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ABSTRACT 

The scattering of protons from carbon in the range of 

bombarding energies 4.7 to 12.8 MeV has been Investigated. 

The protons were accelerated by the Rice University tandem 

Van de Graaff, and a differentially pumped small volume gas 

a ) 
scattering chamber was used with solid state detectors and 

a scintillation counter. Excitation functions for elastic 

and inelastic scattering at laboratory angles of 85.22°, 

121.16°, and 159.45° in the range of bombarding energies 4.7 

to 12.8 MeV and 6.0 to 12.8 MeV, respectively, were measured in 

steps of 2.5 to 20 keV. Twelve angular distributions for 

elastic and inelastic scattering were measured between the 

laboratory angles 20° to l60° and in the incident proton 

energy range 8.052 to 9.366 MeV. The single-level approximation 

of dispersion theory has been employed to investigate the ex- 

13 
cited states of the compound nucleus N in the excitation energy 

region 6.3 to 13*7 MeV. In the case of the C^ + p system, 

the situation was found not to be ideal for this type of 

approximate dispersion theory analysis, but the experimental 

data were fitted moderately well, enabling some level parameters 

to be assigned. In general, the calculated cross sections gave 

excellent agreement to the experimental resonance shapes, but 

the cross section magnitudes were in large disagreement at 

places in the elastic excitation functions. 

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

The purpose of the present work is to investigate the 

nuclear structure of the compound nucleus N^^ in the exci¬ 

tation energy region 6,3 to 13.7 MeV by scattering protons 

12 
from C . The analysis of elastic scattering is one of the 

approaches used in attempts to describe the structure of a 

particular nucleus. In quantum mechanics the scattering 

process is described by phase shifts of the partial waves. The 

phase shifts have been obtained from the experimental data for 

some scattering experiments involving light nuclei. In the 

case of carbon the nuclear radius R « r0(
A^ + equals 4 

fermi. For Incident proton energies of the order of 10 MeV, 

X® -A-»1.5 fermi. Therefore, one would expect predominantly 

particles of J,£2 to take part in the nuclear scattering . 

If particles of 3 ere considered, seven parameters SQ, 

Sn"*, S2~, 8a” ere required to describe the nuclear scattering. 
2) 

Reich, Phillips, and Russell ' at Rice University made a 

phase shift analysis using five parameters and obtained 10 per¬ 

cent fits to the experimental cross sections up to 5.5 MeV. 

The first and second inelastic channels in the C12 + p inter¬ 

action open at 4.84 MeV and 8.36 MeV, respectively, which result 

in the phase shifts becoming complex, and the number of para¬ 

meters being approximately doubled, A complete analysis of the 

12 
C + p scattering experiment would entail finding the phase shifts 

(possibly complex) as a function of energy and then relating 



2 
IP 

them to the eigenstates of the C + p system. Since the 

number of parameters may be large, this is clearly a difficult 

problem of analysis. In practice it is easier not to obtain 

the phase shifts explicitly but rather to calculate the cross 
12 

sections directly from postulated states in the C + p 

system. An approximate theory (single-level dispersion theory) 

which makes use of dispersion theory formalism such as that 

developed by Blatt and Biedenharn^) has been used. By postu- 

lating states (levels) of the C + p system, attempts are made 

to reproduce the experimental cross sections by calculated 

cross sections. The level parameters which are obtained from 

the postulation resulting in the best fits to the experimental 

cross sections are the energy of excitation, width, total 

angular momentum, parity, and partial width for elastic scatter 

ing. This type of analysis has been used by many authors, 

4 \ lin 
notably Brown ' at Rice University with the Ca + p system. 

The analysis of the present results follows closely Brown’s 

approach. 
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II. PREVIOUS C12 + p CROSS SECTIONS 

The scattering of protons by C*2 in the energy range below 

15 MeV has been investigated by various groups. Jackson et_ 

5 6) al. * 7 of University of Wisconsin measured excitation curves 

of elastic scattering in the incident proton energy range of 

0.4 to 4.3 MeV at four scattering angles 106° to 169° with a 
4» p \ 

stated accuracy of -5 percent. Reich, Phillips, and Russell 7 

of Rice University investigated the elastic scattering in the 

incident proton energy range 1.5 to 5.5 MeV at seven scattering 

angles 54° to 164°. To obtain the bombarding protons both of 
7) 

the above groups used Van de Graaff accelerators. Schneider 7 of 

Zürich using a variable energy cyclotron investigated the elastic 

and inelastic scattering in the range of bombarding energies 

4.7 to 7.0 MeV.at thirteen scattering angles 40° to 160°. 

Bordell e£ al,.^ of Florida State University and Whitehead^ of 

Harwell measured excitation curves in the incident proton energy 

ranges 5.2 to 11.3 MeV and 4.7 to 10.6 MeV, respectively, using 

tandem Van de Graaff accelerators. Nagahara10^ of Yokohama 

National University measured angular distributions and excitation 

functions of both elastic and inelastic cross sections in the 

ranges of bombarding energies 6.5 to 16 MeV and 9.5 to 16 MeV, 

respectively, using a variable energy cyclotron. The Melbourne 

group has done an extensive Investigation on the elastic and 

inelastic scattering of protons by C*2. Shute, McKenna j3t 

11 12 13) 
al. ' * measured angular distributions and excitation 
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curves for elastie and Inelastic cross sections in the 

incident proton energy ranges 5.0 to 11.5 MeV and 8.0 to 

11.5 MeV, respectively, using a variable energy cyclotron. 

This group stated a total uncertainty of ^8 percent. Barker 

et al.-^) at Canberra obtained excitation functions and angu¬ 

lar distributions of inelastically scattered protons in the 

bombarding energy range 5*2 to 6.6 MeV using a tandem Van de 

Graaff. Nikolic et. aJL,1-’) of Columbia University have recently 

published excitation functions and angular distributions in 

the bombarding energy range 5 to 6 MeV for the elastic and in- 

elastic scattering of protons from C and for the 4.43 MeV 

gamma rays using a tandem Van de Graaff. It can be seen that 

the presently published cross sections for the elastic and 
1 o 

inelastic scattering of protons by C above 5.5 MeV exist 

only in disrupted energy ranges and have comparatively poor 

accuracy. The published data mentioned above have been 

summarized in Table 1. 

