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ground state and the P neutrons for the first and
second excited states. The proton and core capture
angular momenta were chosen as 1 and 0, respectively.

The theoretical curves, shown as solid lines in Figs.
3-14, were calculated from the expression

do
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where the notation is similar to that of Ref. 12. The
T’s represent the appropriate sums over the Clebsch-
Gordon coefficients. The values of X=A5/A;, Ry and
R, chosen to give the best fit to the data, are listed in
Figs. 3-14. The numerical calculations were made with
the aid of a program written for use on the IBM 7094
computer.

The theoretical results show that the general features
of the experimental data can be reproduced by the dual
mode theory. Distortion effects have not been explicitly
included in the present calculation. Hence, the results
presented are subject to possible modification by a
more detailed distorted-wave analysis. Such a calcu-
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Fic. 14. Second excited-state angular distribution at £;=2.5 MeV.
lation has been carried out for this reaction at higher
deuteron beam energies, the results showing poor
agreement between theory and experiment.? The most
realistic result is to be expected from a calculation
which includes both distorted waves and the heavy-
particle mode. Efforts in this direction have thus far
been unsuccessful.
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Energy Dependence of Elastic and Inelastic Scattering from C¥
for Protons between 14 and 19 MeV*

W. W. DaEnNick{ AND R. SHERR
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Differential cross sections o (E,08) for elastic and inelastic (4.43 MeV) proton scattering by C'2 have been
obtained as a continuous function of bombarding energy for 15 scattering angles between 15° and 160°. The
energy resolution was approximately 200 keV, and the angular resolution was chosen as A9<2°. The data
show several resonance-like variations for o(E), <300 to 500 keV wide for all angles observed. Changes in
the elastic and inelastic (4.43 MeV) differential cross sections are closely correlated and are strongest near
15 and 17.6 MeV. In the experiment, use was made of the fact that in a thick target the incident energy is
reduced by ionization so that scattering occurs over a range of energies AE. Consequently, the energy spec-
trum of the scattered protons can be used to obtain continuous excitation functions o (E) over the energy
interval AE. In the present measurements, polystyrene targets of AE=1.6 MeV were used. A discussion of
the thick-target method is presented. Normalizations and cross checks for the thick-target excitation func-
tions were obtained by conventional thin-target cross section measurements. The latter runs also yielded
some cross sections for scattering to the 7.66- and 9.64-MeV states in C2. Scattering to the 0%, 7.66-MeV
state showed strong energy dependence while scattering to the 3-, 9.64-MeV state showed fluctuations of
not more than 15%. The scattering cross sections are compared with optical model calculations by Nod-
vik, Duke, and Melkanoff,8 and C2(p,p"y)C®2 y-yield measurements by Warburton and Funsten.

I. INTRODUCTION

F various methods to account for and predict
nuclear elastic scattering at intermediate proton
energies, the optical model has been most successful.
With the aid of 4 to 7 empirical parameters, experi-

* This work was supported by the U. S. Atomic Energy Com-
mission, the Higgins Scientific Trust Fund, and the U. S. Office of
Naval Research.

T Present address: Department of Physics, University of Pitts-
burgh, Pittsburgh, Pennsylvania.

mental angular distributions can be fitted, qualitatively
correct predictions can be made,' and often polariza-

1 M. A. Melkanoff, J. D. Nodvik, D. S. Saxon, and R. D. Woods,
Phys. Rev. 106, 793 (1957).

2 A. E. Glassgold, W. B. Cheston, M. L. Stein, S. B. Schulott,
and G. W. Erickson, Phys. Rev. 106, 1207 (1957); A. E. Glassgold
and P. J. Kellogg, Phys. Rev. 107, 1372 (1957).

8 F. Bjorklund, Proceedings of the International Conference on
the Nuclear Optical Model, Florida State University Studies No. 32
(Florida State University, Tallahassee, 1959); F. Bjorklund and
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4 F, Perey and B. Buck, Nucl. Phys. 32, 353 (1962).
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tions and total-reaction cross sections can be predicted
with fair accuracy. Attempts have been made to give
the optical model a firmer physical basis,®® but usually
quantitative work is still phenomenological. Neverthe-
less, the need of optical model wave functions in DWBA
calculations for stripping, inelastic scattering, etc.,
makes scattering experiments and optical model analysis
of elastic scattering interesting, even if the latter cannot
be expected to yield a complete explanation of the
observed phenomena.®

The purpose of the experiment reported here was to
investigate in detail the energy dependence of elastic
and inelastic scattering of protons from C®2 rather than
their angular distributions at more or less widely sepa-
rated bombarding energies as had been reported previ-
ously.” ! Excitation functions were taken in order to
determine the location, width, and structure of reso-
nances which were thought to exist. Thick targets were
successfully used for this purpose® and a detailed analy-
sis of this method is given in the text.

Some of the differential cross sections presented below,
and the results of other systematic measurements of
C2(p,p)C'2 were analyzed by Nodvik, Duke, and Mel-
kanoff.® With the help of search routines and at the
expense of optical model parameter changes from
energy to energy, they could fit all C* data between
12 and 20 MeV to almost within the experimental
errors. This success in fitting the data is impressive,
particularly in view of the general difficulties with light
elements.?2 But as might be expected, even with energy
variable parameters some small but systematic dis-
crepancies remain. While the effects of compound
nucleus formation (N') are less pronounced between
15 and 20 MeV than at or below 10.5 MeV, even for
19-MeV protons they cannot be neglected.

II. EXPERIMENTAL METHODS
A. Thin Target Measurements

All absolute cross sections reported in this paper were
obtained by conventional scintillation-counter spectros-
copy. Various thin polystyrene and mylar foils were
used as targets. Commercial chemical analysis of these
foils showed only minor deviations, in the hydrogen
content, from their formulas C,H, and C;04Hs. The

5 H. Feshbach, C. E. Porter, and V. F. Weisskopf, Phys. Rev.
96, 448 (1954).

6 H. Feshbach, Ann. Phys. (N. Y.) 5, 357 (1958).

71. E. Dayton and G. Schrank, Phys. Rev. 101, 1358 (1956).

8 B. B. Kinsey, Phys. Rev. 99, 332 (1955); 103, 975 (1956).

9 R. Peelle, Phys. Rev. 105, 1311 (1957).

10Y. Nagahara, J. Phys. Soc. Japan 16, 133 (1961).

