
THE RICE INSTITUTE 

INELASTIC SCATTERING OF PROTONS 

FROM O
18
 AND NICKEL 

Robert f^yder Spencer 

A THESIS 

SUBMITTED TO THE FACULTY 

IN PARTIAL FULFIUMENT OF THE 

REQUIREMENTS FOR THE DEGREE OF 

MASTER OF ARTS 

i 

Houston, Texas 
May, 1956 



TABLE OF CONTENTS 

I. Introduction .   1 

II. General Considerations of Inelastic Scattering .. 3 

III. Equipment    3 

IV. Solid Angle Calculation  16 

V. Targets      17 

VI. 018(p,p‘)018 and Ni(p,p*)Ni Experiments   18 

VII. Conclusions      23 

References  26 

Acknowledgements   27 



I INTRODUCTION 

In the absence of specific knowledge concerning 

the nature of nuclear forces the general method of 

approach to the problem of accurately describing nuclear 

phenomena involves a closer relationship between experiment 

and theory than at any time in the past. This has 

been brought about by the realization that the mathematics 

now being used to describe nuclear processes may well 

have to be replaced either in part or as a whole in 

order to achieve a complete theory of the nucleus. 

However, it has long been felt that the "proper” 

description of nuclear structure and nuclear processes 

must necessarily be built around the physically observable 

properties of nuclei. Thus the vast amount of experimental 

research now being carried out in the field of nuclear 

physics is expected to be Invaluable in the formulation 

of a complete theory of the nucleus. The task of the 

experimentalist is then two-fold: the design of experiments 

suitable for testing theories already postulated and the 

investigation of phenomena not yet fully explained. 

One of the more fundamental properties of the 

nucleus for which there is no adequate theory is the 

energy level structure. The energy levels of nuclei may 

be determined experimentally in a number of ways, among 

them being the magnetic analysis of charged particle 

induced nuclear reactions. This method makes use of the 
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approximate focusing properties of a magnetic field to 

determine the energies of particles emitted in the 

particular reaction being studied. From this information* 

the ground state masses of the nuclei involved* and the 

bombarding energy it is possible to deduce the "Q" value 

of the reaction. This WQ" value may then be related 

to an energy level in the appropriate nucleus. 

The special case of charged particle inelastic 

scattering from nuclei is considered in this thesis. 

In particular* the inelastic scattering of protons from 

0*® and from nickel has been observed using the Rice 

Institute 180° magnetic spectrometer in conjunction with 

the Rice Institute 5*5 Mev Van de Graaff accelerator. 

The nature of the inelastic scattering process is such 

that it became desirable to make certain changes in 

the vacuum tube of the spectrometer. The purpose of 

this thesis thus consists of a description of these 
*• 

changes and a presentation of the results of the 0 

and nickel experiments. 



II GENERAL CONSIDERATIONS OF INELASTIC SCATTERING 

The general two body, charged particle Induced, 

nuclear reaction Includes as a special case the Inelastic 

scattering of charged particles from nuclei. For 

Inelastic scattering the Incident and emitted particles 

are Identical, and the ordinary "Q” value equation 

reduces to: 

(1) Q = M)" ^f(EiEz)*coS 

where E^ is the energy of the incident particle, Eg is 

the energy of the emitted particle, m is the mass of 

the incident and emitted particles, M is the mass of 

the target and residual nuclei, and Ô is the angle between 

the directions of the Incident and emitted particles. 

For experiments studied with the Rice Institute annular 

magnet 0—180°. Thus for the reactions described in 

this thesis equation (1) may be rewritten: 

(2) Q — E,/2) 4* Ea- 

This equation is valid for both inelastic, (Q 4L 0), and 

elastic, (Q = 0), reactions with © = 180°. 

