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AN INVESTIGATION OF THT LOW-LVING LEVELS IN 018

by David R. Bach

18 are of

The characteristics of the excited states of O
interest because the nucleus consists of a two nucleon system
outside the doubly magic 016 core. Predictions can be made
of the sping, parities, and excitation energies of the excited
states by application of nuclear spectroscopic techniaues,
Comparison with experimental measurements can be expected to
restrict the types of nucleon-nucleon interaction notentials
Ly which the system can be described.

LiOH targets enriched in 017 and O18 were made by Iforming
tiie hydroxide from thin lavers of evaporated lithium using
enriched waster wmade bv explosion of oxygen with hydrogen.

These tareets were bombarded with 7.8 Mev Jdeuberons prodiced
by the imiversity of Wichiegan cvclotron. Proton ~nd deunteron
spectra were obtained at several scattering angles Dy means
of nuclear plates ploced in the image nlane of »a double
ffocusing magnetic analyzef.

"me installation, shimwings, =2nd resolubion »f focusing
~nA analyzing macnets used in conjunction wibh the cvclotron
417 ddilscussed, vesasurem~nt ol an unknounl 7 velue :Jor a n'ﬂzlear
res-chbion with an acearocy of X 0,010 tev 1s described,

The (Cirst excited state of Ol8 at an excibabtion eneréy of
1.088 LLev vwas observed Ly the reachbions Olv(d,p)O}8 ana OlB(G,d’)O%B
in arreerient vith observatiors mede by Ahnlind and NTolmgren et

= . Therve 1s no evidence on bhe denteron or oroton spectrum for a



level reported by the latter at an excitation energy of 2.445
ieve A previously unreported level was observed at an excitation
energy of 3,550 Mev by the reaction Olv(d,p)O:?L8 at the scattering

anrles 49,7° and 58,59 =snd by the reaction OlS(d,d')O%B at

49.7° ond 68,59,
The positive results of this experiment combined with +The

work of Ahnlund demonstrate the existence of excited states in

7

18 . . . . -
O at the excitslion enercies 1,986 F 0,014 wev and 3.0650 *

2

0.C010 kev. These are the onlv strong levels in the excitstion

regzgion from O to %.55 wev,

tensor I'orce intersaction energies in the jj coupling limit

2
were caleulated f'or the confipurations (dﬁé )5 (d$§d®é)3 (dsés&),

Ehele! (dbs&)' GComparison of the theoretical and exverimental level
2

scremes demonstrates the {falilure of the pure jj counling avprox-

Tastion, the calculation of BElliott and ¥lowers, ivhich includes

iom interaction in intermedi=te couplin~, 1s in better

con a0l

a recmaenl, vitn experinent bul, indicetes that further theorebicsl

NN Ia necessarv,

=T

investirnt
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CHAPTER 1
INTRODUCTION

The fundamental problem of nuclear physics is the understand-
ing of the forces that exist between nucleons. Study of these forces
is best accomplished by the examination of simple systems of nucleons
due to the complexity of many body problems in quantum mechanics.
The two-body problem has been studied by the interpretation of the
experimental information derived from nucleon-nucleon scattering and
the properties of the deuteron.

Spins and parities of the ground states of nuclei have been
described in considerable detail by means of the nuclear shell model.
The model seems to break down, however, in attempts to predict the
measured magnetic moments, quadrupole moments, and characteris-
tics of excited states of nuclei. Modification of the original shell
model by including the effects of nucleon-nucleon interaction is a
more realistic approach to the problem.

Nuclei which may be-vconsidered, in first approximation, two-
especially amenable to theoretical interpretation

18
The nuclei O and F are

body systems are

and therefore are of prime importance.

of this type since they consist of two nucleons outside the doubly

16 18

magic O core. O is the simpler nucleus since the Pauli prin-

ciple places a greater restriction on the number of admissible states.
The wave functions of the low-lying even parity states are expected

to be made up of wave functions of ld and 2s nucleons. The lower
odd parity states require core excitation, or a removal of a lp nu-

cleon from the core in combination with 1d and 2s nucleons.

1
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A determination of the spins and parities of the excited states
of 018 can be expected to restrict the types of potentials by which
the nucleus may be described.

Determination of the O18 energy levels and the spins and
parities of these levels requires one of two types of nuclear reac-
tions. The first type of reaction utilizes standard bombarding par-
ticles (e.g., deuterons, protons, alpha particles) and requires enriched
isotopic targets. The second type makes use. of more inconvenient
bombarding particles (e.g., tritons, neutrons) and abundant isotopic
targets.

Excited states of 018 can be obsc;:rved by the deuteron strip-
ping reaction 017(d,p)018 and by inelastic scattering of deuterons on

18 1
O . Both of these reactions require targets enriched in O and O

1
as the natural abundance of O 7 is 0.037 percent and that of O is

18

0.204 percent. Through the courtesy of Professor A. O. C. Nier at
the University of Minnesota, enriched oxygen gas containing 1 percent
O17 and 45 .percent 018 has been made available. The inelastic deu-
teron reaction is useful in searching for excited states because of

the greater enrichment in 018. The angular distributions of the strip-
pPing reactions are more difficult experimentally because of the small
amount of O17 but lead to ﬁaore definite interpretation than the ine-
lastic deuteron angular distributions. The stripping reactions give
unambiguously the parity of the final nuclear states and place limits

on the J values. The relative intensities of the stripping reactions

18
leading to O can possibly measure the spins of some of the excited

states.

18
O is of additional interest due to the small number of experi-

mental data that have been obtained up to this time. At the beginning
of this investigation, no search for excited states had been made,

mainly because of the rarity of appropriate target nuclei in nature.



3

The problem of transforming a small amount of enriched gas into a
usable cyclotron target through several chemical operations can be
considered one of the major difficulties of the investigation (see
page 29).

Any search for excited states in 018 requires that reaction
product energies be measurable to 50 Kev or less, since the target
of necessity contains oxygen isotopes of masses 16, 17, and 18 a.m.u.

The change of reaction product energy with scattering angle is a posi-

tive method of assigning nuclear mass. Since the mass must be known

to less than one mass unit, this resolution is necessary.

A long-range program entailing installation of focusing and
analyzing magnets to be used with the University of Michigan cyclo-
tron was accelerated by the interest in the 018 problem. The resolu-
tion available with this system is shown to be greater by an order of
magnitude than that obtainable by range methods. Measurement of an
unknown Q value for a nuclear reaction with an accuracy of *0.010
Mev is described.

Results of nuclear spectroscopic calculations in the jj coupling

limit for probable low-lying configurations in O are given. Since

the tensor force has been proved necessary for the explanation of
the quadrupole moment of the deuteron, it seems likely that the

tensor force should be included for the description of the forces

between nucleons in the nucleus. The tendency has been to neglect

tensor forces because of the tedious calculations which are involved.

Certain tensor force interaction energies are given which have not

been reported previously.

This investigation cannot be considered a complete experimental

o]
and theoretical examination of the O nucleus. The experiment, in

conjunction with others, has demonstrated the existence of only two

strong levels in the region of excitation in O from 0 to 3.55 Mev.
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The nuclear spectroscopic calculations are of an approximate nature

and demonstrate the failure of the pure jj coupling scheme. It is

felt, however, that both the experiment and the theory presented are

18
a foundation for future work on the O problem.



CHAPTER 1Ii
APPARATUS
Over-All System

The source of bombarding particles is the University of Mich-
igan forty-two inch cyclotron which produces a beam of 7.8 Mev deu-
terons (Figure 1). The external beam of the cyclotron is deflected
and focused on the center of a scattering chamber by means of a
fifty degree wedge magnet. Reaction particles are then detected in
the focal plane of a ninety degree double focusing magnetic spectrom-
eter. This magnet is capable of measuring reaction particles at

+

reaction angles which are continuously variable from -7° to 112°.
Focusing Magnet

The focusing magnet_is used to produce a beam of fairly
monoenergetic deuterons frém the external cyclotron beam. Exten-
sive semiempirical shimming was required to make the magnet usable
because of the deviations from the predicted behavior caused by large
fringe field effects. Virtually no freedom was allowed in the position-
ing of the focusing magnet because of the small amount of space avail-
able in the cyclotron room. It was necessary to keep the image point
of the focusing magnet as close as possible to the exit side of the
water shielding wall in order to allow space for the analyzing magnet

image circle in the analyzing room. The image circle was required
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to be less than 472 cm. because of interference cé,used by two build-
ing support columns.

The focal properties of the focusing magnet were determined
by the stretched wire method. Measurements are made of the path

described by a flexible current-carrying wire in the magnetic field. It

can be shown that

—_;L—— = RHg = ﬁ‘el
where H is the magnetic field intensity in Gauss, ¢ is the radius of
curvature described by the wire in cm., T is the tension in dynes in
the wire, I is the direct current in abamperes passing through the
wire, m is the mass of the particle in grams, v is the velocity in
cm/sec, and e is the charge in e.m.u. A massless wire is assumed.

One end of the wire is supported by a flexible joint at the
object point of the magnet. The wire then extends through the gap
of the magnet, is passed over a balance wheel, and supports a weight
which produces the desired tension (Figure 2). The balance wheel is
pléced as close to the exit of the magnet as possible. Measurements
are made of the radial position of the wire in the magnet and the
direction of the wire at the balance wheel.

This arrangement eﬁables the path of a ''particle!' to be meas-
ured in detail at various radial positions. A plot (Figure 3) is made
of wire direction at the balance wheel against radial position and the
deviations from the direction required for perfect focus are noted.
Iron is added or subtracted at the pole face at the radial positions
where more or less bending is required.

Good current regulation for both the magnet and stretched
wire current is necessary for such a measurement. It was found
that reliable data could not be obtained without reducing the friétion

in the balance wheel to an absolute minimum. This was accomplished
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by mounting the wheel on two tungsten needle poinfs which rested on
glass surfaces. Determination of wire direction with an accuracy of
+ 3 minutes of arc was possible.

