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ABSTRACT 

TITLE: The Behavior of the Complex Phase Shifts over the 

5.3-MeV. and 9.14-MeV. Anomalies in Cl2(p,p)C12 by- 

Joseph Stephen Duval. 

The elastic scattering of protons from carbon in the 

range of incident energies from 5*0 to 6.0 MeV. and 9.0 to 9-3 

MeV. has been investigated using the Rice University tandem 

Van de Graaff accelerator and a differentially pumped gas 
(a) 

scattering chamber . Absolute differential cross sections 

for the elastic scattering of protons from carbon were 

measured at laboratory angles of 85.22°, 121.16°, and 159.45° 

as a function of energy. Also measured were absolute differen¬ 

tial cross sections as a function of angle at incident proton 

energies E = 5.18, 5.23, 5.28, 5.33, 5-35, 5-36, 5-37, 5.38, 
P 

5.43, 5.48, 5.87, 9.09, 9.10, 9.13, 9.19, 9.22, and 9.26 MeV. 

Complex phase shifts are obtained to represent the data. It is 

shown that in the case of the d ^ resonance at 5.3 MeV. and 
3/2 

the f^, resonance 9.14 MeV. the "resonating" complex phase 

shift does not pass through 90° . 

(a) C. M. Jones, Ph.D. Thesis, Rice University (1961) 
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I. INTRODUCTION 
12 

The elastic scattering of protons by C has been 

studied extensively. A summary of the available data below 

13-MeV. has been given by J. B. Swint^1). A further de- 
12 

tailed and precise study of the C + p interaction In the 

range of incident energies from 4.7- to 12.8-MeV has been 
(2) 

done by J. B. Swint . In this latter work Swint obtained 

absolute differential cross sections for the elastic scatter¬ 

ing process as a function of energy and as a function of 

angle at discrete energies. Swint obtained phase shifts to 

represent the cross sections over the entire energy range, 

and the results were very successful with a few exceptions. 

The calculated cross sections were in good qualitative but 

not quantitative agreement with the experimental results In 

the regions around the 5.3- and 9.14-MeV. anomalies. 

In the present experiment a detailed study is made 

of the "resonating" phase shifts for the 5.3- and 9.14-MeV. 

anomalies. Absolute differential cross sections as a function 

of energy (excitation function) and as a function of angle at 

discrete energies (angular distributions) were measured over 

each of the anomalies. Values of the phase shifts were chosen 

to give good quantitative agreement between the calculated 

and experimental cross sections for the angular distributions. 

It was found that the "resonating" phase shifts for the d^^ 

resonance at 5.3-MeV. and the f „ resonance at 9.13-MeV. do 
5/2 

not pass through 90° . 



2. 
II. EXPERIMENTAL APPARATUS 

The Rice University tandem Van de Graaff was used 

to accelerate protons which bombarded a gaseous target in 

a small volume gas scattering chamber. The detectors used 

in this experiment are silicon surface barrier detectors. 

The auxiliary equipment used included a current integrator, 

a Technical Measurement Corporation (TMC) 400-channel pulse 

height analyzer, two Atomic Instrument Company (AIC) special 

model 512 five-channel analyzers, and two AIC model 2l8 

linear amplifiers, preamplifiers, and scalers , 

A. Accelerator 

The proton source used in this experiment was the 

Rice University 12-MeV. tandem Van de Graaff accelerator. 

The accelerator was manufactured by the High Voltage Corpora¬ 

tion and is designated by them as a type EN accelerator. The 

beam energy is measured by a 90° analyzing magnet. An energy 

(4) 
calibration for the magnet was made by Bonner, e_t aJ. by 

comparison with the C^^(p,n)N^^ ground state threshold. The 

beam energy was estimated to be accurate within - 10-KeV. 

B. Scattering Chamber 

The scattering chamber used in this experiment is a 

precisely constructed, small volume, gas scattering chamber. 

The construction of the chamber was described in detail by 

(5) Jones' ’. 



3. 

The chamber consists mainly of three cylindrical 

pieces: the center piece which is held fixed, and the upper 

and lower pieces which are free to rotate about an axis per¬ 

pendicular to the beam. The rotating pieces each have two 

detector ports 90° apart in a plane perpendicular to the rota¬ 

tion axis. The angular setting of the detectors can be set 

with an accuracy which is within a few minutes of arc, and 

the effective angular range of the combined detectors is 2Q° 

to 160° . 

The chamber can be used with an entrance foil for rare 

gaseous targets and has a differential pumping system for use 

with abundant gaseous targets. A detailed description of a 

differential pumping system similar to the one used is given 

by Reich^^. 

The cross section measurements are estimated to be in 
(3) error by no greater than 0.1$ due to geometrical inaccur¬ 

acies in the chamber. 

C. Detectors 

The detectors used in this experiment are silicon 

surface barrier detectors, and for future reference will be 

designated as Det. 1, 2, 3, or 4. Det. 1 is a Nuclear Diode 

Corporation detector with a bias maximum of two hundred volts, 

resolution of 30-KeV., and is capable of stopping 12-MeV. 

protons. Det. 2 and Det. 3 are Oak Ridge Technical Enter¬ 

prises Corporation (ORTEC) detectors with a bias maximum of 
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one hundred volts, resolution of 30-KeV., and capable of 

stopping 6-MeV. protons. Det. 4 was not used in this 

experiment. 

Det. 1 was used at forward angles in the range 30° 

to 90° . Det. 3 was used for angles in the range 90° to 150°, 

and Det. 2 was used for angles in the range 150° to 165° . 

D. Current Integrator 

The total charge of the incident beam was measured 
(7) 

with a current integrator described by Miller . A 

capacitor is charged to a known voltage and is discharged 

to a second known voltage V by a positive current (incident 
2 

protons) which is collected by a Faraday cup. When the vol- 

tage across the capacitor is equal to V , the integrator sends 
~2 

a signal to the pulse height analyzer and the scalers which 

then stop accepting counts. The integrated charge is 

then given by q = C{Y^ - V2), where C_ is the capacitance of 

the capacitor. The capacitance is determined by measuring 

the time required to discharge the capacitor through a ten 

megohm resistor from V to . A block diagram of the 

electronics is shown in figure 1. 



FIGURE 1: 

A block diagram of the electronics used in the 

experiment. 
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5. 

III. EXPERIMENTAL METHODS 

The purpose of this experiment was to obtain dif¬ 

ferential cross sections as a function of angle at closely 

spaced energies over the 5.3- and 9.14-MeV. anomalies in 
12 12 

the elastic scattering problem C (p,p)C . There are two 

questions which must be answered: a) given the number of 

scattered protons, how is the cross section calculated, b) 

how is the incident energy of the protons determined. 

The differential scattering cross section du“(9)/d_rx 

for a given angle 9 is defined by^^ 

d a~C0)/dM. — Ne,/(hlp A^L) 

where d-12. is the unit solid angle in the direction defined 

by the angle 9, N is the number of events of a given type 

per unit time per target nucleus, is the number of inci¬ 

dent particles per unit area per unit time, and All is the 

increment of solid angle subtended by the detector. The 

simplest form for the cross section formula which is appli¬ 

cable for the Rice University precis ion-small-volume-gas - 

scattering chamber (RUPSVGSC) is given as a function of 
(5) 

measurable experimental quantities: 

(i) = -JJH~ 
where A is the laboratory scattering angle, N the number 

of particles counted in a given time, <3 the number of target 



6. 
3 

nuclei per cm, f_ an angle -dependent geometrical factor, and 

G a slit system constant. Ref. (5) discusses these quantities 

in greater detail. 