1§, K. Dickens, D. A. Haner, and C. N. Waddell, Bull. Am.
Phys. Soc. 7, 285 (1962) ; Phys. Rev. 129, 743 (1963).

12 W. Daehnick, M. Garrell, R. Wood, and R. Sherr, Bull. Am.
Phys. Soc. 6, 25 (1961). See also A. B. Brown, C. W. Snyder,
W. A. Fowler, and C. C. Lauritsen, Phys. Rev. 82, 159 (1951).
The second reference reports the use of thick targets in conjunction
with magnetic analysis of the reaction products.

13 7, S. Nodvik, C. B. Duke, and M. A. Melkanoff, Phys. Rev.
125, 975 (1962).
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polystyrene (a), 5:), or Mylar (b) targets as measured with
NalI(T]) scintillators. The initial proton energy was 18.0 MeV, and
peaks are labeled by isotope and excitation energy.

target thickness was always chosen to be smaller than
100 keV. In this way, the resolution of the bombarding
energy was essentially determined by the energy spread
of the protons from the Princeton FM cyclotron. The
mean bombarding energy was regulated and measured
by a range-energy feedback device.*! The unscattered
beam passed through a 0.25 mil mylar foil and was col-
lected in a Faraday cup, which was mounted in high
vacuum (2X10-®* mm Hg) and equipped with a sup-
pressor magnet. The charge-integrating device has a
virtual ground input and is designed to be accurate to
better than 19,.

Six Nal counters were mounted inside a 60-in,

14 G. Schrank, Rev. Sci. Instr. 26, 677 (1955).

16 H. Bichsel, Phys. Rev. 112, 1089 (1958), and private

communication. Older range-energy tabulations disagree at 19
MeV by as much as 120 keV., "
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TasLE I. Experimental cross sections for C'2(p,)C? in the center-of-mass system. (Angles in degrees,

W. W. DAEHNICK AND R.

differential cross sections in mb/sr.)

SHERR

Ersp\fo.m.
(MeV) 16.3° 27.1° 37.8° 48.5° 53.7° 64.2° 74.6° 84.8° 94.9° 104.8° 114.6° 124.3° 133.8° 143.2° 152.5° 161.7°

13.6 19.3 251 251 217 16.3
8 6.1 129 195 250 232 202 153 10.3 7.4 5.6
14.0 7.2 143 203 251 233 196 144 9.6 7.3 7.1
2 87 161 22,6 27.3 255 20.5 146 9.4 7.5 8.4
4 10.8 202 26.1 314 290 22.7 16.5 10.1 8.2 9.2
6 12.2 231 288 334 307 242 17.5 11.1 7.8 7.6
8 840 387 183 68.4 10.8 127 235 294 328 29.2 23.6 168 10.9 7.4 5.6
15.0 828 399 183 68.5 10.5 126 231 280 306 266 21.2 16.0 11.1 8.8 5.8
2 851 407 182 65.3 94 114 205 259 286 260 21.0 163 12.2 10.5 9.6
4 853 398 178 65.4 10.5 125 21.7 265 299 274 227 171 11.8 9.6 9.5
6 817 390 186 69.2 11.3 125 21.8 283 312 280 22.7 16.5 11.6 9.5 9.8
8 802 394 188 71.5 119 126 21.7 282 316 279 218 154 11.0 9.3 10.1
16.0 794 389 190 70.6 126 127 215 280 312 275 212 158 10.3 9.1 10.2
2 787 401 190 71.7 13.0 13.0 213 276 299 262 200 13.8 9.5 8.5 10.5
4 796 403 192 72.2 13.3 135 215 275 292 257 192 126 8.8 8.1 10.6
6 786 411 194 17.1 13.3 137 21.8 268 284 243 17.7 119 8.2 7.6 10.2
8 800 415 197 70.3 124 134 218 266 27.5 232 172 114 8.2 8.3 109
17.0 774 406 185 684 364 124 130 210 263 276 23.8 169 11.3 7.6 8.1 11.5
2 751 387 182 66.4 12.5 131 202 247 268 228 17.0 11.5 8.0 8.1 11.2
3 708 385 178 65.6 12.7 135 19.6 241 259 228 17.5 11.8 8.6 9.0 114
4 718 378 177 63.1 13.0 13.7 198 228 239 209 170 11.7 9.0 10.2 12.1
5 701 172 63.0 13.3 143 202 221 222 192 154 102 9.0 10.9 14.4
6 683 375 169 60.0 33.5 143 153 208 224 208 166 128 8.2 8.0 10.7 16.7
7 690 385 172 62.2 14.7 155 214 227 206 154 105 5.9 5.8 8.6 16.5
8 708 395 180 63.6 15.1 159 21,6 226 21.0 154 9.8 5.0 4.37 7.2 14.5
9 714 406 185 65.4 150 158 21.6 222 21.5 161 100 4.80 3.68 6.5 12.7
18.0 745 418 187 66.6 37.3 153 160 21.8 232 219 163 103 4.79 3.34 6.0 11.5
2 752 422 191 67.1 154 161 217 236 219 168 10.5 4.80 2.82 5.1 10.5
4 749 426 189 67.3 16.0 16.5 219 238 231 180 11.1 493 2.79 5.2 11.0
6 757 428 188 66.5 16.0 16.6 214 23.6 229 181 122 5.2 2.69 5.4 11.8
8 783 440 189 66.4 176 179 21.0 220 220 187 124 5.3 2.40 492 122
19.0 820 446 191 61.5 182 182 209 20.6 174 123 6.0 2.90 434 10.6
2 857 56.5 18.3  20. 21.0 186 159 135 10.1 6.4 3.99 4.33 7.7
4 862 52.5 6.3
6 834 50.1 6.2
relativeerror 3% 2% 3% 2% 8% 3% 3% 2% 2% 2% 2% 2% 2% 49, 3% 3%

scattering chamber described previously’® and used
simultaneously whenever three multichannel analyzers
were available. Usually one analyzer was used in a split-
memory mode for the recording of the four spectra with
the lowest number of counts. Counting losses were held
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F16. 2. A comparison of present C'2(p,p)C2 measurements
(connected by solid line) with previously published center-of-mass
cross sections at fo.m =104.7°. Some typical relative errors are
shown for the data reported here. Data from other publications
are shown with their absolute errors, if published.