The magnetic analysis of inelastic scattering 

reactions generally is directed toward the determination 

of the energies of excitation of states intthe target 

nucleus. A continuous spectrum of particles scattered 

from the target nuclei may be analyzed by changing the 
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unlform magnetic field of the spectrometer in discrete 

steps. The energy of a particle reaching the detector 

is calculated from the magnetic field and the radius 

of the orbit of the particle. Such a spectrum 1B taken 

with the bombarding energy held constant. E^ may then 

be calculated from the extrapolated leading edge of the 

elastic group from the target nucleus, the magnetic 

field, and constants of the spectrometer. E2 corresponding 

to an Inelastic group from the target nucleus is 

calculated in a similar way from the extrapolated leading 

edge of the inelastic peak'1’* • With E-^ and E2 determined, 

the NQM value for the Inelastic reaction corresponding 

to this group may be calculated from equation (2). This 

"Q” value is equivalent to the energy of excitation of 

a level in the target nucleus. In order to determine 

uniquely the MQW value for a given reaction it is 

necessary to take inelastic spectra at two or more 

bombarding energies* In addition, it is generally 

necessary to use separated isotopes. 



Ill EQUIPMENT 

CharRed Particle Source 

The Rice Institute 5*5 Mev Van de Graaff accelerator 

was used as a source of high energy protons for the 

experiments described in this thesis. It was possible 

to obtain approximately one micro-ampere of beam in 

the Faraday cup throughout the experiment. The analyzing 

magnet of the accelerator is now equipped with a 90° beam 

exit port only. Formerly there was a 45° beam exit port 

in addition to the 90°port. The voltage regulation of 

the accelerator now depends on an error signal from 

the charged particle beam striking the regulation 

slits. Adjustable shims At the exit of the magnet pole 

pieces make it possible to achieve a beam that is 

approximately focused into a vertical line, which is 

the desirable shape fpr use with the annular magnet. 

The analyzing magnet is equipped with a proton-lithium 

moment magnetometer for monitoring of the field; this 

monitoring is done visually by means of an oscilloscope. 

The current regulation system of the analyzing magnet 

is similar to that of the annular magnet as described 

by Gossett.^ The energy spread of the 4.5 to 5*5 Mev 

proton beams used in the experiments contained in this 

thesis was probably smaller than errors in the energies 

caused by the Instability of either the analyzing magnet 

or annular magnet regulating systems. The largest deviation 
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of a single determination of from the corresponding 

mean bombarding energy for the spectra considered in 

this thesis was 3 Kev. Therefore it is felt that any 

errors arising from energy spread in the beam or energy 

changes of the beam with time are smaller than the 

errors Inherent in the annular magnet itself. 

The Annular Magnet 

This magnetic spectrometer has been previously 

4 1 3 
described in detail by Klema, Famularo, and Gossett. 

However» some Important changes have been made in the 

target region of this instrument. A discussion of these 

changes and their effects upon the fundamental measurements 

and lining up procedure requires a familiarity with the 

geometry of-the vacuum tube of the spectrometer. 

The beam from the accelerator enters the vacuum tube 

after being defined vertically and horizontally to a 

rectangle about 2 mm high and 0.73 mm wide by the 

external slits. The beam must then pass through the 

traveling slit and the target slit before striking the 

target. The traveling slit serves to Intercept scattered 

beam from the external slits and to determine the angle 

at which the beam strikes the target. The target slits 

are necessary to define the beam and hence the orbits of 

the scattered particles that originate from the target. 

The vacuum tube is semi-circular in shape with the 



target and detector at opposite ends of the focal 

diameter. A slit at 90° on the circumference of the 

tube defines both the solid angle and acceptance angle 

of the spectrometer. Several other slits have been 

placed along the circumference of the tube to prevent 

particles reaching the detector which have been multiply 

scattered from the walls of the tube. The detector 

consists of a holder for nuclear track plates. Eight 

of these plates may be successively rotated into position 

without reloading the holder or breaking the vacuum seal. 

The vacuum tube is positioned in the gap between the 

pole pieces of the annular magnet during an experiment. 

The energies of particles reaching the detector from the 

target area is then determined by the field in the gap 

of the magnet. 

In previous inelastic scattering experiments such 

as those reported by Gossett-* and Windham^ the detection 

and energy assignment of moderately weak Inelastic groups 

was made difficult by a background of energy degraded 

particles whose intensity varied considerably with the 

lining up procedure. This background was intense enough 

throughout the spectra to prevent the detection of weak 

groups from the target nucleus. The more or less 

continuous nature of this background suggested that a 

small fraction of the beam was being elastically 

scattered from objects in the target region which were 
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thick enough to stop the beam. In this process a 

number of energy degraded, particles would be scattered 

backwards. From equation (2) It may be seen that both 

lnelastlcally and elastically scattered particles have 

energies less than that of the bombarding particles. 

