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ABSTRACT

A technique has been developed for preparing N15 targets
which are satisfactory for the study of protons elastically scat-

tered from le. Three excitation curves and nineteen angular

distributions have been measured for N1 5(pp)N15 in the incident
proton energy range from 600 to 1800 kev. These data have been
analyzed and are consistent with the following excited states in
016: an s-wave J = 0 state near 710 kev; a d-wave J = 2~ state
near 898 kev; an s-wave J = 1~ state near 1028 kev; a d-wave

J = 37 state near 1210 kev; and a p-wave J = 1t state near 1640

kev,
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I. INTRODUCTION

A detailed investigation of nuclear properties and charac-
teristics has been in progress for maﬁy years, It is now generally
agreed that nuclear energy levels or excited states exist and that
each energy level may be characterized by specifying certain quan-
tities s‘uch as the excitation energy, decay times for the various
modes of decay, total angular momentum, parity, and isotopic
spin admixtures. The systematic search for such energy levels,
with the Srubsequent determination of their nuclear parameters, is
an important field of nuclear experimentation since this type of
information should be useful in acquiring further understanding of
nuclear forces and nuclear structure,

The research reported herein is a part of this systematic
search for and classification of nuclear energy 1e§éls, being con-
cerned with the excited states of O16 which can be formed by com-
bining the N15 nucleus with protons in the energy range of 600 to
1800 kev (corresponding to an O16 excitation energy range of 12, 67
to 13,80 Mev). Once formed, such states may, considering only
mass-energy. conservation, break up in four different ways (ex-

cluding prompt beta processes):

—"le + P Q=0
12
N15 . Paolé*—-—-_‘c + ag Q = 4.96 Mev
—‘Clz* + ay Q = 0,53 Mev
Lol 04 Q = 12,11 Mev

*
The symbol O16 here represents any of a number of excited states
16

in O"". This decay scheme is often simplified since many states

"do not break up in all four ways., An added complication, though,
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is that the le(pf]’)o16 reaction can, in principle, leave the‘O16
nucleus in any one of its excited states lower than the one in ques-
tion (to be followed, of course, by a subsequent radiation emis-
‘sion).

At the time the present research was initiated, consider-
able information about this particular region of excitation in 016
was available (see pages 134-138 of reference 1 for a complete
summary and further references), Studies had been made of the
ao-particles, .the o,l-particles, the 4,43~-Mev gamma rays from

Clz following the ay emission, and the capture gamma rays leav-

16 in its ground state. These studies had disclosed excited

ing O
states at incident proton energies of 898, 1050, 1210 and 1640 kev.
In addition excited states were known to exist at 340 and 430 kev.
These energies are below the range studied in the present work,
and no further mention will be made of these states,
The‘898-kev state had been shown to decay by al—i)articles.
Decay by either o.o-particles or the ground state gamma ray tran-
'sition had been investigated and not observed., The angular cor-
relation between the al-particles and the 4,43-Mev gamma rays
from Clz had been measured as had also the separate ay and
gamma ray angular distributions. All of this experimentai evi-
dence was consistent with d-wave proton formation of a J = 2™ state,
The 1050-kev state had been shown to decay by both kinds
of a-particle;s and by a 13-Mev gamma ray transition to the ground
16

state of O"°, The large radiative width for the gamma ray reac-

tion indicated an electric dipole transition, thereby implying a
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J = 1 state, Isotropy of the 13-Mev gamma rays suggested for-
mation by s-wave protons, which could combine with the J = 3
N'® nucleus to form J = 17, The assignment J = 1~ was also con-
sistent with the fact that ao-particle break-up requires spin-
parity to be even-even or odd-odd, because of angular momentum

conservation (using J = ot for the ground state of C12

). However,
it would be interesting to know with more certainfy if there is but
one excited state responsible for these three modes of decay.
Electric dipole radiation would be forbidden (2) if the 1050-kev
state had isotopic spin equal to zero (T = 0) and o-particle decay
would be forbidden if T = 1, Hence, either two states exist or
there is an admixture of T = 0 and T = 1 in the same state.