16 T, L, Yntema and M. G. White, Phys. Rev. 95, 1226 (1954).

below 2.59%,, and corrections were made. Energy resolu-
tion of the individual thin Nal detectors could be held
to 29, by the selection of phototubes and the use of 0.5-
in. cylindrical light pipes. Good resolution was desirable
for work with Mylar targets which were used at large
angles in order to simultaneously obtain data for O.\7
Some typical spectra are shown in Fig. 1, and it is ap-
parent that proton groups corresponding to the lowest
3 excited states in C* are usually well resolved. But
small contributions from C® (1%, abundance) can be
seen in places, and the peak for the weakly excited
7.66-MeV level seems to contain appreciable coniribu-
tions from scattering to C* levels near 7.68 MeV.18
The geometry of the thin-target experiments was
such that angular resolutions of A§==-0.5° for §<50°
and A= +1° for §>50°, or better, were obtained. Very
frequently, more than one measurement was made for

17 To be reported in a later article. See also C. B. Duke, Phys.
Rev. 129, 681 (1963).

18 Energies, spin, and parity of levels are taken from T. Lauritsen
and F. Ajzenberg-Selove, Nuclear Data Sheets—Energy Levels of
Light Nuclei—May 1962 (National Academy of Sciences-National
Research Council, Washington, D. C., 1962), NRC 61-56. This
work also contains a very complete set of references to recent
C12+p work.
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TasLE II. Experimental cross sections for C2(p,p’)C®2 (4.43 MeV) in the laboratory system.
(Angles in degrees, differential cross sections in mb/sr.)
Epss\fLAB

MeV) \, 15° 25° 35° 45° 50° 60° 70°  80° 90° 100° 110° 120° 130° 140° 150° 160°

14.6 7.1 6.1 6.5 8.7 9.5 14.4
8 580 520 299 253 165 108 7.2 6.0 6.2 7.7 9.7 121 134 143 142
15.0 49.3 29.4 17.0 80 5.6 5.4 6.7 8.8 11.8 13.2 147 141
2 46.9 271 220 162 11.5 85 6.1 5.4 6.2 8.5 119 154 17.5 184
4 55.3 44.2 254 14.7 8.0 6.2 6.4 7.1 9.3 12.0 146 163 19.6
6 45.1 25.5 213 148 104 75 6.0 6.2 7.2 9.5 11.5 13.3 147 161
8 44.1 25.3 14.2 6.5 5.5 6.0 7.0 8.8 10.5 123 129 140
16.0 502 444 25.0 13.9 90 64 54 5.8 6.8 8.6 10.0 112 120 128
2 42.6 24.6 13.9 59 54 5.9 6.6 8.0 9.3 105 112 120
4 411  31.7 243 13.8 87 59 5.2 5.7 6.5 7.7 9.0 9.7 104 108
6 38.3 23.6 13.6 6.1 5.1 5.8 6.5 7.7 8.7 9.5 9.9 10.0
8 388 36.6 29.1 231 13.9 9.5 63 3.2 5.7 6.5 7.9 8.6 9.7 10.5 11.0
17.0 369 341 275 234 203 141 9.5 59 480 5.1 6.3 7.4 8.5 9.8 108 11.7
2 34.3 23.0 13.9 5.8 445 5.2 6.1 7.5 8.8 9.8 11.1 122
3 328 273 225 13.4 84 55 436 5.1 6.2 7.5 89 101 112 124
4 324 275 218 12.8 56 425 485 359 7.5 8.7 99 10.7 123
5 33.0 21.8 12.8 425 450 54 7.0 7.9 94 103 122
17.6 40.2 339 26.7 225 20.7 13.7 88 5.7 413 414 486 6.1 7.3 8.6 9.8 10.9
7 36.1 24.5 14.7 395 440 54 6.3 7.3 8.2 94
8 37.3 300 249 15.1 59 420 380 420 5.2 5.9 6.8 7.5 8.5
9 37.0 24.6 151 100 6.2 445 390 440 5.0 58 6.6 7.5 7.8
18.0 383 376 305 245 212 149 99 62 455 405 455 5.2 5.7 6.6 71 7.7
2 34.1 23.6 148 103 63 50 430 4.65 490 5.5 6.2 6.9 7.4
4 324 261 222 195 140 9.3 64 5.1 449 470 4.87 5.3 5.9 6.5 74
6 31.5 21.3 13.1 86 5.7 490 4.60 470 4.85 5.2 5.6 6.2 6.9
8 36.0 322 263 214 183 127 80 52 464 480 484 491 5.2 5.3 5.9 6.2
19.0 34.2  30. 20.8 12.5 7.8 49 445 495 495 5.2 54 5.6 5.7
2 34.0 19.1 174 115 74 52 434 449 481 5.0 5.2 5.3 5.7 54
4 30.2 18.4 7.2 4.55 5.5
6 34.3 19.2 5.1
Relative error 4% 3% 6% 3% 3% 3% 4% 4% 4% 4% 4% 4% 3% 3% 3% %

the cross sections quoted in Tables I and II. In those
cases the weighted average of the measurements is given.

While the use of thin targets offers good energy reso-
lution and fairly accurate absolute cross sections, it
also presents a number of experimental difficulties,
especially if excitation functions are to be obtained. A
sequence of measurements at different bombarding
energies are related to one another with the aid of energy
and beam current monitor readings. This procedure
rests on three critical assumptions: (a) The monitors are
accurate and reliable, (b) the composition of the target
does not change appreciably under bombardment, and
(c) counting losses can be corrected for accurately. These
assumptions are generally believed to be realizable well
enough to keep the monitoring error under 2%,. Never-
theless, disagreements of experimental cross sections,
even if obtained with similar equipment, often are well
beyond the estimated experimental errors. This point
is illustrated in Fig. 2 where published C2(p,p)C* cross
sections and their quoted statistical plus systematic
errors for 6e.m. = 105° are shown™ 1 and compared with
the corresponding excitation function presented in this
paper. Although the statistical errors may be small, the
absolute error of a monitoring system is often difficult to
determine. Thus, the combination of different data ob-
tained as angular distributions into a set of excitation
functions may lead to false conclusions, especially with

regard to finer details if quoted errors are taken at face
value.