The focusing magnet was found to be radially defocusing by
preliminary stretched wire measurements. New pole tips were ma-
chined in order to obtain radial focusing and final measurements
indicate that the n, or falloff parameter of the magnetic field inten-
sity, is about 0.2. A statement can be made concerning the degree
of correction to the magnetic field obtainable by the stretched wire
method. The spread in energy at one point in the image plane from
a heterogeneous point source is shown to be = 18 Kev for 7.8 Mev
deuterons. This is a measure of the accuracy of the stretched wire
measurement and does not necessarily represent the quality of focus
finally attained. '

The dispersion of the focusing magnet was measured with the
stretched wire by observing the change in direction of the wire at
the balance wheel when a small change in wire current (particle

momentum) was made. Relevant data on the focusing magnet are

as follows:

Object to pole face distance . .. .. .. .. ... 171 cm.
Image to pole face ciistance e e e e e oo ... 228 cm.
Central radius of curvature . ... .. ... ... 45 cm.
Angle of bend including fringe field . .. . .. 55°

Useful aperture at center of magnet . . . . . . 14 ¢m.

Dispersion (at image for 7.8 Mev

deuterons) 6.5 Kev/mm

Average gap . 5.7 cm.

Average flux density to focus 7.8 Mev

deuterons . . .9,000 Gauss

0.2

n =

D_IQ,
< Il

-
B
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Analyzing Magnet

The 90° double focusing analyzing magnet was constructed
from sections of the University of Michigan synchrotron magnet
(Figure 4). The only iron chainge made in each of the sections
was the addition of new pole tips machined vto produce the required
n, 'or féll—off.'parameter, of the magnetic field. The‘ basis (1, 2)
for the choice of n can be seen most easily by considering the first
order relation between the total angle of bend & , n, and the distance
t from the pole faces to ‘the object and image positions for an equal

arm magnet:

cot JI'VL@ + csefi-n &

I—n

For the case in question, § is fixed at 90° and t is limited
by the requirement that the image circle be kept below 472 cm.
Calculations showed that n = 0.45 leads to an object distance t of
208 cm. which leaves a distance of about eighteen inches outside
the image circle for counting equipment.

The analyzing magnet required far less shimming than the
focusing magnet because of the relatively small effect of the fringe
field. However, some iron was added along the entire length of the
pole tips on the inner and outer radii of the gap region in order to
enlarge the useful aperture. The defocusing effects predicted by the
second order calculation (1, 2) are probably parti.ally removed by the
empirical shimming.

Object and image points of the magnet were measured with
the stretched wire and the magnet placed in position relative to the
scattering chamber according to these data. The stretched wire data

indicate that the spread in energy at one point in the image plane
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from a heterogeneous point source is = 7 Kev for '7.8 Mev deuterons.
This is a measure of the accuracy of the stretched wire measurement
and does not necessarily represent the quality of focus finally attained.
Measurement of the image distance made with elastic scattered deu-
terons gave t = 208 * 5 cm., which is in good agreement with the
value of t predicted by the first order theory.

. Since n was of necessity chosen to be 0.45, the double focus-
ing properties predicted for an n = 0.5 magnet were somewhat im-
paired. The predicted image distance from the exit pole face be-
comes 330 cm. for vertical focus whereas the radial image point is
at 208 cm. However, measurements made on the vertical distribution
of scattered particles in the image plane show a full width at half
maximum of 28 mm. from a target having a vertical height of 9 mm.
Since the detectors used can accept particles with a vertical distribu-
tion of the order of one inch or more, enough of the double focusing
property is retained to prevent any appreciable loss in intensity.

Relevant data on the analyzing magnet are as follows:

Object and image distances . .. ... ... ... 208 cm.
Central radius of curvature . .. ... ... ... 100 cm.
n ... ... C e e e e e e e e e e 0.45
Angle of bend . . . . ._ ........ e e e e e 90°

Dispersion (calculated for 7.8 Mev
deuterons) . e e e e e e 4.2 Kev/mm

Dispersion (measured for 7.8 Mev :
deuterons) . .. . . .. .. ... 4.37 Kev/mm

Useful radial aperture at center of
magnet . . . .0 L L0000 10 cm.

Geometrical radial aperture at center

of magnet . . . . . . ... ... .. 15 cm.
-4
Solid angle (in steradians) . . ... ... ... .. 4.5 x 10

Focal length . . . ... .. ... ... ......... 170 cm.
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Distance from pole face to principal

foci .. . .. e e e e e e e e e e e e e e e e . . 38 cm. outside

field region

6.35 cm.

Particle Detectors

Conventional cylindrical proportional counters and nuclear
track plates were used for particle detection. For the examination
of the resolution of the over-all system, a large proportional counter
(13 inches long, 3 inches in diameter) having a one by three inch
window was constructed. Two smaller double proportional counters
were machined from solid blocks of aluminum. One of these is used
as a beam monitor and is placed inside the scatitering chamber so
that it is rigidly fixed in space with respect to the target and the
incident deutez;on beam (Figure 5). The second is used as a heavy
particle detector in the image plane of the analyzing magnet. These
two counters are filled with a 96 percent argon, 4 percent CO2 mix-
ture to a pressure of 40 cm. Hg and are operated at a central
wire potential of 1500 volts.

Standard cathode fo_ll_ower preamplifiers in conjunction with
204-B amplifiers (34), coincidence circuits, and scalers were used
with the above described proportional counters.

One by three inch 100 micron Kodak nuclear track platefs
were used for collection of the final data. Four of these plates can
be placed along the image plane of the analyzing magnet enabling
one to cover a range of relative momentum of 7 percent at one
exposure. The plate method has the advantage that Q values for
unknown nuclear levels can be measured relative to the Q values of

known levels appearing on the same set of plates. A second reason



Figure 5. Monitor, target, and exit slit. Incident beam aperture
visible in upper photograph. '
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for using plates is the great gain in data obtained i)er cyclotron
hour.

The present analyzing magnet field regulator uses a nuclear
moment device placed in a prepared field in the fringe field of the
magnet. The nuclear moment probe is placed between two pieces
of half-inch iron which are positioned between the magnet coils close
to the poles. - The magnetic field intensity in the prepared field is
about one-third the intensity of the field in the analyzing magnet gap.
The hysteresis loops of the iron in the prepared field and the iron
in the analyzing magnet are obviously different. This means that the
ratio between the two fields is not constant. It was found that dif-
ferences of thirty Kev at a proton energy of 8.5 Mev are introduced

by turning the analyzing magnet on and off. On the other hand, with-

out changing the field purposely, particle groups having half widths
of 20 Kev have been measured by means of one hour exposures of

nuclear plates indicating that the fixed field regulation is satisfactory.



CHAPTER 111

EXPERIMENTAL PROCEDURE

Preliminary Investigation

Resolution.--The resolution of the entire system was investi-

gated by observing the lateral distribution of elastic scattered deuteron
groups in the image plane of the analyzing magnet. These measure-
ments were made by moviﬁg a 2 mm. wide slit across the window

of the large proportional counter described above. Elastic scattered
deuterons from various targets were counted as a function of linear
position along the image plane.

In order to follow the sequence of events for this investiga-
tion, it is necessary to understand the complete slitting system (Fig-
ure 6). Slits which restrict the radial aperture (radial is used in
the magnetic field sense) are denoted R slits and slits which restrict
the vertical aperture are denoted Z slits,

Preliminary investigation of the focal properties of the analyz-
ing magnet at the center of the image plane were made with a 2 mm.
wide 2.54 mg/c:mZ silver strip target. The peak of the elastic scat-
tered deuterons from this target was found to have a large low energy
tail. This was interpreted as being due to deuterons passing through
poor field regions of the analyzing magnet. A more symmetric line
shape was obtained when the exit R slits (G, Figure 6) were closed
down to give a total of 6 cm. radial aperture. This aperture was
found to correspond to the useful aperture of the magnet as found by
the stretched wire method.

17
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An additional effect of res{:ricting the radialv aperture at G
is to reduce drastically the inteﬁsif:y of particle groups which
are focused at the extreme off-center positions in the image plane.
This can be most easily seen by referring to the results (Figure
7) of measurements of the trajectories of polonium alpha particles
in the analyzing magnet made by O. Bilaniuk. The 'paths drawn
represent the central rays of the alpha beams striking the detec-
tor at two off-center positions in the image plane. The slits G
obviously interfere with the extreme radial rays. Slits G were
therefore opened to their full aperture and a four inch radial slit
was placed inside the magnet gap at position F. Particles which
pass through the poor field regions of the magnet are thus not de-
tected in the image plane and there is no unnecessary reduction of
intensity.

The longitudinal image distance for the analyzing ma.gnet; at
the center of the image plane was found by locating the position of
minimum half width. The full width at half maximum of the elastic

scattered. deuteron peak from the silver target was found to be 9

mm. corresponding to 38 Kev. Restrictions made in radial aperture

at the various slit positions showed no observable change in half
width. The stability of the -system was found to be better than 10
Kev (Figure 8) over an eight hour period with the focusing and anal-
yzing magnet regulators left unchanged and the cyclotron kept in
resonance for maximum beam. This stability was achieved only
after a two hour warm-up period.

A classical (3) calculation of the energy straggling expected
in the silver foil showed that a large part of the measured half
width could be due to this effect. Therefore, further measurements
were made with a 0.2 mg/crn2 gold leaf target. Full widths at half

maxima of the elastic scattered deuteron groups from this targ'et
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measure from 17 to 25 Kev (Figure 9): Nuclear plates were used to
cover a portion of the Alz’?(d,p)Al28 pProton spectrum from a 0.14
mg/cmz aluminum leaf target. Six proton groups with energies of
about 10 Mev show full widths at half maxima ranging between 21
and 22 Kev (Figure 10).

Using these data, an experimental number for the resolving

powér, R, of the systerm can be derived. Such a quantity is usually
defined as

R = P/AP = 2(E/AE)

where P and E are the particle momentum and energy; AP is the
difference in momentum between two particle groups that are barely
resolvable, and AE is the corresponding energy difference. If the
peaks of two groups of equal intensity are separated by more than
the full width at half maximum a dip in inténsity between the two
peaks will be observed and the groups are considered resolved.
Therefore, dE is taken to be equal to the full width at half maximum
and the aluminum data give a resolving power of 930 for the system.
Since the source of particles at the scattering chamber is
not monoenergetic, this measure of the resolving power does not
represent the resolving power of the analyzing magnet. The geomet-
rical positions of the focusing and anaiyzing magnets with respect
to each other cause a collapse in the dispersions of the two magnets.
Deuterons of higher energy impinge on the target at larger radial
positions than those of lower energy. Therefore the higher energy

scattered particles are focused at smaller radial positicns in the

analyzing magnet image plane. The spread in energy of the scattered
Particles caused by the spread in energy of the deuteron beam strik-

ing the target is therefore reduced. The resolving power obtained is
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due to ion optical imperfections in both magnets and does not arise

from source and image sizes.