Hence, It Is possible for particles to reach the 

detector which have been partially stopped In thick 

objects with subsequent elastic scattering In a backward 

direction. Calculations for 4 Mev protons on tantalum 

showed that the ratio of the shielded coulomb potential 

scattering cross section at an angle 6,^ to the cross 

section at 0° Is a very rapidly decreasing function of 

the angle 9, (the ratio Is approximately 0.001 for 

9 s 0.04°). Therefore It seemed likely that the 

external slits, which are approximately 14 Inches from 

the target, are at least as important In producing 

scattered beam as the traveling slit, which is only 

2.5 Inches from the target; the scattering angle for 

a given area at the target is smaller for beam scattered 

from the external slits than from the traveling slit. 

Since the external slits are large the target is shielded 

from scattered particles from objects further from the 

target than1the external slits. A rough calculation 

confirmed that the fraction of beam scattered at small 

angles by the external slits onto objects in the target 

region was approximately sufficient to produce the 
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observed background. 

Previous reductions In the background had been 

accomplished by reducing the amount of scattered beam 

striking the fixed target silts. Therefore, It was 

decided to direct any new modifications toward reducing 

the amount of material which the scattered particles 

could strike. In order that the subsequent backward 

scattered particles reach the detector, this material 

must lie within the acceptance angle of the spectrometer. 

Therefore, both reducing the acceptance angle and 

eliminating material within the acceptance angle would 

be expected to reduce the background. 

The problem of reducing the acceptance angle 

without changing the solid angle of the spectrometer for 

scattering from the target was approached by examining 

the extreme acceptance orbits In a horizontal and In a. 

vertical plane. Construction of the extreme orbits In 

the horizontal plane on a scale drawing of the vacuum 

tube, see figure 1, showed that a large portion of the 

target holder, Faraday cup, and target silts fell within 

the acceptance angle. It also showed that the acceptance 

angle could be reduced In this plane without affecting 

the solid angle of the spectrometer by placing a slit 

in the region between the traveling slit and the target. 

The positions of the slit edges for the outgoing particles 

relative to a machined reference surface on the tube 
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wers determined analytically from the equations for the 

extreme orbits in the solid angle of the spectrometer. 

Since the orbits which determine the solid angle of the 

spectrometer are arcs of circles which originate at 

the point where the beam strikes the target and terminate 

at points -4 mm and 4-20 mm from the indexing line on the 

photographic plate, it was possible to set up their 

equations by locating a third point on each orbit. These 

orbitô are also defined by the 90° slit on the spectrometer 

circumference. Therefore, a measurement of the perpen¬ 

dicular distance from the focal diameter to the 90° slit 

edges was sufficient to obtain these equations. The 

slit edge positions were then calculated from the equations 

to lie on the orbits at a known distance from the focal 

diameter. The slit edge positions for the incoming 

beam were calculated in a similar manner. Both 

calculations were checked by construction on the 

scale drawing. 

The height of the slit was determined by constructing 

the extreme acceptance orbits on a scale drawing of the 

slit system in a vertical plane. The orbits appeared as 

straight lines in this plane. Since the particles 

follow circular paths in the horizontal plane, the 

relative distances between the target, slits, and detector 

were computed from the mean radius of the tube. The 

acceptance orbits were found to intercept the target 



CAPTION FOR FIGURE 1 

Figure 1 Is a schematic drawing of 

the silt system of the vacuum tube. The 

orbit defining silts are at F, G, H* J, 

and K. The two solid arcs, determined by 

the beam spot at the target, the 90° silt H, 

and the -4 and +20 mm marks at the detector, 

are the extreme orbits of the solid angle 

of the spectrometer for scattering from the 

target. The dashed arcs, determined by 

silt F, slit H, and the 0 and +16 mm marks 

at the detector, are the extreme acceptance 

orbits within which particles may be scattered 

and reach the detector. The 0 mark at the 

detector corresponds to the optical Index 

mark on the nuclear track plates. 
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with a spread considerably larger than the beam height. 