Reliable excitation functions at a fixed angle have been
obtained with high-current accelerators whose energy
can be varied accurately and quickly so that the desired
information can be obtained in a reasonably short time.
Under such conditions, it is possible to study the excita-
tion function in as fine a detail as is desirable. With our
FM cyclotron, it is fairly difficult to carry out such
measurements to the desired accuracy. Therefore, if
excitation functions ¢(E) could be measured without
reliance on any monitor, one would have more confidence
in the structure revealed. Our thin-target data are there-
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Fic. 3. Hlustration of
proton paths in a thick
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symbols used in the text.
The three proton tra-
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target through the same
surface plane.
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fore compared with excitation functions for C*2(p,p)C'2,
which were obtained by the unconventional use of a
thick target.”? As will be shown, the only monitoring
required is that of the cyclotron beam energy. Counting
loss corrections and beam current integration are not
needed. These new C2(p,p)C? measurements were
occasioned by Peelle’s? early data (boxes in Fig. 2) that
indicated strong fluctuations in ¢(E). An independent
and more detailed investigation seemed in order.

B. Thick-Target Measurements

In a number of light nuclei the first few states are
sufficiently far removed from one another so that even
the use of a rather thick target leaves the corresponding
groups for the scattered particle, well resolved in encrgy.
If the energy loss AE of a particle passing through the
target is large compared to the available energy reso-
lution in the particle beam and detector, the result-
ing pulse-height spectrum in the detector can be con-
verted into an excitation function ¢(E, 6= const), with
(Ev—AE)< E<E,, where Ey=beam energy, E=scat-
tering energy. This conversion is particularly easy
if particles are observed at ‘‘back’ angles.

A particle elastically scattered at A (Fig. 3) will reach
the detector with an energy E = KZE,, where K is a
factor determined by kinematics. A proton scattered at
C had a smaller residual energy E before scattering and
will reach the detector with an energy E¢<E4. A
proton scattered at B will reach the detector with the
smallest energy Ep<E¢<E,, because it has to pass

through the largest amount of target material (absorber)
before and after scattering. Similar arguments hold for
inelastic scattering. The energy of the particles incident
on the detector is a well-behaved function of the actual
scattering energy and vice versa, to the extent that
straggling can be neglected.

In Fig. 3, the scattered particles emerge from the back
side of the target. Due to the energy losses in the foil,
their spread in energy E4— Eg is considerably greater
than the spread in energy of the protons just before
scattering, at A and B. This effect improves the energy
sensitivity of our scintillation detectors. If the scattered
protons emerged from the front face of the target, E4
would be smaller than Eg, and E4— Ep would be much
less than the difference between the energies at scatter-
ing, and the effective sensitivity would be considerably
reduced. Thus for elastic and inelastic scattering, the
present method is useful only for “reflected” particles.
In the present measurements, 6 was restricted to angles
>70° since foil surfaces are never perfectly flat. It
should be noted that for reactions of the type (a,p),
where the proton energy loss is small compared with
that of « particles, an excitation curve can be obtained
by transmission as well as reflection, so that in principle
the entire angular range can be measured.

The energy interval AE over which a continuous
energy function of elastic scattering can be obtained is
limited by the energy of the first excited state. The
thickness of the target must be small enough so that Ep
is larger than the energy of inelastic protons emerging
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from A. In the case of C%, the first excited state is at
4.43 MeV and the useful range AE is less than half
this value. It is difficult to obtain absolute cross sections
with a thick target because of the large angular spread
of the beam emerging from the target. However, the
reliability of the relative excitation curve over the
interval AE is limited mainly by statistics. By taking
measurements for overlapping intervals AE, a complete
relative excitation function can be obtained. The abso-
lute scale can then be determined by a thin-target
measurement at suitable energy.

The relative excitation functions S(E,§) which were
obtained covered energy intervals of about 1.6 MeV. E,
was changed in steps such that there would be good
overlap of adjacent measurements. For this experiment,
steps of <0.75 MeV were chosen and the regions of good
overlap were larger than 0.5 MeV. Normally, more than
5000 counts per 100-keV interval were accumulated
so that internal normalization errors due to statistics
would be small. Protons were detected with a small
(1-in.-diam, 0.1-in.-thick) NaI(Tl) crystal (Harshaw
Chemical Company), and pulses from the elastic peak
were spread over about 50 channels in a multichannel
pulse-height analyzer. A typical thick-target pulse-
height spectrum is shown in Fig. 4. The incident beam
was defined by 1/8-in. diameter collimators and the
scattering angle was restricted to A@=2° by a 1/4-in.
aperture in front of the Nal crystal. The spectrum
shown in Fig. 4 was obtained in 10 min using a beam of
about 3X107® A. The incident energy E, again was
determined and regulated by the previously mentioned
range-energy device.* Instantaneous counting rates
were kept below 10 000 cps in order to keep pile-up of
pulses below 19,. The linearity of the electronics was
tested regularly. No corrections were required for the
50 channels of interest.

III. THICK-TARGET ANALYSIS
If the specific range-energy relation in a given absorber
is
R=R(E), €Y
it then follows from Fig. 3 that
#1=R(E¢)—R(E) 2x.=R(E')—R(E.),

where E is the energy at scattering and E’=particle
energy directly after scattering. Since

——— =400, (2
X2 sina sina
then
R(Eo)—R(E)=A(6,2)[R(E")—R(E.)].

Now, R(E) for polystyrene is a complicated but well-
tabulated function,'® which for a limited energy inter-
val can be approximated by
R(E)=c(E*+2vE+9), ©)
13 M., Rich and R. Madey, UCRL-2301, 1954 (unpublished).
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where v, §, and ¢ are fitting parameters. For the energy
interval 5< E<22 MeV this approximation of R is good
to better than 1 mg/cm? and the error in the range
differences is even smaller.
Thus, using Egs. (2) and (3), we obtain
(E+7)+A(E'+7)= (Bt )+ 4 (EA7):  (4)
This relation is quite generally true for Fig. 3 and is
based on only one (quite good) approximation, Eq. (3).
In a given experiment E, and E, are known and vy and
A are constants, but in order to solve for E we still have

to know the relation between E and E’. For elastic
scattering this is E'= KE where K is given by

m 2 2 1/2y)2
K= (——) {cosﬁ-l—(—-—— sin20> } . (5)
M+m m2

From (4) and (5) we find

E=(1+4AK)™{[v*(1+4K)*+ (1+4K?)
X (Eo(Evt27)+AE(EA+2v)) 2~y (1+4K)}. (6)

For inelastic scattering we must write
E'=KE+¢ (06,E), )

where Q is the reaction energy, and ¢’ in general a com-
plicated function of Q, 6, and E.