Let m be the mass of the incident proton, M the mass 

of the target nucleus, the scattering angle of the proton 

in the lab system, EQ the energy of the incident proton in the 

lab system, the energy of the proton after scattering, 9 

the center-of-mass scattering angle of the proton, then the 

relationship between the center-of-mass elastic scattering 
(9) cross section and the cross section in the lab is given by ' 

(2) er (e) = ^ ^ _ 

(m +■ M )2 Ei/gc ^ 
(9 

The relationship between the C.M. and lab angles is given by 

tan & = sin + cosS) . 

The quantity N used in equation (1) is the number of 

protons counted in a given time. The counts are obtained by 

feeding the signals from a detector into a preamplifier and 

then to the IMC 400-channel analyzer. The TMC analyzer can 

be operated in three different modes: as one 400-channel 

analyzer, as two 200-channel analyzers, or as four 100-channel 

analyzers. For the excitation curves three detectors were 

usually used and thus the analyzer was used as four 100- 

channel analyzers. The angular distributions were taken using 

Det. 1 and Det. 3 with Det. 2 replacing Det. 1 for a few 



7. 
points; and, thus, for the angular distributions the analyzer 

was used as two 200-channel analyzers. 

Two additional analyzing systems, each consisting of 

a linear amplifier, a five-channel integral pulse height 

analyzer (discriminators), and five fast scalers, were put 

in parallel with two of the input channels to the 400-channel 

analyzer. The purpose of these was to provide a means of de¬ 

termining the dead time of the 400-channel analyzer. The 

five-channel integral discriminators were set to accept pul¬ 

ses greater than 35, 40, 45* 50, and 55 volts for the five 

channels respectively. The linear amplifiers were adjusted 

for each data point to give a count rate in the fifth channel 

(55 volt level) which was on the order of five percent of the 

count rate in the fourth channel (50 volt level). This pro¬ 

vides a correlation between the 400-channel analyzer and the 

five-channel analyzers. That is to say, given a number of 

counts N,_ in the fifth channel of the five-channel analyzer, 

one can then examine the corresponding detector spectrum 

from the 400-channel analyzer and determine the channel which 

corresponds to the 55 volt discrimination level. The TMC 

analyzer is quite linear as can be checked by using a cali¬ 

brated pulse generator. Therefore, it is possible to deter¬ 

mine which channels correspond to the remaining five-channel 

analyzer levels. Suppose we wish to correlate the 35 volt 

level, then the channel number corresponding to this level for 
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the 400-channel analyzer is given hy 

M = (35/55 )M 
i 5 

where is the channel number corresponding to the 35 volt 

level (channel 1 of the five-channel analyzer) and M is the 
5 

channel number corresponding to the 55 volt level. Now the 

dead time of the five-channel analyzer is on the order of a 

few microseconds per event while the dead time of the TMC 

400-channel analyzer ranges from 40 to 120 microseconds per 

event. At the counting rates used (less than 5000 events 

per second) the counting losses of the five channel analyzers 

are negligible and taken to be zero. Thus if N is the num- 
5 

ber of counts in the fifth channel of the five-channel 

analyzer, (i = 1,2,3,4) is the number of counts in the 

i^*1 channel of the five channel analyzer, and N is the num- 
t 

ber of counts between the channels M. and M of the corres-   i 5 
ponding IMG spectrum, then the dead time correction factor 

for the 400-channel analyzer is given by 

(3) k - (N, - N )/N . x 5 t 

The factor k ranged in value from 1.000 to 1.055. The large 

dead times occurred at forward angles where the count rate 

was largest. The value of the channel number i. was chosen 

to give the channel number in a region where the number 

of counts in the TMC spectrum was small in order to minimize 



9 

any errors due to small uncertainties in the determination of 

the value of M . Some typical spectra and values of the 

quantities given above are shown in figure 2. 

In figure 2, the peaks in the spectra are labeled 

with the scattering process from which the counts result. The 

correct labeling of these peaks depends upon a detailed 

knowledge of the nuclei present in the target gas and upon a 

knowledge of the kinematics of the scattering process. Two 

different cylinders of methane gas were used in the course of 

this experiment. The gas was analyzed by the Petroleum 

Analytical Research Corporation of Houston, Texas. The re¬ 

sults of the analyses are shown in Table 1. As can be seen 

from Table 1, there is oxygen which is taken to be one hundred 

percent 0^, nitrogen which is taken to be one hundred percent 

carbon which is taken to have the natural distribution of 

isotopes (that is, 98.87 percent C12 and 1.13 percent C1^), 

and hydrogen. From the equations of kinematics (c.f. reference 

10) it can be seen that the energy of the scattered proton 

increases as the mass of the target nucleus increases. Since 

there are no particle reactions with positive Q-values in the 

energy range of this experiment, the elastically scattered 
16 

protons from 0 will have the highest energy and consequently 

the largest pulse height with N1^, C1^, C12 and hydrogen follow¬ 

ing in order of decreasing energy of the elastically scattered 

protons. 
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TABLE 1 

Mass spectrometer analyses for the methane gas cylinders 

used in this experiment. 

Cylinder 1 - used October 15, 1965 to January 12, 1966 

Mol. f0 

Carbon Dioxide (CO^) 0.2 

Nitrogen (Ng) 0.7 

Methane (CH ) 99.0 

Ethane (C ) 0.1 
d D 100.0 

013/Cl2 0.0113 

Cylinder 2 - used January 13, 1966 to April 3, 1966 

Mol. % 

Carbon Dioxide (COg) 

Nitrogen (N^) 

Methane (CH. ) 

Ethane (CgHg) 

Propane (C^Hg) 

0.22 

0.94 

98.66 

0.17 

0.01 
100.00 



FIGURE 2: A typical 400-channel spectrum 

with the TMC analyzer used as two 200-channel 

analyzers . 
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11 

To get the final number N to be used in calculating 

the cross section it is necessary to fix the channel limits 
12 12 

of the C (p,p)C peak in the pulse height spectrum. The 

channel limits were picked at channels where there was an 

obvious and sharp increase above the rather monotonic back¬ 

ground counts. In every case the background itself was less 

than 1.0 percent of the total number of counts in the peak 

and in most cases was less than 0.5 percent; consequently, 

no corrections were made for the background. The final 

number N is given by 

N = kN' 

where N' is the number of counts between the channel limits 

of the peak. 

The quantity d_ used in equation (1) is defined as the 

number of target nuclei per cubic centimeter. The Ideal Gas 

Law 

FV = NTA 

was used where P. is the pressure, V_ the volume, N the number 

of atoms or molecules in the volume V, T the temperature, and 

k is Boltzmann's constant. In order to express this in terms 

of the quantity d_, it is necessary to define an "effective 

pressure" for the nucleus under consideration, in this case 
12 C . Since the partial pressure of a particular gas in a 



12 . 

gas mixture is given by the product of the molecular percen¬ 

tage of that gas times the pressure of the gas mixture,, one 

can calculate the partial pressures of the carbon compounds. 