Both kinds of a-particles were shown to result from the
1210-kev state, the ad-particles making an even-even or odd-odd
assignment again necessary, The grqu.nd state gamma ray tran-
sition had been investigated and was not found. Separate angular
distributions of the oy -particles and the 4, 43-Mev gamma rays
from C]'2 appeared to require .J = 4t or greater., Such an assign-
ment was not entirely satisfactory, however, because it required
the state to be formed by at least f~wave protons. The single
particle limit of the partial proton width for such a state is about
0.006 of the observed total width of 22,5 kev., By means of the
Breit-Wigner single level formula, this places an upper limit of
0.4 barns on the reaction cross section. Since the measured
reaction cross section was about 0,7 barns (3,4,5), the formation

of aJ = 4 state by f-wave protons was questionable,
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A unique assignment had not been established for the 1640-
kev state, Investigation of this state had shown it to decay by ay-
particles but ao-particles and the ground state gamma transition
had not béen observed, Angular distributions of the 4, 43-Mev
gamma rays from C12 had been measured and were consistent

+ or 2.

with either J = 1

Therefore, of the four excited states in 016 that were known
to exist in the energy region of interest, only the one at 898 kev
had a unique assignment that was consistent with all of the avail-
able experimental evidence. None of the earlier studies in this
region of excitation had included measurements of the protons
elastically scattered from N15 because of the difficulty in pre-
paring satisfactory targets for this experiment, In view of the
desirability for additiqnal information which might pfoduce more
definite as signments for the excited states discussed above, fur-
ther investigation of this target problem seemed worthwhile, |

A study of the elastic scattering of charged particles from
nuclei in general reveals more information about the nucleus than
other nuclear interactions, This is because the elastic scatteriﬁg
process depends on both the Coulomb a‘mplitudle (Rutherford scat-
tering) and the nuciear amplitude, Interference between these
two amplitudes enables the comparison of both the phase and mag-
nitude of the nuclear amplitude with that of the Coulomb amplitude.
Because these interference terms are proportional to the first
power and not the square of the nuclear amplitude, scattering is

a very sensitive tool,
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The formal theory of scattering has been given by Bethe (6).
The general approach of this theory is to describe the gffects of the
nuclear interaction in terms of severa;l nuclear parameters, such
as phase shifts, partial widths, and spins, The wave functions of
the incident and scattered particles are written in terms of spheri-
cal harmonic;s and in this way phase shifts are associated with dif-
ferent values of orbital angular momentum for the incident and
scattered particles, Calculaj:ion of the flux of scattered particles
provides é,n expression for the differential cross section involving
the incident energy, the scattering angle and the nuclear param-
eters, The energy and angle dependence and the absolute value of
the measured cross section are then used to evaluate the unknown
nuclear quantities. A more detailed discussion of this evaluation
process is given in a later section,

Of importance for the present is the fact that analysis of
the scattering data will provide much information about compound
nuclear states. The excitation energy, spin, parity, total width,
and proton partial width of a state can frequently be uniquely de-
termined in this mamner, Information about the nature of the
non-resonant scattering may also be obtained. And in the case of
NlS(pp)N1 5, a study of any J = 0~ states in this region of excita-
tion could be made. Such states can decay neither by alpha parti-
cles nor through the ground state gamma ray transition because
of angular momentum conservation and hence would not have been

observed in the previous investigations,
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It was with this motivation that the research reported herein
was initiated. The primary objective was to develop N]'5 targets
satisfactory for the elastic scattering experiment and to then per-
form this experiment, deducing from the results as much as pos-

16

sible about the various nuclear parameters of O™ ",
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II. PREPARATION OF NITROGEN TARGETS
l. General discussion of elastic scattering targets,

A target satisfactory for an elastic scattering experiment
should meet two requirements: (1) it should not deteriorate rapidly
under bombardment by reasonable proton beams (about 0, 5 micro-
ampere per mmz) and (2) it should contain relatively few atoms of
substances with atomic weights greater than the nuclei from which
the scattering is to be studied, The demand for reasonable target
stability is obvious, so the second r’equirenient will now be dis-
cussed,

An incident particle with energy E, and mass M, which is
elastically scattered through a laboratory angle QL from a target
nucleus of mass MO has energy E2 which can be calculated accord-

ino to classical kinematics:

M Cb5€L + M:.C"szel. Mo~M,

E.‘L = El {M0+M| - (M{."Mg)t.*. MO'/'Ml (1)

This expression for E, is double-valued only if Mo.é. M. IEMPM,,
then only the positive sign is to be taken, For the case M0> M,

the partial derivative of E, with respect to M, is shown in Appendix
I, Part 1, to be always greater‘than zero, Therefore, for a given
incident energf and scattering angle, E, from a heavy nucleus is
larger than E, from a light nucleus. If the target is thick and has

a large number of nuclei heavier than the one under investigation,
the incident beam of particles loses energy in passing beneath the
target surface, allowing scattering to take place at energies small-

er than the incident energy., This permits an incident particle to be
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scattered from a heavy nucleus beneath the target surface and then
to emerge from the target with energy and direction identical to
that of a particle scattered from a lighter nucleus on the surface,
Particle detection equipment cannot differentiate between the par-
ticles from the two types of scattering, resulting in an unavoidable
yet significant background if heavier nuclei are present in large
numbers in an elastic scattering target.