In the present work elastic and inelastic scattering cross 

sections were measured at three scattering angles in the energy 

ranges 4.7 to 12.8 MeV and 6.0 to 12.8 MeV, respectively, with 

good energy resolution and precision. 
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Table 1 

PUBLISHED C12 + p DATA 

MAIN AUTHOR ACCELERATOR ENERGY RANGE 
(MeV) 

EXPERIMENT 

Jackson Van de Graaff 0.4-4.3 E. F. 

Reich Van de Graaff 1.5-5.5 E. F. and A. D. 

Schneider Cyclotron 4.7-7.0 E. F. and A. D. 

Bordell Van de Graaff 5.2-11.3 E. F. 

Whitehead Van de Graaff 4.7-10.6 E. F. 

Nagahara Cyclotron 6.5-16.0 E. F. and A. D; 

Shute Cyclotron 5.0-11.5 E. F. and A. D. 

Barker Van de Graaff 5.2-6.6 E. F. and A. D. 

Nikollc Van de Graaff 5.0-6.0 E. F. and A. D. 

E. P. and A. D. represent excitation functions and angular 

distributions, respectively. 
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III. EXPERIMENTAL APPARATUS 

The Rice University tandem Van de Graaff accelerator 

was used to accelerate protons which bombarded a gaseous 

target In a differentially pumped small volume gas scattering 

chamber. Three types of detectors, silicon surface barrier, 

silicon Junction, and scintillation, were used at various times 

during this experiment. The apparatus also Included a current 

Integrator, a Technical Measurement Corporation (TMC) 400-channel 

pulse height analyzer, two Atomic Instrument Company special 

model 512 flve-chànnel analyzers, two Atomic Instrument Company 

model 218 linear amplifiers, preamplifiers, and scalars. 

A. Accelerator 

The proton source used In this experiment was the Rice 

University 12 MeV tandem Van de Graaff accelerator. After the 

proton beam emerged from the accelerator, It was passed through 

a 90° analyzing magnet and then deflected by a switching magnet 

and focused by a magnetic quadrupole lens Into the scattering 

chamber. An energy calibration for the 90° analyzing magnet 

16) 
was made by Bonner et al. by comparison with the 

C1^(p,n)N13 ground state threshold. The beam energy value was 

estimated to be accurate within ^10 keV. 

B. Small Volume Gas Scattering Chamber 

The precision small volume gas scattering chamber described 

17) 
In detail by Jones '' was used In this experiment. A brief 
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description of the chamber will be given here. 

The chamber was constructed primarily to have an accurate 

and conveniently operable instrument for the study of scatter¬ 

ing and reactions from gaseous targets. The chamber consists 

mainly of three cylindrical pieces; the center piece, held 

fixed in space; the upper and lower pieces, free to rotate about 

an axis perpendicular to the incident beam. The center piece 

contains four ports; an entrance port; a Faraday cup port; a 

gas handling port; and a viewing port. The upper and lower 

pieces each contain two detector ports 90° apart in a plane 

perpendicular to their axis of rotation. The detector ports 

house the rectangular slit systems while the detectors are 

mounted externally. The upper piece contains a mid-range (#3) 

and a forward (#4) detector; the lower piece has a mid-range 

(#1) and a backward (#2) detector. The numbers of the detector 

ports are used for identification. The detector names originated 

from the effective angular range of each detector; mid-range 

(27° to 153°)i forward (20* to 27°); and backward (153°-l60°). 

Therefore, the angular range of the scattering chamber is 20° 

to l6o°. The limitation on the angular range of the detectors 

results from the changing relative orientation of the beam and 

the slit long axis. The angular measurements are made by two 

precision transit azimuth circles which are mounted on the top 

of the upper piece and on the bottom of the lower piece such 

that their axes of symmetry coincide with the axes of rotation 

of their respective pieces, 



8 

Abundant and rare gaseous or solid targets may be used in 

this chamber. The separation of the accelerator vacuum system 

and the experimental target is accomplished by an entrance 

foil whenever rare gaseous targets are used and by a differen¬ 

tial pumping system whenever an abundant gaseous taget is used. 

No separation is needed whenever a solid target is used. 

Cross section measurements are estimated to be in errors 

of no greater than 0.1 percent^) due to geometrical inaccura¬ 

cies in the chamber. 

C. Detectors 

During this experiment eight detectors were used at 

various times. The specifications of each detector are listed 

in Table 2. The manner in which the detectors were used is 

summarized in Table 3. ORTEC and RCA represent Oak Ridge 

Technical Enterprises Corporation and RCA Victor, Ltd., res¬ 

pectively. The CsI(T£) crystal was mounted on a DuMont 6291 

photomultiplier tube. The excitation function data obtained 

from detector port number 4 were not analyzed because the slit 

system of this detector port was out of its effective angular 

range. During the October 1962 "set run" the scintillating 

crystal was replaced by (a) Nuclear Diode to obtain better 

energy resolution and to distinguish the inelastic peak 

from the low energy noise. 

Hamner model 357 and Tennelec preamplifiers were used with 

the Nuclear Diode, ORTEC, and RCA detectors. External bias 



voltage supplies were used with both the Hamner and Tennelec 

preamplifiers, and Internal bias voltage supplies were also 

used with the Hamner1s. A cathode follower preamplifier was 

used with the CsI(TE) crystal. 
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Table 3 

£>ate 

May 1952 

Detector 
Port No.  j   

betector 
Üsed 

Experimental 
Data 

2 
3 
4 

March 1963 

April 1963 

May, June, 
and August 

1963 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

(a) ORTEC 
(c) ORTEC 
(b) ORTEC 
Scintillation 

Excitation 
Function 

May and 1 (a) ORTEC Excitation 
July 1962 2 Scintillation Function 

3 (b) ORTEC 
4 (c) ORTEC 

October 1962 1 (a) ORTEC Excitation 
2 Scintillation Function 
3 ORTEC 
4 (a) Nuclear Diode 