One can then calculate the "effective pressure" for by 

multiplying the number of carbon atoms in the compound times 
12 

the natural abundance of C times the partial pressure of the 

compound. A sum of the effective pressures of all the carbon 

compounds then gives the total "effective pressure" for C12. 

At forward angles, however, the impurity peaks due to 

N12*, and are unresolved (c.f. Figure 2, 9 32°). 
c • m o 

In this case it is necessary to make some corrections to the 

"effective pressure". First of all it is necessary to make 

some assumptions about the associated cross sections, and 

it is assumed that the impurity cross sections are equal to 
12 

the C cross section. With this assumption one can then 

simply calculate "effective pressures" for each of the nuclei 

for which the elastic proton peak is unresolved and then add 
12 these to that for C . The assumption of equal cross section 

introduces very little error since the amounts of the impuri¬ 

ties are quite small. The expression for the number of target 

nuclei per cubic centimeter can now be written 

d = kP /T 
eff 

where P is the total "effective pressure", 
eff 
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The pressure of the gas mixture was measured by means 

of a manometer which used butyl phthalate pump oil. The oil 

level difference was measured with a cathetometer. The 

error in pressure measurement is estimated to be - 0.1 per¬ 

cent. The temperature was measured by inserting a ther¬ 

mometer into a hole in the chamber and assuming that the 

gas was in thermal equilibrium with the chamber. The error 

in the temperature measurement is estimated to be - 0.8 

pe rcent. 

The number of incident particles q was determined 

from the integrated charge Q. which was measured by the current 

integrator. The capacitance was measured at the beginning 

and end of each angular distribution as described in the 

previous section on apparatus. The variation in capacitance 

was less than - 0.3 percent excepting the two angular distri¬ 

butions labeled ^ and R in Figure 6 where the variation was 

less than 2.0 percent. The error in the charging voltage 

of the integrator was estimated to be less than - 0.1 

percent^). The accuracy of the number of incident par¬ 

ticles is, therefore, estimated to be less than - 0.4 percent. 

The angle-dependent geometrical factor f is essen¬ 

tially taking into account the fact that at different angles 

a given detector will "see" different path lengths of the 

incident beam. The _f factor was calculated by Harris 

with a stated accuracy of 0.1 percent. Harris tabulated the 
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four detector laboratory angles and corresponding f. factors 

for 0.1° intervals of the upper and lower azimuth circle 

readings from 1° to 359° . 

The G factor of each detector slit system was de¬ 

termined from measurements of the width W of the front slit, 

the area A of the rear slit, the distance S_ between the rear 

and front slits, and the distance R from the rear slit to 
(1,5) (5) 

the center of the scattering chamber . G is given by 

G = AW/RS . 

The RMS error in G resulting from the inaccuracies of the 

above measurements was estimated to be less than 0.3 percent 
(5) by Jones . 

The energy of the incident beam of protons was deter¬ 

mined by the 90° analyzing magnet with a correction for 

energy loss in the gas. Since the detector slit systems 

are set up so that the detectors "look" at the center of 

the chamber, the calculation of the energy loss in the gas 

includes only the differential pumping system and the first 

half of the scattering chamber. The main part of the differ¬ 

ential pumping system is the "D. P. block" which has a large 

hole ("main bore") bored along the long axis of the block 

with two pumping ports perpendicular to the "main bore" at 

either end of the block. The "main bore" houses approximate- 

ly one hundred gas retarding slits which are 20 mil tantalum 
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disks with 2 mm holes. The energy loss by protons in the 

"D. P. block" and first half of the chamber was dtermined by 
(1) 

the empirical formula 

-2 -2 
E = (2.118 x 10 P + 2.1919 x 10 P ) dE/dx 

where E is the energy loss in MeV., P . the "D. P. block" 
1»3 u 

pressure in centimeters of oil, Pc the chamber pressure in 

centimeters of oil, and dE/dx the energy loss at one atmos¬ 

phere of pressure and the temperature of the experiment. 
( 11 ) 

The value for dE/dx at STP is given by Whaling' . The 

quantity enclosed in the parentheses is considered the effec¬ 

tive length of the "D. P. block" and first half of the cham¬ 

ber. The maximum uncertainty in this energy loss is estimated 

+ (5) to be - 10 Kev. , and the total uncertainty of the beam 

energy is estimated to be approximately - 14 KeV. 

This energy determination is, however, not good enough 

for this experiment since some of the angular distributions 

were located less than 10 KeV. apart in energy. Another point 

to be considered is the fact that the experiment was conducted 

a few days at a time at intervals of about a month and a 

half, and it was not possible to duplicate the exact experimen¬ 

tal conditions. Consequently, each time the experiment was 

conducted an excitation function was taken over the resonance 

being studied to give a "calibration" of the 90° analyzing 

magnet in terms of the position of the resonance. Each of 



these excitation functions was compared to the preceding 

excitation functions in order to position the angular distri¬ 

butions with respect to those already taken. The absolute 

energy of the incident beam still contains the - 14 KeV. 

inaccuracy; however, the relative energy positions of the 

angular distributions with respect to each other and the 

resonance itself are estimated to be accurate within less than 

5 KeV. The relative energy values for the angular distribu¬ 

tions are given in Tables 11-12. 
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IV. PROTON-PROTON SCATTERING 
(12) 

Knecht, e_t al. have measured the differential 

center-of-mass cross sections for H(p,p)H at center-of-mass 

angles 9 = 50° , 60° at proton energies E = 1.397* 1.855* c • m • p 
and 2.425 MeV Their results are shown in Table 2. These 

results were used to provide a comparison check to establish 

the validity of the results of this experiment. In par¬ 

ticular this check provides a means of determining whether 

any insensitive area of the detectors was included in the 

solid angle of the detector systems and also validates the 

counting loss corrections. Differentially pumped hydrogen 

gas was used as the target. 

The energy at which the check points were taken was 

E = 2.465 MeV.; however, since the cross section varies 
P 

very slowly with energy, one can extrapolate the experimental 

results with some assurance. Assuming that the cross section 

varies linearly with energy and that the variation beyond 

En = 2.425 MeV. is the same as the variation between E = 1.855 f p 
MeV. and E = 2.425 MeV., the extrapolated cross sections are 

P 

fd<r(50°) 1 
c/fL L m = 0.1457 barns/ster. 

V • 111 • 

rMm 1 
L c/il J c .m. = 0.1500 barns/ster. 
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This check was made several times and the results are shown 

in Table 3. The errors given are with respect to the 

extrapolated cross sections listed above. The agreement is 

quite good and within statistical uncertainty excepting the 

results of January which have been accounted for as being due 

to a variation in the charging voltage of the current inte¬ 

grator. The variation in the charging voltage was the result 

of a weak battery being used as the voltage supply. These 

results, therefore, are considered to verify the experimental 

and data reduction procedures used. 



19. 

TABLE 2 
(12 ) 

H(p*p)H differential center-of-mass cross sections' ’. 