Inrgeneral, the problem posed by the heavy nuclei mé,y be
solved in two ways. One may either prepare a target completely
free of heavy material, or one may confine the heavier nuclei to
a thin layer, The thin layer, moreover, may be either an unsup-
ported foil or may be supported on a thick backing of lighter nuclei.
The choice of technique depends on the particular situation. In
the case of the present work, the objective was the preparation of
Nl*5 targets for a study of the elastic scattering of protons with
incident energies less than 1800 kev and for scattering angles at
least as small as 90°,

2, General discussion of N15 targets.

The study (7, 8, 9, 10) of the elastic scattering of protons
from N14 has shown that nitrogen gas, beryllium nitride, boron
nitride, and adenine (C 5H5N5) are reasonably satisfactory ﬁtro—
gen target materials, that frozen ammonia and melamine (C3H6N6)
are of some value but not entirely satisfactory, and that lithium
nitride is of no value at all, This information served as the start-
ing point for preparing le targets,

The natural abundance of N]‘5 is 0, 380/0, so considerable
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enrichment is necessary in order to make a practical target. At
the time this research began*, the only commercially available en-
riched N15 was prepared by the *Eastrr;an Kodak Company, the max-
imum enrichment being about 60%0, Itwas available in several
chemical compounds and could, of course, have been converted
into almost any other compound desired. A possible method of
N15 target preparation would have been to make beryllium nitride,
for instance, in which 60%0 of the nitrogen was N15.

~Th§re are difficulties involved with this approach, however.
For scattering angles of 100° or smaller, the over-all energy reso-
lution of the experimental apparatus availa,blé is not good enough
to completely resolve protons scattered by le from those scat-
tered by N14. It is possible in principle to subtract out the effect
of the N14, but this process depends upon accurate knowledge of
density fluctuations of the nitrogen since N15 nuclei responsible
for scattered particles of energy E2 lie slightly deeper in the tar-
get than the N]‘4 nuclei responsible for particles of the same energy.
An illustration of the possible magnitude of this density problem is
given in figure 1 which is a momentum profile of the elastically
scattered protons from a clean beryllium disk that had been heated
to about 900° C in the presence of anhydrous ammonia, The nat-
ural le abundance was presenf in this ammonia, A mixtur/e of
60%o0 N15 in a target such as this would provide a momentum pro-
file which would be exceedingly difficult to interpret. A secondary

problem, more or less accidental in origin, is that both N14 and

*Two years later (1956) the Isomet Corporatlon of Palisades Park,
New Jersey, put on sale 95%0 enriched N
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N15 exhibit energy levels excited by protons of about 1050 kev energy.
To subtract out these effects correctly would also be difficult,

15 would a\}oid the

Use of a gas target enriched to 60%0 in N
problem of density fluctuations, but other difficulties made this
solution unattractive. A gas target could be either a differentially
pumped chamber or a closed cell with a thin foil through which the
beam enters., In the gas cell arrangement, the straggling o f the
incident beam resulting from its passing through the foil unavoid-
ably introduces rather poor energy resolution for the experiment,
Use of a differentially pumped chamber overcomes the loss of reso-
lution, but nitrogen enriched in N15 is sufficiently expensive to make
advisable a reclaiming system for the gas pumped out of the cham-
ber, This gas would be contaminated by normal outgassing and
incidental leaks. A filtering systém ¢ould remove most contami-

. nants, but the N14 added in this way would be inseparable, Know-

ledge of the ratio of N14 to N15 would be necessary at all times,
and determining this ratio would require fairly complicated appar-
atus, Since none of this equipment (i. e, the differentially pumped
chamber, the gas reclamation and purification system, and the iso-
tope ratio measuring device) existed in the laboratory at the time,
it was decided to restrict research to solid targets. ‘

A further motivation to prepare more highly enriched N15
targets lay in the fact that such targets could be used in other ex-
perimernts, At the time, the N15(dp)N‘16* reaction had been done
with 60%o enri;:hed N15 targets, and proton groups from N"M(dp)le*

were complicating the interpretation. Moreover, the techniques
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developed for the le targets might well apply to preparing targets
of other elements,

Therefore, after investigating the known methods for iso-
tope enrichment, it was decided that the most feasible approach was
by means of an electromagnetic isotope separator, This method
affords relatively high enrichment in one step, and there is no dif-
ficulty associated with producing enough of the separated isotope
to be useful in a nuclear physics experiment,