Analyzing magnet dispersion.--A first order calculation for

the energy dispersion of the magnet gives 4.2 Kev/mm at 7.8 Mev.

This uses the constants given on page 13. The dispersion D is
defined as
=)
D= __OXx

Bz

and can be shown (1, 2) to be equal to 4

where 6x is the radial

change in the image coordinate for a &P change in momentum, p is
the particle momentum, n is the first order fall-off parameter of
the magnetic field Or'l—‘ﬁ- g—?_ and M is the magnification which is
equal to -1 for an equal arm magnet. On substitution, the following
result is obtained:
_f_EZ.E_ = 0O.54% x 10”2 o o™
&x

Measurements of the dispersion were made by means of a
portion of the A.12‘7(d,p)A.128 spectrum (Figure 10)., Aluminum was
chosen because of the simplicity of thin ’i:arget preparation, the great
number of closely spaced energy levels, and the well-known Q values
for the reaction (4). The spectrum was taken with one set of four
one by three inch photoplates in the image plane of the analyzing
magnet. The scattering angle of 90° was chosen because the separa-

tion in energy between any pair of groups is then independent of the

deuteron energy (see Equation III-3).

For two groups of identical particles with energies EZ’ 11.1,

and separated by AX mm., the dispersion function a(x) is defined
by:

ak) = 2(Ez - E)
AX‘(E?_-O' E,) . (III—],)
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The errors in the measurement consist of errors in the Q
measurements 61' the A.l?‘?(d,p)Alz8 excited states, errors in meas-
urement of the peak positions on the plates, and an uncertainty in
the value used for the deuteron beam energy. The last uncertainty
introduces a systematic error in the dispersion measurements made
from the various groups on the same set of plates. However, -an
assumed error of 100 Kev in the deuteron energy causes an error
of only 1 percent in the dispersion function.

It was found that there is a 20 percent variation in the dis-
persion function across the image plane of the magnet. A plot
(Figure 11) was made which shows this variation. The bars repre-
sent errors due to measurements of the peak positions and errors in
the aluminum Q values. The plateholder was placed for convenience
parallel to the exit pole face of the analyzing magnet. It is suggested
that the variation in the dispersion function might be reduced consid-
erably by repositioning the plateholder. The first order calculation
(5) shows that the image plane should be inclined at an angle of 60°
with respect to the pole face (see Figure 7). The uncertainties in
the calculation indicate that the best position must be found in an
empirical manner. Considerable asymmetry in the peak shapes noted
at the extremes of the image plane may also be explained by this
effect.

A change in the deuteron energy shifts the entire dispersion
curve in the vertical coordinate direction. Since the aluminum spec-
trum was not taken at the same time as the final data, further meas-
urements of the dispersion constant were made on the final spectrum
from known oxygen, lithium, and carbon groups. It was necessary
to place the plates for the experiment inside the magnet vacuum
chamber at a position about two inches closer to the exit pole face

than the position used for the aluminum spectrum. In addition to
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shifting the dispersion curve due to a possible difference in deutevon
energy, the geometrical effect of moving the detector closer to the
magnet would be expected to raise the dispersion function a. An
examination of the particle orbits by means of polonium alpha par-
ticles shows that a should be increased by 2 percent. It was found

that a was increased by 3 percent, indicating that a 1 percent change

in a due to a shift in the deuteron energy had occurred.

Background reduction.--The background level is defined as

the number of particles (e.g., deuterons) appearing in a spectrum
as a continuum apart from regions covered by reaction product groups.
Preliminary runs made with an enriched oxygen gas target demon-

strated a background level of about 1/50 the intensity of the elastic

Since enriched oxygen containing

16 18
approximately equal abundances of O and O

scattered deuterons from O
was available, the

6
criterion of an elastic scattered deuteron intensity from O to back-

ground ratio of 2,000 to 1 was arbitrarily selected. This would make

inelastic scattered deuteron groups from O of intensity 1 percent

of the elastic scattered group ten times more intense than the back-

ground level.
Various targets were examined by using a proportional counter

in the image plane of the analyzing magnet. The investigation dem-

onstrated that deuterons degraded in the slit edges just ahead of the
target were responsible for a large part of the deuteron background.
Targets made from high Z material were found to be unsatisfactory
for deuteron spectra because of the increased scattering in the target
of low energy deuterons scattered from vacuum chamber walls,

In order to eliminate the effect of the slit, a strip target of

0.0005 inch mylar was tested in the cyclotron for deuteron background.
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This was found to be satisfactory and gave a ratio of elastic deuter-
ons to background of about 3,000 to 1.

The effect of nonuniform targets is to make the shape of re-
action product groups asymmetric. The distortion of peak shape
can be so extreme as to form a tail that decreases gradually in
intensity over an energy range of several Mev. Attempts to make
strip targets of LiOH resulted in extremely nonuniform targets. For
this reason, a one quarter inch square of LiOH on Formvar was placed
on a single layer of 0.010 mg/cmz Formvar mounted on a one inch
square target frame (Figure 5). A further attempt to make the
Formvar mounted target effectively a strip target was made by plac-
ing a slit between the target and the analyzing magnet entrance aper-
ture. This prevents the majority of particles scattered from the
large Formvar backing from entering the magnet. The ratio of elas-
tic scattered deuterons to background on the final run is about 2,000
to 1.

On examination of the spectrum, it is found that the background

level is always increased below strong groups of the same kind of
particle. This is probably due to reactions in the target caused by
low energy deuterons scattered from slits and vacuum chamber walls
far ahead of the target. A fundamental difficulty of the present system
is that, for high resolution, a small portion of the beam entering the
scattering chamber must be selected either by a slit or by using a

strip target. For low intensity work a strip target seems to be al-

most essential but extremely difficult to manufacture.

Target Preparation
The first work on the unknown spectrum of O was done with

an enriched gas target. The gas chamber was machined from a solid
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block of aluminum and was fitted with windows of .9.1 rng'/crn2 nickel
foil. The gas used (74 percent 016, 25 percent 018, 1 percent 017)
was obtained through the courtesy of A. O. C. Nier at the University
of Minnesota. Measurements of the pressure made by observing the
momentum spacing between known deuteron and proton groups indicated
no apparent change in gas pressure over a period of about three
months. The spectrum of écattered particles observed with this tar-
get showed contamination groups from carbon, nickel, and nitrogen.

These groups covered such a large portion of the spectrum that it

was imposslible to derive any information on the presence or ab-

18
sence of groups from O .

Analysis of these data demonstrated additional defects of gas
targets. The windows contribute to the widths of reaction product
groups without adding to the counting rate of relevant reactions. The
calculation of the energy loss of different particles through portions
of the target is involved and uncertain due to the bowing of window
foils. For these reasons, it was decided at this point to search for
a stable solid target.

Since the enriched oxygen was obtained in the form of oxygen
gas, attempts were made to form oxide layers on various substances
including lithium and bismuth. These were unsuccessful mainly be-
cause the oxide layers formed were too thin. For intensity reasons
it was considered desirable to have at least 0.20 mg/cm2 of oxygen
in the target.

The chemical reaction finally used was:

> LiOH + (1/2) H

Li + HZO >

This reaction takes place at room temperature and reasonable pres-

sures.
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It was first necessary to explode the enriched oxygen with
hydrogen in order to fobrm the water required for the above reaction.
Since only about 20 mg. of oxygen was available, the major difficulty
of this operation was one of the efficiency of the explosion and of
water collection. A glass system consisting of a mercury transfer
pump and a connecting explosion chamber was constructed (Figure
12). It was found necessary to clean the interior of the explosion
chamber after each explosion in order to prevent adsorption of water
vapor on the walls. After filling the explosion chamber with one
volume of 02, about four volumes of H2 were added and the explosion
was triggered by a Tesla coil connected to a platinum spark gap in
the interior of the chamber. A rather mild ''pop" and a brilliant
blue flash is observed when the reaction takes place. The total pres-
sure in the explosion chamber before explosion is about 40 cm. of
Hg. It was found unnecessé.ry to keep a level of mercury in the
chamber to act as a buffer for the explosion.

The water vapor was condensed in a glass bottle connected
to the explosion chamber and surrounded by liquid air. During the
collection process, the explosion chamber and connecting glassware
was heate;i gently with a gas air flame in order to remove as much
water as possible from the walls. Test runs made with nonenriched
oxygen demonstrated an efficiency of between 50 and 80 percent for
the explosion and collection process, depending largely on the clean-
liness of the system. The yield of the enriched oxygen explosion

was about 11 mg. of HZO.

Tests were made on various types of containers to determine
the quahtity of water lost through surface adsorption. The results
showed a negligible amount of water loss in clean glass systems,
but a prohibitive amount in a brass system sealed with '"'O'! rings.

For this reason, a small glass hydroxidation chamber was constructed



s1aquieyd uorjeptxoipAy pue uorsoldxy ‘'zy 2andrg




33

(Figure 12). Lithium is evaporated through a large (one cm. diarheter)
stopcock onto the target foil. After evaporation, the stopcock is closed
and water vapor from the enriched water bottle is admitted to the
system. It is necessary to cool the water bottle to a temperature
somewhat below room temperature (10-20° C.) in order to prevent
excess water from condensing on the target. Since LiOH is deli-
quescent, the enriched watel; bottle must be placed in liquid air as
soon as the white hydroxide has formed in order to prevent destruc-
tion of the target.

The nature of the background problem (see page 28) requires
that a rather thick layer of LiOH be supported by a thin backing.
The simple technique of hydroxidation of a thin layer of Li on a thin
backing results in complete distortion of the foil because of the dif-
ference in densities of the evaporated L.i and the LiOH. Only when
the backing material 1s made considerably thicker than the evaporated
layer can smooth targets be obtained. Several nonenriched targets
on 0.8 mg/cm2 mylar were made in this manner.