Ep(MeV.) 9 c ,m. 07 _ (9) (barns/s ter 

1.397 50° 0.15736 - 0.14$ 

1.397 60° 0.15615 - 0.14$ 

1.855 50° 0.15637 - 0.11$ 

1.855 60° 0.15999 - 0.11$ 

2.425 50° 0.14636 - 0.13$ 

2 .425 60° 0.15073 - 0.13$ 



20 

TABLE 3 

H(p,p)H differential center-of-mass cross sections taken as 

comparison check points at Ep = 2 .464 MeV. 

DATE DATA 
WAS TAKEN 

DETECTOR 
NUMBER 

e 
c oin • or m (0) vc .m • 

ERROR 

December 
1965 

1 60° 0.1505 + 0.33# 

December 
1965 

3 60° 0.1498 - 0.13$ 

December 
1965 

2 50° 0.1472 + 1.03# 

December 
1965 

4 50° 0.1444 - O.89# 

Janua ry 
1966 

1 60° 0.1527 
0.1530 

+ 1.80$ 
+ 2.00$ 

January 
1966 

3 60° 0.1531 
0.1537 

+ 2.07$ 
+ 2.47$ 

January 
1966 

2 50° 0.1441 - 1.10$ 

January 
1966 

4 50° 0.1459 + 0.14$ 

April 
1966 

1 60° 0.1511 
0.1500 

+ 0.73$ 
0.00$ 

April 
1966 

3 60° 0.1493 
0.1498 
0.1499 

- 0.47$ 
- 0.13$ 
- 0.07$ 

April 
1966 

2 50° 0.1471 + 0.96$ 



21. 
V. EXPERIMENTAL RESULTS 

A. Excitation Functions 

The absolute differential center-of-mass cross 
12 sections for the elastic scattering of protons by CA were 

measured at angles 0 = 90.0° , 125.27°, 161.12° in the c ,m. 
energy range E = 5-0-5.5 MeV. and at angles 0 = 90.0°, 

p c .m. 
140.75° in the energy range 9.0-9.3 MeV. The energy steps 

were 10 to 20 KeV. The counting statistics for the angles 

9 = 90.0°, 125.27°, 140.72°, 161.12° were better than 
C •IA • 

2.0, 1.6, 2.5, and 1.5 percent, respectively. The results 

are shown in Figures 3-6 and the cross sections are given in 

Tables 4-8. 

B. Angular Distributions 

The absolute differential center-of-mass cross sec- 
12 

tions for the elastic scattering of protons by C were 

measured at laboratory energies 5.179, 5-229, 5.279, 5-332, 

5-348, 5-353, 5-359, 5-363, 5-366, 5-368, 5-380, 5-429, 

5-480, 5-874, 9-093, 9-101, 9-121, 9-132, 9-195, 9-216, and 

9.259 MeV. These energies are the nominal energies calculated 

from the measurement of the magnetic field of the 90° 

analyzing magnet and corrected for energy loss in the gas. 

The counting statistics were on the average less than 2.0 per¬ 

cent. The results are shown in Figures 7-11 and the cross 

sections are given in Tables 9-10. Table 11 gives a correla¬ 

tion between the energies of the angular distributions and the 



FIGURES 3°5o Excitation functions over the 

5.3-MeV. anomaly at 161.12°, 125.270, 90.0° 

in the center-of-mass. The solid dots are 
(1) 

points taken from Swin.t . The crosses 

represent the data taken in October, 1965• 

The triangles represent the data taken in 

January, 1966. The squares represent the data 

taken in February, 1966. The arrows in Figure 

3 indicate the positions of the angular distri- 

butions with respect to the excitation function 

of October, 1965* 
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FIGURE 6; Excitation functions over the 

9.14-MeV. anomaly at 140.75° and 90.0° in 

the center-of-mass. The solid dots are 

points taken from Swint^^. The triangles 

represent the data taken in January, 1966. 

The crosses represent the data taken in April, 

1966. The arrows indicate the positions of the 

angular distributions with respect to the 

excitation function of Swint. 
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22 . 
excitation function of October, 1965 in the energy range 

5.0-5.5MeV. Table 12 gives the correlation between the 
(1) angular distributions and the excitation function of Swint 

in the energy range 9.0-9*3 MeV. The determination of these 

relative energies is explained in the section on experimental 

methods. That these relative energies are at the very least 

approximately correct and within the estimated errors can be 

seen by examining Figures 12 and 14 in section VI. In this 

particular type of plot of the phase shift and damping 

parameter, the points as a function of energy should form a 

smooth, ordered curve which is precisely the case here and 

this fact provides the best verification of the relative 

energy assignments. 
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Excitation 

TABLE 4 

function over 5.3-MeV. anomaly- •October* 1965 

EP cr (125.27' 
C offi e 

(MeV.) (barns/ster.) (barns/ster.) 

4.994 0.1235 0.1086 

5.008 0.1229 0.1070 

5.020 0.12 40 0.1098 

5.033 0.92 59 0.1081 

5.046 0.1272 0.1079 

5.065 0.1300 0.1097 

5.085 0.1310 0.1100 

5.105 0.1350 0.1089 

5.128 0.1384 0.1080 

5.159 0.1422 0.1113 

5.179 0.1467 0.1117 

5.199 0.1508 0.1111 

5.219 0.1546 0.1135 

5.229 0.1588 0.1163 

5.239 0.1614 0.1151 

5.259 . 0.1676 0.1194 

5.269 0.1680 0.1178 

5.279 0.1709 0.1192 

5.289 0.1697 0.1178 

5.299 0.1688 0.1184 

5.306 0.1681 0.1171 

5.314 0.1651 0.1163 
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(MeV.) 

5.321 

5.328 

5.336 

5.343 

5.349 

5.353 

5.360 

5.366 

5.373 

5.379 

5.386 

5.392 

5.399 

5.405 

5.412 

5.418 

5.425 

5.431 

5.441 

5.461 

5.471 

5-490 

5.530 

5.550 

TABLE 4 (cont'd) 

(j- (161.12° ) vc ,m. 
(barns/ster.) 

0.1615 

0.1547 

0.1421 

0.1329 

0.1231 

0.1163 

0.1070 

0.0967 

0.0904 

0.0849 

0.0785 

0.0741 

0.0740 

0.0744 

0.0743 

0.0758 

0.0760 

0.0802 

0.0828 

0.0892 

0.0918 

0.0973 

0.1110 

cr (125.27°) c .m. 
(barns/ster.) 

0.1148 

0.1107 

0.1048 

0.1022 

0.1003 

0.0970 

0.0941 

O.O892 

0.0859 

0.0816 

0.0822 

0.0799 

0.0792 

O.O825 

0.0810 

0.0801 

0.0818 

0.0849 

0.0840 

0.0854 

0.0871 

0.0905 

0.0948 

O.O965 0.1117 
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Excitation 

E 
P 

(MeV.) 

5.190 

5.203 

5.216 

5.229 

5.2 42 

5.254 

5.267 

5.280 

5.287 

5.293 

5.300 

5.306 

5.313 

5.319 

5.326 

5.332 

5.339 

5.352 

5.358 

5.365 

5.371 

5.384 

TABLE 

function over the 

(T (90.0° ) uc.rn. 
(barns/ster.) 