October 1962 1 (a) ORTEC Excitation 
2 (a) Nuclear Diode Function 
3 (b) ORTEC 

Scintillation 

|a) Nuclear Diode 
aj ORTEC 
[b) Nuclear Diode 
RCA 

[a) Nuclear Diode 
a) ORTEC 
’b) ORTEC 
RCA 

[a) Nuclear Diode 
a) ORTEC 
>b ) ORTEC 
c) Nuclear Diode 

Angular 
Distribution 

Angular 
Distribution 

Excitation 
Function and 

Angular 
Distribution 



D. Differential Pumping System 

The purpose of a differential pumping system is to 

separate an abundant gaseous target from the accelerator 

vacuum system. A detailed description of a differential pumping 

system similar to the one used with the small volume gas 

18) 
scattering chamber is given by Reich . The basic element of 

the differential pumping system is the "D. P. block." The 

"D. P. block" has a "main bore," a large hole bored along the 

long axis of the block, and two holes perpendicular to this 

long axis bored through the block. The two holes which inter¬ 

sect the "main bore" are used as pumping ports. The "main bore" 

houses approximately 100 gas retarding slits which are 20 mil 

tantalum disks with 2 mm. holes. 

The target gas is stored in a large cylinder and is intro¬ 

duced into the scattering chamber through a regulator value and 

a mechanical leak. A continuous flow of "fresh" gas is main¬ 

tained throughout the experiment by the differential pumping 

system. The pumping port nearest the chamber is equipped with 

a large mechanical pump, while the second pumping port uses a 

Consolidated Vacuum Corporation MB diffusion pump model MB 100. 

The energy loss by protons' traversing the "D. P. block" 

and first half of the scattering chamber was determined by the 

empirical formula 

AE 2.118 x 10"2 P t + 2.1919 x 10~
2 dE 

clx 
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Let AE represent the energy In MeV, P ^ the first stage 

pressure in centimeters of oil, P the chamber pressure in 
v 

centimeters of oil, and ^ the energy loss per centimeter path 

through a particular gas at 1 atmosphere pressure and the 

dE 
temperature of the experiment. The value for at STP is 

20) 
given by Whaling , The quantity enclosed in the bracket is 

considered as the effective length of the "D. P. block" and 

first half of scattering chamber. The maximum uncertainty in 
+ 17) 

this energy is estimated to be -10 keV '. Therefore, the 

total uncertainty of the energy of the beam at the target is 

approximately -14 keV. 

E. Current Integrator 

The total charge of the incident beam was measured with a 

current integrator which was slightly modified from the de* 

21) 
script ion of Miller . The condenser is charged to a known 

voltage V^, then discharged to a second known voltage V2 by 

a positive current (Incident protons) which is collected by 

the Faraday cup. When the second known voltage Vg is reached, 

the data-taking apparatus are remotely stopped. The Integrated 

charge q is given by, q * C(V^ - Y2)» where C is the capacitance 

of the condenser. The capacitance is determined by measuring 

the time required to discharge the condenser through a 10 

megohm resistor from V‘1 to a final known voltage Vf. 
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IV. EXPERIMENTAL METHODS 

The objective of the experimental procedures and data 

reduction was to obtain center-of-mass differential scattering 

cross sections. The differential scattering cross section 

22 ) 
CT(A) in a given direction fi is defined by ' 

(Tifl) dH. 
number of particles scattered into solid angle dfl 

per unit time 
number of incident particles crossing unit area 

normal to the beam in unit time 

where dll is an element of solid angle in the direction il . 

The most convenient form of the differential scattering cross 

section in conjunction with the small volume gas scattering 

chamber is given as a function of measurable experimental quan¬ 

tities17^: 

^Lab(^) 
_N  
dqfG 

Let be the laboratory scattering angle, N the number of par¬ 

ticles counted in a given time, d the number of target nuclei 

per cm^, q the integrated charge, f the angle-dependent geometrical 

factor, and G the slit system constant. 

The relationship between the center-of-mass and laboratory 

differential scattering cross sections for a nuclear reaction is 

given by ?3) 

Ex + 4 U + Ml/^2^ 
1/2 

where 



16. 

Let 9 be the center-of-mass scattering angle, M-^ the mass of 

the bombarding particle, Mg the mass of the target nucleus, M^ 

the mass of the product particle, the mass of the residual 

nucleus, the laboratory energy of M1, and Q the Q-value of 

the nuclear reaction. The relationship between the scattering 
23) angles is given by 

tan sin 9 
Ï + cos 9 

The experimental methods concerning the quantities N, d, q, 

f, and G will be discussed below. 

Output signals from the detector preamplifiers were fed into 

the TMC 400-channel pulse height analyzer. During the excitation 

function measurements the 400-channel analyzer was used in the 

4 x 100 channel mode. When the angular distributions were 

measured, the analyzer was operated in the 2 x 200 channel mode 

to obtain better energy resolution, Two of the detector outputs 

were also fed through linear amplifiers, five-channel integral 

pulse height analyzers (discriminators), and fast scalars, giving 

two five-channel integral bias curves. Reliable counting rates 

over a particular part of the spectrum were obtained from the 

integral bias curves since the dead time correction of this 

system was of the order of a few microseconds per event, making 

the counting losses small at the counting rates used. The five- 

channel integral discriminators were adjusted and checked twice 

a day, being set at 35* 40, 45* 50, and 55 volts. To maintain 

an acceptable bias curve (sharp drop in last channel) the linear 



amplifier gains were adjusted occasionally during excitation 

functions and for each data point during angular distributions. 

The dead time of the TMC 400-channel analyzer was 40 to 120 

microseconds per pulse; hence, an appreciable counting loss 

resulted. This counting loss made it necessary to make a 

correction to the number of counts recorded by the analyzer. 

This correction was made from the comparison of counting rates 

from the 100-channel spectrum and the five-channel integral 

bias curves. The number of counts above the 55 volt discrimina¬ 

tor was compared with the 100-channel spectrum to determine the 

channel number corresponding to the 55 volt level. Then the 

corresponding channel numbers of 50, 45* 40, and 35 volt levels 

were determined from the location of the 55 volt level. The 

comparison of counts in a certain group of channels In the 

spectrum and corresponding voltage levels of the bias curve 

gave a reliable correction for the counting losses. The cor¬ 

rections for the two detectors were averaged unless one had an 

unreasonable value. In nearly all cases the corrections for 

the two detectors agreed quite well. 