The technique for making thick targets on thin b_a.ckings that
was finally developed is as follows: A clean piece of smooth glass
is covered with a dry layer of about 0.020 rng/cm2 Formvar (1 per-
cent by weight Formvar in ethylene dichloride dropped on water and
picked up by frame). The Formvar must adhere smoothly to the glass
over the target area. Lithium is evaporated onto the Formvar covered
glass and the hydroxide formed. A razor blade is then used to peel
up portions of the 1.iOH covered Formvar. A piece is then placed,
Formvar side down, onto a layer of Formvar supported by a one inch
square target frame (Figure 5). Slight pressure applied with a
smooth, round-ended metal object is enough to make the target stick

to the Formvar. A second layer of Formvar is then placed over

the target and frame.
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An obvious defect of this target preparation is the mechanical
operation described above. The removal from the glass plate is not
always successful and the delicate foil can curl enough to be useless
if the transfer is not made quickly. Another defect, not restricted
to this particular target, is instability under deuteron bombardment.
The backing layer of Formvar can melt or break due to excessive
heating caused by the energy loss of particles passing through the
foil and by electrostatic forces which arise from the charging of the
foil by secondary electron emission.

Attempts were made to improve the stability of the targets
both by keeping the cyclotron beam current to the scattering chamber
as small as practicable and by making use of a filament close to
the target in order to keep the target discharged. The last run was

made under these conditions and indicated that the situation was def-

initely improved.

Collection of Data

Of major importance in obtaining particle spectra by means
of nuclear plates is the constancy of the deuteron energy. For this
reason the focusing magnet regulator is left untouched during a run
in order to keep the deuteron energy into the scattering chamber
fixed.

A total of 84 one by three inch photoplates were exposed in

two runs. The 50° and 90° plates were taken during run No. 1 and

the remainder were taken during run No. 2.

Preliminary investigation with counters had given a rough
calibration of the analyzing magnet nuclear moment field meter fre-
quency in terms of particle momentum. It was thus possible to set

the field to a correct value by noting the frequency position of some
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strong well-known group of reaction particles. Plates were exposed
with about one plate overlap in order to lessen the danger of missing
groups.

The plates were placed at an angle of 45° with respect to the
magnet Z axis. Where necessary, absorber folls were placed in front
of the plates in order to make particle identification by track length
possible. Microscope scanning was done in half mm. vertical strips

using an 8 mm. o0il immersion lens.

Data Amnalysis

Target thickness.--Measurements of target thickness were

made by examilnation of the Clz(d,p)C13 ground and first excited state
peak shapes. From the structure of the targets used (see page 29
and Figure 13), carbon protons can arise in four different ways.
These are: (1) by protons préduced in and passing through the thin
Formvar layer alone; (2) by protons produced in the front Formvar
layer and passing through the LiOH target; (3) by protons produced
in the LiOH target due to a uniform carbon contamination; and (4)

by protons produced in the back Formvar layer.

Because of the great difference in thickness of the Formvar
layers and the LiOH target, it is possible to estimate the relative
half widths of the proton peaks in each of the four cases. Case (1)
should give a high resolution peak with a half width of 20 Kev or
less; cases (2) and (4) should show peak widths due to straggling of
proton and deuterons respectively, plus a contribution due to target
nonuniformity; and case (3) should exhibit a thick target width com-
parable to that of the single peaks from oxygen in the LiOH.

Two difficulties rmmust be noted: (a) The intensity of the sharp

peak (1) depends on the size of the LiOH target relative to the aperture
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of slit D (Figure 6). When the target is larger than the aperture,

the peak must be missing; as the target becomes smaller the peak
appears and becomes more intense. (b) Because of the low melting
point of Formvar any of the layers adjacent to the thick target can
be destroyed by the passage of deuterons through it.

For this reason the carbon level structure is unfortunately a
function of bombardment time. The first plate exposed during 1:un
No. 2 (c, Figure 13) shows cases (2) and (4) with well-defined front
and back layers. A plate taken six hours later during the same run
(d) shows complete deterioration of the back layer and only a small
part of the front layer remaining. This indicates that some of the
Formvar has melted and penetrated into the L.iOH. A measurement
of the energy separation of the front and back layers in (c) gives a
half target thickness of 0.65 = 0.05 rng/cmz. A similar measure-
ment from the structure shown in (d) gives 0.65 * 0.1 mg/cm as-

suming that the wide peak is of type (3).

Definite spikes of type (1) are demonstrated in the carbon
structure obtained from target No. 1. The difference in the inten-
sity of the pure Formvar peak relative to the large peak in the two
curves (a) and (b) is due to a difference in target sizes. The 50°
and 90° targets were obtained from the s;me evaporation and the

measurements give half thicknesses of 0.58 * 0.05 and 0.62 * 0.05

2
mg/cm , respectively.

Variation of scattering angle with image plane position.--Ref-

erence is made to Figure 7, which shows trajectories of alpha par-
ticles striking different points in the image plane of the analyzing

magnet. It is seen that particles of higher energy have a smaller
scattering angle than particles of lower energy. A measurement of

this effect was made by examination of the ground and first excited
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state separation of Li7 as seen by protons from the reaction
Lié(d,p)Li-?. The protons from these two levels have a large
change of energy with respect to scattering angle because of the
low nuclear mass. The measured separation is therefore sensi-
tive to a difference in scattering angle between the two groups.
Measurements made of the separation at three angles indicate a
change in scattering angle of 1.0 * 0.25 degrees across 304 mm.
of the image plane. This is in good agreement with 1.1 * 0.25

degrees which was obtained by examination of the alpha orbits.

Reaction kinematics (6).--Consider a nuclear reaction in

which a nucleus, particle 0, is bombarded by particle 1. The re-
action products are the recoil nucleus, particle 3, and particle 2
which has a direction making an angle 6 with the original direction
of the bombarding particle. By making use of momentum and energy

conservation the following equations can be derived:

) \'/?- ’ 2 ,2

E/a___(M.MzE. cos® (M:Q 4 MazM g L M Mz €, cos 9) (I1I-3)
_ %
E. = M2 E2 + MiE _ 2fces® where E :(M) (III-4)
3
My M3 M3
Ma —

Q= N\zM-:-Ma Ea —_ 3M3M' E2 — 2 fcos® (III-5)

Other useful relations which follow from these equations are:
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oF _ M3 (I11- 6)
DQ M2 + M3 — (M3£/EZ) cos B
2B _ _ 2 M3§ sinb (I1I-7)
e My + M3 — (MaEA.:-a) cos @
aEL - M3 - M, + (MBE/EO) cos B (111-8)
OE, My +M; — (M3€/p JcosO
9Q _ 2 ¢ sinb (I11-9)
Y]
28 __ M- _ £ (B (I1I-10)
E\ M3 \
08 _ MerMs _E .00 (I1I-11)
DEa M3 EZ
Q@ - B _ € (ol (I1I-12)
_bM| MS M' )
20 _— B2 _ £ e (III-13)
DM& M?) MZ
o9 - _ Ez (I11-14)

S LTI P, e) M3 — ) (I11-15)
Mz M, M, + My — (N\BE/_ } cos O
':a
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o0& _ __(_E_r- _& cose) ( M3 ) (I1I-16)
OM, My M2 Mz + My -(M”E/E;_) cos®
DE, _ Es ( M, )
gtz — 11-17
0 M3 Ma L M; + My _@”i/EZ\(ose ( )

Equations 6 through 17 are useful for estimating the effect of
small corrections and for evaluation of the probable errors in a
measurement. It must be remembered, however, that the partial
derivatives can only be applied to errors in a measurement involv-

ing independent determinations of EZ’ El’ and 8.

Relativistic effects can be included by noting that the correct

relation between the energy and momentum of a particle is:
2 = 2 Mg ES
PT = 2 MoE + =5 (1II-18)

Equation (III-2) is relativistically correct. Equations (III-3),
(II11-4), and (III-5) can be made relativistically correct by replacing

each mass by an effective mass:

Megs = Mo + —;‘—C,_ (111-19)

3

Determination of deuteron energy and scattering angle.--In its

present state, the analyzing magnet is capable of making accurate
measurements of the separation in energy between particle groups
detected in the image plane. By means of the measured separations

of certain types of known groups, it is possible to make an adequate

measurement of the deuteron energy and the scattering angle.



41

The linear separation at the image plane between a known deu-
teron group and a known proton group is a rapidly varying function
of the incident deuteron energy. For a given change in the deuteron
energy, the change in the linear position of the deuteron group is
approximately twice that of the proton group since the momenta are
approximately equal. .The scattering angle, on the other hand, can .
be measured by means of the séparation between two particle groups
emitted by nuclei of quite different mass. This is because the change
of reaction product energy with angle is approx;i.mately proportional
to the mass of the recoil nucleus (see equation [III-7]).

Available on the spectra were proton groups from (d,p) strip-
Ping reactions together with elastic and inelastic deuteron groups re-

7 12 13 16 17 18
sulting in the recoil nuclei Li , Li , C , C , O, O , O .

and
019. Pairs of these levels appearing on the same set of plates
were used to determine the beam energy and the scattering angle for
both runs.

The energies of two groups appearing on the same set of
plates are calculated utilizing an assumed incident deuteron energy
and scattering angle. The measured separation of the two groups on
the plates gives a separation in energy different from the calculated
value. This difference is interpreted in terms of corrections to the
assumed deuteron energy and scattering angle. Obviously, for the
determination of both the scattering angle and incident deuteron en-
ergy, two pairs of groups must be used.

For two reaction product groups of identical particles with

energies E'Z and EZ (see equation [111-1]):

SRS

where a is the value of the dispersion function at the linear position
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midway between the two peaks and AX the separation in mm. as meas-

ured from the plates. On rearrangement, this becomes

Q.-_‘?l-X'_ C‘-_A_E)‘,; E, (‘ + aax +Lmz)

il
m
Y
—
+

E.

2 2 2
Or,
2
E2 = bEa . where b= | +aax + g‘lzﬂf-) (I11-20)

In the special case where E‘2 is the energy of a deuteron

group and must be measured from a proton group of energy EZ ap-
pearing on the same set of plates, (III-20) requires modification.