0.0231 

0.0216 

0.0200 

0.0200 

0.0192 

0.0178 

0.0184 

0.0174 

0.0195 

0.0188 

0.0173 

O.OI69 

0.0187 

0.0200 

0.0217 

0.0234 

0.02 55 

0.0296 

0.0330 

0.0350 

0.0375 

0.0406 

5 

5.3-MeV. anomaly - 

(barns/ster.) 

0.1523 

0.1566 

0.1574 

0.1599 

0.1642 

0.1681 

0.1736 

0.1776 

0.1779 

0.1777 

0.1776 

0.1754 

0.1753 

0.1716 

0.1699 

0.162 4 

0.1547 

0.1365 

0.1260 

0.1146 

0.1047 

0.0874 

January* 1966 

cr (125.27°) 

(barns/ster.) 

0.1139 

0.112 4 

0.1130 

0.1169 

0.1146 

0.1175 

0.1203 

0.1177 

0.1192 

0.1195 

0.1176 

0.1206 

0.1154 

0.1152 

0.1176 

0.1096 

0.1094 

0.1008 

0.0988 

0.0955 

0.0900 

0.1007 
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TABLE 5 (cont ■a) 

E 
P 

<S.„.(J25.27* 

(MeV.) (barns/ster.) (barns/ster.) (barns/ster.) 

5.391 0.0407 0.0829 O.O829 

5.397 0.0429 0.0784 0.0804 

5.404 0.0427 0.0747 0.0845 

5.410 0.0431 0.0758 0.0797 

5.417 0.0413 0.0743 0.0800 

5.424 0.0401 0.0742 0.0802 

TABLE 6 

Excitation function over the 5.3-MeV. anomaly - February,, 1966 

EP ,m. (9°.0° ) rr (161.12 wcm. :#) 

(MeV.) (barns/ster.) (barns/ster. ■) 

5.268 0.0186 0.1718 

5.281 0.0167 0.1751 

5.294 0.0178 0.1742 

5.307 0.0197 0.1726 

5.320 0.0216 0.1619 

5.333 0.0286 0.1447 

5.346 0.0319 0.1200 

5.359 0.0393 0.1026 

5.372 0.0415 0.0837 

5.385 0.0434 0.0746 

5.398 0.0416 0.0715 

5.424 0.0396 0.0749 
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Itation 

TABLE 7 

function over the 9.14-MeV. anomaly-January, 1966 

E 
P 

n- (140.75°) vc ,m. cr (90.0° ) c .m. 
(MeV.) (barns/s ter.) (barns/ster.) 

9.021 0.0192 0.0421 

9.097 0.0299 0.0566 

9.114 0.0377 0.0654 

9.131 0.0460 0.0729 

9.139 0.0482 0.0770 

9.144 0.0478 0.0766 

9.149 0.0455 0.0691 

9.132 0.0466 0.0767 

9.141 0.0475 0.0796 

9.149 0.0464 0.0780 

9.159 0.0442 0.0750 

9.167 0.0469 0.0754 

9.175 0.0467 0.0758 
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TABLE 8 

Excitation function over the 9.14-MeV. anomaly - April* 1966 

E 
P 

(MeV.) 

(140.75°) 

(barns/s ter.) 

GT (90.0°) 
C *WL • 

(barns/s ter.) 

9.016 0.0194 0.0412 

9.025 0.0207 0.0417 

9.051 0.0217 0.0445 

9.080 0.0292 0.0536 

9.097 0.0373 0.0626 

9.114 0.0459 0.0708 

9.122 0.0483 0.0760 

9.131 0.0481 0.0786 

9.139 0.0445 0.0752 

9.148 0.0439 0.0766 

9.156 0.0474 0.0783 

9.165 0.0459 0.0766 



FIGURES 7-11 s Absolute differential center-of- 

mass cross sections as a function of angle for 
12 

the elastic scattering of protons by C . The 

dots are the experimental data. The solid curve 

is a smooth curve drawn through the values of 

the cross sections calculated from the derived 

phase shifts in Table 13. The angular distri¬ 

butions are labeled with the energies at which the 

data were taken, and these energies are the nominal 

energies (c.f. Tables 11 and 12). Note that the 

cross sections have been displaced by the amounts 

given in the parentheses. 
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TABLE 9 
12 12 

Cross sections as a function of angle for C (p,p)C ; the 

columns are labeled at the top with the letter designation 

and the nominal energy of the angular distributions (c.f. 

Table 11 and Figure 3). 

0JT>in.(
9) (barns/ster.) 

CENTER-OF-MASS 
ANGLE 

A 
5.179 

B 
5.229 

C D 
5.279 5.332 

E P 
5.380 5.429 

G 
5.480 

32.38 .3313 .3357 .3566 .4091 .3779 .3307 .3106 

38.43 .2180 .2254 .2419 .2623 .2274 .1987 .1891 

52.90 .1034 .1068 .1135 .1078 .0808 .0764 .0807 

62.57 .0631 .0648 .0644 .0576 .0439 .0460 .0482 

72.36 .0348 .0355 .0332 .0310 .0301 .0297 .0318 

87.16 .0198 .0172 .0157 .0251 .0370 .032 4 .0267 

102.14 .0398 .0398 .0391 .0502 .0546 .0489 .0478 

112 .16 .0704 .0697 .0699 .0722 .0692 .0668 .0659 

122 .27 .0999 .1056 .1060 .0959 .0789 .0847 .0846 

132 .43 .1292 .1350 .1394 .1161 .0847 .0909 .1009 

143 .24 .1482 .1557 .1635 .1324 .0854 .0914 .1034 

153.02 .1542 .1631 .1704 .1378 .0823 .0872 .1042 

H 
5.348 

I 
5.363 

J K 
5.353 5.368 

L 
5.359 

M 
5.366 

Y 
5.874 

32.38 .4180 .4162 .4149 .4091 .3175 

38.43 .2653 .2 538 .2627 .2544 .2 525 .2241 

48.00 .1463 .1333 .1310 .1278 .1378 

52.90 .1116 .1033 .1123 .0956 .0961 .0895 .1097 

57.97 .0771 



TABLE 9 (cont'd) 

CENTER-OF-MASS H I J K L M Y 
ANGLE 5.348 5.363 5.353 5.368 5.359 5.366 5.874 

62.57 .0597 .0533 .0580 .0515 .0499 .0485 .0590 

72.36 .0316 .0309 .0301 .0321 .0314 . 0307 . 02 40 

82 .21 .0244 .0294 .0311 .0308 .0099 

87.16 .0234 .0304 .0272 .0322 

89.98 .0313 .0380 .0374 .0388 

90.01 .0379 .0120 

96.97 .0407 .0459 .0481 .0487 .0242 

102 .14 .0459 .0538 .0487 .0559 .0550 .0555 .0372 

112 .16 .0722 .0739 .0717 .0732 .0697 .0714 .0721 

117.21 .0786 

112 .27 .0965 .0922 .0964 .0878 .0871 .0853 .1089 

12 5.27 .102 5 . 0913 

132.43 .1156 .1024 .1130 .0972 .0957 .0933 .1354 

136.65 .1436 

140.03 .122 8 .1026 

140.75 .1219 .1003 .0964 .1473 

144.63 .0957 

148.43 .1288 .1041 .0976 .1536 

153.02 .1453 .1141 .1334 .1106 .1042 .0987 .1550 

161.12 .1339 .1073 .1057 .0933 .1524 
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TABLE 10 
12 12 Cross sections as a function of angle for C (p5p)G ; the 

columns are labeled at the top with the letter designation 

and the nominal energy of the angular distributions (c.f. 