While in the process of data-taking, the actual dead time 

was monitored by means of a gated and an ungated scalar. Both 

scalars were fed 100 kc/sec pulses. The gate was open during 

the "analyzer busy" time of the 400-channel analyzer so that the 

gated scalar recorded the total dead time of each data point. 

The dead time correction obtained from this method was lower 

than the counting loss correction described previously because of 



18. 
the beam modulation; therefore, the first method was used 

throughout the data reduction. 

The largest counting loss correction made on the exci¬ 

tation function and angular distribution data was 7.7 and 3.3 

percent, respectively, while the average corrections were 2.3 

and 1.3 percent, respectively. 

The 100-channel spectra were examined to identify the 

C12 + p scattering and impurity peaks, to determine the upper 

and lower channel limits on the peaks of interest, and to make 

background corrections. The term "100-channel spectrum" will 

be used In the discussion to follow, but 200-channel spectrum 

could be used as well since the data analysis of the two 

spectra is identical. The identification of the elastic and 

inelastic scattering peaks was determined by calculating the 

kinematics of scattering. The results are shown in Figure 1. 

A typical spectrum is shown in Figure 2. The elastic peak was 

determined by examining the spectrum. Then the verification of 

the inelastic peak was determined by kinematics since the energy 

scale of the TMC 400-channel analyzer is linear. The peaks due 

to scattering from impurity nuclei were identified in an 

identical manner. 

The shapes, given by the spectra, of the elastic and 

inelastic scattering peaks were in general quite clear with an 

uniform background. The inelastic scattering peaks were con¬ 

sistently cut at upper and lower limits with only a background 

correction to be made to the number of counts in the peak before 
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the counting loss correction was made to obtain final numbers. 

The number of counts per channel above and below the Inelastic 

peak was typically about 0.5 percent of the peak counts. 

Hence, the choice of upper and lower limits had only a very 

small effect on the total number of counts. In the analysis of 

the elastic data, the elastic scattering from the impurities, 

C1^, N"^, and 0^, had to be considered. The elastic scattered 

protons from the three impurities were extremely close in 

i p 
energy to protons elastically scattered from C . When the 

impurity peaks were unresolved, it was assumed the proton 

12 scattering cross sections of the impurities and C were equal. 

12 
The resolved elastic impurity peaks were excluded from the C 

peak. After appropriate impurity and background corrections 

were made, the total number of counts was corrected for 

counting losses, giving the final numbers. 

The number of incident particles was determined from the 

integrated charge q which was measured by the current Integrator. 

In preparation for data-taking, the current integrator was 

allowed to warm up for at least a day in advance since this 

was general procedure with all electronic equipment. The 

capacitance of the current integrator was measured twice a 

day as described in the previous section. During this experi¬ 

ment the maximum deviation of the capacitance measurements 

was “0.4 percent. The error in the charging voltage of the 

17) 
integrator is estimated to be less than 0.1 percent '. 

Therefore, the accuracy of the number of incident beam particles 
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Is estimated to be -0.5 percent. In conjunction with the 

capacitance measurement the dead time monitor (gated scalar) 

was compared with the calculated dead time value of the TMC 

400-channel analyzer. A 60 cps pulse was fed into the 1 x 100 

channel input of the 400-channel analyzer in the 4 x 100 

channel mode. Then the pulses were adjusted to obtain a peak 

in the upper channels. When the 400-channel analyzer is used 

in the 4 x 100 Channel mode, the time necessary to analyze one 

pulse equals (40 + 0.8 n) microseconds where n is the channel 

number. The calculated time was then compared with the monitor 

value. 
■a 

The number of target nuclei per cnr was determined by the 

pressure and temperature measurements of the target gas. The 

chamber pressure was measured by means of a manometer which 

used butyl phthalate pump oil with a density of 1.04578 gm/cm^. 

The oil level difference was measured with a cathetometer. The 

error in the pressure measurements is estimated to be Î0.1 

percent. The temperature was measured by inserting a thermometer 

in a hole in the scattering chamber and assuming that the gaseous 

target was in thermal equilibrium with the chamber. The error 

in the temperature measurements is estimated to be io.8 percent. 

During this experiment two cylinders of methane and one 

cylinder of carbon dioxide gas were used. A mass spectrometer 

analysis was performed by Petroleum Analytical Research 

Corporation, Houston, Texas, on a sample of gas from each 

cylinder. The results are shown in Table 4. 



21 

Table 4 

MASS SPECTROMETER ANALYSIS 

Cylinder Number 1 

Mol. j> 

Carbon Dioxide .13 
Nitrogen .62 
Methane 99.10 
Ethane .13 
Propane .02 

100.00 

Assuming natural distribution of deuterium, the C^/C^ ratio 
Is 0.01068. 

Cylinder Number 2 

Mol. $> 

Carbon Dioxide .21 
Nitrogen .63 
Methane 99.06 
Ethane .10 

loo!00 
13 12 

Assuming natural distribution'of deuterium, the C D/C ratio 
is 0*0112. 

Cylinder Number 3 

Mol. j> 

Nitrogen .3 (max.} 
Oxygen « 02 (max.) 
Carbon Dioxide 99.68 

100.00 
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Pressure corrections were necessary mainly because of the 

1.12 percent abundance of in natural carbon. Methane 

and carbon dioxide, ethane, and propane were assumed to contain 

one, two, and three carbon scattering centers, respectively. 

The molecular percent of each carbon compound was multiplied 

by its corresponding number of scattering centers and added 

together to give the "effective scattering" molecular percent of 

carbon. The effective pressure for elastic scattering from 

was obtained by multiplying the chamber pressure by the 

C12/C12 + CX3 molecular percent ratio. Whenever the impurities 
Ip 

were not resolved from the C elastic peak, the scattering 

centers of the unresolved Impurities were included in the 

effective pressure. Elastic data were taken only with a target 

gas of methane. The effective pressures for the inelastic 

scattering data were constant for a particular cylinder of gas: 

cylinder number 1, 0.9848 x ? ; cylinder number 2, 0.9835 x P ; 
V C 

and cylinder number 3> 0.9888 x P . The fractions represent 
V 

12 
the part of the pressure due to the C scattering centers. No 

inelastic data were analyzed in which consideration of impurities 

had to be taken into account. 