——

E2 is known and therefore the momentum 132 of the proton group
can be determined. The energy E2 of a deuteron group with the
same momentum P2 = f’z can then be calculated and used in (III-20).
The relativistically correct relation between momentum and energy

must be used as the nonrelativistic expression introduces errors of

the order of 30 Kev. This 1is:
T o=ef M +E =7 z2e,Mm B2
> = 2B, My = =K = 2boMp +?-

From which:

— — — 2 —
E. = Ea M2, i _E ~ E2M2 | 3
S My 2ME 2med® Mz 16 (?

Since Mz = S(1+075x 1073 )

N

E -3 E_.
?2 +%x0.7’5KIO + o= (I1I-21)

o
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Substituting this result into (III-20):

‘ _ ) -
E :_b_E \+D.75xloa+§._E_£
2 2 2 8 Ca_
Or,
I T = : — _ ) _ = .
E.=bE where b= _b_(uo.vs xi0*r 2 B2 (111-22)
In order to make the angle and energy measurements, target
thickness corrections must be considered. Reaction product group

positions are measured at the peak, and therefore the reaction is
assumed to occur at midfoil. The energies of the reaction products
E:?.O and EZO are calculated in a relativistically correct manner for
an assumed scattering angle 90 and incident deuteron energy EIO'
90 and ElO are estimated as carefully as possible. Since the two
groups occur at different linear positions in the image plane the re-
action angles 6' and 6 are different. The half target losses AE:?.t
and AEZt are found from the energy loss curve calculated for LiOH
(Figure 14) and the measured target thickness. Consideration of

these effects results in the following expressions for the energies

E'Zm and EZm of the two groups in the magnet:

1 {
Eom = Eap F2E20 0 _AEL, 4 ?{)i“’ (' - Bo)

DEp

_ >E E
E,m = Eao +®E2°AE\ - BExe + %_)E(B - Bo)

o o

Since the magnet energies are related by (III-20) or (I11-22), a sim-

ple calculation shows that:
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AAE, +B(6—Bo) =¥ (111-23)
- DE‘zo ok E; o,
where A = —p Z==20 —9%0 _ | GLao
i bE\D bEID (5 390 b 06

> and b are measured by the peak separation on the plates.

If the scattering angle is known, (III-23) gives AEI' or a cor-

rection to the assumed deuteron energy. On the other hand, if E1 is

known 8' is determined. For a determination of both the angle and

the deuteron energy a second pair of levels must be used. In exact

analogy with (III-23) then:

(II1I-24)
DK‘AE. . (): (G*—eo)'—‘ r& .

where G“: S -\—e'

€ can be measured by the separations of the peak positions on the

plates, allowing equations (III-23) and (II1-24) to be solved simultane-
ously with the result:

* * *
fx + €fh - ¥ A (I1II-25)

6|-‘ B, =
B - [
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AE, 2{— ——-S—(e‘—eo) (111-26)

The separation between a proton group and a deateron group
from nuclei of approximately equal mass is frelatively insensitive to
changes in the scattering angle and therefore is useful for determina-
tion of the bombarding deuterOn.energy. The angle measurement is
best made by the separation of groups of-identical particles from
nuclei of as different mass as possible.

The results of the measurements of the midfoil energies E1
and the central scattering angle OC together with the groups respon-

sible for each measurement are as follows:

Run No. 1
7 18 18
Li’(d,d)Li’ and O (d,d")O) E, = 7.678 + 0.041 Mev
1 1 18 18
@) 6(d,p)007 and O (d,d')O1 ec = 50.14° £ 0.5°
16 1 18 18
O (d,p)Oo7 and O (d,d')O1 E1 = 7.681 £ 0.041 Mev
6 18 1
Lié(d,dl)Li1 and O (d’P)029 OC- = 49.30° *= 0.5°
Run No. 2
1 18 18
Olé(d,p)OO7 and O (d,d')O1 El = 7.835 = 0.041 Mev
1 18
Lié(d,p)Li: and O 7(d,p)O1 OC = 28.5° = 0.5°

The probable errors in the above measurements were calculated
following the steps involved in the energy and angle calculations and

also by an approximate method described on page 47.
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Determination of an unknown Q.--Measurement of an unknown

Q is made by comparison with a known group on the same set of

plates. Let Eé be the midfoil energy of the unknown group and E.‘.2

the relativistically correct energy calculated for the known group us-
ing the measured midfoil energy E1 and the measured scattering angle

6. Equations (III-20) and (II1I-22) become:

E.m=bE,, =b(E, -AEZ,C') for identical particles (I11-27)

Eam :E (E—Z — AEat) prime deuteron (II1-28)

barred proton

The unknown midfoil energy is given by:

E2.= E‘am +AEét

E"Z, El’ and the measured 6' for the unknown group are then
substituted into equation (III-5) using masses corrected by (III-19)

giving the desired result for the unknown Q.

Probable errors in the measurements.--Using the Q equation

and assuming 6' = 6 a measurement is made of an unknown Q' from

a known Q. Writing the Q equations for both groups:

Q' = m E;_ _L\/h_-_‘hﬁ {-‘_" — 2 ¢ cosB (I11-29)
M3y M3
M -—

Q = _LM; E, - M‘ E, - 2 € cosB (III-30)
M3 Ms

where the energies refer to midfoil.
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The relation between the magnet energies is given by:

| —_ ! + dEe_ - - dEa
Eom = B2 E(d ) bE,m b[ ]
t/2 is the half target thickness and dE/dx is the energy loss per unit
target thickness. This equation can be written:
. + [ dEz dE ay
={E where f = h + — {— - b & (III-31)
= e f 2B ldx dx

Substituting (III-31) and

' _ '_ My /MM, - Ms %
Fi=E, )it = pgte

NWERY,

2

where P = (ﬂ%a_)
M| 2

into (III-29) and removing the cos® term from (III-29) by substitution
from (III-30), (III-29) becomes:

0= Ea[4(MQ+M‘=)-M%(MZ+W)} | E{ V-F;L(Mi—y‘\.,)-(MQ—M.')g
My My

(I111-32)
M, Y
+ =2

The present system of measurement requires that E_ be re-

garded as a function of El’ Q., and 6.

quantities and the dependence of f on E

b is independent of these

1’ Q, and 6 can be neglected
for the calculation of errors.

The following partial derivatives are obtained from (III-32):

26 _DE, [ §(MIMy) - P‘(%(N\P.*Ma)}

- I11-33
26 26 My ( )
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b__Q_' - é—. {-F(Ma«yMa) Pba(Mz-i-Mg) + P'F}g (MS'MJ) - (Mé - M") (111_34)
oE, E, My Mg
3
\ ‘ M2+ ML) = (Mo M) |
Q_Q': __3: l‘.'.{_/a DEz ‘f( Z*Ma ‘F ‘ 2 +M3 } (I1I-35)
DQ My M?:

sz,lzé

'_Ea

3) ==, (Ma+M, (My=m) +12— pQ  (1II-36)
T M 2£% ) 2Md/?- am3f2 ¥

The partial derivatives remaining on the right side of these equations

are given by equations (III-6) through (III-17).

The probable error attached to a Q' measurement is:

0 = | (2o +(20f +(2nqf +(Laef -3

A6 and E1 are given by the uncertainties in the angle and
energy determination. A Q is the probable error in the known Q
value. Af is compounded from uncertainties in the dispersion con-
stant, peak positions, and target thickness. The dispersion constant

and peak position contributions occur in f in an obvious manner. The

target thickness uncertainty A_f_t is found in the following way:

2
Af, = of Ap =4 (452 Q_Ez-) At (I11-38)

Tt 2F2 dx

For the errors of a deuteron energy determination, El in

(II1-32) is regarded as the unknown quantity. The partial derivatives
of El with respect to the independent quantities are calculated from
(1I1I1-32). The results are:

Ez f (Mg eMy) - Hf%e (Mz+Ms)

DE, = - 2 " S
hY) 26 by 3E 111-3
p (Mg M) (M3 - ™M)+ 2 \[‘F(M*’M;)- M’ (Ma +M,’)J ( 9)
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E _ — M,

- : . —  (III-40)
2Q g_gﬁ(mwg) P (M2 emg)) R (Ma-t) - (M - M)
|
Ok, M3 H-Fs& oE,
_— T - I1I-41
2@ . My 2Q ( )
. & p _ My

——'= ‘ p e -
of E—Ei[f(Mi*M;)“H‘f‘<Ma+M;ﬂ F A (M- m) = (M=)
D E,
The partial derivatives on the right side of these equations are given
by equations (III-6) through (III-17).
The probable error atfaehed to a measurement of the deuteron

energy is given by:

2 2 2 2
e - | [2E ) (DE. ) 2, ) (DE. )
AE, (36 AB| + BQ‘AQ 3G AQ) + A\C) (III- 43)

Reduction of errors.--Referring to equation (III-37) which

gives the contributions to the error of an unknown Q measurement,

several improvements can be pointed out. Measurement of the scat-

tering angle by the method used is difficult and inaccurate. A direct

measurement of the trajectories of the incident deuterons and scat-

tered particles should lead to a more accurate angle determination.
The deuteron energy can also be measured directly by a

calibration of the analyzing magnet field in terms of the well-known
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energies of polonium alpha particles. This requires measurement of

the field in the analyzing magnet by means of a nuclear moment

magnetic field meter placed directly in the magnet gap. The linearity

of the field meter with respect to particle momentum can be checked

by measuring the momenta of known groups. Measurement of the field

required to focus the elastic scattered deuterons from a standard tar-
get at a fixed position in the a.ﬁa.lyzing magnet image plane should

give an accurate measure of the deuteron energy.

The remaining error consists mainly of uncertainties in meas-
urement of peak positions on the plates and can only be improved by

utilizing thinner and more uniform targets.



CHAPTER IV
EXPERIMENTAL RESULTS
Spectra

The spectra obtained from the Ol'7 and 018 enriched LiOH
targets are exhibited in Figures 15 through 22. The track counts
are plotted against linear positions along the image plane of the
analyzing magnet and the changes in vertical scale represent differ-
ences in counting areas in order that more counts be obtained in the
regions of‘ low background. Both the ordinates and abscissae are
subject to correction; the former because of the variation in solid
angle across the image plane and the latter because of the change in
dispersion discussed on page 26.