Therefore, the feeight of the new silt was set to reduce 

this spread to a width only slightly larger than the 

usual 2 mm beam height. The solid angle thus remained 

unchanged while the acceptance area at the target was 

reduced. 

In order to eliminate all the material of the 

target holder lying within the newly defined acceptance 

orbits of the spectrometer, a new target holder was 

designed. Figure 21 is a top view of the new target 

holder. The target slit assembly is spring loaded to 

allow this slit to be retracted while the photographic 

plates are being exposed. The tantalum slit is mounted 

on a double walled brass .shaft which is firmly attached 

to the brass plate, B. This plate slides on three 

brass rods arranged at 120° on a circle about the shaft. 

By inserting machined shims between the fixed plate, A, 

and the sliding plate, B# the slit may be positioned 

to define accurately both edges of the beam at the 

target. Two shims were made and are marked 620 and 750. 

These numbers are the shim thicknesses in thousandths 

of an inch. The slit assembly is insulated from ground 

by a glass plate and textollte washers to allow electrical 

measurement of the beam position. A gar lock seal and 

”0” rings preserve the vacuum seal. The target blank 

is mounted in a milled groove in the bracket, C. The 
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front face of the target blank lies on the focal diameter 

of the spectrometer. The target foil is held in place 

over the center of the oblong hole in the target blank 

with shellac. A small light bulb, not shown in this 

drawing, has been mounted on the bracket, C, to make 

it possible to examine the target without breaking into 

the vacuum system. Figure 3 shows the target area 

of the vacuum tube with the target slit retracted at B. 

The traveling slit is at D, and one of the tube slits 

at F. The old acceptance orbits are shown as dashed arcs, 

and the newly defined acceptance orbits are solid arcs. 

The acceptance angle has been decreased by about a 

factor of three in this plane without altering the solid 

angle. The acceptance angle was also decreased about 

30$ in the vertical plane. The only part of the new 

target assembly that lies within the new acceptance 

angle is the target foil itself. The new orbit defining 

slit is shown at C in figure 3. The anti-scattering shield, 

E, has been Joined to slit G at a point between the 

incoming and outgoing beam openings to prevent the 

scattering of particles into the acceptance region from 

the traveling slit. Figure 4- is a photograph of the 

target assembly and traveling slit. 

The new target assembly has made possible a somewhat 

simpler lining up procedure. The magnet is first lined 

up visually by watching the fluorescent beam spot on a 
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quartz plate mounted on the target slit. The size of 

the beam spot Is adjusted with the external slits. The 

final precise alighnment is then made electrically with 

an ultra-sensitive microammeter. This procedure is 

indicated schematically in figure 5, With the 750 

shim in place the magnet is adjusted until approximately 

0.5$ of the total beam entering the Faraday cup strikes 

the target slit as in Â. This defines the Inboard 

edge of the beam at the target. Then with the 620 shim 

in place the outboard edge of the beam is adjusted by 

means of the outboard external slit until approximately 

0,3% of the beam is striking the target slit as in £. 

The target slit is then completely retracted and the 

inboard edge of the beam located electrically with the 

traveling slit as in C. The reading of the traveling 

slit micrometer is recorded and will be denoted by R^. 

The outboard edge of the beam is located as in D and 

the micrometer reading in this position is recorded. 

The micrometer is then set on the mean of the readings 

for C and D, and is left in this position, as shown in 

E, throughout a plate exposure. A maximum of 3% of the 

total beam is allowed to strike the traveling slit in 

this position. 

2Ro, the distance from the inboard edge of the 

target slit to the index line on the photographic plate,, 

is measured with the 750 shim positioned in the new 
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Figure 5 
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target assembly. The teeniques of this measurement have 

been described by Gossett.5 Since the Inboard edge of 

the beam Is defined by the target silt when the 750 shim 

Is in place, there is no longer a correction to 2RQ. 

The diameter of curvature of a group of particles at 

the detector is then simply the sum of 2HQ and X, the 

distance of the extrapolated leading edge of the particle 

group from the Indexing line of the nuclear track plate. 