We show in Appendix 1 that ¢’(Q,0,E) is essentially
(to order of terms smaller than mQ?%/4M E) a function of
Q and 60 only and can be treated as a constant, thus

E'~KE+q,
where )
¢’ =~q=Q[ (M+m cos)/ (M~+m)].
Substituting Eq. (8) in Eq. (4), we obtain

E=(1+AK){[(v+v4AK+AKq)*+(1+4K?)
X(Eo(Eot27)+AE(Ect2y)—Ag(g+2v)) ]
—(y+v4K+4Kg)}. (9)
For brevity, our discussion was limited to reactions
like (p,9"), (d,d"), or (a,a’), where the particle type does
not change. But similar relations can be derived for
(a,p), (p,d), (p,n), and other reactions. Equation (9)
reduces to Eq. (6) for elastic scattering (i.e., Q=0=¢).
If we arrange our geometry so that a= (180—6)/2=,
we have 4=1 and obtain for inelastic scattering

E=(1+K){+[(v+vK+Kg*+ (1+K?)
X (Eo(Eot-27v)+Eo(Ect-2v)—g(g+27) ]2
—(r+vK+¢K)} (10a)

and for elastic scattering (with ¢=0)

E= (14+K){+[(v+vK)»+ 1+ K)(Eo(Eo+2v)
+E(Ec+27)) ]2~ (v+vK)}. (10b)
Equation (9), or the appropriately simplified formulae

(6), (10a), or (10b) thus relate the measured energies
to the actual scattering energy, and permit us to trans-
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form the measured spectrum N(E.) into S(E$). In
order to transform the numbers NV (counts per detector
energy channel E,) into numbers S(E,f) proportional
to the differential cross section o (E,f= const), we recall
that for a given range of target matter dx=dR, we have
a corresponding energy range dE..

Thus
¢(E8)dR~S(E§)dR=NdE,
or
dE, dE.dE
S(E0) = = — (11)
dR dE dR

The derivatives dE,/dE and dE/dR can be obtained
from Egs. (9) and (3) explicitly, and thus the transfor-
mation problem is solved.

A. Elastic Scattering Analysis

For elastic scattering analysis, Eqgs. (5), (10b), and
(11) were used. Transformations were mostly done on
an IBM 650 computer afterinitial experiments and hand
calculations had established the usefulness of the
method. The transformed spectra (see insert, Fig. 4)
were inspected for resolution and a valid region was
defined by cutting off about 200 keV from the low- and
high-energy ends of the elastic peak in order to eliminate
counter resolution effects. The resulting fractions of
the excitation functions always showed good agreement
with our thin-target data. In the data analysis, back-
ground under the elastic peak was neglected.

Overlapping sections of the excitation curves were
normalized with respect to each other to yield continu-
ous excitation functions from 13.6 to 19.2 MeV. The
entire excitation functions then were normalized at
18.4 MeV to a known absolute cross section.” The
differential cross sections for elastic scattering so ob-
tained are shown as small black dots in Fig. 5. The
open rectangles in Fig. 5 represent our thin-target
angular distribution measurements and are included
for comparison. The open circles are thin-target data
taken as excitation functions, in order to supplement
the thick-target data.

B. Inelastic Scattering

At first glance, it may seem that a thick-target in-
vestigation of inelastic scattering to the 4.43-MeV state
is not very practical since the next level (7.66 MeV) lies
fairly close and thus leaves only a very small undistorted
range, AE~1 MeV, for analysis. Actually, the 7.66-MeV
state is so weakly excited in proton scattering that at
most it leads to a 59, distortion of the lower-energy end
of the broad inelastic peak for the strongly excited
4.43-MeV level, (Fig. 4). We, therefore, analyzed the
4.43-MeV peaks too, using Egs. (5), (10a), (8), and (11).

sections into the c.m. values given. Black dots are thick-target
data. Open circles are thin-target excitation measurements. Open
boxes refer to data obtained as angular distributions for different
bombarding energies.



ELASTIC AND INELASTIC SCATTERING FROM (132

Because of both the higher y-ray and the Q="7.66-MeV
state background, the thick-target data for inelastic
scattering were less accurate than those for elastic
scattering. Therefore each transformed inelastic spec-
trum was normalized separately to the thin-target
data it overlapped, as a means to reduce systematic
errors due to background. Figure 6 shows the energy
dependence of inelastic scattering from the 4.43-MeV
level in C®2. The black dots again are the thick-target
data: 10 to 15 consecutive points were usually obtained
in the same run. The open circles are cross sections ob-
tained with conventional thin-target techniques. The
dashed lines mainly connect experimental points, and
are supposed to approximate the true differential cross
sections averaged over energy intervals of about
180 keV.

IV. EXPERIMENTAL ERRORS
A. Energy Errors

For the measurement of excitation functions, the
beam energy has to be accurately known and controlled.
This was accomplished by a range-energy device!* the
output of which was fed back to the cyclotron magnet
control of the Princeton FM cyclotron. For good beam
currents (>10~? A on the target) the mean beam energy
could be kept constant to 4-0.1%,. For energies below
15 MeV and above 19 MeV, the regulation was some-
what poorer because of very low beam currents. The
accuracy of the absolute mean energies quoted depends
mainly on the errors in the published range-energy data
for aluminum,’s which are believed to be smaller than
50 keV. In order to recalibrate the energy control
device, the O'%(p,0)N™ resonance at 14.60 MeV2 was
remeasured with stacked foils. Fair agreement with the
computed setting was found. We assign probable errors
of 50 keV to all energy values, but a scale error of
+100 keV cannot be ruled out.

Comparison of our data with Ref. 10 shows agreement
within the combined experimental energy errors, which
is 150 keV. In fact, the agreement would be very good if
the energy scale of Ref. 10 were increased by 150 keV,
or vice versa (see Fig. 2). Comparisons with data of
Ref. 7 and Ref. 9 allow no conclusions with regard to
the energy calibration.