The angle-dependent geometrical factor f was calculated by 

24) 
Harris with a stated accuracy of 0.1 percent. Harris tabu¬ 

lated the 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 determined from measurements of the width of the 
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front slit, the width and height of the rear slit, the distance 

between front and rear slits, and the distance from the rear 

slit to the scattering chamber center. Measurements were made 

with a traveling microscope and micrometer. The RMS error in 

G resulting from the inaccuracies of the above measurements was 

17) 
estimated to be less than 0.3 percent by Jones '. During this 

experiment only one change was made in the detector slit ’systems. 

When the scintillation counter was replaced (October 1962) by a 

silicon surface barrier detector at the forward detector port, 

the rear slits were adjusted and the G factor reduced. 
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V. p-p SCATTERING 

The data-taking and data reduction procedures and 

geometrical features of the scattering chamber were checked 

by scattering protons from differentially pumped hydrogen 

gas. The data-taking'and data reduction procedures were de¬ 

scribed above. Two points of special interest were to determine 

if any insensitive area of the detectors was included in the 

solid angle of the detector systems and to validate the counting 
/ , 25) loss corrections. The H(p,p)H data were analyzed by Clegg 

The differential center-of-mass cross sections were compared 
26) 

with the work of Knecht et al. , which has an estimated ac¬ 

curacy of -0.14 percent. The results are shown in Figure 3. 

The cross section measurements for detectors 1, 2, and 3 are 

within statistical uncertainty, and detector 4 is slightly 

out of this region. From these results the experimental and 

data reduction procedures were considered valid. 
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VI. EXPERIMENTAL RESULTS 

A. Excitation Functions 

The absolute differential cross section for elastic 

scattering of protons by C was measured at three angles 90°, 

125.26°, and 161.14° in the center-of-mass system for an 

incident energy range of 4.72 to 12.83 MeV. The energy steps 

were within the range 2.5 to 20 keV. The energy steps were 

generally 6 to 9 keV except over narrow resonances where 2.5 

to 4 keV steps were taken. Above 12.3 MeV the energy steps 

were approximately 20 keV. The counting statistics of these 

three excitation functions at 90°, 125.26°, and 161.14° were 

better than 2, 2.3, and 2.6 percent, respectively. The results 

are shown in Figures 4-6. The absolute differential cross 

section for the inelastic scattering of protons to the 4.43 MeV 

first excited state of C was measured at the same laboratory 

angles as the elastic scattering 85.22°, 121.16°, and 159.45® 

with counting statistics better than 4, 3» and 2 percent, 

respectively. This particle group was resolved from the low 

energy noise at an incident energy of approximately 6 MeV. 

The results are shown in Figures 7-9. The inelastic scattered 

proton group to the 7.656 MeV second excited state of C*2 was 

resolved from the low energy noise at approximately 10.5 MeV. 

These data have not been analyzed. The oc-particle group 

from the reaction C12(p, oc)B^ (Q - -7.557 MeV) at laboratory 

angles 85.22° and 121.16® was first resolved at incident 



FIGURES 4-6 

IP 1P 
Excitation functions for C (p,p)C . The dots represent 

the experimental data points. The solid, smooth curves are 

the single-level dispersion theory fits. Note the change 

of scale In the experimental and theoretical cross sections. 

The experimental data points represented by triangular points 

are plotted times one-fifth. The theoretical curve at 90° 

beyond 6.6 MeV Is plotted times one-half. 
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FIGURES 7-9 

Excitation functions for C12(p,p*)C12* (Q - -4.433 MeV). 

The dots represent the experimental data points. Every other 

data point is plotted except over narrow resonances. 
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energies of 11.72 MeV and 12.5 MeV, respectively. No data 

analysis has been considered for this nuclear reaction at the 

present time. 

B. Angular Distributions 

Angular distributions of elastic and inelastic scattering 

12 
of protons by C were measured at six bombarding energies in 

the range 8.052 to 9*367 MeV with counting statistics of 2 per¬ 

cent (maximum). The results are shown in Figures 10-21 and 

Tables 5-6. Two of the angular distributions were measured at 

energies corresponding to the 8.16 MeV and 9*122 MeV resonances 

while the others were off-resonance. The resonance peak was 

determined by plotting the inelastic yield (p1) against the 

frequency meter reading of the nuclear magnetic resonance 

oscillator. 

The inelastic scattering angular distributions were fitted 

by means of a Legendre polyonomial approximation for 

* 4, 6, 8. The best fits were determined by a least squares 

calculation. No significant improvement was gained in the fits 

to the 8.052, 8.175, and 8.366 MeV angular distributions by use 

of 6, 8. The Legendre polyonomial fit for « 6 was found 

to improve the 4 fit to the 8.940, 9*138, and 9*360 MeV 

angular distributions. The Legendre polyonomial coefficients 

are tabulated in Table 7* 



FIGURES 10-15 

Angular distributions for C12(p,p)C12. The dots represent 

the experimental data points. Epls the energy of the 

bombarding proton. The center-of-mass differential cross 

sections are tabulated In Table 5. 
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Figure 12 
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Table 5 

Results of C12(p,p)C12 Angular Distributions 

Ep = 8.052 

THETA CM 
decrees 

MeV 

mb/sr 

Ep= 8.175 

I THETA CM 1 decrees 

MeV 

nr*’/" 
Ep = 8.366 MeV 

I THETA CM mb/sr 1 decrees dil ' 
25.17 513.8 21.65 687.0 25.17 493.0 

28.78 360.0 25.77 504.1 28.78 356.3 

33.60 272.1 33.60 264.8 33.60 276.4 

43.29 133.8 38.43 201.1 43.27 127.0 

57.70 47.3 43.27 151.7 62.56 27.6 

62.56 36.3 48.00 129.5 67.45 21.4 

67.45 32.5 52.85 98.9 72.35 21.5 

72.35 34.2 62.56 61.0 82.19 35.7 

82.19 46.3 67.45 55.2 - - 

92.12 60.8 72.35 51.3 92.27 56.7 

102.10 69.6 77.26 46.9 102.10 71.5 

112.14 65.3 82.19 53.3 112.14 72.8 

122.26 51.4 87.14 6l.l 122.26 58.9 

127.34 41.4 92.12 63.3 - - 

132.43 32.5 96.95 63.3 132.43 37.1 

143.25 18.0 107.11 61.4 143.25 19.0 

153.54 14.8 112.14 53.2 153.54 10.8 

161.65 17.6 117.19 42.7 161.65 10.4 

122.26 33.2 • 

127.34 23.6 

132.43 16.4 

137.54 11.7 

143.25 10.9 

158.69 25.2 

161.65 29.3 



Table 5 (continued) 