The angular correction to E2 is the only other 

fundamental process affected by the new target assembly. 

The proper micrometer reading to be used with the annular 

magnet graphs in determining the angular correction is 

simply R^ as defined by C of figure 5. This procedure 

replaces the one described by Gossett.^ 

A measure of the success of the new target assembly 

may be obtained from a comparison of the background 

observed in previous proton inelastic scattering 
1Û 

experiments to tl^e background observed in the 0 

and nickel experiments reported in this thesis. The follow¬ 

ing survey was based on equal exposures of 500 micro¬ 

coulombs of beam in the Faraday cup per nuclear track 

plate. A "sweep" refers to a 1.1 cm by 0.1.mm area 

on the nuclear track plate. In previous experiments the 

lowest background observed for a single plate was about 

5 protons per sweep. The lowest reproducible background 

observed was 10 to 20 protons per sweep. In a few cases 
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the background was as high as several hundred protons 

per sweep. For the experiments reported In this thesis 

the background was In general uniform and less than 

1 proton per 2 sweeps. The new target holder was used 

for the first time In these experiments. 



IV SOLID ANGLE CALCULATION 

The solid angle of the magnetic spectrometer was 

calculated from the peak height of the elastic group from a 

gold target bombarded with 5-4 Mev protons. The scattering 

cross section for this case can be calculated from the 

Rutherford relation. The assumption was made that the 

Rutherford cross section is constant for the energy decrement 

caused by the finite target thickness. It was also assumed 

that particles appearing in a 1 Kev interval at the detector 

come from a £ Kev energy interval within the target. The 

target used was thicker than source width and the resulting 

elastic peak was flat topped as expected. The analysis used 

here is similar to that described by Famularo,^ with 

modifications due to Gossett.2 The spectrometer solid angle 

is then given by the formula: 

- - N 
(3)
 OR NOT 

where N is the number of protons in a 1 Kev interval from 

the flat portion of the elastic peak, OR18 the Rutherford 

scattering cross section per steradlan at 180°, NQ is the 

number of incident protons, and T is the target thickness 

in atoms per cm2 per Kev energy loss. N0 was obtained 

from the integration of the beam entering the Faraday cup. 

T was calculated from an estimated dE/dx for 5*4 Mev protons 

on gold. A value of 1.6 x 10”^ steradians was obtained for 

the solid angle. Due to the assumptions made, this value 

is expected to be correct only to a factor of 2. 



V TARGETS 

Thin nickel oxide foils were used as targets for 

the 0^8 and nickel experiments. They were made by 

heating 10 micro-inch nickel foils in about 2 inches 

of mercury absolute pressure of oxygen. The oxygen 

was enriched to yj% in 0^-® and was made available by 
Professor A. 0. C. Nier. The oxidation was carried 

out in an induction heater with the nickel foil clamped 

between two stainless steel rings. The foils were 

completely oxidized as was evidenced by their transparency. 



VI 018(p,p')018 AND N1(P,P')N1 EXPERIMENTS 

Knowledge of the energy level structure of the 
IQ *T 

0 nucleus Is very limited. Ahnlund' has reported 

only one level In 0^® at 1.986 £ 0.013 Mev from magnetic 

analysis of the 0^(d,p)(A8 reaction to approximately 

4.8 Mev excitation In 0^"®. Holmgren, Hanscome, and 
O 

Willett0 have confirmed this level and have reported an 

additional level at 2.445 Mev, also from magnetic analysis 

of the 0l7(d,p)0*^8 reaction. Recently Jarmie^ has 

reported a level in 0^® at 2.00 Mev and eight other levels 

above 3 Mev from the magnetic analysis of the 

F^(t,oc)o^ reaction. The purpose of the following 
1Û 

experiment was to determine the energy levels of 0 

in the region of excitation from 0 to 2.6 Mev by an 

independent reaction. 

The nickel oxide targets were bombarded at three 

different proton energies and the inelastic spectra were 

observed with Ilford E^, 25 micron emulsion, nuclear 

track plates. The exposures were approximately 500 

micro-coulombs of beam in the Faraday cup per plate. 

