7.6
8.2
7.3
7.0
6.6
7.4
7.0

8.0

9.0
7.7

7.9

8.8

5.5

7.0

6.4

8.3
8.3
8.6
7.9
7.0 5.8
6.2
6.5
6.8
6.6
7.3 7.2
8.3
7.9
6.8
6.1 5.7
6.7
7.3 7.0
8.2
7.0 6.8
6.9

5.6

5.7
5.6
6.0
5.4
6.2
5.7

5.0
5.2
4.8
4.2
5.0
5.0
5.0
4.6
4.8
4.9
5.1
5.2
4.2

3.6
47
5.2
4.9
4.8
4.3

6.4 5.5 5.6 5.2 5.2 4.7 4.0 3.9 3.7

5.4 5.0 5.0 4.8 4.2 3.7 3.2 3.2 3.8

5.4 4.7 4.6 4.2 3.8

4.3 3.4 3,2 2.89 3.1 3.7 4.2

2.71 2.83 2.60 2.62 3.0 3.42 3.5 3.6

2.74 2.15
3.8 2.46

2.40 2.40 2.78 3.1
2.21 2.26 3.1 3.3

3.1
3.4

3.6 3.2 2.68 2.81 3.7 3.6 3.8

3.7 2.79 3.0 3.3 3.6 3.6 3.1

2.90 2.77
3.4 3.0

3.3

2.91 2.83

1.45 1.95

1.93 2.39

1.97 2.09

1.91 1.88

2.57 2.18 2.35 2.34 2.12 1.78 1.50

3.0 2.09 1.93 2.14 2.07 1.96 1.88

3.2 2.14 1.95 2.04 2.36 2.21 2.08

2.73 1.80 1.96 2.07 2.77 2.33 2.06

3.4

3.5
3.5
3.6
3.8
3.4
2.37
2.67
2.57
2.88
2.81
2.95
3.07
2.89
2.89
2.42
2.39
2.53

2.88
2.54
2.39
2.10
1.78

Relative
error

20% 10% 6% 5'%%uo &%%uo 6% 5'%%uo 6% &%%uo &%%uo 6'%%uo 5%%uo
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TABLE IV. Experimenta1 cross sections for 0"(P,p') 0"~ (8.88 MeV) in the laboratory system.
Angles in degrees, differential cross sections in mb/sr.

5o 25o 35o 45o 5Po 60 7P 8Q 90 100 11Q 12Q 13Q 14Qo 15Po 160o

15.0
15.2
15.4
15.6
15.8
16.0
16.2
16.4
16.6
16.8
17.0
17.2
17.3
17.4
17.5
17.6
17.7
17.8
17.9
18.0
18.2
18.4
18.6
18.8
19.0
19.2

3.0
3.0
2.6

2.8 3.2
3 2 3 8

3.2

2.9

3.6
3.2
2.3
2.6
3.1
3.0
3.9
4.5
2.3

2.7 2.5
1.7 2.6

2.4
2.7
2.7
2.8
2.4 2.7
2.3
1.9 2.6
2.0
2.0 2.5
2.9 3.2
2.9 3.3
2.1 2.9
2.3 3.0
2.4 3.0

1.2
0.86

1.4
1.0

1.8
1.4

3.4 2.2
2.5 1.9

4.1 4.7 4.9 5.7
3.7 4.0 4.7 4.6 4.3

4.1
3.3 3.6
3.5
3.4
3.0 2.7
2.4
2.2
1.7

1.9 2.0 2.1
2.5
3.1 2.9
3.7

3.0 3.5 2.8 2.9
3.0
2.6

5.2 4.7
3.7 3.4

1.51.93.3 2.6 2.33.9 3.6

1.7 1.3 0.922.5 2.03.1 2.63.1 3.0

0.75

1.5 0.77
1.2

1.5 1.2
1.1

0.85 0.87
0.63
0.82

2.i 2.4 2.8 2.9 3.0 2.6 2.1

2.7 2.7 3.0 2.9 2.33.5 2.5 2.3

2.0 1.7 1.7 1.5

2.1 2.0 1.7 1.3

2.4 2.5

2.8 2.72.9 2.7

2.0 2.6 2.4 2.9 2.3

2.4 2.5 3.2 2.9 2.9 2.3 2.1

3.3 3.8 4.1 4.6 4.1 4.0 3.1 2.8 2.7 1.8

3.9 4.7 5.8 5.7 6.0 4.8 4.0 3.0 2.4 2.1

Relative
error

20% 15% 20% 10% 10'% 10'% 10'% 10'% M% 10% 10'% 10'% 10'% 15'% I&% 10'%

Tables I—IV. The numerical values given were usually
taken from the thin-target runs and often represent
weighted averages of more than one measurement. The
tabulated differential cross sections can be viewed either
as closely spaced angular distributions or as excitation
functions, with the same relative (random) errors in
either view. A comparison of our data with that of
several other experiments is given in Fig. 3. Graphical
presentations of most of the present data are given in