Table 12 and Figure 6). 

(77m (9) (barns/ster.) c • in o 

CENTER-OF-MASS 
ANGLE 

N 
9.121 

0 
9.132 

P 
9.195 

Q 
9.216 

R 
9.2 59 

S 
9.093 

T 
9.101 

32 .38 .3141 .3374 .3634 .3141 .2 928 .2896 .2971 

38.43 .1783 .1712 .1576 .1572 .1754 .1760 

48.00 .0584 .0490 .0345 .0431 .0515 .0669 .0630 

52 .90 .0327 .02 3 5 .0174 .02 3 5 .0318 .0390 .0358 

62.57 .0202 .0210 .0360 .0298 .02 54 .0173 .0187 

72.36 .0318 .0357 .0687 .0542 .0395 .0217 .02 46 

82 .21 .0514 .0628 .0821 .0669 .0505 .0408 .0440 

90 0 01 .0691 .0732 .0663 .0545 .0467 .0559 .0608 

96.97 .0905 .0910 .0481 .0444 .0444 .0807 .0839 

102.14 .1010 .1023 .0363 .0329 .0382 .0927 .0969 

112 .16 .1146 .1146 .0176 .0150 .0236 .1107 .1097 

117.21 .1057 .1064 

122 .27 .1006 .1035 .0130 .0113 .0163 .0938 .0961 

132.43 .0671 .0686 .0233 .0182 .0173 .0593 .0613 

140.75 .0404 0470 .0386 .0216 .0323 .0359 

148.43 .0362 .0459 .0586 .0420 .0286 .0250 .0286 

153.02 .0451 .0607 .0696 .0508 .0319 .0301 .0355 

161.12 .0782 .1011 .0944 .0650 .0386 .0535 .0618 
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TABLE 11 

Relative energies of the angular distributions in the 

5.0-5.5 MeV . energy range with respect to the excitation 

function of October, 1965. 

DATE LABEL NOMINAL 
ENERGY 
(MeV .) 

RELATIVE 
ENERGY 
(MeV .) 

ESTIMATED 
ERROR 
(Kiev.) 

October, 1965 A 5.179 5.179 - 0.0 

B 5.229 5.229 - QoO 

C 5.279 5.279 - 0.0 

D 5.332 5.332 - 1.0 

E 5.380 5.379 - 1.0 

F 5.429 5.429 * 1.0 

G 5.480 5.480 - 1.0 

December, 1965 H 5.348 5.338 - 5.0 

I 5.363 5.353 - 5.0 

January, 1966 K 5.368 5.358 - 3.0 

J 5.353 5.343 t 3.0 

February, 1966 M 5.366 5.369 - 3.0 

L 5.359 5.362 - 3.0 
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TABLE 12 

Relative energies of the angular distributions in the 

9*0-9.3 MeV. energy range with respect to the excitation 

function of Swint^1^. 

DATE 

April, 1966 

LABEL NOMINAL 
ENERGY 
(MeV.) 

RELATIVE 
ENERGY 
(MeV .) 

ESTIMATED 
ERROR 
(KeV.) 

S 9.093 9.113 - 3.0 

T 9.101 9.121 - 3.0 

N 9.121 9-127 t 3.0 

0 9.132 9.138 - 3.0 

P 9.195 9.201 - 3.0 

Q 9.216 9.222 - 3.0 

R 9.259 9.264 - 3.0 

January, 1966 
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VI. ANALYSIS 

A. Differential cross sections in terms of damping 

parameters and phase shifts. 

The differential cross section in the center-of-mass 
(2) can be written 

W tree) = -fa ( \fcie)\3' +• | fi(a)f-) 

where k is the wave number of the incident particle, 9 is the 

center-of-mass scattering angle, and f and f are the co- 
—XJ ~1 

herent and incoherent seattering amplitudes. The terminology 

comes from the fact that the scattering amplitude f contains 
“c 

a term representing the coulomb scattering and a term represent¬ 

ing the nuclear scattering which leaves the spin of the incident 

particle unchanged in direction. In coulomb scattering the 

spin of the particle is unaffected since there is no inter¬ 

action between the coulomb field and the spin of the particle. 

Since the coulomb interaction does not affect the spin, only 

that part of the nuclear Interaction which leaves the spin 

unaffected will have a definite phase relationship with the 

coulomb scattering and thus be coherent. Those particles 

which undergo "spin-flip" are Incoherent with respect to the 

coulomb scattering and must be taken into account separately 

as indicated in equation (4). 

The scattering amplitudes are defined In terms of the 
(3) scattering phase shifts as 
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(5) ft(e)= -|- csczi In csc*-f J 

4- T £ e1"^ P(«se) lp>n - (<+i) eZ! ^ - / ei2 ^ J 
£-o * u 

and 

(6) 
OO 

M = £ 
je=i 

ie S/M & ?L(use) [e
ziK - e

Zz^ 7 
where X are the phase shifts of the £ partial wave with 

A 
total angular momentum J = £ ~ 1/2, is the coulomb 

2 2 
phase shift, and ^ = (yU Z^ Z^ e /h k) and is the reduced 

mass, and Z^ are the charge numbers of the incident par¬ 

ticle and the target nucleus, respectively. 

Equations (5) and (6) are valid if only elastic 

scattering is energetically possible. When inelastic scatter¬ 

ing channels are open, the phase shifts become complex and 

exp(2i6 ) —exp 2i(fi + i / ) = e{ exp(216 ) 

where the complex phase shift is expressed in terms of a real 

phase shift 6_ and a damping parameter which describes the 

absorption of the incident partial waves into the open re¬ 

action channels. 
^ fa In terms of the collision matrix Uj of the £ 

partial wave and total angular momentum J = £- 1/2, the 



36. 
(2 ) 

scattering amplitudes can be written 

(7) fc(e) = "!■ CSC2 f exp(i/j In esc2 ) 

+ g i (IFTT )fr« - an) ar - /«;] 

and 

(8) 

To describe a sharp resonance in data otherwise 

varying slowly with energy, the collision matrix may be 

split into a "single level" part and a "background" part. 

The diagonal element of the matrix for the p + problem 

(2 ) 
has been approximated by 

(9) ij] 

T /* J7" 

where KJ£ is the coulomb phase shift, and ^ are a 

camping parameter and phase shift to represent the slowly 

varying "background" part, 3.J ~ Q/n where Q and _P are 

the elastic-scattering and total widths for the resonance, 
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and ^ is a phase shift to represent the rapidly varying 

"single level" part. The energy dependence of p is taken as 

<10> tan p = (-£)/(E0-E) 

where E is the resonant energy and 3 passes through 90° 
o 

for all resonances. 