Results of C12(p,p)C12 Angular Distributions 

Ep* 8.940 MeV Ep» 9.138 MeV Ep« 9.367 MeV 

THETA CM degrees a§rmb/sr I THETA CM I degrees Üfï" mb/sr THETA CM degrees 
d<T „/ 
3jr mb/sr 

21.65 695.5 26.78 TOT? 33.60 • 206.9 

25.18 477.7 33.60 340.7 43.29 87.5 

28.78 354.9 38.15 167.3 62.56 20.0 

33.60 231.3 43.27 75.1 67.45 21.8 

38.43 169.1 48.00 13.0 72.35 24.6 

43.29 117.5 52.92 5.7 82.19 36.3 

57.70 30.5 57.70 19.0 92.12 44.5 

62.56 16.9 62.56 43.7 102.10 44.7 

67.45 10.9 67.45 66.3 112.14 38.1 

72.35 10.3 72.35 87.9 122.26 27.1 

82.19 25.1 77.26 90.6 127.34 24.1 

92.12 49.0 82.19 92.0 132.43 19.8 

96.95 63.4 87.14 82.2 143.25 15.6 

102.10 72.0 92.12 77.9 153.54 15.5 

112.14 78.0 96.95 73.3 161.65 15.6 

122.26 64.6 102.10 76.8 

132.43 39.3 107.11 71.2 

143.25 15.1 112.14 83.0 

153.54 8.4 117.19 84.4 

161.65 13.4 122.26 79.6 

122.26 - 

127.34 66.2 

132.43 54.0 

137.54 47.4 
143.25 48.1 
148.40 62.5 
153.54 90.8 
158.69 132.7 



FIGURES 16-21 

Angular distributions for C12(p,p')C12* (Q - -4.433 MeV). 

The dots represent the experimental data points. Ep is 

the energy of the bombarding proton. The solid, smooth 

curves are Legendre polyonomial fits. The center-of-mass 

differential cross sections are tabulated In Table 6. 



Figure 16 
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Figure 18 



Figure 19 
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Table 6 

Results of C12(p,p')C12* Angular Distributions 

Ep= 8.052 
THETA CM 
decrees 

MeV 
rab/sr 

Er= 8.175 
THETA CM 
degrees 

MeV 
mb/sr 

Ep= 8.366 
THETA CM 
degrees 

MeV 

ITr- mb/sr 

26.26 21.3 22.56 37.0 26.18 28.1 

30.03 20.9 23.95 40.8 29.94 27.8 

35.04 19.7 26.86 42.0 34.93 26.2 

45.08 17.4 34.99 39.8 44.93 23.5 

59.89 13.8 39.70 35.1 64.78 17.4 

64.95 13.3 45.01 34.7 69.77 15.9 

69.95 12.0 49.90 35.5 74.75 15.0 

74.94 11.5 64.88 28.5 84.73 12.9 

84.93 11.3 69.88 27.4 94.88 12.7 

94.93 11.1 74.87 25.8 104.69 13.2 

104.89 12.0 79.86 25.1 114.62 15.3 

114.82 14.7 84.85 23.7 124.55 17.4 

124.73 17.5 89.84 21.6 134.45 19.8 

129.68 18.2 94.85 21.0 144.90 22.9 

134.61 19.3 99.68 20.4 154.77 25.5 

145.03 22.6 109.77 20.8 162.51 26.3 

154.86 24.6 114.74 22.0 

162.58 25.5 119.70 23.4 

124.65 24.5 

129.61 25.2 

134.54 26.5 
139.47 27.0 
144.97 28.3 
159.74 31.6 
162.55 32.2 

45.01 37.0 
49.90 35.6 
54.90 32.6 
59.89 30.5 



Tâble 6 (continued) 

Results of C*2 (p^p')C1^* Angular Distributions 

EP« 8.940 MeV . E» = 9*138 MeV i EP « 9.367 Ms! 
THETA CM dor mb/sr THETA CM mb/sr THETA CM SSr- mb, 
degrees a!i \ degrees dA | degrees dll 
22.42 32.5 29.76 28.2 25.99 24.3 

26.08 32.6 34.73 32.9 34.68 25.0 

29*80 32.3 39.40 38.7 44.64 23.3 

34.78 31.5 44.68 46.8 64.36 16.9 

39.45 31.2 59.89 62.6 69.34 15.1 

44.76 29.3 64.44 62.9 74.30 13.8 

59.55 22.9 69.42 60.0 84.26 12.2 

64.52 19.8 74.39 55.4 94.24 10.6 

69.50 17.5 79.37 49.9 104.21 12.6 

74.47 14.8 84.35 44.6 114.16 17.4 

84.44 11.6 89.33 38.8 124.12 21.0 

94.42 10.2 94.33 35.4 129.10 23»4 

99.25 10.7 99.17 33.2 134.07 24.8 

104.39 12.1 104.30 34.1 144.59 25.4 

114.33 15.7 109.27 35.8 154.53 24.0 

124.28 19.7 114.25 37.8 - - 

134.21 24.7 119.23 41.1 162.34 21.4 

144.70 27.6 124.20 44.4 

154.62 28.9 124.20 44.3 

162.40 29.5 129.18 46.5 

134.14 48.4 

139.10 49.7 

144.65 51.4 

149.62 53.6 

154.58 57.2 

159.54 57.6 
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C. Total Inelastic Cross Section 

Any function of 9 may be expanded In a series of Legendre 

polyonomiala. The reaction differential scattering cross section 

— may therefore be written in the form 

where Pi 

ficient, 

is the Legendre polyonomial and is its coef- 

The total reaction cross section is given as 

°r fdnJR 
where dll is the solid angle. From the orthogonality relation 

of Legendre polyonomials C« 4TAq. The total cross section 

12 
for the inelastic scattering to the first excited state of C 

was calculated to be 350 and 560 millibarns at 8.16 and 9.122 MeV, 

respectively. 
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D. Sources of Error 

The errors stated previously are tabulated in Table 

and the RMS error for the cross section is given. 