The bombarding energies were determined from the 

extrapolated leading edges of the 0^8 and 0^® elastic 

groups. This was possible since the masses of these 

two nuclei are well known. Groups from the nickel and 

oxygen nuclei were identifiable from the width of 

their peaks since the targets were relatively thick, 
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(approximately 12.5 Key energy loss for 5 Mev protons). 

Figure Ç is the spectra taken for a bombarding energy 

of 4.58 Mev plotted as number of protons per 1.1 cm 

by 0.1 mm sweep versus Bç. A proton group corresponding 

to about 1.98 Mev of excitation in 0AO appears at a 

Be of 199. This group appears again in figure 7, the 

spectrum for 4.94 Mev bombarding energy. The relatively 

high background appearing in this spectrum from a Bç 

of 175 to a Bç of 200 was caused by a faulty lining up 

procedure which has subsequently been corrected. The 

1.98 Mev group appears in the 5.28 Mev spectrum, 

figure Ô, although it is considerably reduced in intensity. 

A mean value of the three determinations gives 1.9814 0.004 

l8 
Mev for the energy of this level in 0 . This is in 

good agreement with the value mentioned earlier. There 
«■ Q 

was no evidence for a state in 0AO at 2.45 4 0.10 Mev, 

with an intensity greater than 10j£ of the 1.93 state, 

to an excitation energy of 2.6 Mev. 

Since the experiment Just described was designed 

primarily to investigate the energy levels of 0A , the 

energy determination of four previously unobserved proton 

groups from the nickel nucleus was somewhat fortuitous. 

The detection of these groups was made possible by the 

low background in these spectra. Energy levels at 

1.33 Mev and 1.45 Mev in Ni^ and Ni^® respectively 

have been reported by Windham** by the Inelastic scattering 
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of protons from separated nickel isotopes using the 

Rice Institute annular magnet. These two levels also 

appear in the spectra of figures 8, 7, and 8. In 

addition four more inelastic proton groups from nickel 

each appear in at least two of the spectra. Since 

natural nickel foils were used to make the nickel oxide 

targets, it was not possible to assign three of these 

four groups to a particular Isotope. All four of these 

peaks are denoted simply as Ni on the spectra*. The 

first of these four groups appears in the 4.58 Mev 

spectrum at a B^> of 257» This group is superposed on 

the elastic group from carbon in the 4.94 Mev spectrum 

but appears again in the 5*20 Mev spectrum at a Bg of 

282. Since the intensity of this group is considerably 

less than the Intensities of the Ni^, 1.33 Mev, and 

Ni^, 1.45 Mev, peaks which is opposite to what is expected 

from a consideration of coulomb penetrabilities, it 

is likely that this group is not due to Ni^° or Ni^®. 

It has been suggested that this group corresponds to 

an excited state in Nl^, a less abundant isotope.^ 

The second nickel group appears in the 4.94 Mev spectrum 

at a BQ of 230 and again in the 5*28 Mev spectrum at a 

Bç of 244. In a recent report Wolfson1^ has assigned 

a level to Nl^ at 2.158 £ 0.005 Mev from the analysis 

of Co^^T'-rays. If the energy of excitation of this 

second proton group is calculated for the Ni^ nucleus 
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a value of 2.156 £ 0.005 Mev Is obtained. On the basis 

of this agreement It Is felt that the proton group Is 

from Ni° . The remaining two Ni peaks appear at Bç's 

of 224 and 201 in the 4.94 Mev spectrum and again at 

Bç's of 239 and 217 in the 5«28 Mev spectrum. In 

"addition four more proton groups appear in the 5*28 Mev 

spectrum at B^'s of 231» 224, 211 and 204. The width 

of these peaks indicates that they are due to either 

nickel or oxygen. Since these groups appear at only 

one bombarding energy it was not possible to assign 

them to a particular element. In connection with this 

it is sometimes clearer to plot the data as Eg versus 

E^ as in figure 9. The slopes of the resulting curves 

depend on the mass of their corresponding nucleus. 

Since the masses of 0XO and nickel are quite different, 

the slope of a curve for an 01® group will be markedly 

different from that for a nickel group. For the proton 

energies considered in this experiment the curves may 

be plotted as straight lines with a characteristic 

slope for each element. This may be seen in figure 9 

by comparing the slopes of the 0^® states with the slopes 

of the nickel states. The experimentally determined 

energies appear as points on this graph. 