The energy resolution and spread in bombarding
energy for the thin-target data was dependent on the
cyclotron beam spread. In the absence of an analyzing
magnet, this was found to vary between 110 and 180
keV for the 1/16X1/4-in. collimator. With targets of
about 80-keV thickness, the spread in bombarding
energy for thin targets was 130<AE<195 keV. The
energy resolution for the thick-target data is somewhat
harder to assess. In the typical thick-target spectrum
shown in Fig. 4, the broad groups corresponding to
scattered protons that left C in the first excited and

% H. A. Hill, E. L. Haase, and D. B. Knudsen, Phys. Rev. 123,
1301 (1961).
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ground states are well resolved. The sharpness of the
edges gives a good indication of the energy resolution
which could be obtained. In the detector spectrum
N(E.), the front edge (of the elastic or inelastic group)
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F16. 7. Typical angular distributions for elastic and inelastic
proton scattering at 18 MeV. Relative errors are comparable to the
size of symbols unless indicated otherwise. Curves merely connect
data points.

rises from 10 to 909, of the full height typically within
330 keV. This is the result of the combination of finite
detector resolution (about 29, for 15-MeV protons)
and the spread in the cyclotron beam energy (about
180 keV). The latter is in effect reduced by the kinetic
factor K. The fall of the low-energy edge of the elastic
group occurs within about 370 keV. This resolution is
decreased by effects like nonuniformity of the target,
straggling, the finite solid angle of the detector, and
multiple scattering in the thick target. Appendix 2 gives
on estimate of straggling and multiple-scattering effects.
The finite solid angle contributes about a 10-keV energy
spread which can be neglected. Of the various factors
which determine the energy resolution, the most im-
portant ones here are the detector resolution and the
beam spread. However, in the transformed spectrum
the effects of both of them are greatly reduced. The vary-
ing absorber thickness, which the protons see on their
way out of the thick target, acts like a range-energy
analyzer, and a difference of 1 MeV in scattering energy
leads to a difference of about 2.45 MeV in detector
energy for the geometry used (a=90—6/2). Therefore,
neglecting straggling, the effective detector resolution
becomes about 122 keV. The reduction in the effect of
the spread in the cyclotron beam can be understood
from the following argument. Let us neglect straggling
effects after the collision and assume that N(E,) is
measured with a detector of ideal resolution; then a

W. W. DAEHNICK AND R. SHERR

particle detected with E, must (a) either be a typical
particle with incident energy E, scattered at C (in
Fig. 2) with a residual energy E, the theoretically
assumed case, or (b) be a “slow” particle, that had below
average energy, say (Eo—AE,y), which was scattered
before reaching C, therefore, losing less energy on its
way into and out of the target and thus arriving at the
detector with E,, or (c) if the particle had above average
energy (Eo+AE,), it was scattered beyond C losing an
extra energy 0E;, before, and 6Ey, after scattering so
that it would still be detected with E,. Now, the ratio
of the energy loss in the target before and after scatter-
ing in our symmetric geometry is about 2/3, i.e.,
0FEou=~1.50E;,, and the actual scattering energy of a
particle detected with E, is Eg,= Etheor+ AEq— 8 Ein.

Since KAEy= K§Ein+08Eoui=~ (1.5+K)3E:,, we find
Eg,~E+[1.5/(1.54+K)]|AE,|; thus, the effect of the
beam energy spread is reduced to 0.65AE, for K=0.8
(Eq. 5). For example, an initial beam spread of 180
keV contributed only ~117 keV to the smear in energy
resolution in the thick-target spectrum. The predicted
ideal energy resolution of (117241222)12=169 keV,
which does not include straggling effects, is actually
better than the width of the cyclotron beam (AE,~ 180
keV). This is borne out by the sharp rise of the edges in
the transformed spectra (see Fig. 4). Straggling and
multiple scattering effects are relatively small (Appendix
2) and enter only at the lower end of S(E). It is, there-
fore, possible to improve the energy resolution in thick-
target experiments further by the use of better detectors
(for instance, solid state detectors of sufficient stopping
power).

Gain shifts in phototube and electronics may lead to
an energy resolution poorer than that in Fig. 4. From
inspection of the transformed spectra, it is concluded
that the energy resolution in the thick target C'2(p,p)C?
experiment was <200 keV.

B. Cross-Section Errors

The errors assigned to individual points or excitation
curves in the figures and tables are relative errors, which
include statistics, errors in background subtraction,
counting loss corrections, reproducibility of energy and
angular setting, charge, and time readings; i.e., they
represent standard deviations for measurements with
the same apparatus taken at different times. The quoted
errors do not include scale errors due to imperfect cali-
bration of energy and charge measuring devices, non-
uniformity of targets, and calibration of zero angle. Such
scale errors effect entire excitation functions as a whole,
and are of importance if the data presented here are to
be compared with absolute measurements by other
authors. The energy calibration error has been discussed
in the preceding paragraph, and is only important where
cross sections vary rapidly with E. The other systematic
errors have a more direct bearing on the cross sections.

The angular calibration error is #-0.2°. The effect of
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this error on the cross sections is largest for small angles,
and could be as large as 59, for §,=15°, but is smaller
for all other settings. Effects of target nonuniformity
(or decomposition during bombardment) can be
serious,®!® but are believed small, since small beam
currents and 5 different thin targets were used (com-
merical polystyrene and mylar foils), all yielding abso-
lute C? cross section values that agreed within 29%,.
The voltage meter of the charge integrator was cali-
brated with a commercial mercury cell before each run.
A systematic error which cannot be excluded is a change
of the capacitance of the originally calibrated poly-
styrene integrating capacitors. This possibility was not
investigated further; however, comparison with other
published C®2(p,p)C* data shows no evidence for a sys-
tematic scale error in our data (Fig. 2).

Other effects like counter geometry, multiple scat-
tering in the thin targets, the cut-off of the low-energy
tails of peaks for integration, slit scattering, and the 1%,
abundance of C® in the targets lead to errors smaller
than the typical relative errors and were neglected. This
procedure very likely is not justified for the scattering
cross sections for the weakly excited 7.66-MeV level,
where C® contributions could be appreciable. The 7.66-
MeV cross sections given, therefore, contain unknown
and possibly large systematic errors and should be con-
sidered as qualitative information only. Within the
rather large errors shown, the 7.66-MeV data are in
agreement with data published by Peelle® for 16.7-,
17.8-, and 18.9-MeV bombarding energy. The scale
error for the excitation functions presented in Tables I
and IT (not shown) is estimated to be smaller than 5%,
for forward angles, and smaller than 39, for angles
larger than 50°.