An examination of the spectra reveals deuteron and proton

7 12 13 16 1 18
groups from the recoil nuclei Li , .., ¢ ,Cc ,0O0 , O 7, o |,

and 019. A moderately thick target spectrur.n"such as this has the
advantage that reaction product groups fro-rn thin layers of surface
contaminants are too weak to be detected. In searching for new
levels, this advantage seems to outweigh the loss in resolution.

Because the nucleus of interest is 018, only groups leaving
O18 in its ground or excited states will be discussed, except where
other groups are used for calibration purposes.

The first excited state of '018 with an excitation energy of

18 18
1.986 Mev (7, &) was observed from the reaction O (d,d')O1 at

17 18
49.7° and 58.5° and from the reaction O (d,p)O1 at 28.5° and 89.7° .-

52
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A search was made for a previously reported (8) level at an excitation
energy of 2.445 Mev which should appear on the spéctrum shown in
Figure 22 along with the protons from the first excited state. No
level was found at this energy with an intensity greater than 20 per-
cent of the intensity of the first excited state. A search of the cor-
responding region of excitation in the deuteron spectrum at 49.7° "and
68.5° shows no groups greatef than 3 percent of the intensity of the
inelastic scattered deuterons from the first excited state at 49.7°.

A level not previously reported in 018 was found at an exci-
tation energy of 3.55 Mev by means of the reaction Ol7(d,p)018 at
49.7° and 58.5° and by means of the reaction O]‘S(d,d')o18 at 49.7°
and 68.5°. The Q values, excitation energies E*, and groups from
which this level was Vmeasured are given in Table I. The average
of these energy determinations gives 3.550 = 0.010 Mev for the exci-
tation energy of the new level.

The mass of the nucleus responsible for this level is 18 % 1
a.m.u. which was measured by observing the change in energy of the
deuteron group with respect to scattering angle. The lack of groups
from target nuclei of the mass range 17 to 19 other than O and 019,

17
together with the fact that O has no excited state at this energy, in-
18
dicates that the new level must certainly be due to O .

8
Complete coverage of 3.5 Mev excitation energy in O cannot

be claimed. However, the 49.7° deuteron spectrum shows no groups

of intensity greater than 3 percent of the intensity of the deuterons

18

18
from O (d,d')O1 in the region of excitation from 1.986 Mev to 2.55

Mev. The 68.5° deuteron spectrurm shows no groups of intensity

greater than 3 percent of the intensity of the first excited state

deuterons at 49.7° in the excitation region from 2.5 Mev to the level

at 3.5 Mev. The 90° deuteron spectrum shows no groups of intensity
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TABLE I

RESULTS OF Q MEASUREMENTS ON THE SECOND
EXCITED STATE OF 0Ol18

Reference (d.d') Q E::ic;;a— Contributions to Error
Group (9) (Mev) 2Q ¢ 26" 2Q
i Ener — &P — AE A — A
ey 38 2655 5e%% g Af
6
Lié(d,d')Lil
(49.7°) .. -3.551 =+ 3.551 0.017 0.007 0.002 0.005
0.019 0.019
18 1
o %(a,p)0,”
(49.7°) . . -3.532 3.532 + 0.004 0.019 0.006 0.007
0.021 0.021
18 1
0" %(a,p)0,”
(68.5°) . . -3.551 =+ 3.551 + 0.005 0.019 0.006 0.008
0.022 0.022
(d,p) Q'
1 1
O 7(d,p)C) 7
(49.7°) . . 2.262 =+ 3.559 =+ 0.005 0.002 0.004 0.014
0.015 0.018




63

greater than 3 percent of the intensity of the elastic scattered deuter-

18
ons from O in the excitation region from 1.00 to 1.98 Mev.
Relative Intensities

The relative intensities measured from the plates were cor-
rected for the change in solid angle across the image plane. Use
was made of the known angular distribution. (10) of the protons from
the reaction Olé(d,p)O(l)7 in order to normalize run No. 2 to run
No. 1. The intensity ratios of the 017(d,p)018 proton groups are
rather poor because of the low intensity and the background correc-

tion that must be applied. A measure of the sensitivity of the method

to weak proton groups is given by the fact that the intensities of the

18
O proton groups are about 0.1 percent of the intensity of the ground

16 17
state protons from the reaction O (d,p)OO . The weak proton groups
are about six times as intense as the proton background. This is

true only at energies higher than the energies of groups from isotopes
that are more than about 50 percent abundant. The results of the

intensity measurements are given in Table II.
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TABLE 1I

RELATIVE INTENSITIES

Reactions Angles In;e;j:;ty
018(d,d')018 / 'OiS(d,d')O;g 49.7° 49.7° 5.7 £ 1.4
Olé(d,p)o(l)’7 / 017(d,p)0;8 49.7° 49.7° 930 £ 160
017(d,p)Oi8 / 017(d,p)0;8 28.5° 58.5° 3.0 %1

23.5° 49.7° 1.8 £ 0.4

17 18 17 18
o ta,p10;” / 0 “(4,p)0,




CHAPTER V
THEORY
Nuclear Spectroscopic Calculations

In recent years the methods of atomic spectroscopy have found
application to a great extent in attempts at solution of the varied
problems of nuclear spectroscopy (11-17). In atomic spectroscopy
it is possible to evaluate the various parameters appearing in the
calculations by comparison with the great amount of eXperimental
data. The nuclear calculations require actual evaluation of the inter-
action matrix elements because of the small amount of experimental
data available. The general method of these calculations will be

described below and then particularized to calculations of certain

tensor force interaction energies.

Consider a Hamiltonian for a number of nucleons outside a

closed shell:

- "~ .o [ v S g
H— ZH(T'\.) +.Z V‘J(WS]*ZE(‘T)X'»'S'L (V-1)
t L 2] L
H(;;) is the potential due to a central field, Vi_(?__) is the interaction
1]
= >
potential between nucleons, and g(‘?ﬁ)fl’ S{ is the potential due to the
Nucleons outside closed shells are assumed to

spin orbit force.

move in orbits produced by a central field due to the closed shell.

The strength of the spin orbit force term in the Hamiltonian, g(ﬁ,) )

is determined empirically from the spin orbit splitting measured for

65



66

the closed shell plus one nucleon nucleus. The interaction potential

Vij(;;j) is generally assumed to be of a type that fits the deuteron

data.
Consider a complete orthonormal set of eigenfunctions ’\l/‘N
and their eigenvalues EN, where the subscript N refers to several

quantum numbers. The problem is to find the EN and '\K‘ by means

of the Schrodinger equation:

HYx (‘F")':E_N'\K,(‘—:) (V-2)

The eigenfunctions % can be expanded in terms of a second

known complete orthonormal set of functionsX_m ; or:

'\‘/N‘ = Z'O'Nm X«m (V-3)
™

In the jj coupling scheme, the km are specified by the quantum

numbers n 1 j IM.
ii'i

>*
Inserting the expansion into (V-1), multiplying by X’X , inte-

grating over all space, and carrying out spin sums:
ot a = o * dt
ZQ—NM x,q Hy-*m T - EN Z N X-JQ X’h" i

™m n"

= E,Y awm S&m = F au

m

%QNmHQm -ENQ'NQZO where HEW:{X—W,(HLWC)E (V-4)

ey

The' condition for a solution of the homogeneous set of linear

equations given by (V-4) is that the determinant of the coefficients
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of the aij vanish or that:
Hll_EN H.. - S )

Ha, ”22“ Env = - T
‘ - - - =0 (V-5)

The roots of this equation, the EN:’L’ are the eigenvalues of the
Hamiltonian. Using these, (V-4) can be solved for the transformation
coefficients aij since the Hlm are determined by means of the as-
sumed wave functions X—?‘n . (V-3) then gives the unknown eigenfunc-

tions % in terms of the aij and X, -

The matrix of H is diagonal with respect to the wave functions
"f‘N and therefore the operation just described is called diagonaliza-
tion of the Hamiltonian matrix. This gives an exact solution to the
problem. In practice, however, only a finite number of the wave
functions x_,m are used and in this sense the solution is only approxi-
mate. In a first order perturbation calculation the off diagonal matrix
elements are neglected and the eigenvalues are given by the diagonal
elements of the perturbation Hamiltonian.

It is necessary at this point to clarify the spectroscvopic lan-
guage to be used. In the LS coupling representation, configurations
are specified by the n and 1 of each nucleon and terms are given by
the L. and S for the system of nucleons. For example, the le con-
figuration for identical nucleons leads to the terms D, 3P, 1S, 3F,
and 1C%. Fach term may give rise to one or more levels (e.g.,
3}?2"3,(_]!) where the subscript denotes the J of each level. In the jj
representation configurations are again specified by the n and 1 of

each nucleon (e.g., 1d for two 1ld nucleons) and terms are specified
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by giving the n, 1, and j for each nucleon. For example, the 1d

configuration in the first d shell gives rise to the jj terms ( lds'/a)
2 ' A

( Ida/a ) , and ( ldﬂ'/a |d3/2_). Each term may lead to one or more

2
levels (e.g., [ dg/a ]J _ 0). It must be pointed out that the usual

practice is to call each jj term a jj configuration.
Specializing the eigenvalue problem, consider the jj céuplin’g

representation where each nucleon state is labeled by the quantum

numbers nljmj. Terms giving rise to low lying two nucleon T = 1
) 16 2 2
states outside the O core are ( ds‘/z )2, ( da/a )y, ( dg—/a d3/2 ),
( ds'/a S./zl ), ( d'z‘/a S'/Z ), and ( S‘/a ) . The experimental spec-
trum of O 7 suggests limiting the number of terms in this way and
The

the infinite Hamiltonian matrix is reduced to a practical size.
matrix elements Hij are of the type (_jl_j2 J[V‘j3j4J). The matrix
made up of these elements with an x marked in each position cor-
responding to a nonzero matrix element is shown in Figure 23.
Matrix elements occur only between levels having the same J value.
Therefore, the secular equation factors into a product of secular
equations, one for each J value.

