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ABSTRACT U 
The elastic scattering of protons.from Ca^® by Brown, 

1 4l Johnson, and Class revealed two levels in Sc in the 

region between 1.0 MeV and 2.0 MeV bombarding energy. 

Several narrower states in this region were seen by 

Youngblood in his study of the Ca^(p, V ) Sc^ reaction. 

Using much improved techniques, the elastic scattering data 

were retaken, in order to assign definite / -values to two 

states seen previously by Johnson, and in an effort to see 

some of the states reported by Youngblood. 

A target making technique was devised which enabled ‘ 

relatively clean, quite thin targets to be made efficiently. 

Low initial oxygen content was the focal point of this 

endeavor. 

An excitation function from 1.0 MeV to 2.0 MeV bom¬ 

barding energy was obtained at three angles, chosen to be 

compatible with the identification of / -values of the levels. 

This, energy region corresponds to 2.07 MeV to 3.05 MeV ex¬ 

citation energy. The proton widths, / -values, and the 

energies were determined for the two states seen previously. 

Upper limits on widths were assigned the levels seen in the 

(p, T)f which were not detected here. 

■^N. A. Brown, J.. H. Johnson, and C. M. Class, (To be published) 

^D. H. Youngblood, M. A. Thesis, Rice University (1963) 



INTRODUCTION 

It is well-known that nuclei having a closed-shell 

ground state configuration are quite stable in comparison 

with their neighbors in the periodic system. Especially is 

this true of doubly-magic nuclei, consisting of closed shells 

of both protons and neutrons. Therefore it should be interest 

ing to study the properties of those nuclei which can be con¬ 

sidered to be formed by the addition of a single nucleon to 

a doubly-magic core. It might be expected that a two-body 

description of such a system would be adequate. 

The level structure of nuclei of this type, especially 

those of relatively low mass number, has been the focal 

point of numerous experiments. In particular, studies at the 

4 12 
closure of the lS^^-shell (He ), the lP^g-shell (C ), 

the lP-j.yg-shell (O1^), and the ld^y^-shell (Si^0) have been 

made, and much of the level structure of these systems of 

a doubly-magic nucleus plus a nucleon have mapped. 

The next higher doubly-closed shell occurs at the 

40 4l 4i 
nucleus Ca . Therefore the nuclei Ca and Sc present 

Interesting cases for investigation since they may be des¬ 

cribed in terms of a simplified shell model as a single 

nucleon outside a doubly-magic core of Ca^. The Ca^ 

nucleus has been investigated by Bockelman and Buechner^, 

and the Sc^ system has been studied here at Rice by Brown, 

1 2 
Johnson and Class , and by Youngblood . 

,28' 
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Brown, et_ al^., using the Ca^ (p,p) Ca ® reaction, 

mapped much of the level structure of Sc1*1 in the region of 

bombarding energy from 1.3 to 6.5 MeV. Youngblood, using 

40, . in 
the Ca (p, y) Sc reaction, has found many additional 

levels in the same energy region. The elastic scattering 

experiment was designed to investigate chiefly the region 

of bombarding energy above about 2 MeV, where inherent 

resolution problems are relatively reduced. However, a 

survey in the region below 2 MeV did reveal two states, which, 

because of inadequate resolution, could not be assigned 

definite J[ -values . Four additional levels, not seen in the 

(p,p), were seen in this region in the (p, Y) experiment. 

In an effort to obtain more information about these states, 

the elastic scattering data were retaken in the region of 

bombarding energy from 1.0 to 2.0 MeV, using much improved 

techniques . 

Several aspects of the problem greatly simplify analysis 

of the data obtained in such measurements. The primary mode of 

decay of compound states formed in Sc^ in the energy region 

studied is by elastic scattering. Except for capture of the 

proton with subsequent emission of a gamma-ray, all other 

modes of decay are energetically impossible, and the proba¬ 

bility of capture is so small in relation to that for scatter¬ 

ing that its effect on the elastic scattering process may be 

ignored. Also the fact that Ca110 has spin zero, so that the 
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system J-values are j(. i 1/2, greatly reduces the complexity 

of cross section calculations from theory. Since the energy 

range studied corresponds to 2.07 to 3.05 MeV excitation 

energy in Sc^, the level spacings -in this region are 

relatively large, hence resolution of individual resonances 

presents no problem. 



4. 
CONSIDERATION OF EXPERIMENTAL SITUATION 

In 
The levels seen previously in Sc in the excitation 

energy region from 2.07 to 3.05 MeV along with their assigned 

properties are listed in Table I. The j[ -value assignments 

for the two states seen in the (p,p) are tentative ones made 

by Johnson ; the data for these two levels were not entirely 

definitive. These assignments were substantiated by the 

fact that the mirror levels in Ca^ have the same j[ -values. 

Several requirements are imposed on the experimental 

apparatus when measurements of high energy resolution are 

desired: It is necessary that the average of the target 

thickness and the dispersion in energy of the beam be about 

the same magnitude as the widths of the nuclear levels, if 

they are to be seen clearly. Since the levels of interest 

in this experiment are relatively narrow, of the order of 

or less than 100 eV, the targets had to be quite thin, no 

more than 300 or 400 eV. Furthermore, since calcium 

oxidizes quite readily upon exposure to air at atmospheric 

pressure, the targets had to be kept under a condition of 

good vacuum at all times. Both the target thickness and the 

dimensions of the apertures which define the energy of the 

beam obviously have lower practical limits, but these limits 

were always at least approached. Very thin layers of calcium 

are not self-supporting, and so must be held by another foil. 
• .. 