V. EXPERIMENTAL RESULTS AND DISCUSSION

Weighted averages of the elastic scatteringdata shown
in Fig. 5 are given in Table I (in the center-of-mass
system). The cross sections for inelastic scattering were
not transformed into the c.m. system, since the c.m.
scattering angle for a given laboratory angle is a func-
tion of energy. The weighted averages for scattering cross
sections to the 4.33-MeV state are shown in Table II.
Data in Tables I and IT can be used either as excitation
functions or angular distributions. The latter are quali-
tatively similar over the entire energy region investi-
gated here. Typical angular distributions for scattering
to the ground state (0*) and the first three excited states,
Q=—4433, 2+; Q=—17.656, 0t; Q=—9.64, 3~, are
shown in Fig. 7. More elastic angular distributions,
including the preliminary data of this article, are shown
in Ref. 13. A detailed comparison of the elastic cross
sections published here with other data used in Ref. 13
shows excellent agreement with data by Dayton and

in ¢(6) as a function of energy. The cross sections are subject to
large unknown systematic errors due to background and unre-
solved C1 levels. Scales are normally shifted by a factor of 3 with
respect to each other.
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Schrank? for 18.4-MeV protons. Likewise, agreement
with Nagahara’s data® from 14 to 16 MeV is within the
combined experimental errors and becomes very good if
a slight adjustment in the energy scale is made. Com-
parison with Ref. 9 for 12 energies between 14 and 19.4
MeV shows agreement to within 3=10%,. This deviation
is small; however, it is sometimes twice the sum of the
quoted experimental errors. Slightly less accurate
angular settings in Ref. 9 and simultaneous difficulties
with the uniformity of some targets could explain these
discrepancies. It is fortunate that Peelle’s data at 16.7,
17.8, and 18.9 MeV agree well with ours, because it is
for these energies that cross sections for the 7.66- and
9.64-MeV levels were reported. This permits a good
check on our (less carefully measured) data for these
levels. Figure 2 would not reveal discrepancies in angular
settings or angular resolution since ,.m.=104.7 corre-
sponds roughly to the center of the second diffraction
maximum. This angle was singled out for display, for it
would more uniquely than others show differences in
the energy and absolute cross-section scales of various
papers.

Since inelastic data were obtained simultaneously
with the elastic cross sections, no special comparison
with other authors is presented. Generally, the 4.43-MeV
data are subject to the same errors as the elastic data.
For the higher excitation energies, 7.66 and 9.64 MeV,

W. W. DAEHNICK AND R.
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background subtraction and statistics become problems,
and the relative errors quoted are generally much higher.
Some 7.66-MeV angular distributions are shown in Fig.
8. Here angular distributions as well as excitation func-
tions show strong energy dependence. Scattering to the
9.64-MeV state was not investigated in much detail,
but in agreement with Peelle® we find no indication for
significant changes in the differential cross sections for
the investigated energy interval (Figs. 10 and 12).

For an analysis of our elastic scattering data in terms
of the optical model, we refer to the work by Nodvik,
Duke, and Melkanoff.® Fits to the cross sections ob-
tained are surprisingly good, even near bombarding
energies that have the appearance of relatively narrow
(200 to 500 keV) resonances. Of course, these fits are
obtained at the cost of parameter variations that in a
somewhat gentler form reflect the resonance-like be-
havior of the differential cross sections. An optimized
constant parameter calculation of the energy depend-
ence in no way reflects the details of the experimental
excitation function? (Fig. 9).

In Fig. 9, the experimental data are indicated by heavy
black lines. The dashed line is the constant parameter
fit, and the circles are optimized fits with energy-
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21 The authors are indebted to C. B. Duke for performing this
calculation.
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dependent parameters.’® The latter follow the excitation
functions fairly well except for 6,.,.=104.7° where the
optical model values are low. Comparison with Fig. 5
in Ref. 13 shows that optical model curves for C*2 are
generally low at the second diffraction maximum.

Phase shift analysis of the best optical model fits
shows several interfering l-wave resonances for
14<E<19 MeV, but no isolated ones.?? Because of the
good optical model fits obtained, a phase-shift analysis
of the experimental data is not expected to yield a dif-
ferent result. An attempt was made to fit the inelastic
scattering cross sections for the first excited (2%
Q= —4.433) state using a DWBA approach? and optical
model wave functions from Ref. 13. No satisfactory
fits were obtained.

A comparison of Figs. 5 and 6 shows that the reso-
nances for scattering to the first excited and the ground
state are closely correlated. A much weaker correlation
(if any) exists for elastic scattering and scattering to the
3=, Q=—9.64-MeV state. Figures 10 to 13 compare
differential excitation functions for scattering to various
final states of C®2, for frLap=25° 60°, 110°, and 160°.
All differential cross sections show strong variations
with energy. Fairly distinct fluctuations are seen at or
near bombarding energies of 13.9, 14.4, 14.9, 15.3, 15.6,
16.5, 17.6, 17.9, 18.2, 18.8, and probably 19.4 MeV.
These resonances typically seem to have widths from
200 to 800 keV. However, neither their widths nor their
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2 C. B. Duke (private communication).
2 E. Rost (private communication).
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locations can be accurately assessed from our scattering
data since the resonances generally are not isolated.
Figure 14 presents some ‘‘total” cross sections for scat-
tering to the ground and first two excited states of C™2.
These cross sections are approximate in that the elastic
curve does not include scattering through angles smaller
than 10° (LAB), while for the other curves values for
very large and very small angles were found by extra-
polation. The total cross sections again show energy
dependence, but much less pronounced than that for
the differential cross sections. For Q=0 and Q= —4.43,
only the resonance at 17.6 MeV stands out. The
7.66-MeV state scattering shows strong, if broader
(=1 MeV), fluctuations at different energies.