The results ;iesired from such a calculation are the energies
of all the states for each J value and the relative amounts of each

term responsible for each state. Calculation of the eigenvalues is

accomplished by diagonalization of the submatrices belonging to the

same J. For example, the submatrix for T = 1 and J = 0 has the
form:
| iy 42 | 2 2!
TJ‘JZ \*‘ d% d?)/a Sl/a
2
dy, X x> (V-6)
% |

Y- ,
dé{g A X X
i |

Sy, X X ~

2
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The secular equation\\(V-S) gives the three eigenvalues ENl’
Ep» and Eys for J = 0, and the transformation (V-3) gives the un-
known eigenfunction for each eigenstate in terms of the assumed wave

functions, or:

'\V(;E;_Mo‘ = o\X_(df}a) +@X(d§/a) -.&Xx(gia) (V-7)

Pure jj coupling results when the Hamiltonian contains no
interparticle potential. If the interaction term Vij(l:;j) is equal to
zero, then the matrix elements are made up of terms due to the
spin orbit force alone which are diagonal in the jj representation.
Pure LS coupling results when the Hamiltonian contains no spin
orbit potential. If the Z,.m are chosen in the LS scheme and g =
0, the Hamiltonian matrix is made up of elements due to the inter-
particle potential and is diagonal.

Diagonalization of the Hamiltonian matrix when both spin orbit
and central forces are included leads to intermediate coupling. The
choice of the LS or jj representation for calculation of the matrix
does not affect the result and is usually made for ease of calculation.
Many of the Ii.gtl matrix elements have been calculated (24, 25) in
the IL.S scheme and for this reascon the LS representation is generally
employed. Recent work by Elliott and Flowers (16) indicates that
intermediate coupling is closer to the true physical picture for the
two and three nucleon systems outside the O 6 core than either of
the two extremes.

The results obtained by diagonalization of (V-6) if the poten-

tial is assumed to contain both spin orbit and interparticle terms are

including config-

the eigenfunctions and eigenvalues of the J = 0 states

uration interaction and given in intermediate coupling.
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" When configuration interaction is neglected, the matrix (V-6)

does not include interaction terms between the d and s nucleons and

has the form:
il 2 | 2 | 2
\ilja dﬁ/a !y d?/g—‘ Sl/a
2 !
d X X | O i
AR R

(v-8)

A e
d3/2,>< | X ®)

o2 'f -
-S },a 0] : 0 X

n bl e

Diagonalization of this matrix then gives the eigenvalues and eigen-
functions including ''term interaction''; i.e., in intermediate coupling.
A first order perturbation calculation neglects ''term inter-
action'' and involves calculation of the energies for the different J
values for each term (e.g., [ d Sya]z). The submatrix (V-8) is clearly
diagonal and the energies are given by the diagonal elements. This
is the poorest approximation to the problem and gives a solution in
either of the two coupling schemes. When no two levels with the
same J occur in the term, the diagonal sum method (18) can be used
to calculate the energies. The matrix elements which must be cal-
culated are diagonal elements of the type (jljzmjlmjzlV,jljzmjlmjz).

Tensor Interaction Energies .

\\

Tensor force interaction energies were calculated for each of

2
the T = 1 terms ( ds’/a) , | ds’/2 dg/a Y, ( dg/a S‘/Z_ ), and ( d!/a S'/a ).
The eigenvalue of the tensor force for the configuration (Sf/a.) is zero
since the only state possible is a spin singlet state. The method used

is due to Talmi (12) and will be described briefly.
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Since no one of the terms listed above has two equal J values,
the diagonal sum method can be used for calculation of the energies.

The matrix elements (jlj m, naj IVljljzmj rnj ) are expressed in

2

terms of spin and space ma:]tlrix elements and the sums over spins
carried out. Talmi (12) demonstrated the usefulness of harmonic
oscillator wave functions by showing that the two nucleon harmonic
oscillator wave functions are separable into a center of gravity co-
ordinate —ﬁ and a relative coordinate r. Siﬁce the interparticle po-
tential depends only on the relative coordinate, the space integrals
on R give 0 or 1 by orthogonality and normalization and the energies
can be expressed in terms of the Talmi radial integrals IJZ {r), which
are defined below.

The formulas for the matrix elements together with the ex-
pansion of various two particle wave functions which were calculated
by Talmi (19) are listed in A.ppendix I. These formulas have been
checked in vé.riou_s ways and are believed to be without error.

The tensor interaction energies given in terms 'of the Iy (r)
were also calculated by C. R. Lubitz (20) using the Racah (21) method
and are in agreement with those found by the method outlined above.

, T
Using the notation E where the superscript refers to the tensor

J ’
force and the subscript to the J value for each state, the results are

as follows:

(ds'/a)a E: = %(L‘Ia)



dyy Sy, E; = 2 (1,+1,) - 5‘15 I,
Ey=-g(L+L) v £,
dy, dy, By = 55 (T-I4)
E-_:, = _% (L - 1)

- T -
d‘"/e S"a Egz—‘l_"L"'?T.'IZ—. I\'_L5
T_ 7 3 T —
E-= sl o2 T30l
o= s3 QQ*I R4 \/2 Y 2
- 2 AL 2 T2 44
I 'S sz (F)N(-idr Re -(ﬁ VR (Ham) € LS
5 -
Y= W {or +the Hamiltoenian -
A
- 2 2 2
Heg (o0 m e r?)
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Central Interaction Energies

Central force interaction energies were calculated for each
of the T =21 terms (d %% )2, (( dsio dy ), (d3y Sy, )| d':’/a St )»
and ( S-/z) . The Wigner force energies were calculated in three
ways: First by the diagonal sum method as in the tensor calculation,
second by use of the jj tables -(2.0) given by Condon and Shortley (26},
and last by using the well-known LS coupling energies (15, 27) and
making the transformation from the LS representation to the jj repre-

sentation (28).

The last method simplifies the problem of deriving the Majorana

energies. The generalized Pauli principle requires that the wave func-
tions for T = 1 states be antisymmetric in space and spin since the
T = 1, or isotopic spin triplet wave functions, are symmetric. This

means that the effect of the space exchange operator P on the poten-
tial is to change the sign of the energy for spin triplet (symmetric)
states and to leave the energies of spin singlet (antisymmetric) states
unchanged.

The last two methods require that expressions be obtained for
the Slater F's in terms of the Talmi radial -integrals I,. These
transformations can be calculated by a method due to Talmi and the
relations necessary for the present work are given in Appendix II.

Each of the Wigner and Majorana energies was calculated by
two independent methods. A further check on the energies is given
by numerical agreement with those calculated by Redlich (14) upon
substitution of the parameters used by him. Using the notation EJ

M
for Wigner energies and EJ for Majorana energies, the results are

as follows:



d ‘:'/2 d 3/2

w 3, -
By oo TotTy) +2(5+1) + 1,
W_ 9

Ez‘gz(To*‘Iw) +%E(L +15) - AL 715

W — -
E.,_, = T35 (-Lo"'llv) +T'5 (L 4.‘_3) 4_;. 15
W -
E3= —_;_‘(I«*la)

e 10
E:N:%(I(+"%) —%Ia

B =3 (o1 —L(1e1,) + L1,
EY = —4(L+1y)

Eot = s (1T - (nwm) £,
EV = -0(1en) + £,



dg/z Sk

dy ¢

2

]
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W 7 - 3 - T+
= — - = + —
Ey= gl 5l +gh
wo_ 3. ,13; ,23. 7. L 63
E, = fele *5ph *551a "5l ¥ 5oLy
M _ 7 3 - 7 -
Ey = gL 3L — 3l
M 3 - 3 i &3 G3 -
= = L, ——= — - = + =
Ez it Tgn Tzt ‘1013 &0
Wo g Lelo 2. _T 21
E; = gl Tt tisle 2‘{17’ o L H
w_ 7 2
E_\ '_8(I|+—|3> ._—,_'1'1—2_
™M v 13 - 3 X 21
= 2 S + == —_ 2 =1
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Radial Integrals

Theoretical jj coupling level schemes for the excited states
18
of O can be constructed by evaluation of the radial integrals and
substitution into the formulas for the interaction energies. The term

separations are derived from the experimental d-s and spin orbit

. ) 17
splitting in O .

With this procedure, choices can be made of the exchange
character and radial dependence of the potential. The parameters

appearing in the calculation are Q , which measures the extension of

the harmonic oscillator wave functions and the range r and depth V
o o

of the chosen potential.

For the present work, the Yukawa potential was chosen for the
radial dependence of the potential with constants which give the cor-

rect binding energy, quadrupole moment, and triplet effective range

for the deuteron (29) One set of levels using a Gaussian radial

dependence was calculated in order to determine the effect of a change

in potential shape on the level structure.

The harmonic oscillator parameter Q was determined by

calculating the mean square radius of a d nucleon and equating this

1/3

to the radius given by the 1.43 x A formula (14). A table of the

numerical values for the Iy used is given in Appendix III.
Theoretical Spectra

The theoretical spectra obtained by the methods described

ibove are exhibited in Figures 24 and 25. 'The zero of the energy

1
scale is taken as the energy of the O . nucleus «ith two neutrons

1
at infinity. Binding one of the two neutrons to the O core gives

17 NP C s
O and one neutron at infinity. Binding both necutrons to the O
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core gives O without any interaction between the two neutrons.

Including the n-n interaction gives the theoretical level structure of

18
O and the position of the ground state can be compared with the

17
experimental position. Knowing the O (d,p)O ground state Q and
the binding energy of the deuteron, the experimental ground state of

18 1
O can be positioned relative to the ground state of O 7.



CHAPTER VI
CONCLUSIONS
Experimental Conclusions

The first work on the level structure of O was done by
Ahnlund (7), who measured the ground and first excited state Q values
.by the reaction 017(d,p)018. Her spectrum shows that the region
from the ground state to the first excited state contains no groups

of intensity greater than about 10 percent of the intensity of the ground

state protons. Holmgren et al. (8), by the same reaction, report a Q

value for the first excited state which is in agreement with that quoted
by Ahnlund. They also report a level at an excitation energy of 2.445
Mev.