Therefore, thin carbon foils, chosen because of strength and 



5. 

TABLE I * 

41 Levels In Sc Seen Previously in the : Excitation Energy 

Region from 2.07 MeV to 3. 05 MeV 

Excitation Proton Seen in Width ■ / 
(Energy (MeV) Bombarding 

Energy (MeV) 
(keV) 

2.094 1.036 (He3,d) — 
<r> 

2.420 1.360^.005 (P>P) 0.2 3- 
2 

2.598 1.541-.004 (P, n <0.6 5- 
2. 

2.676 1.622£.004 (P, r) <0.6 
5+ 5- 7- 

2, 2, 2, 
2.726 1.672£.002 (P'JP) 0.4i0.2 1* 

2 
2.892 1.842£.004 (P, Y) < 0.6 

J. 
7 7 
2, 2 ^ 

2 .983 1.934£.004 (P ,r) < 0.6 5- 7“ 7+ 

2, 2, 2 
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low atomic number, were used to support the calcium targets. 

High resolution counters must be used; in this regard, 

silicon surface barrier detectors, which were usually able to 

resolve clearly the proton groups from the different target 

components, were used. 
6 In the experiment of Johnson , the calcium targets 

used were > 1 kev thick, and were fully oxidized. The reso¬ 

lution of the Csl scintillation counters used was relatively 

poor at some angles and energies; e.g. the oxygen elastic line 

was not resolved from the calcium and carbon lines. The 

beam spread was about the same as it is presently. 

The four states seen in the (p, Y) experiment were as¬ 

signed widths less than 0.6 kev. The widths are probably 

considerably less than this upper limit, since they have not 

been seen previously via elastic scattering. Should these 

levels be too narrow to be seen in. the present efforts, it 

should at least be possible to reduce the upper limits on 

their widths. 

The additional state at 2.094 MeV excitation energy as 

shown in Table I was seen by Sheppard, Enge and Chen^ using 

the Ca^ .(He^d) Sc^ reaction. The state was tentatively 

assigned 3/2* by them. 

f 
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EXPERIMENTAL APPARATUS AND PROCEDURES 

The yield of protons elastically scattered from Ca^° 

was measured at three angles for bombarding energies between 

1.0 MeV and 2.5 MeV, using the proton beam of the Rice 5.5 MeV 

Van de Graaff accelerator. A narrow range of proton energies 

was obtained by magnetically deflecting the beam through an 

angle of 90°, before directing it into the scattering chamber. 

Slits at the entrance and exit of the 90° analyzing magnet 

defined beam energy and path. Additional sets of slits located 

at distances of 3.2m and 3.8m from the analyzing magnet exit, 

the latter set being located at the entrance to the chamber, 

further defined the beam path and cross section. The set of 

slits at the analyzing magnet exit provided the correction 

signal for the voltage stabilization of the accelerator. A 

set of electrostatic lenses, located approximately2.2 m from 

the analyzing magnet exit, was used to focus the beam on the 

target. The target was located approximately 50 cm beyond the 

last set of defining slits. At the target, the beam spot was 

restricted to an area approximately 1.5 mm square. The 

lateral movement of the beam spot on the target was limited 

by the slit system to approximately 1.5 mm over the entire 

energy range. Measurements of energy were reproducible 

during a run to approximately - 2 keV, and the dispersion in 

energy of the beam was approximately 0.03 fo beam energy. 
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SCATTERING CHAMBER AND DETECTION SYSTEM 

The scattering chamber is a circular brass cylinder . 

4 inches high, and 8-1/2 inches in diameter. The entrance 

tube of the scattering chamber is connected directly to the 

accelerator vacuum system. To maintain a good vacuum in the 

chamber, a small air-cooled oil diffusion pump with a liquid 

nitrogen trap is attached to the entrance tube. There is 

also another, much larger, water-cooled oil diffusion pump 

and liquid nitrogen trap attached to the beam tube approximate¬ 

ly 30 cm from the entrance tube of the scattering chamber. 

There is a short annular liquid nitrogen trap between the 

accelerator vacuum system and the two diffusion pumps and 

scattering chamber, which is constructed so that the beam 

passes through a cold tube 5/8 inch in diameter and 3-1/2 

inches long. 

Alignment of the beam-axis of the scattering chamber 

with the beam is accomplished by passing the beam through two 

defining tantalum apertures, 5/64 inch in diameter and 5 inches 

apart, located in the entrance tube to the scattering chamber. 

Initial alignment of the scattering chamber, as well as the 

determination of the size of the beam spot on the target, is 

accomplished by letting the beam strike a ruled quartz, which 

is placed in the target position in the chamber. The quartz 

is viewed through a pyrex window in the chamber lid. 

The target is in the form of a thin foil covering a 

5A6 inch hole in an aluminum plate. This plate is clamped 
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into a target holder which fits into a socket on the floor 

of the scattering chamber. The arrangement is such that 

the target holder can be rotated to any desired orientation, 

while holding the target accurately in.the center of the 

chamber. 