Table 8 

SOURCES OF ERROR 

Chamber Geometry 

f 

G 

Number of Incident Particles 

Current Integration 

Number of Scattered Particles 

Bias Curve Interpretation 

and Background Correction 

Counting Statistics 

90° 

125° 

161° 

Number of Target Particles 

Gas Temperature 

Pressure Instability 

Pressure Measurement 

RMS Error 

90° 

125° 

161° 

8, 

Excitation Angular 
Function Distribution 

0.1$ 0.1$ 

0.36$ 0.36$ 

0.5$ 0.5$ 

1.5$ 1.5$ 

Elastic Inelastic 2.0$ 

2$ 4.0$ 

2.3$ 2.9$ 

2.6$ 1.8$ 

0.8$ 0.8$ 

0.2$ 0.2$ 

0.1$ 0.1$ 

Elastic Inelastic 2.71$ 

2.71$ 4.40$ 

2.94$ 3.43$ 

3.18$ 2.56$ 
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VII. ANALYSIS OF ELASTIC SCATTERING CROSS SECTIONS 

A. Dispersion Theory 

The single-level approximation of the dispersion theory 

formalism was employed to analyze the elastic scattering cross 

sections. The most favorable situation for the use of the 

single-level approximation is when the separation of successive 

levels of given spin and parity in the compound nucleus is much 

larger than their width. There is no evidence that this-*is the 

case in the present situation, and indeed a good fit to the 

cross sections throughout the energy range was not obtained. 

However, the analysis enabled some level parameter assignments 

to be made. The lack of a complete fit to the data can be 

interpreted as a result of the treatment where the contributions 

to the cross section from all the energy levels of a given spin 

and parity in the energy range considered are added, and the 

effects of Interference terms in the collision matrix are 

neglected. 

4) 
The cross section is given by 

where f . and f , the "coherent” and "incoherent" scattering 
coh inc 

amplitudes, are given in terms of the collision matrix XJ by 

2 
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U/ and Ug~ refer to collisions with total angular momentum 

J » X + 1/2 and J » jt -1/2, respectively, and 

71 - Z1Z2e
2/1iv 

o6z m Coulomb phase shift 

v * relative velocity 

k 

k 

wave number in the elastic channel 

A » reduced mass 

E ■ the relative motion of proton and target 
nucleus 

These cross section formulae are exact. The collision matrix is 

then approximated by the Breit-Wigner single-level form of the 

phase shift for nuclear scattering: 

pm* 
-/ $4 

Eo-E 

IT± 
+<Pt) u, -e I + 

ad 
- I 

and then 
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where «J refers to the number of states of a given J1** 

the partial width of the level for elastic scattering, and 

the total width of a level. , the hard sphere phase 

shift, is given by: 

-l/F, i * - tan 
r » R 

where F^ and are the regular and irregular Coulomb wave 

functions, respectively, evaluated at the nuclear radius R, 

The cross section expression has been programmed* for the 

IBM 709 and 1401 computers to permit the calculation of the 

cross sections (7*(0). These programs permit evaluation of the 

cross sections for nine different choices of JT . The unknowns 

in the cross section expression are the resonance energies 

E„ 
n , 

sjeJ.£ , the level widths , and the ratios 

All other quantities are calculable. ^ 

A standard set of theoretical single-level resonance shapes 

of single isolated resonances was calculated for 

JL - 0, 1, 2, 3, 4, that is * l/2+ to 9/2+, at energies of 

5, 7.5, and 10 MeV and angles of 90°, 125°, and l6l® . The single- 

* The 709 program was adapted by N. A. Brown from a 704 program 
written by R. R. Perry, Rice University. The 1401 program was 
adapted by A. C. L. Barnard from Brown’s 709 program. 
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level resonance shapes do not have any significant variations 

as the energy varies. The isolated single-level shapes for 

7.5 MeV are shown in Figure 22. From a comparison of the 

single-level shapes and experimental results the guesses 

could be made. 

The unknowns are included in the input data as "informed” 

guesses. The resonance energies and level widths were obtained 

directly from the elastic and inelastic excitation functions. 

The values were regarded as an adjustable parameter except 

in cases where the total inelastic cross section CT™ is known 
PP’ 

at E ■ E_. When a~m is known, the ratio CLo, can be obtained 
° xpp' * 

from the relation-*-) 

Ç'H ^ 
r1 ,\2 

a,// - 

where g^ is the statistical factor and 

since p* is assumed to be the only reaction channel open. The 

relation is then quadratic in CL^ , so the ratio CLj^ has two 

values. In general, the correct value can be determined by 

observation of the elastic excitation functions. 

Of the calculable quantities, the hard sphere phase shifts 
i 2 2 2 

(Jfjj and the Ag * s which equal F^ + were calculated by the 

IBM 709 Coulomb wave function program of R. W. Harris and 

T. A, Grlffy. The (j^ and A^ calculated values for Jt - 0, 1, 

2, 3* 4 were fitted by means of a least square calculation. 

The coefficients of a quadratic equation obtained from the best 
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least square fits for each JL were used as input data to the 

program calculating cross sections to obtain the values of 

<Pjl and Ag2 at each energy. The curve of (fa versus energy is 

shown in Figure 23. 

The nuclear radius used in this analysis was obtained by 

the relation*^ 

R - r0 (A^ + A^ ) 

where A^_ and K are the target and bombarding masses, respectively, t b 
and rQ equals 1.2 fermi. Then R equals 4.0 fermi. 

The program used to calculate cross sections includes the 

effects of the energy variation of the barrier penetration on 

the level widths. The energy dependence of the level width 

can be described by^) 

2k 

.*tB( E) 

where k is the incident wave number and is the reduced width, 

which is energy-independent. This effect should only be 

noticeable when the level width is large. 