F&gs. 3—8.
A study of our experimental cross sections (Fig. 4)

reveals Quctuations that are both much narrower and
more pronounced than those expected from optical-
model resonances in this energy region (compare with
Ref. 12). On the other hand, we no longer have isolated
compound nucleus resonances, but strongly interfering
ones. This makes a quantitative analysis of the experi-
ment very dificult. If the level density in the compound
nucleus F' were high enough, a statistical interpretation
of the cross-section fluctuations' might be attempted.
Two facts speak against using this interesting approach
for this experiment: (a) For many of the fluctuations
reported here, the experimental energy resolution is
comparable to the width rather than much narrower,
and, existing theoretical formulas would have to be modi-
fied accordingly. (b) The theoretical assumption of very
high level density for levels of the same spin and, parity

is probably not justified in F'r for —13)Q) —19 MeV.
Well-isolated narrow ((5 keV) levels in F"have been
observed as high as Q= —13.034 MeV. '

In view of the continued success of the optical-model

approach for heavier nuclei, it seemed necessary to
investigate to which extent conventional optical-model
analysis of 0"(p,p)O" could explain the dominant fea-
tures of the elastic scattering in this energy region. Duke'
made a very complete 0"(p,p)O" analysis, which in-

cluded data obtained by Kobayashis (for 8.66(Z„(15.6
MeV), and by this author (15.2&8(19.2 MeV) as well

as polarization results available for a lower energy
(10 MeV)."It was found that without changes in the
optical-model parameters from energy to energy only
extremely rough 6ts to the data could be obtained.
Similarly fits with only two energy-d. ependent parame-
ters (V,W) remained unsatisfactory for 0".In order to
reproduce all experimental data to within at least a few
standard deviations, five or more parameters had to be
varied. Duke's analysis showed that the variation of six
optical-model parameters within physically reasonable
limits permits us to 6t all experimental angu1ar distri-
butions to within about 10% or better. ' The actual
range of the parameters was 0.3(u &0.6F, 0.2 &b & 1.4F,
43(V(53 MeV, 0~& S'~&4 MeV, 1&W~(28 MeV, and
2.3(V,&12.3 MeV. We would draw these conclusions
from Duke's work: It is possible to obtain fairly good

' T. Ericson, Phys. Letters 4, 258 (1963), and P. A. Moldauer, "L. Rosen, J. E; Brolley, Jr., and L. Stewart, Phys. Rev. 121,
r'gd 8, 70 (1964), and. references therein. 1423 (1961).
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fits at any one particular energy with physically
"reasonable" parameters. But the need for rapid pa-
rameter variation with energy shows that the conven-
tional optical-model picture for scattering of protons
by 0" (and also" by C") is a considerable oversimpli6-
cation. For 0" it is not safe to assume that fitting pa-
rameters obtained at one particular energy will be
similarly useful at nearby energies, or that one good
optical-model 6t is sufhcient proof for the 'direct' nature
of the interaction. From the practical point of view
Duke's paper has left us with a very useful parameteri-
zation of a large amount of experimental. data. Since
his fits to the data are so close, his published parameters
permit the convenient derivation of good scattering
phase shifts and wave functions for DWBA calculations
in the region 8.7(E~(19.2 MeV.