After passing through the thin target, the beam is 

collected in an insulated Faraday cup which is connected to 

a current integrator. 

Three fixed counters are located on one side of the 

scattering chamber at angles of 90° , 125° , and 150° with 

respect to the beam-axis. These positions were chosen bel 

cause of the fact that that resonance data taken at these 

three angles allows unambiguous identification of the 

1 -value of the level. Each position is provided with a 

barrel, holding tantalum "anti-scatter" apertures in addition 

to a removable holder on which is mounted two slits. The 

one more distant from the target defines the solid angle 

viewed by the detector, typically 0.5 x 10“^ steradian, 

and the one nearer the target limits the target area seen 

by the detector, so that no scattering from the aluminum 

target blank can enter the detector. 

The detectors used were Ortec Type 5B gold-silicon sur¬ 

face barrier detectors which, when run at 50 volts bias, were 

capable of stopping protons 'v 5 MeV in energy. The pulses 

from the detectors were fed into Tennelec model 100A pre- 

/ 
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amplifiers, then were amplified and analyzed by a TMC 

400-Channel analyzer. The pulse-height spectrum from the . 

analyzer was then fed into an IBM 1401 on-line computer, 

which printed the spectrum, and recorded it on magnetic tape. 

To eliminate possible spectrum distortions from excessive 

count rates, the counting rates introduced into the analyzer 

were kept low, so that the dead time corrections were only a 

few per cent. This was greatly aided by using Cosmic coinci¬ 

dence units as lower-level discriminators to prevent pulses 

from strong, uninteresting elastic peaks from reaching the 

analyzer. Single channel analyzers, which are an integral 

part of the Cosmic equipment were used during measurement of 

the excitation function to monitor continuously yields from 

at least two of the counters. Figure 1 shows a block diagram 

of the equipment used. 

TARGETS 
in 

The narrow width of most of the states in Sc in the 

energy region examined necessitated the use of calcium tar¬ 

gets a few tenths keV thick. Since a layer of calcium this 

thin would become completely oxidized almost immediately upon 

exposure to air at atmospheric pressure, the targets were 

made inside the scattering chamber. The stopping power for 

protons in oxygen is 'v 30% greater than- that for protons in 
calcium in the energy region of interest, so that a fully 

oxidized calcium target has effectively more than twice the 

) 
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thickness of the pure calcium target. It is.for this 

reason that it is desirable to keep the oxidation level 

of the targets as low as possible. 

The targets were made by evaporating natural calcium 

metal (99.5$Ca) onto thin, self-supporting carbon foils. 

Carbon foils were prepared by evaporating carbon in high 
■ ;e> 

vacuum onto Teepol-coated glass slides. The foils, which 

were typically/\/15 micrograms/cm thick, were then floated 

off the slides, and transferred to aluminum target blanks. 

Foils made in this manner were quite strong and durable. 

Carbon foils evaporated onto NaCl were also tried, but were 

always found to contain objectionable amounts of sodium and 

chlorine. Silicon, presumably ambient in the accelerator 

vacuum system, was noticed to build up to some degree on 

all carbon foils. Purity and thickness of the foils were 

determined by examining the spectra of elastically scattered 

protons prior to evaporation of the calcium, with typical 

results as shown in Figure 2A. The calcium layers evaporated, 

were approximately 3 micrograms/cm thick. This thickness 

corresponds to average proton energy loss of 0.34 keV at 1.75 

MeV. 

An evaporation boat was devised which enabled very*..thin 

layers of calcium to be deposited on the backing foils. The 

boats were tubular, about 1-1/4 inch long, 1/4 inch outside 

diameter, 7/32 inch inside diameter, and were closed at one 

> 
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end so that a lump of calcium metal could be.packed 

firmly inside. The boats were made of stainless steel, 

and were constructed and mounted so that an electric cur¬ 

rent could be passed through the region of the closed end 

of the boat (see Figure 3). Since the walls of the boat 

were quite thin, and were of relatively high resistivity, 

most of the current was forced to pass through the calcium 

lump. The calcium could be heated to evaporation temperature, 

quite easily with a power supply capable of delivering 24 

amperes at 7 volts. In this manner a very directional beam 

of calcium could be pointed toward the carbon foil. A 

rotatable brass shield attached to the lid of the scattering 

chamber was placed directly in front of the counter positions 

during each evaporation, to prevent any calcium being de¬ 

posited on detector surfaces. A smaller tantalum shield was 

constructed so that it could be placed directly in front of 

the open end of the boat. In the evaporation process, calcium 

was initially evaporated onto the tantalum shield, thereby 

insuring that the surface of the calcium lump was relatively 

oxygen-free, then the shield was used as a shutter to allow 

the calcium beam to strike the carbon foil. Small amounts 

of either copper or iron were usually present on the target 

after the calcium evaporation. These impurities no doubt 

came from either the boat or the heavy copper cable connected 

to the boat. A typical pulse height spectrum after evaporation 

> 
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is shown in Figure 2B. The boat and supporting arrangement 

is shown in Figure 3. 

DETERMINATION OF BEAM ENERGY AND ENERGY DISPERSION . 