The quantity g = £i + can be written 

(11) 1 ~ af + zjcoszpl + * un l* 
A 

and since any complex number z = x + iy can be expressed in 

the form 

(12) Z= 1*1 
i arctan e 

1 x |2 | = [ 

and, therefore, 

(13) £ = [ C1 a*cos 2(2*f -h(aj sin ztfzn l-a.J+aj<.osipJ 

A total damping parameter and a total phase shift 

can now be defined such that 

[o~ 
+cos zpJ T + (aJs,n Zfl TJ i2- iVz, (14) 
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and 

(15) 
2. arc tan 

aj 5m tfl 
I ~ a*a* cos 2^. 

The diagonal element of the collision matrix expressed in 

terms of the total damping parameter and phase shift is 

(16) 

B. The behavior of the phase shifts 

In a single-channel nuclear reaction such as the 

scattering of spin-1/2 by spin-0 particles at such energies 

that only elastic scattering is possible, the behavior of 

the scattering amplitude over an isolated resonance is well- 

known. The elastic scattering amplitude for the Ji ^ partial 

wave with total angular momentum J is proportional to 

(IT) f = i(l - U) 

where U is the diagonal element of the collision matrix. U 

may be written as exp(2iA )} where A must be real so that 
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the unitarity condition is satisfied. As the incident energy 

E_ is increased through a resonance, the tip of the vector f_ 

traces out the unitary circle in the complex plane, beginning 

and ending at a point such as X_ in Figure 12. Correspondingly 

the phase shift A increases through an interval of l80° , 

passing through 90° . Many examples of this conventional be¬ 

havior have been investigated (for example see Ref. 16). 

If a second reaction channel opens, the unitarity con¬ 

dition then only restricts the tip of f_ to points within the 

unitary circle and the exponent in U becomes complex; 

A A + £ A which is called the complex phase shift. U is 

then usually written in the form given by equation (l6), and 

A is again real, with the physical significance of a phase 

shift. 

by C12, 

and 

In this experiment, the elastic scattering of protons 

is given by equation (15). For the moment, let 

be zero, then 

ZA 
ti sin 

l - <2 + a cps 9 

Since 0°^ 8 < 180° and 8 = 90° at the resonance energy E , it o 
is clear that if 

a) 1/2 < a ^ 1, there exists some value of 8 > 45° 

such that A = 90° and the center of the unitary circle V 

will be an interior point of the path followed by the tip of 

the vector f. Examples of this behavior are shown in Figure 
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12 for the broad d^^ resonance at Ep^6.6 MeV. and in 

Figure 16 for the f^,^ resonance at E^^ 9.15 MeV. 

b) a = 1/2, then at 0 = 90° we have A = 90° and 

the damping parameter is equal to zero so that the path of 

the tip of the vector f_ passes through the center of the 

unitary circle. Consequently, the phase shift is discontinu¬ 

ous. The probability of this exact behavior is vanishingly 

small since the exact value a = 1/2 is required. 

c) 0 ^ a < 1/2, there exists no value of 0 for which 

A is equal to 90° and the damping parameter is always 

greater than zero. Consequently, the center of the unitary 

circle is an exterior point with respect to the path of the 

tip of the vector f_. Examples of this behavior are shown in 

Figures 12 and 14 for the resonance at Ep^ 5.3 MeV. and 

the f resonance at E ^ 9.14 MeV. The effect of the fact 
5/2 f P 

that and ^ are non-zero in general is simply a rotation 

of the curve followed by the tip of f_ about the center of 

the unitary circle. In the case of a very broad resonance 

such as the d^^g at 6.6 MeV. where the sum may 

change by a significant amount such as 10° or more, the area 

enclosed by the curve is greater than the area enclosed if 

Ujf and were zero. The rotation effect is shown by the 

5.3-MeV. resonance in Figure 12. 



C. Derivation of the phase shifts from 

41. 

the angular distributions 

The exact problem of deriving the phase shifts and 

damping parameters from equation (4) is very non-linear 

since there are transcendental functions involved. Consider,, 

for example., N unknown phase shifts and damping parameters; 

then, at an angle ^ 

where the superscript e indicates that these are experimental 

results. If the cross section is measured at N angles, 

then there are N equations in N unknowns which cannot, however, 

be solved directly since the system of equations is non¬ 

linear. 

The calculating procedure used has linearised the 

problem by considering a trial set of parameters 

f® in,o(0_ G(
0
 . ,u and calculating a cross section 

• )•£) ill oL> 1 

where the superscript indicates that it is a calculated quan¬ 

tity. Small changes 4* and zw in the parameters produce the 

e ff e c t 

(19) c 

(20) 
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which is a linear approximation. The problem now is to reduce 

the quantity 

(21) = <77^ - art 

to zero. If a set of changes uS and M can be determined 

such that 

'At 
/ / * 

then a solution is found. For N unknown increments ^ £ and 

Ao{ , and data points at N angles, there exists a linear 

system of N equations in N unknowns which can be solved. 

In the actual analysis a least squares method was 

used to minimise the quantity 

(22) 
0 . 

2 
£ 

<77 £ 

Z 

in order to utilize all the data and average out the imper¬ 

fections. During the calculation, one or more of the phase 

shifts and damping parameters could be held fixed while the 

others were allowed to vary as free parameters. The derived 

phase shifts, damping parameters, and ^ are listed in Table 

13. The calculated fits to the angular distributions are 
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shown as solid curves in Figures 7-11. The "resonating" 

phase shifts and damping parameters are plotted as a function 

of energy in Figures 13, 15, and 17. 



FIGURE12; The scattering amplitude in the 

complex plane and the behavior of the total 

phase shift over the 5.3-MeV. and 6.6-MeV. 

anomalies. The dots are points taken from 

Swint^^. The squares are points derived from 

the angular distributions and are labeled accor¬ 

dingly (see Tables 11 and 13). The dashed 

curve is the estimated path of the tip of the 

scattering amplitude for the d^^ resonance at 

5.3-MeV. The solid curve is the estimated path 

of the tip of the scattering amplitude for the 

broad d„ ^ resonance at 6.6-MeV. In order of 
3/S 

increasing energy, the points are: A,B,C,D,H, 

J,I,K,L,M,E,F,G. 



^IMAGINARY AXIS 

0 
REAL AXIS 



FIGURE 13s Phase shifts and damping 

parameters A for the partial wave = 2, 

j = 3/2 over the 5.3-MeV. anomaly. The 

dots are points taken from Swint^). The 

crosses are points corresponding to total re¬ 

action cross sections derived from the data 
(13) 

of Reich, et a_l . The triangle corresponds 

to a total reaction cross section derived from 
(14) the results of Bearse, e_t ad/ . The squares are 

points derived from the angular distributions 

shown in Figures 7-8. The derived results are 

listed in Table 13 and the energies at which the 

points are plotted are the relative energies given 

in Table 11. The solid curves are the estimated 

behaviors of the phase shift and damping parameter 

as a function of energy. The phase shift points 

are labeled with the corresponding angular distri¬ 

bution labels (c.f. Table 11). 