It is clear from the early work of Feshbach, Porter,
and Weisskopf" that the optical model cannot account
for compound-nucleus contributions to elastic scatter-
ing. The very limited success of the straightforward
optical-model analysis of 0"(p,p)O" emphasizes the
fact that we cannot ignore compound effects. Thus, some
criticism" of Duke's approach has had the implication
that the compound, -nucleus contributions to the scat-
tering cross section should be and could be eliminated
before an optical-model analysis is made. There is no
doubt that it is desirable to eliminate or avoid compound-
nucleus effects. We feel, however, that for light nuclei
in the energy region under discussion, at present there
is no easy way to do so, and we shall try to show why.
Some experimenters hope to avoid the problem by
analyzing data only for angular or energy regions which
do not exhibit strong compound, -nucleus contributions.
Others calculate compound cross sections (by Hauser-
Feshbach theory") and subtract them from the ob-
served cross sections. There are indeed special situations
where one or the other method is successful. For in-
stance, if in the compound nucleus all levels, which can
be excited, have widths j.' much smaller than their
spacing D, F(&D, there will be energy regions, between
resonances, where scattering is pure potential scattering.
This often happens in light nuclei for very low bombard-
ing energies. The other extreme of very high level
density in the compound nucleus where D((AE (AE
=spread in bombarding energy) can be attacked, by
subtracting the predicted compound-nucleus contri-
bution. Cranberg" have obtained beautiful optical-
model fits to low-energy (=4 MeV) neutron scattering
in the lead region, in this fashion.

In the case of light nuclei with 10(E„(20MeV the
experimental situation does not fulfill the conditions for
either of the above methods. The level widths are of

'0 H. Feshbach, C. E. Porter, and V. F. Keisskopf, Phys. Rev.
96, 448 (1954).

21 Discussions at Gatlinburg, Conference on Compound Nuclear
States, j.963 (unpublished).

'~ W. Hauser and H. Feshbach, Phys. Rev. 87, 366 (T952) and
L. %olfenstein, ibid. 82, 690 (1951).

~ L. Cranberg (to be published).

the same order of magnitude as the level spacing, or
broader, and there are no regions of pure potential
scattering. On the other hand, our AE covers only a
relatively small number of levels, and so simple subtrac-
tion of a compound-nuclear cross section is not possible.
In the paper by Hardie et al.' optical-model fits (V, W
variable) for 0"(p,p)O" are shown for proton energies
&om 8.5 to 13 MeV. Most fits were calculated for ener-
gies as far as possible removed from pronounced reso-
nances (E,=13.048, 11.897, 11.297, 10.196, and 9.495
MeV). Some are for energies close to (within I') notice-
able fluctuations (E„=12.597, 10.744, 8.993, 8.495
MeV). Neglecting the fit at E~=8.993 MeV, which is
particularly poor, one would be justified in saying that
the quality of the fits decreases with decreasing energy,
and does not depend on the closeness of a resonance. A
disagreement of many standard deviations between data
and fits generally appears at angles as low as 60'. This
supports our contention that for 0"fluctuations due to
compound, -nucleus effects cannot be avoided by re-
stricting the analysis to forward angles and/or "quiet"
energy regions. A look at our data in the 13—1.9-MeV
region (Figs. 4-9) reveals no energy region free of
signi6cant fluctuations. Neither do we see a smooth
variation of cross section with energy at forward angles.
In fact it is easy to show that averaging over 200 keV
hardly suppresses any structure that one might expect
from the interference of direct and compound scattering
terms:

We may write the elastic-scattering amplitude as
T=TD+Tc, where TD stands for the part of T that
varies very slowly with energy, and Tz for the strongly
energy-dependent part. We can think of TD as similar
to the constant-parameter optical-model prediction.
(See, for instance, Ref. 12, Fig. 9.) We then can write for
the differential scattering cross section

o(0) =
I
Tl'=

I
Tol'

+Re (TD*Tc+Tc Tri)+
~

Tc~'. (1)

Our 200-keV spread in the beam energy allows the ex-
citation of various levels (presumably 10-100) in the
compound nucleus F'~. If the number of contributing
levels is large enough to satisfy the statistical assump-
tions for calculations of the Hauser-Freshbach" type,
the interference term should average to zero. Hence
o=oD+oc. Consequently the fluctuations, defined as
Do-=—0 —O-D, would be subject to the inequality

because oc= ~Tc~' is always positive. Since Hauser-
Feshbach cross sections have angular symmetry about
8, ,„=90' we can 6nd an upper limit for erg by assuming
o.c(8) ~& o (180—0) for small values of 9, where we take
0- and 0 in the c.m. system. let us, as a test, compare
Ao. (0, =26.4') and o(0=153.6'). U a statistical ap-
proach is vs.id, we should Gnd for the amplitude of
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Quctuations at 0= 26.4', for instance, that TABLE V. Locations and widths of Quctuations.