The energy of the proton beam was determined by proton 

magnetic resonance measurement of the field strength of the 

90° analyzing magnet. The energy of the proton beam i’s then 

given by the relativistically corrected expression 

E = kf2 - (kf )• 
2mo . 

where E is the proton energy in MeV, f is the magnetometer 

oscillator frequency in Megacycles, mQ is the proton rest 

mass in MeV, and k is the frequency constant. The frequency 

constant was determined by calibration using the state at 

1.8418 - .0015 MeV bombarding energy^ for the reaction 

Ca210 (p, r) Sc2*1 (y6+) Ca2*1 

Thick-target positron yield curves were used to determine 

both the frequency constant and the dispersion in beam 

energy/ The resonant energy is that point at which the 

thick-target yield has reached one-half its maximum value, 

and the dispersion in beam energy is the energy interval 

corresponding to the interquartile distance on the leading 
5 

edge of the yield curve . It was found by tuning the beam 

that the maximum error in reproducibility of beam energy 

) 
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was i2keV below 2.0 MeV; so that the absolute beam energy 

was uncertain by i4keV. 

A typical thick-target positron yield curve, for the 

calibration resonance, is shown in Figure 4. 
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EXPERIMENTAL RESULTS 

The differential cross sections at laboratory 

angles of 90° , 125° , and 150° in the energy regions near 

known levels at 1.036, 1.36, 1.541, 1.622, 1.67, 1.842, 

and 1.934 MeV bombarding energies are shown in Figures 5 

through 11. A continuous excitation function was taken 

from 1.0 to 2.0 MeV at these three angles. This is not 

shown, since only Rutherford dependence is evidenced ex¬ 

cept in the vicinity of the 1.36 and 1.67 MeV levels which 

are too narrow to be seen clearly on a compressed energy . 

scale. Data were taken at energy steps averaging 1 keV 

over the entire range from 1.0 to 2.0 MeV in a systematic 

search for new levels not seen previously. Steps averaging 

0.4 keV were taken in the vicinity of known levels.' The 

figures show results from one run, needed to cover the 

entire region. The entire energy range was covered only 

once, but measurements made in the vicinities of the known 

levels, on other runs, show clearly that the data in these 

regions are quite reproducible. 

As mentioned previously, the target contained several 

contaminants, viz. silicon, copper, and magnesium. In some 

instances, especially at 90° , and in the lower energy regions, 

the elastically scattered protons from these contaminants 

were not well-resolved from those elastically scattered from 

the calcium. In these cases the contributions from the 
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contaminants were included in the integrated yields, and 

then had to be corrected for later. In all cases the oxygen 

elastic peak was sufficiently well-resolved to be excluded 

from the integration. 

Most of the integration was accomplished with the aid 

of the IBM 1401 Computer. This was convenient, since most of 

the spectra were recorded on magnetic tape as they were taken. 

The machine was programmed to move the integration "window11 

as spectra corresponding to different bombarding energies were 

encountered. Also, the rate of motion of the window could 

be changed to allow for smaller energy steps between data 

points. The window limits and rates of motion of the windows 

were determined by graphical analysis of spectra at both 

ends of the region of interest. Errors in these graphical 

analyses would cause small errors in the resultant integrated 

yields. Especially is this true at 90°, where resolution was 

poorest. For example, at 1.5 MeV, errors of 1/2 channel in 

the window settings at 90°, 125°, and 150° • respectively would 

cause errors in the integrated yields of 1.6$, 0.98$, and 0.88$ 

respectively. However, since large regions of the excitation 

function (^100-300 keV) were integrated without changing the 

widths or the rates of motion of the windows, errors in the 

data caused by incorrect window settings would be rather long¬ 

term systematic ones. 

The quantities of contaminants on the target were de- 
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termined as follows: The amount of silicon was determined 

from pulse height spectra by assuming that the cross section 
OQ OQ 

for the Si (p,p)Si ° reaction follows Rutherford dependence. 

There is one level^ in the region of interest in P2^ which 

has a width of approximately 50 keV, and occurs at 1.66 MeV 

proton energy. This level drastically alters the cross 
•s» 

sections at back angles, but its effect at 90° is compara¬ 

tively small (approximately 2o per cent deviation from the 

continuum). Since the amount of silicon present was about 

15 per cent of the amount of calcium, the assumption of 
28 Rutherford dependence for the Si (p,p) cross section 

<? 

introduced a maximum,deviation of 3 per cent in the calcium 

cross section at 90° in the vicinity of the level in P2^. 

This could explain the rather bad scatter in the 90° data 
41 

taken at energies just below the 1.67 state in Sc . The 

contributions from silicon were not included in the inte¬ 

grated yields at 125° and 150° in the vicinity of 1.66 MeV. 