It is of interest to note that the fluctuations at 17.6
and near 19.4 MeV correspond to y-yield resonances
reported at 17.540.1 and 19.3+0.1 MeV for the 15.1-
MeV v ray from the C®2(p,p"y)C? reaction. Another
sharp resonance for the same reaction at 18.140.1 MeV,
also seen by Warburton and Funsten, is not very appar-
ent in the scattering data, although consistent with our
total cross section curves (Fig. 14). Broad resonances for
scattering to the 0%, 7.66-MeV level are seen near
15.6 MeV (Fig. 10), 16.5 MeV (Fig. 12), and 18.8 MeV

#E. K. Warburton and H. O. Funsten, Phys. Rev. 128, 1810
(1962); E. K. Warburton and H. L. Berk, Bull. Am. Phys. Soc.
6, 235 (1961).
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(Fig. 11). These resonances do not appear strongly for
the other states, but could have counter parts in the
weak and broad resonances for the 12.7-MeV v rays
for C24-p.2¢ It is likely that all these fluctuations are
due to easily formed states in N, particularly those near
18.15, 18.7, and 19.8 MeV.24

VI. SUMMARY

The energy dependence of elastic and inelastic proton
scattering by C'? was investigated with 200-keV energy
resolution by two independent experimental techniques:
Conventional cross section measurements with thin
targets, and a novel use of targets 1.5 to 1.8 MeV thick
for the measurement of differential excitation function.
The latter method was discussed in detail. The two sets
of differential excitation functions obtained were in
good agreement with each other, and rapid variations of
the scattering cross sections for C*4-p up to bombarding
energies of 19.5 MeV were well established. The widths
of the resonance-like fluctuations in the elastic cross
sections vary between 200 and 500 keV. These reso-
nances are correlated with those observed for scattering
to the 2+, 4.43-MeV level. Three different resonances in
the inelastic scattering to the 0F, 7.66-MeV state are
about 1 MeV wide. Most of these resonances are cor-
related to vy-ray yield resonances for C?+p reported
Warburton and Funsten® There seems to be little
doubt that the y-yield resonances and the scattering
cross section fluctuations actually occur at the same
energies, and that the latter are compound nucleus
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All total cross sections show a much smaller percentage of fluctua-
tions than the differential cross sections.

(N) effects. The constant parameter optical model
analysis, of course, did not reproduce any of the details
of the cross section variations, nor would it reproduce
cross sections that are averaged over one or two MeV.
The use of energy variable optical model parameters,
however, resulted in surprisingly good fits. It is an
intriguing question whether optical model wave func-
tions so obtained actually contain some useful nuclear
structure information, or whether the good fits are
merely a consequence of the simple angular distribution
and the large number of parameters available.
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APPENDIX 1: APPROXIMATE FORMULA FOR THE
ENERGY LOSS OF ELASTICALLY-SCATTERED
PROJECTILES

The exact nonrelativistic relation for the energy E’
of projectiles (mass m, initial energy E) inelastically
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scattered from nuclei (mass M) is

m\? M(m—}-M)/Q M—m
E’=E( > {2 cos?+ + )
m+M m? \E M

M(m+M)/Q M—m\T"
+2 cos@l:cos%’ 1 (mt )/Q+ m)] } , (12)
m \E M

where @ is the scattering angle and Q the reaction energy.
For elastic scattering, the above formula holds with
0=0, and we have E'..t=KE, with K ‘as given by
Eq. (5).

We want to write E'=E'q.0+¢’, and find from Eq.
(12) for the difference in energy loss

! —]l[—Q—I—ZE 0 Mom
= cosf————
T Mm (M +my?
m?sin?d M -+m Q\1/2 m? sin?6\ /2
M? M E M?

We always have m?/M?*&1 and [ (M+m)/M ](Q/E)<1
and can expand the square roots in a converging bi-
nomial series. Thus

M mQ mQ
¢= + — cosf-+ cosf
M+m  M-+m M-+m
1/Q0 M+m 2m?sin?
—(— {-smaller terms) .
A\E M
We neglect all but the first two terms and find
, QM ~+m cosf
g=g———.
M+m

Since Q is negative, the neglected terms have alternating
signs and the maximum error made is

|8E| < (Q*/AE)(m/M)|cosd| .

For our C2(p,p’)C?* experiment with Q= —4.43 and
E=~16 MeV, the maximum error is 6E< 26 keV, which is
smaller than the experimental calibration error.

APPENDIX 2: STRAGGLING IN THICK TARGETS

If targets are thick compared to E,= (4me/my)E,,
the maximum energy a proton of energy E, can transfer

B9%47

to an electron, and thin compared to E,, the distribn-
tion function of the proton energy is a Gaussian of wic h

AE=p(X)\?
where® X = thickness of target in g/cm? and

2Cmec?En, g Z (em?
,,z=_—(1-——), with C=0.150—(—>.
B2 2 4 g

For 16-MeV protons in C2, this yields
AE= (77600X)!/2(keV).

The maximum target thickness a proton traverses be-
fore scattering in the experiment reported here is 0.070 g.
Thus AE=74 keV. A more typical straggling width is
52 keV. These values are practically energy-independent
between 12 and 20 MeV. They have to be added quad-
ratically to the original beam energy spread of about
170 keV which thus is increased by about 109,. Yet,
because of the analyzing power of target-absorber plus
detector, the effective spread, as we have seen, is re-
duced by a factor of about 0.65.

The outgoing protons again straggle, and this effect
will deteriorate the detector resolution. But even the
maximum straggling value of AE~74 keV is small
compared to the photomultiplier resolution of about
300 keV, and because of quadratic addition yields a
negligible decrease in resolution.

MULTIPLE SCATTERING

Multiple scattering in thick targets cannot be negli-
gible and sets a limit to the quality of our angular
resolution. A rough estimate of the square of the
multiple scattering angle A is given by Ref. 26:

Ar=Z(me/m,)(AE/E)(rad),

where Z is the atomic number, m, the electron mass, and
AE the energy loss in the target.

Choosing AE=4 MeV and E=15 MeV, we find
A?=0.0284, A= +1.6° for a very unfavorable case. This
does not exceed our geometrical angular resolution of
AG<L2° for thick-target runs.

25 B. Rossi, High Energy Particles (Prentice Hall, Inc., Engle-
wood Cliffs, New Jersey, 1952).
26 B. L. Cohen, Rev. Sci. Instr. 33, 85 (1962).