Ao (26.4') & o (153.6') . (3)

I rom Table I or Fig. 4 we find near 16.4 MeV ho(26.4')
=70 mb/sr and o.(153.6') = 16.3 mb/sr. Near 19 MeV
we find Ao (26.4') =45 mb/sr and o (153.6') =5.6
mb/sr. These examples severely violate inequality (3).
It is easy to find many other such violations at other
energies and angles, and also for C"(p,p)C" (Ref. 12).
This indicates both that the prerequisites for a Hauser-
Feshbach calculation are not present for 0", and that
less sophisticated, methods for the subtraction of com-
pound nucleus effects are certainly doomed to failure.

We can easily discuss the general case where the inter-
ference term contributes to the fluctuations.
Here

Ac=
I
2'I —

I
2'nl =«+ 2Re(Z nrc*) (4a)

Z„(lab)
(MeV)
a0.1

13.35
13.9
14.85
15.1
15.5
15.9
16.4
16.9
17.1
17.45
17.6
17.9
18.15
18.4
19.0

Approximate
width
(keV)

400-500
200-500
600-800
500—700
400-700
400-700
300-500
500-600
300-600
300—600
400—600
300—600
300-600
300-700
300-500

0
0
0, 6.1

6.1
0, 6.1, 7.0, 8.88
0, 6.1
0, 6.1, 7.0, 8.88
0

6.1
7.0
7.0
7.0, 8.880,

0, 6.1
7.0, 8.88

0, 6.1, 8.88

Resonating group—g {MeU)

or
(Aa —o c)'= 4{Re(TDTc')}'. (4b)

and, hence

or

(Re(TDTc*)}'~&onirc

(Aa oc)'~&—4o no c

IAo —ocl ~&+2(once)'", (5)

where o D and (7g are always real and positive, while ~o.
now may have either sign. This relation is quite general,
because it is only based on quantum mechanics and, riot
on any particular reaction model. The inequality can be
compared with experiment if we can estimate o.g. Out-
side the statistical approach we cannot, in general, ex-
pect symmetry with respect to 90' for compound-nucleus
contributions. But we may assume that in a large energy
interval, for instance from 16 to 19 MeV, compound-
nucleus contributions will be about equally as often
backward, peaked as forward peaked. We may then pre-
dict for instance, that for 8, =26.4' the largest
compound, -nuclear cross section is limited by the relation
oc ., (26.4') =o c .„(153.6') & o, (153.6') =20 mb/sr,
and may compare this number according to Eq. (5)
with the largest fluctuations at 0, . =26.4', which are
about &40 mb/sr. Inserting,

I
Ao.—ocl =

I
&40-20I &2(540X20)'"=208 mb/sr.

Now inequality (5) is well obeyed as it must be. We can
make a similar comparison for the high-resolution data
of Ref. 2, for instance, for 9.5&8„(13MeV. There
L&, (28') =&60 mb/sr, and o, (152')=40 mb/sr.
Hence

I
Aa —ocl =

I
&60-40I &2(375X40)'~'=245 mb/sr.

In order to find an upper limit for the magnitude of the
interference term, we recall that for any complex
number A, AA*= (ReA)'+ (ImA)'. Therefore,

LIm(2'D&c*) 7)
ol

Another comparison is possible for C"(p,p)C" data
between 14 and 19 MeV (Ref. 12). Since accurate data
are given for 0, = 16', we shall make our analysis for
16 and 1.64'. Ao(16') =+90 mb/sr, and o „(160')
= 19 mb/sr. Therefore

I
Ao —ocl =

I
&90-19I&2(780X19)'"=244 mb/sr.

In our examples the high-resolution data (AE(5 keV)
for 0" as well as the 200-keV resolution data for C"
and 0" have fluctuations that reach about 30—45% of
the predicted maximum values, for the energy regions
considered. If we recall that we overestimated both o-g

and. the real part of the interference term, we may con-
clude that the interference term contributes almost in
maximum strength, and is hardly reduced by the 200-
keV energy averaging.

As in the case of C" the phase shifts for 0"(p,p)0"
scattering (13(E„&19 MeU) indicate interfering rather
than isolated resonances. '4 The strongest resonances in
the elastic channel are seen near E„=13.35, 14.85, and
16.9 MeV. Generally, only locations and approximate
widths of large Quctuations can be pointed out (Table
V). There is a more sophisticated approach for the
treatment of elastic scattering from light nuclei which
involves the inclusion of one" or more" resonant terms
in the scattering amplitude in ad.dition to the optical-
mod, el term. Easlea" succeeded in improving fits at and
near the 10.5-MeV 0"(p,p)0"resonance, but could not
fully eliminate the energy d,ependence of the optical-
model parameters. Since later optical-model work'
indicates no particular fitting trouble near 10.5 MeV,
Easlea's success permits no de6nite conclusions.
Tamura" has used 3 resonant terms to fit 4 excitation
functions (01.=43', 56.5', 132', 142') for C"(p,p)C",
for proton energies of 20(8~&30 MeV. After thus
introducing 12 new parameters, he was able to predict