It was noticed that the amount of silicon on the target in¬ 

creased about 10 per cent over the duration of the excitation 

run, however, the average amount of silicon present was used 

in all calculations. Errors introduced, thereby should be ' 

negligible in comparison with other errors. The amount of 

copper on the target was determined from pulse-height spectra 

assuming that the cross section for the Cu^^(p,p)Cu^^ re¬ 

action follows Rutherford dependence^. In much of the data, 

•*? j
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the copper elastic peak was fairly well resolved, and 

could have been excluded from the integration; however, it • 

was felt that less error would be introduced by always in¬ 

cluding, this contribution, then subtracting it out. The 

amount of copper present was 7 per cent of the amount of 

calcium, and remained constant. The quantity of magnesium 
i> 

on the target was.determined in the same manner as were the 

amounts of silicon and copper present. The assumption of 

Rutherford dependence for the Mg H(p,p)Mg cross section 

should introduce negligible errors since the amount of 

magnesium present on the target was approximately 2.5 per 

cent of the amount of calcium, and apparently remained 

constant throughout the run. A summary of contributions 

from different elements at different angles included in the 

initial integrated yields is given in Table II. These yields 

were corrected first for analyzer dead time, and then 

appropriately for silicon, copper, and magnesium by subtracting 

yields calculated according to Rutherford dependence. As an 

example of the magnitudes of the corrections, at 1.5 MeV, the 

raw integrated yields at 90° , 125°, and 150° were 24953, 10032, 

and 68l0 counts respectively, of which 4590, 869, and 625 ' 

counts respectively were not from calcium. 

At this point, the corrected yields were normalized to 

Rutherford cross section. This was accomplished as follows: 

Ten points, which were very near to, and centered about 1.4 
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TABLE II 

Elastic Proton Groups Included in Initial Integrated Yields 

vzza Ca+Cu Ca+Cu+Si+Mg 

90 

77777/777777777777/A 12 5 

V777777//7/77Z777777A iso' 

I ! ! ! ! ! ! ! i i I 
1.0 1.5 2.0 

LAB ENERGY (MEV) 

Quantities of Various Elements Present in the Target 

Element Quantity ^ 
(micrograms/crn ) 

Silicon 0.436 

Copper 0.225 

Magnesium 0.077 

Oxygen 0.775-1.55 

Calcium f 3.094 

later) 
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MeV were taken from the excitation function. These ten 

points were then averaged to obtain average yields at 1.4 

MeV (for the three angles). Similar processes were carried 

through at 1.5 and 1.6 MeV. A normalization factor was ob¬ 

tained for the set of data at each energy. The factors 

corresponding to the different energies were then averaged, 

and the result was used to normalize the entire excitation 

function. The calcium target thickness obtained in this 
2 

process was 3.094 micrograms/cm . 

No correction was made for the presence of other iso¬ 

topes of calcium which have a natural abundance of three per 

cent. The major contribution, Rutherford scattering, is 

largely removed by the normalization process. Resonant con¬ 

tributions from other isotopes, the next most abundant of 

which is Ca (2$), would be small and probably within the 

statistical uncertainty of the data. 

The statistical uncertainty in the data varied from 

-0.46$ to ‘-0.88$ at 90°, from ^0.69$ to -1.34$ at 125°, and 

from -0.85$ to 1.6l$ at 150 . These figures are characteristic 

of the final, corrected yields. Considerable scatter outside 

statistics can be seen in the flat regions in Figures 5 

through 11, in which the statistical uncertainties correspond 

roughly to the sizes of the dots. This could be due to 

variations in quantity of charge collected, since the current 

integrator is estimated to be accurate to -1.5$. Also, short- 
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terra changes in the position of the beam on a- slightly 

non-uniform target would cause deviations in the data. 
) 

It is also possible that some of these deviations corres¬ 

pond to the sought-after levels, or to levels In other 

isotopes of calcium. EffectB of long-term changes In 

quantity of charge collected or in beam position should 
■ ■.«* 

tend to be eradicated by the normalization of the entire 

excitation function to Rutherford cross section. 
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ANALYSIS OF THE DATA 

CALCULATION OF CROSS SECTIONS 

Present results have been analyzed by calculating 

cross sections directly according to the dispersion theory 

formalism in which resonances are represented by the single- 

level Breit-Wigner formula. Since the levels of interest 

are narrow, far apart, and relatively distant from other 

states of the same J17, the single-level approximation would 

be expected to provide an adequate representation of the 

situation.' The expression for the elastic scattering 

cross section for particles of spin-l/2 on target particles 
10 

of spin-zero is 

z^ and z2 are atomic numbers of projectile and target particle 

respectively, e is the electronic charge, v is the velocity 

2 1/2 

where 

I 
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of relative motion of the two particles, JJL is the reduced 

mass of the system, and E is the energy of relative motion. 

Since the energies in the region,of interest in this experi¬ 

ment are relatively 'low, the hard sphere phase shifts in the 

region are very small or zero. Throughout this work, all 

the hard sphere phase shifts were taken to be zero. Actually 
.e» 

this assumption was made implicitly when the entire excitation 

function was normalized to Rutherford. With this assumption, 

then, the collision matrix in the above equation is given by 

j 2i( or +• A J-) j i . r/2s 
U. = e * ' * where A = tan x (J—LE.) , f is the 
* 'A' E —E 

width of the resonance, and EQ is its energy. This expression 

for the cross section has been programmed* for an IBM 7040 

to permit calculation of the cross sections for different 

choices of level parameters. Space is provided in the pro¬ 

gram for the parameters of each of the observed levels, i.e. 

their resonance energy, width, orbital angular momentum, 

total angular momentum, and partial width for elastic scatter¬ 

ing. The program is capable of calculating contributions of 

partial waves through $ = 4. Due to the specialized nature 

of the data taken here, viz. that the levels detected were 

far apart, and were quite narrow, the full versatility of 

the program was not required to obtain an analysis . In this 

regard, the data near the known levels in the region were 

* Adapted by N. A. Brown and T. A. Belote from original 704- 
version of program written by R. R. Perry. All are of Rice 
University. j 
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analyzed separately, without including the other levels. 