Approximate cross sections for all the observed 

states were calculated from equation (3) using the 

value already given for the spectrometer solid angle. 
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âE/dx for 5 Mev protons on nickel oxide was calculated 

from estimated stopping powers of nickel and oxygen. 

This value of dE/ dx was assumed to be constant for the 

range of bombarding energies employed. The target 

thickness In atoms per cm^ per § Kev was calculated from 

this dE/dx for each Isotope. N0 in equation (3) 

waa again calculated from the beam Integration. The 

resulting cross sections are expected to be accurate 

to perhaps a factor of 2. 

The excitation energies and cross sections for 

each observed level are tabulated for the three bombarding 

energies in Table I. The errors quoted for the 

isotopically known states were assigned on the basis of 

internal consistency of the set of determinations. An 

upper limit on the accuracy of the energies was estimated 

from the detailed error analysis given by Gossett.^ The 

three Isotopically uncertain nickel levels are tabulated 

as Ni*; their corresponding excitation energies and 

cross sections were calculated for Ni^S. The excitation 

energies of these three states have been arbitrarily 

given high probable errors. 



VII CONCLUSIONS 

The new target assembly has made the lining up 

procedure for the annular magnet considerably more 
! 

simple. As a result some time Is saved during the 

taking of data. The new target assembly has also 

reduced the background of this spectrometer by at 

least a factor of 20 from the previously observed 

background. This spectrometer should now be capable 

of observing reactions with cross sections as low as 

25 micro-barns per steradlan. 

The value of the 0^(p,p*)0^® data lies primarily 

in the verification of the 1.98 Mev excited state by means 

of an Independent reaction and In the reduction of the 

probable error for the energy of this state. It is 

of Interest, however, to notice from a conservation of 

lsobarie spin that all three of the reactions 0^7(d,p)0^®, 

F^(t,o6)0^®, and 0^®{p,p*)0^® may lead to states with 

lsobarie spin 0 or 1. Therefore it is not possible to 

assign a unique lsobarie spin to the 1.98 Mev.state In 

0 from any of the three reactions. It seems likely 
l8 

that the 1.98 Mev state in 0 may correspond to the 
18 

ground state of F±0 with lsobarie spin, TgS Q. It 

should be possible to determine the lsobarie spin of 

the 1.98 Mev state uniquely by means of the inelastic 

scattering of particles whose lsobarie spin is zero, 

(douterons or alpha particles), from 0^®. In such a 

reaction only Tzs 1 states can be excited. An experiment 
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of this type Is now "being contemplated. 

Some interesting aspects of the shell theory arise 

in the case of the nuclear structure of the nickel 

isotopes which are "magic” with respect to number of protons. 

Windham® pointed out that the first excited states of 

both Ni®® and Ni®® are indeed relatively far from the 

ground state as compared to other even-even nuclei of 

Z near 28, as is expected from the shell theory. He 

also pointed out that the first excited state of Ni®® 

is lower than the first excited state of Ni^® as 

expected from the shell theory since Ni^® and Ni®® 

have respectively two and four neutrons in excess of the 

closed 28 shell. The shell theory also predicts widely 

separated levels for "magic" numbered nuclei as compared 

to other nuclei of the same shell. The 2.156 Mev level 

in Ni is in accord with this theory. However, it 

is clear that in order to be compatible with the shell 

theory the nickel state reported in this thesis at 

1.15 Mev cannot be a state in Ni®® or Ni®^. As mentioned 

before, it seems likely that the 1.15 Mev state may be 

associated with Ni®2, (isotopic abundance, 3»7$)# 

although the Ni®'*' and Ni®^ nuclei, (isotopic abundances 

1,2% and 1.0$ respectively), cannot be completely 

discounted. It is hoped that in thenear future this 

difficulty will be resolved through the use of separated 

Isotopes. In this way it should be possible to make 
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definlte Isotopic assignments for the remaining nickel 

levels reported in this thesis. It is also hoped that 

some information about the four unassigned proton groups 

will be gained. 
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