'4 C. B. Duke (private communication).
ss B Easlea, Univ. ersity of London, Ph. D. thesis, 1961 (un-

published)."T.Tamura and T. Terasawa (to be published).
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Fn. 10. Angular distributions for elastic and inelastic scattering
of 17-MeV protons. Points with error marks are taken from Tables
I-IV. The curves labeled Q= —7.12, 1 and Q= —6.92, 2+ are
obtained by graphical analysis of the partially resolved Q= —7.0-
MeV doublet (see Pig. 2). These curves have systematic errors,
which are hard to assess, but certainly larger than the random
errors shown for the sum curve, Q= —7.0 MeV. Dashed curves
are drawn to connect data points. The solid line is an optical-
model 6t to the elastic data (Ref. 9).

correctly the general trend of the angular distributions
for 20(E„(30with constant optical-model parameters.
His method has not yet been applied to energies below
20 MeV or to 0".

The most satisfying quantitative theoretical approach
to scattering from some light nuclei might possibly be
found in recent work by Feshbach'r and Lemmer. "
These authors extend the conventional one-body-in-a-
central-potential approach for scattering to include two-
particle or three-particle interactions and thus take ex-
plicit account of some easily formed compound states.
Calculations have been published" for N" (p,p)N" ex-
citation functions that show qualitative similarity with
our 0"(p,p)O" data. Lemmer's approach in this cal-
culation was to represent the N" nucleus by a hole state
in a central potential (in analogy to shell-model work)
and to consider in addition to potential scattering the
interaction between this hole and the incident particle.
The work can and possibly will be extended to
0"(p,p)O"" although it will be more complicated than
for N"'+ p. For 0"+p one assumes that the bombarding
particle can create a hole in the closed 0"she]l by lif ting

'7 H. Feshbach, Gatlinburg Conference on Compound Nuclear
States, A2, 1963 (unpublished).' R. H. Lemmer and C. M. Shakin, Gatlinburg Conference on
Compound Nuclear States, A3, 1963 (unpublished), and R. H.
Lemmer (private communication).

one nucleon to the empty d5~2 shell. The intermediate
("doorway" ) state can then be represented as a two-
particle, one-hole state. Such door way states are ex-
pected to have widths of several hundred keV in the
energy region of interest. They may decay into the
entrance channel (elastic scattering) or other channels
(inelastic processes) thus giving rise to semisharp fluctu-
ations in the elastic as well as inelastic cross sections.
The existence of such structure, intermediate between
single particle resonances and narrow resonances
due to complicated, long-lived compound states has
been discussed for some time. In particular, sharp
and semisharp states at high energies are expected from
the cluster model of nuclei. "For unbound cluster states
Phillips and Tombrello predicted the occurrence of one
or more scattering resonances near each free two-cluster
parent, "e.g. , for our experiment near the (p, 2P), (p,d),
(P,He'), (P,Pts), and (P,e) thresholds. We certainly see
an abundance of resonances near and above these
thresholds (see Figs. 4 to 9).It should be very interesting
to further examine the nature of these intermediate
states as soon as quantitative theoretical predictions
become available.

V. INELASTIC SCATTEMNG

For experimental reasons (decreasing cross sections,
increasing background) data on inelastic scattering are
neither as accurate nor as plentiful as those for elastic
scattering. But a few comparisons with previous work4 '
can be made. As indicated in Fig. 3 agreement with the
present work is generally good. Hence, it is quite certain
that inelastic scattering from 0" also shows strong
energy dependence (Figs. 5—9), even for the total
cross sections (Fig. 9), and for bombarding energies as
high as 19 MeV. Particularly strong resonances are
seen for the 2, Q=- —8.88-MeV state near 16.4 and 18.4
MeV. For the Q= —6.1-MeV group, which is mostly due
to the 3 state at 6.13 MeV, the strongest fluctuations
are near 15.1, 15.9, and 17.1 MeV. Various other dis-
cernable fluctuations seen mostly for the differential
cross section are also listed in Table V. These Quctua-
tions are not isolated and it is difficult to ascertain the
corresponding resonance energies and widths. Hence,
the energies given in Table V merely serve to identify
the larger Quctuations and their apparent widths after
correction for the finite spread in bombarding energy.