As was stated previously, the data followed Rutherford 

dependence except in the immediate vicinities of the 1.36 

and 1.67 MeV levels. A set of theoretical shapes, calcu¬ 

lated by the analysis program, is shown for X =0 through 

l =4 levels in Figure 12. 

CORRECTIONS FOR FINITE TARGET THICKNESS AND BEAM ENERGY 
DISPERSION : : 

The resonance shapes as shown in Figure 12 are those 

which would be obtained in a case involving zero target 

thickness and zero beam energy dispersion. Therefore, if 

reasonable fits to the data are to be expected, the effects 

of finite target thickness and beam energy dispersion must 

be folded into the theoretical shapes. In general, this 

tends to "wash out" the theoretical shapes to a degree 

dependent upon the magnitudes of the target thickness and 

beam spread. At this point, then, the theoretical cross 

sections were corrected for these experimental effects. 

The correct expression for the cross section averaged 

over target thickness and beam spread is given by 

t 
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<<r(E.,T)> 

X + 00 4CO 

/ / ./ (£^g<Ef,E«)w(E.-,'E-,X>cfEdE,-dx 
XzO E / = -«* 

7* 4 CO -4C0 

J | J g(Ei)E„)vv(E,JE,WdEdE,-dx 
XsO E.s-® E--CO 

.where J* (E) IS the theoretical cross section at the energy 

E, w(E ,E, x)dE is the probability that a particle incident 

on the target at an energy E^ has an energy between E and . 

E + dE at a depth x micrograms/cm.2 in the target, 

g(E1,EQ)dEi is the probability that a particle in the inci¬ 

dent beam of mean energy EQ has an energy between E^ and 

Ei + and T is the tarSet thickness in micrograms/cm2. 
If it is assumed that the beam spread, P , is independent 

of the mean energy of the beam, i.e. that g(E^,EQ) is a 

function of (Ei-EQ) and F , and if it is assumed that there 

is no straggling in the target, i.e. that w(E^,E,x) = l, the 

above becomes 
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<O-(E.-,T, r;> 

f [ <r(E)g[(E1-E0),r]dEdE1- 
E* £,'~T 

J I’'3 [(£<-£.>, TjdEdE; 
E,=-« E/E{-T 

The cross sections in the case of interest are not con¬ 

tinuously variable, therefore the average is given by 

<<r(E.,T,r,A)> = 

l-a ° 

V ngma-E^r] y<r[(m + ")A] 
nkr, 

N Jg[(«'A-E.),r] 
Wl'sJL, 

where A is the energy interval between successive calcu¬ 

lated values of <T , and N is (T/A ) truncated. Note that 

the infinite sums over m and m* have been cut off at the 

arbitrary limits L and L2. This expression for 

< £T (EQ,T, P , A ) } should represent an adequate approxi¬ 

mation to the actual physical situation for the case of 

quite thin targets in which straggling is negligible. 

The 7040 program was modified to fold finite beam 

spread and target thickness effects into the calculated 
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cross sections. The expression programmed, which is dis¬ 

cussed further below, is given by 

<crr (E„,T,4)> + <<n. {E,,r,A)) 
<<r(E„,r,r( A)> = l - 

where 

<<rT (E./T,A)> 
1 
N o- 

n:-N 

and 

<<r8(E.,r,A)> = 
g £(md-Eo), njcrfmd) 

WlU|   

^g[(m'A-E„),r] 
m'-L, 

This expression was used in the calculations instead of the 

more accurate one because much less computer time is required 

to calculate the averages in this simpler approximation. 

The quantities of calcium, copper, silicon, magnesium, 

and oxygen ’on the target were needed since they all contri¬ 

buted to the resolution loss. The quantities of all the 

above except oxygen were determined from pulse-height spectra 

as described previously. Oxygen was the most important con-r 

taminant, because of the fact that these was a relatively 
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large amount of it on the target. In normal operation, 

as described previously, Cosmic coincidence equipment was 

used as a lower level discriminator to prevent elastic 

proton contributions from the carbon target backing, and 

the oxygen on the target from reaching the analyzer. This 

was done to avoid excessive analyzer dead time losses, which 

could have resulted in distorted spectra. At one point near 

each known resonance, where a knowledge of the amount of 

oxygen on the target was desired, the discriminator condition 

was relaxed, and a full spectrum, including peaks from 

carbon, oxygen, magnesium, silicon, calcium, and copper was 

obtained. As expected, the dead time losses were, very high' 

(>50$) in these cases, and the spectrum was doubtless dis¬ 

torted. Because of this it was felt that a much more mean- 
n 

ingful determination of the amount of- oxygen on the target 

in these cases could be made by using the expression 

2 Y0 
T as — 

0 5 Y, 

ffca 
T 

Ca 
Ca 

where Y, (T , and T represent yield, cross section, and amount 

present of the elements denoted by subscripts. In this ex¬ 

pression, only the ratio of oxygen yield to calcium yield 

appears, hence the expression is independent of dead time 

corrections, and distortions in the peaks should tend to be 

cancelled out. The oxygen cross sections are those of 

11 16/ . 16 • 
Laubenstein, e£ al. for the 0 . (p,p)0 reaction. The 

* 
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amount of oxygen on the target increased from 25 per cent 

to approximately 50 per cent of the amount of calcium on 

the target over the duration of the run. The oxidation 

level was assumed to remain constant as measured over each 

of the known levels. 