FIGURE 22 

IP IP 
Theoretical resonance shapes for C (p,p)C at resonance 

energy EQ • 7.5 MeV and interaction radius R - 4.0 fermi. 

J71" - l/2+ to 9/2+. The energy scale is in multiples of 

resonance width /"* . 
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B. Results of Single-Level Calculation 

The results of the calculated cross sections are presented 

as smooth, solid lines on the elastic excitation functions 

Figures 4-6.. The level parameters obtained from this calcula¬ 

tion are summarized in Table 9. 

Table 9 

LEVEL PARAMETERS 

E0 (MeV) E* (MeV) Jir p(keV) 

0 « 46la ,2.369a l/2+a 34s 1.0 

1.6983 3.5Ha 3/2"a 6oa 1.0 

1.748 3.558a 5/2+a 66a 1.0 

4.80 6.37 5/2+b 12b 1.0 

5.30 6.83 3/2+b 
&
 in
 

cvi 
i
H
 0.26 

5.88 7.37 5/2" 60 0.10 

6.60 8.03 3/2+ **1600 1.00 

7.55 8.91 1/2" 225 0.70 

8.156 9.471 3/2" 32 0.60 

9.122 10.363 7/2" 60 0.60 

10.30° 11.45° 5/2+C 200° 0.75° 

10.50° 11.64° 

0
 1 120° 

c 
0.75 

10.95° 12.05° VJ
I 

>
 1 0
 

320° 0.55° 

E* excitation energy 
6) 

a Results of Jackson and Galonsky 

2) 
b Results of Reich, Phillips, and Russell 

28) 
c Results of Robson and Toutenhoofd ' 



36 

C. Discussion of Results 

In general, the resonance shapes In the calculated cross 

sections agreed well with those observed In the experimental 

cross sections, but the magnitudes have not been satisfactorily 

adjusted. The level parameters tabulated In the previous 
2 XX 15) 

section agreed well with previous published work * * ' with 

the one exception of the assignment of the excited state 

at 7.37 MeV excitation. 

At first the fits were attempted considering only the 

states within the energy range of interest, but this proved 

fruitless. It was found necessary to Include the three lowest 

excited states of 2.369, 3*511» and 3*558 MeV excitation to 

obtain the correct resonance shapes of the next three excited 

states of 6.37» 6.83, and 7*37 MeV excitation. The level para¬ 

meters of the three lowest states used In the present work 

were obtained by Jackson and Galonsky^. The JT and level 
2) 

width assignments of Reich, Phillips, and Russell for the 

next two excited states, 6.37 and 6.83 MeV excitation, were 

found to fit the present experimental data. 

The Melbourne group11^ has reported level assignments of 

the excited states within the excitation energy range 6.83 to 

10.37 MeV. The resonance locations reported In the present 

work agreed within 20 keV of the Melbourne results with only 

one exception. The present results Indicate a resonance at 

E0 » 5*30 MeV which is 80 keV lower than that reported by 

Melbourne. The Columbia group1^) agrees with the value 
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EQ * 5.38 MeV of Melbourne. The discrepancy in the ^assign¬ 

ment concerns the resonance at EQ = 5*88 MeV (7*37 MeV ex¬ 

citation). From excellent resonance shape agreement the 

present assignment to this state is 5/2” compared to 5/2+ by 

Melbourne. The Columbia group agrees with the 5/2” assign¬ 

ment. Barker2^ stated the possibility of this negative 

parity state on the grounds that the predicted angular dis- 
12 12* 

tributions for gamma rays following the reaction C (p,p‘)C 

is independent of parity considerations provided that the 

proton is emitted in a ?^/2 state or an si/2 state* The total 

widths are in good agreement. The excited state of 8.03 MeV 

excitation has been assigned a width of approximately l600 

keV and 1400 keV by the present work and Melbourne, respec¬ 

tively, which disagrees with a previous assignment of 700 

keV by Schneider' '. However, it should be noted that the 

Melbourne value is stated to be extremely uncertain, and in 

the present work the calculated cross sections do not fit 

the experimental cross sections well. 

The Columbia group1^) reported a weak and narrow reso¬ 

nance at E0 • 5.68 MeV. No evidence was present in the elas¬ 

tic scattering data of the present experiment to Indicate a 

resonance at the reported location which is below the energy 

where good inelastic data were obtained in this experiment. 

The resonances above E0 » 9.5 MeV have not been con¬ 

sidered in detail in the present work. The previously quoted 

level parameters were used for the three states at Eo«10.30, 

10.50, and 10.95 MeV in an attempt to obtain good fits below 

E0 - 9.5 MeV. 
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The present results Indicate four resonances at EQ 10.30, 

10.50, 10.75, and 10.95 MeV instead of the three stated above. 

In an effort to obtain the correct resonance shapes It 

was necessary to accept a large magnitude discrepancy in the 

90° elastic excitation function above E * 6.6 MeV. The 
o 

Melbourne group states that for EQ< 7 MeV the conventional 

dispersion formalism involving hard sphere phase shifts and 

Breit-Wigner resonance forms may be used, but for EQ> 7 MeV 

the hard sphere phase shifts no longer give a proper account 

of potential scattering due to the large non-resonant Inelastic 

scattering component. When considering the three excitation 

functions and their fits in the present work, the results 

Indicate that the dispersion theory formalism may be used above 

7 MeV with only moderately good results. Consideration was 

given to attempting to correct the large discrepancy in cross 

section magnitude by a contribution from a single particle 
il \ ilQ 

state. This was done by Brown ' for the Ca + p case with 

great success. However, in the absence of any evidence con¬ 

cerning the existence and parameters of such a level in the 

compound nucleus, it was not felt justified to include arbitrarily 

a level in the attempt to fit the experimental data. 

At the present time three excitation functions are being 

measured at scattering angles 25°, 109°, and 140° for elastic and 

inelastic scattering of protons by C . More angular distri¬ 

butions are also to be measured in the future. It is hoped 
; 

that a complete complex phase shift analysis of all the data 
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can be made and thus a more complete description of the 

excited states In the excitation energy range 6.3 to 13*7 MeV 

In N1^ can be obtained. 
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