In Fig. 9, we compare our proton scattering data
with the 0"(P,n)N" data reported by Hill el al." It
appears that the very strong fluctuations in the (p,u)
and (p,p') reactions do not occur at the same energies.
However, some weaker (p, rr) fluctuations seem to have
counterparts in the (P,P') scattering cross sections. For
instance the fluctuations at 13.35 and 16.95 MeV in

so J. A. Wheeler, Phys. Rev. 52, 1107 (193/). K. Wildermuth
and T. Kananopolous, Nucl. Phys. 7, 150 (1958). G. C. Phillips
and T. A. Tombrello, Nucl. Phys. 19, 555 (1960).

~ H. A. Hill, E. L. Haase, and D. 3. Knudsen, Phys. Rev. 123,
1301 (1961).
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elastic scattering and those at 15.5 and 1.7.45 MeV for
scattering to the (1,2+) doublet near Q= —7.0 MeV
might be correlated to the 0"(p,n)N" cross sections.
In the energy region 13&8&20 MeV we have re-
action thresholds for (p,d), (p, He'), (p,pN), and (p,e)
at energies shown in Figs. 4 and 8. Again we see no
unambiguous correlations with the scattering data; how-
ever, Duke' found, that his optical-model parameters
shifted markedly near the (p,d) and (p,e) thresholds.
Angular distributions for elastic and inelastic proton
scattering from 0"always resemble those shown in Fig.
10.We see forward peaking and asymmetry with respect
to 0=90' at all energies. Hence direct interactions are
most likely the main reaction mechanism, and. DVJBA
calculations for inelastic scattering might be attempted.
However, in view of the energy depend, ence of the cross
sections, it is not expected that good, detailed agreement
with the experimental cross sections will be found. . It is
interesting to observe (Fig. 10) that scattering from the
4th excited state (1, Q= —7.12) is about 1.7 times as
strong as that to the 3rd excited state (2+, Q= —6.92).
Therefore, the angular d.istributions of the 7.0-MeV
proton group roughly resemble the scattering from the
1 state. Again as for elastic scattering a more satisfying
theoretical treatment albeit beyond the scope of this
paper might be found in the approach by Feshbach and,
Lemmer" " by allowing the 2-particle 1-hole doorway
states" to decay to excited, states of 0".

VI. SUMMARY

Elastic and inelastic scattering of 14.8—19.2-MeV
protons by 0" is characterized by strong energy d,epen-
dence. Differential cross sections frequently change by a
factor of 2 or more within 200—500 keV, even at forward
angles and, for elastic scattering. Table V lists some of
the major fluctuations, which are often seen in more
than one reaction channel. Angular distributions change
less d,rastically with energy than the excitation func-
tions and generally have shapes similar to the ones pre-
dicted by direct interaction models. Good fits to the
elastic-scattering cross sections could be obtained by the
use of an optical-model search code. However, in view
of the nonuniform variation of the optical-model pa-

rameters needed to obtain these fits a more fundamental
approach to proton scattering from light nuclei such as0" and C" is desirable. It is felt that calculations like
Lenuner's" for N" (p,p)N" hold some promise for ex-
plaining energy dependence as well as angular distri-
butions for proton scattering in this energy region.
DWBA calculations for inelastic scattering have not
yet been attempted, mainly because of the difFiculties
mentioned for the optical-model parameters. There are
indications''" that even at much higher energies (30
MeV) scattering from nuclei like C" and 0" is not well
described by a one-step direct interaction and that
similar effects may be seen in nuclei as heavy as Mg'4.
Interference of the d.irect and compound-nucleus scat-
tering amplitudes is very noticeable for 0"(p,p)0"
below 20 MeV. It was shown in the discussion that our
beam spread of 200 keV produced, little averaging out
of the interference term. This would imply that the den-
sity of levels in Fi' is still quite small for —13)Q) —19
MeV, or that only special groups of states are easily
excited, and d.ominate compound nuclear scattering.

Apart from questions of theoretical interest the data
reported for 0"(p,p)0" may have some practical uses,
such as the generation of wave functions for protons
scattered, from 0"for stripping and polarization calcu-
lations, or the experimental use of the measured
0"(p,p)0" cross sections, for the determination of
absolute cross sections for proton-induced reactions with
elements that can be most conveniently obtained in
oxide form.
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