Using the measured amounts of calcium, copper, silicon, 

magnesium, and oxygen, the energy losses in the target were 

calculated using the tables of Whaling-1- . The energy loss, 

dE/dx, of protons in the elements of Interest is shown in 

Figure 13. As an example, the energy losses in the target 

at 1.67 MeV were 0.358 keV due to calcium, 0.183 keV due to 

oxygen, 0.057 keV due to silicon, 0.021 keV due to copper, 

and 0.010 keV due to magnesium. 

The theoretical cross sections were then averaged over 

the target thickness. This was accomplished by averaging the 

number of calculated points corresponding to an interval in 

energy equal to the energy thickness of the target, then re¬ 

peating the process, stepping the averaging interval until 

the region of interest was covered. 

Correction was made for loss of resolution due to dis¬ 

persion in the energy of the beam by averaging the theoretical 

cross sections over a gaussian distribution, which was assumed 

to describe the energy distribution of the beam. The dis¬ 

persion, which was measured as described previously to.be 

0.53 keV at 1.842 MeV, was taken to be the FWHM of the gaussian 
t 
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Inherent instabilities in the accelerator system, e.g. 

fluctuations in the terminal voltage as the .beam moves with 

respect to the regulating slits, varied effects of ion source 

probe voltage, and fluctuations in machine focus voltage, are 

relatively increased In the lower regions of operation 

(below 2 MeV). Therefore the dispersion in beam energy was 
* ■ 

taken to be constant over the region of interest. The calcu¬ 

lated cross sections were averaged by multiplying each point 

in turn by the value of the gaussian at that energy, summing 
■> 

these products over the gaussIan, then dividing this sura by 

the sum of the actual values of the gauss Ian used in the 

products, in order to normalize the results. The center of 

the gaussian was then stepped up in energy, and the process 

was repeated until the region of interest had been covered. 

The average was always cut off at the points at which the 

gaussian had decreased to 0.1 per cent of its maximum value. 

The correction to the theoretical cross sections was then 

taken to be the linear average of the corrections for target 

thickness and beam energy dispersion. 

Earlier versions of the 1/2 on 0 program corrected for 

an "effective thickness"10 in which the energy of the beam 

was assumed to have a rectangular distribution. The effect 

of averaging over a gaussian distribution Instead of a rec¬ 

tangle was to enhance the "wash-out" of the theoretical cross 

sections, as shown in Figure 14. This resulted in a much 

better fit to the data. While the.results of the calculations 
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done here are doubtless Inferior to those which could have 

been obtained by using the more accurate expression for 

<CT(E ,T,r ,4)) , it is felt that a substantial. improve¬ 

ment over the "effective thickness" average has been 

realized. Further investigation of this subject is planned. 

LEVEL ASSIGNMENTS 

A superficial examination of Figures 5 and 7 quickly 

confirms that tentative assignments^ of for the 1.36 MeV 

state, and J(=0 for the 1.67 MeV state were correct. The 

analysis of the data showed that the widths of both levels, 

were near 100 eV. This is to be compared, with previously 

assigned widths of 0.2 and 0.4 keV for the 1.36 and 1.67 

levels respectively. It was found that alteration of the 

widths by more than 25 per cent in either direction caused 

changes in amplitude of the calculated shapes which resulted 

in much worse fits to the data. On this basis, then, the 

widths of the two levels are assigned to within ^25 eV. 

Even for these "best fits", some discrepancies with 

the data exist. Some of this is no doubt due to the statis¬ 

tical scatter in the data, discussed earlier. Indeed, the 

level widths could have been assigned more accurately had 

this scatter been reduced. The discrepancies could be, in 

part, a result of not using, .in the correction to the data, 

the correct function to describe the beam energy distribu- .. 
t. 

tion;. Also, In the correction for finite target thickness, 
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the different contaminants in the target were, assumed to 

be distributed homogeneously, when, in fact, one would ex¬ 

pect the oxygen and silicon to be concentrated more on the 

surface of the target. A surface concentration of these 

elements would be expected to "wash out" the data excessively, 

as seems to be the case. Straggling in the target might be 
>> 

expected to increase the spread in beam energy, an effect 

which would cause more "wash out" in the data. Trial cal¬ 

culations have shown however, that straggling effects are 

quite negligible in targets of the composition and thickness 

of the one used here. It is felt that the discrepancies 

between the fits and the data are due to statistical uncer¬ 

tainties in the data, and to errors made in correcting the 

theoretical shapes for experimental resolution effects, 

instead of being due to interference between these levels 

and others of the same Jn. 