FIGURE 14; The scattering amplitude in the 

complex plane and the behavior of the total phase 

shift A o over the 9.14-MeV. anomaly. The dots 
5 (2) 

are points taken from Swint . The squares are 

points derived from the angular distributions and 

are labeled accordingly (see Tables 12 and 13). 

The solid curve is the estimated path of the tip 

of the vector _f and the arrows indicate the direction 

of increasing energy. In order of increasing energy, 

the points are S,T,N,0,P,Q,R. 





FIGURE 15s Phase shift A and damping 

parameter A for the partial wave 

5, T = %> over the 9-14-MeV. anomaly. 
(2 ) The dots are points taken from Swintv '. The 

squares are points derived from the angular 

distributions and the energies at which the 

points are plotted are the relative energies 

given in Table 12. The solid curves are the 

estimated behaviors of the phase shift and 

damping parameter as a function of energy. The 

phase shift points are labeled with the corres¬ 

ponding angular distribution labels (c.f. Table 12). 
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FIGURE 16: The scattering amplitude in the 

complex plane and the behavior of the total 

phase shift fa * over the 9.14-MeV. anomaly. 
3 (2) The dots are points taken from Swint' '. The 

squares are points derived from the angular 

distributions and are labeled accordingly (see 

Tables 12 and 13). The solid curve is the 

approximate path followed by the tip of the 

vector f_ and the arrow indicates the direction 

of increasing energy. In order of increasing 

energy, the points are S,T,N,0,P,Q,R. 
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FIGURE 17s Phase shift _A and damping 

parameter A for the partial wave 

over the 9.14-MeV. 

anomaly. The dots are points taken from 
(2) 

Swint' . The squares are points derived 

from the angular distributions and are 

listed in Table 13. The solid curve is the 

estimated behavior of the phase shift as a 

function of energy. 
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TABLE 13 

Complex phase shifts which represent the data; the nonreso- 
(2) 

nant phase shifts were taken from Swint . The energies in 

parentheses are the relative energies (see Tables 11 and 12). 

E 
P A, A 

+ 

1 4 L 4 
f 
2 As A 

+ 

3 A 3 n/ 
(MeV .) A 

0 
A 

+ 
1 

A: 
I 

A, 
f 
2 A2 A 

+ 
3 

A 
3 

A1 

5.179 86.00 -11 .00 -17 .00 -12 .00 31.69 00 .00 00 .00 .0218 

(5.179) 1.00 1 .00 1 .00 1 .00 0.91 1 .00 1 .00 

5.229 85.80 -11 .00 -17 .00 -12 .00 35.73 0 .00 0 .00 .0305 

(5.229) 1.00 1 .00 1 .00 1 .00 0.89 1 .00 1 .00 

5.279 85.70 -11 .00 -17 .00 -12 .00 43.01 0 .00 0 .00 .0148 

(5.279) 1.00 1 .00 1 .00 1 .00 0.81 1 .00 1 .00 

5.332 85.20 -11 .00 -17. .00 -12 .00 51.46 0 .00 0 .00 .0298 

(5.332) 1.00 1 .00 1 .00 1 .00 0.47 1 .00 1 .00 

5.348 85.00 -11 .00 -17. .00 -12 .00 52.56 0 .00 0 .00 .0329 

(5.338) 1.00 1 .00 1, .00 1 .00 0.51 1 .00 1 .00 

5.353 85.20 -11 .50 -17. .00 -12 , .00 53.99 0 .00 0 .00 .0353 

(5.343) 1.00 1 .00 1, .00 1 .00 0.39 1 .00 1 .00 

5.363 85.00 -11 .00 -17. .00 -12, .00 53.45 0 .00 0 .00 .0393 

(5.353) 1.00 1 .00 1. .00 1, .00 0.28 1 .00 1 .00 

5.368 85.20 -11 .50 “17. .00 -12, .00 49.26 0 .00 0 .00 .0300 

(5.358) 1.00 1 .00 1. .00 1, .00 0.21 1 .00 1 .00 
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TABLE 13 (cont'd) 

Ep 
(MeV.) 

^0 
A A+ A” A+ 

0 112 

t2 

A" 
2 

A3 

A+ 

3 

A3 

A“ 
3 

a 
5.359 85.20 -11.50 -17.00 -12.00 48.36 0.00 . 0.00 .022 6 

(5.362) 1.00 1.00 1.00 1.00 0.17 1.00 1.00 

5.366 85.20 -11.50 -17.00 -12.00 34.73 0.00 0.00 .0282 

(5.369) 1.00 1.00 1.00 1.00 0.16 1.00 1.00 

5.380 85.00 -11.00 -17.00 -12.00 16.27 0.00 0.00 .02 56 

(5.379) 1.00 1.00 1.00 1.00 0.27 1.00 1.00 

5.429 85.OO -11.00 -17.00 -12.00 19.94 0.00 0.00 .0361 

(5.429) 1.00 1.00 1.00 1.00 0.52 1.00 1.00 

5.480 85.00 -12.00 -17.00 -12.00 22 .27 0.00 0.00 .02 9 5 

(5.480) 1.00 1.00 1.00 1.00 0.75 1.00 1.00 

5.874 83.OO -12.00 -19.00 -13.00 43.01 0.00 2 .31 .0496 

1.00 1.00 1.00 1.00 0.92 1.00 0.87 

9.093 71.50 -14.50 -35.00 -14.50 146.60 38.00 180.00 .0864 

(9.113) 0.84 0.95 0.75 0.76 0.73 1.00 0.59 

9.101 71.50 -14.50 -35.00 -14.50 146.12 38.00 174.36 .052 4 

(9.121) 0.84 0.95 0.75 0.76 0.72 0.99 0.46 

9.121 71.00 -14.00 -35.00 -14.50 145.00 42 .02 171.65 .0365 

(9.127) 0.84 0.95 0.75 0.76 0.74 0.98 0.49 



TABLE 13 (cont'd) 

EP 

(MeV .) >
 

&
 

0
 

+ 

A+ 
A7 

+ 
A2 

Ao 

^2 
A" 

A; 
A! 

A " 
3 

A" % 
0 1 1 2 2 3 3 

9.132 72.00 -14.00 -35.00 -14.50 149.00 48.93 170.97 .0469 

(9.138) 0.84 0.95 0.75 0.76 0.74 0.92 O.56 

9.195 71.94 -16.00 -38.00 -13.00 148.00 141.78 I65.OO .1114 

(9.201) O.87 0.93 0.77 0.70 0.76 0.37 1.00 

9.216 72.00 -15.60 -37.00 -13.32 148.00 173.28 i58.ll .0885 

(9.222) 0.84 0.97 0.77 0.76 0.70 0.40 1.00 

9.2 59 73.00 -13.00 -37.00 -13.80 148.36 4.07 160.40 .0715 

(9.264) 0.84 0.95 0.75 0.72 0.72 0.60 1.00 

VII. REMARKS 

The results of this experiment need no discussion since 

the figures speak for themselves. It should perhaps be noted 

that the angular distributions have been fitted very well as 

seen in Figures 7-11. The derived phase shifts are, therefore 

considered to be at least approximately correct. The cross 

sections themselves are viewed with confidence and the mean 

error is estimated to be less than three percent. 
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