The present work has verified the existence of the first ex-
cited state which was seen both by inelastic deuteron scattering on
018 and by deuteron stripping on O1 . A second excited state was
found at an excitation energy of 3.55 Mev. Between the first and
second excited states, the deuteron spectrum shows no groups of in-
tensity greater than 3 percent of the intensity of the deuterons from
the first excited state. The region of the reported 2.445 Mev level
was also examined by means of the 30° proton spectrum. No group
of intensity greater than 20 percent of the intensity of the prouians
from the first excited state was observed. The 90° deuteron spec-
trum shows no groups of intensity greater than 3 percent of the inten-

J

18
sity of the elastic scattered deuterons from O i the excitation re-

gion from 1 00 to 1.95 Mev.

531
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Preliminary results by Jarmie (30) from the reaction
Flg(‘c,d\)O18 indicate excited states in O18 with excitation ener-
gies 1.96 Mev, 3.57 Mev, and several higher energies. The an-
gular distribution of the pickup reaction Flg(n,d)018 to the ground
state of 018 has been measured by Ribe (31), and is consistent with

a value of J = 0 for the ground state. Direct measurement of J =

0 for the ground state has been reported by Miller et al. (32).

In conclusion, the positive results to date demonstrate the
18
existence of excited states in O at the excitation energies 1.986 =
0.014 Mev and 3.550 £ 0.010 Mev. These are the only strong levels

in the excitation region from 0 to 3.55 Mev.
Theoretical Conclusions

Reference at this point must be made to the jj coupling level
schemes shown in Figures 24 and 25, together with the structure
predicted by Elliott and Flowers (16). The experimental levels are
shown on the far right of each figure with levels measured by more
than one observer drawn with solid lines and those measured by
only one observer represented by dashed lines.

The level schemes calculated by means of a Wigner Gaussian
interaction and Wigner Yukawa interaction are remarkably similar
except for a crossing of the J = 2 level of the ( Sy, d7, ) term
and the J = 3 level of the ( d%/,z ds,, ) term. The effect of a change
in the nuclear radius and a change of the range of the nuclear force
on the ( ds'/z )‘2 term has been investigated by Redlich (14) for the
Gaussian interaction. A decrease in the nuclear radius increascs
the level spacing and the binding energy. Decreasing the range of
spacing and decreases the binding

the force increases the level

energy.
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Including half space exchange into the central part of the po-
tential has the general effect of shifting the entire spectrum in the
direction of less binding. Addition of the tensor force without ex-
change gives less binding by about half an Mev. The only case which
gives complete disagreement with the experimental binding is the one
including a tensor force with space exchange. Here the binding is too
low by three Mev and the J = 0 and J = 2 levels of the ( dg/a )Z term
are inverted. The effect of the tensor force without exchange is to
bring these two levels closer together.

Comparison of the jj coupling levels with the experimental
levels demonstrates the failure of the approximation. The only pre-
dictions made by the theory that agree with experiment are that an
approximately correct binding energy is obtained and that a spacing
of two Mev or more should occur between the ground and first ex-
cited states.

The calculation of Elliott and Flowers (16), which includes
configuration interaction in intermediate coupling, is in better agree-
ment with experiment. The largest VC given on their curve for the
two nucleon levels was chosen in order to fit the experimental levels
as closely as possible. They show that the correct binding energy
is obtained with Vc = 44.5 Mev. OSince the dependence of the binding
energy on '\/C is not quoted, the ground state has been arbitrarily
placed in Figure 25 at the position of the experimental ground state.
It is evident, however, that a still larger spacing is nceded between
the J = 2 and J = 4 levels than given by Elliott and Flowers.

The cross sections of the proton groups from the first and

second excited states as found in the present work by the reactions

17 18

O (d,p)O, are of comparable magnitude. The higher J = 0 level

2
' 2
in the work of Ellioit and Flowers arises mainly from the ( ‘SVZ)

7 .
term. Since the ground state of O consists of a dS/Z neutron
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16 2
outside the O core, stripping cannot take place to a pure | S\/a)

state in 018. The stripping cross section to this J = 0 level can
only be due to admixture of other states and therefore is expected

to be smaller by an order of magnitude than stripping to states made
up of d nucleons. If the first excited state is the J = 2 or J = ¢
level of the (d‘:’/a )2 term, it seems unlikely that the 3.55 Mev level
is the { SI/?. )Z J = 0 state.

This indicates that the higher J = 0 level probably lies above
instead of below the J = 4 state, contrary to the prediction made by
Elliott and Flowers. It is possible that still more configurations
must be considered. Until a calculation including tensor force con-
figuration interaction in intermediate coupling has been made, it does
not seem likely that tensor forces can be ruled out.

The necessity for determination of the spins and parities of
the excited states is obvious. Without this information, it is difficult
to draw any conclusions concerning the potentials and exchange mix-
tures. It is possible that levels arising from core excitation may
appear at fairly low excitation energies as is the case in 017. This

points out the futility of fitting the theoretical spectrum to the experi-

mental spectrum until more information about each state is obtained.
Future Work

The identification of the proton groups from the reactions

17 18
O (d,p)O] has demonstrated that it is possible to obtain angular

1y

distributions for these reactions with the present target and equip-

ment. Angular distribution and identification of the higher excited

states seen by Jarmie (30) can probably only be accomplished with
17 ,

more enrichment in O because of the large number of contaminant

levels in the lower energy region.
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18
Inelastic alpha particle scattering on O can also provide

information on the excited states. Lane and Thomas (33) have sug-
gested that this reaction may take place at the nuclear surface. The
angular distributions are given in terms of Bessel functions jl, where
the order 1 depends on the angular momentum transfer taking place
in the reaction. Since the ground state of O18 has J = 0, the

18 18%*
O (,a")O angular distributions should give a measure of the J

18
values for some of the excited states of O .
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THE TRANSFORMATIONS (19)
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TABLE III

THE DIAGONAL T = 1 TENSOR FORCE MATRIX ELEMENTS

UljznﬁlfnjzlSlz|j1jznﬁlrn'2)
Coefficients of

oLy 0 nﬂl n, 2 ”ﬁz . . .

1 2 3
0 2 5/2 5/2 0 2 s/2 3/2 1/5 0 -1/5
0 2 s5/2 5/2 0 2 s5/2 1/2 1/5 0 ~1/5
0 2 s5/2 5/2 0 2 5/2 -1/2 1/5 _2/1 1/5
0 2 s/2 5/2 0 2 5/2 -3/2 1/5 -4/7 3/5
0 2 5/2 5/2 0 2  s5/2 -5/2 3/5 -8/7 1
0 2 s5/2 3/2 0 > s/2 1/2 1/5 -18/35 13/25
0 2 s5/2 3/2 0 > s/2 -1/2 1/5 -48/175  3/25
0 2 s5/2 3/2 0 >  s5/2 -3/2 3/5 -24/35 19/25
0 2 s5/2 1/2 0 >  5/2 -1/2 3/5 -68/70 19/25
0 2 5/2 5/2 0 2 3/2 3/2 1/20 0 21/20
0 > s5/2 s5/2 0o 2 3/2 1/2 -9/20 0 9/20
0 2 s5/2 5/2 0 2 3/2 -1/2 -3/20 3/7 ~9/20
0 2 5/2 5/2 0 2 3/2 -3/2 -17/20 11/7 27/20
0 2 5/2 3/2 0 2 3/2 3/2 -1/4 0 1/4
0 2 s5/2 3/2 0 > 3/2 1/2 9/100 12/35 -57/100
0 2 s/z2 1/2 0 > 3/2 3/2 -31/100 9/70  13/100
0 2 5/2 3/2 0 2 3/2 -1/2 -81/100 27/35 -27/100
0 2 5/2 -1/2 0 > 3/2 3/2 -31/100 29/70 -27/100
0 2 s/2 1/2 0 2 3/2 1/2 -3/20 9/14  -3/4
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TABLE III--Continued

Coefficients of

iy m  n, 1 i, m,
! 1 2 z z 2 I 1 I,
5/2 5/2 1 0 1/2 1/2 -1/4 3/14  -1/4
5/2 5/2 1 0o 1/2 -1/2 1/4 -3/14  1/4
5/2 3/2 1 o 1/2 1/2 -3/20 9/70  -3/20
3/2 3/2 1 0 1/2 1/2 21/40 -9/20 21/40
3/2 3/2 1 0 1/2 -1/2 -21/40 9/20 -21/40
3/2 1/2 1 0o 1/2 1/2 7/40 -3/20 7/40




APPENDIX II

SLATER PARAMETERS IN TERMS OF TALMI
RADIAL INTEGRALS (12,

15, 20)
Two p nucleons:
-5 Vo
P (lor k) + 31,
2 _ 25
F2 =2 ([ +1,) -2,
Two d nucleons:
o 63 LT 7 5 249
ISF ~ 0 {ID _Lu) +—‘?(I‘413) + = Il
21 p2 =3 (141 -5 (I +1,) -4
49 [L 7 2\t ¢ -2
35 H 3+ - - q -
,;I’L” F 16(10+LH) _747(1'+13) 4;11
One d and one s nucleon:
Yo LU SN A Y A N
F —32 Iv +\Ll—' +L,,'—'L* ‘l"_l:,*.;—?_lt'
L= 25 £ - Des - 174 ¢
> —_311”—2%.1,*H‘a%LZ_?-,l%_"'_;‘j“#



APPENDIX III

NUMERICAL VALUES FOR THE I; USED FOR
D = 0.499 x 1013
13 Coefficients x(-1)(Mev) of:
Potential roxlo Vo(Mev)
I 1
0 1 2 I3 I4
Gaussian . . 1.50 -70.8 7.28 1.59 0.35 - 0.076 0.017
Yukawa . . . 1.33 -54.0 6.53 1.73 0.73 0.33 0.18
Yukawa . . . 1.00 -93.0 6.32 1.12 0.46 0.14 0.05
Yukawa . . . 1.35 -25.1 3.14 0.85 0.36 0.17 0.09
Yukawa . . . 1.38 -44.8 5.02 1.66 0.70 0.33 0.18
Yukawa . . . 1.105 -44.6 3.70 0.73 0.31 0.11 0.02

The constants for the Gaussian potential are those used by

Redlich (14)

The Yukawa constants are those given by Sachs (29).

Note that since the Ig(r) are integrals on the relative coordinate r,

they are l,q( 9/2 ).
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