The best fits to these two states occurred at 1.364 

and 1.678'MeV respectively. The error in the absolute energy 
4 

of the calibration level at 1.8418 MeV. is - 1.5 keV , and 

the maximum error in reproducibility of beam energy was 
+ 
- 2 keV, as mentioned previously. Therefore, the absolute 

error in the energy at which these levels occur is - 4 keV. 

It should be noted that the effects of correction for finite 

target thickness and beam energy dispersion essentially des¬ 

troyed all difference in identity between the calculated 
t 
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shapes for 1/2“ and 3/2” Jn values. Therefore no unique 

J-value assignment can be made to the p-state, on the basis 

of this data. 

The elastic scattering data gave no indication of the 

presence of any of the six levels seen in the (p, T ), or 

the level seen in the (He^d) reaction. Analysis of the 
«> 

\ 

data, however, allowed assignment of maximum widths for the 

levels. The associated calculations were based on the 
TT 2 7 possible J1 values assigned the levels previously ’ . These 

widths were determined by calculating minimum detectable 

widths for this experiment. These minimum detectable widths 

were arrived at by calculating the width of the level for 

which at least three points lie a distance greater than 

five statistical deviations from.the Rutherford continuum, 

as shown, Figure 15. The predominant limitation in these 

determinations was the rather large lower limit of energy 

steps of which the accelerator is capable (approximately 

400 eV). In taking energy steps of this size across the 

region, it would be quite easy to "step over" a very narrow 

level. On the other hand, one could; conceivably make a 

measurement exactly in the center of a maximum or minimum 

in the cross section. In this case, however, only one 

point would deviate greatly from the background, and no 

significance could be attached to it. Hence the requirement 

that at least three points deviate considerably from the 
t 
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continuum. Had the scatter in the data (discussed pre¬ 

viously) been reduced, the requirement that the three points 

deviate so greatly from the continuum could have been 

relaxed somewhat. This would have resulted in lower maximum 

level width assignments. In all calculations of minimum . 

detectable width, the three points,' corresponding- to an in¬ 

terval of two accelerator energy steps, were chosen as' 

indicated in Figure 15. A summary of results of this analysis, 

incorporated with the results of other, experiments mentioned 

previously, is given in Table III. The J = 3/2 assignment of 

the 1.36 MeV state was based on the fact that its mirror 

state in Ca^1 is a 3/2" level1^. 

I I 



TABLE III 

35. 

Levels in the Sc2*1 Nucleus in the Excitation Energy- 

Region from 2.07 to 3.05 MeV. 

Excitation• Proton Seen In Width Wigner. Limit 
Energy Energy (ev) 
(MeV) (MeV) 1‘ ' . 

_4- 
2.094 1.036 (He3,d) < 60 3 

2 <30.1 

2.423 1<364-0.004 (P,P) 100-25 3“ 
2 0.715 

2.598 1.541-0.004 (P ;n < 15 
\ 

5" 

s+ 
• < 5,09. 

2 .676 1.622^0.004 (p, Jr) <60 5 
2 <0.948 

<15 . 5" 
2 

<3.42 . 

<10 . 7“ 
2+ 

• <2.28 

< 25 9+ 

2 + 
<147 

2.731 1.678^0.004 (p,p) 100-25 1 + 

0.065 

2.892 1.842-0.004 (P, r) < 40 7 
2 <81.5 

- . < 10 7" 
2, <0.885 

2.983 1.934-0.004 (p, X) < 40 
7+ 
2 < 55.0 

<10 7“ 
2 <0.619 

<15 5" 
2 <0.930 

t 
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CONCLUSION 

The elastic scattering data obtained in this experi¬ 

ment was of markedly better quality than' any taken previously 

in the region. The previously known levels at 1.36 and 1.67 

MeV were seen quite clearly at all three angles, of observation 

This allowed the unambiguous assignment of ./-values. ‘’The 

higher quality of the data allowed much better theoretical 

fits to be made, which in turn allowed a much more accurate 

determination of the widths of the levels. These widths 

were reduced by factors of approximately 2 and 4 for the 

1.36 and 1.67 MeV states respectively, from the values pre- 

6 
viously assigned . The J-value of the p-state (1.36 MeV) 

was not determinable in this experiment. 

It was hoped that some evidence- of the levels seen 

previously in the (p, T ) and the (He^,d) reaction could be 

detected, so that perhaps definite Jn assignments could be 
# 

made. However, the absence of any evidence was not totally 

unexpected. It has been determined that all of these levels 

haveX ^ 2, so their lab widths are expected to be very 

small. The net result of this aspect of the experiment was 

that the upper limits on the widths of these levels were 

lowered by factors of from 10 to 60. 

The experimental conditions were rather well controlled, 

In order to obtain high resolution results. The oxidation 

level of the target was kept quite low (Considering that 
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the calcium layer was very thin. 

Other elements, which reduced the resolution,, were 

present on the target, hut the effects of these were less 

than that of the oxygen. This is due not only to the fact 

that there was a greater amount of oxygen present than of 

the other contaminants combined, but also to the fact that 

the stopping power of oxygen is greater than the stopping 

powers of the other contaminants. High resolution solid- 

state detectors were used in conjunction with more than 

adequate electronic equipment. Owing to these facts, it 

is felt that further order-of-magnitude improvements in the 

experiment are not feasible at present. 
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