3« The isotope separator

An isotope separator has five main components: the ion
source, the focusing and accelerating system, the mass analyzer,
the collection chamber and the vacuum pumps, The components of
the isotope separator to be described here are in some cases not
of the optimum design, having been used for the sake of expediency
since they were readily available or easily built, Suggestions for
improvement will be made,

The ion source used was of the general type described by
Thoneman et al, (11) and is illustrated in figure 2, A radio-frequency
field of about 40 megacycles ionizes the gas in a pyrex vessel, and
the ions are then extracted by a D.C. potential of 3000-4000 volts
applied between a tungsten probe sealed in the top of the pyrex and
the aluminum canal at the bottom, A coil provides a D, C. axial
magnetic field of about 200 gauss near the canal, The available
R-F power was estimated to be 400 watts, but no measurements

of the power actually dissipated in the gas were ever attempted,
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The gas flow to the ion source was controlled by a needle
valve, Type 24-101A, manufactured by the Consolidated Engineer-
ing Company of Pasadena, California, A gas-tight enclosing jacket
and worm-gear reduction assembly modified the needle valve for
this particular application, While the isotope separator was in
operation, the needle valve was at a D,C. potential of approxi-
mately 20 kilovolts, so adjustments in the gas flow were made by
means of a lucite control rod that operated the worm-gear reduc-
tion assembly,

Obviously the versatility of the isotope separator was lim-
ited by the use of this type of ion source, If a metal were vapor-
ized to provide gas for the discharge, some of the metal would
condense on the walls of the pyrex vessel, thereby shielding the
discharge from the external R-F field, From the point of view
of':N15 targets, this problem does not arise, and R-F ion sources
actually have some very favorable features. They are quite stable
and will operate for hours with no adjustment, This feature is
of particular importance in an isotope separator, as is also the
fact that R-F sources are economical in the use of gas, In addi-
tion, inherent simplicity of construction reduces the maintenance
problem to a minumum and virtually eliminates leaks through the
ion source housing from the surrounding atmosphere, Very in-
tense beams are also possible; although this feature was never
stressed in the present work, 0, 8. milliamperes of hydrogen cur-
rent was focused in a spot 5/16" in diameter at a distance of 14"

from the ion source canal, the diameter of which was 0,060",
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*Several gases have been used to provide ions, In addition
to hydrogen, successful operation has been obtained with helium,
nitrogen, oxygen, ammonia, neon, argon, and air, Complete quan-
titative measures were not made, but the trend is toward smaller
maximum output for the heavier ions, the maximum neon current
being about 0.2 milliamperes, A significant characteristic of the
ion source was observed in connection with these various gases,
Although reasonably efficient in the production of atomic hydrogen
ions (approximately 60%0 mass 1, 25% mass 2, and 15% mass 3),
this particular ion source produced only about 10%o of the total
current as atomic nitrogen or oxygen, almost all of the rest being
the two-atom molecular ion, This effect is probably a result of
higher dissociation energies for N, and O2 and lower ion mobility
for these heavier ions, Table I lists ionization potentials and dis-

sociation energies for some of these gases,

TABLE 1
Gas Dissociation Energy  First Ionization Potential
(ev) ‘ (ev)
- e 13, 53
HZ 4,78 15,6
N _——— 14,48
NZ 7. 38 15,51
o - 13,55
OZ 5,08 12,5

NH3 _-——== 1152
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Whgn the source was operated on NH,, the ion beams N+,
NH', NH;, NHj, and NH were all produced, In general, an iso-
tope separator ion source should prodﬁce predominately one kind
of ion from a given gas, for the sake of efficiency, and there is
less difficulty in getting good separation from the adjacent masses
if this ion is light. In view of these requirements, an R-F ion
source is probably not the most desirable type for a multipurpose
isotope separator. However its favorable features would appear
to make if valuable for special applications,

The focusing and accelerating system of the isotope sepa-
rator being described is illustrated in figure 2., A cylindrical
electrode 1" in diameter was machined with a truncated cone at
the top. The hole in the top was 5/16" in diameter. The top of
the electrode was 5/32" from the bottom of the ion source canal
which also opened out to 5/16'" diameter, Microy supports insu-
lated the electrode from the ion source. The focusing voltage
was supplied by a Model PS-30 power supply manufactured by the
Condenser Products Company of New Haven, Connecticut, This
power supply is rated for 1% ripple at 1,0 milliampere and 30
kilovolts and was operated with a variac to provide variable voltage,

Since only this single electrode was used, the final énergy
of the ion beam was determined by the focusing requirements
rather than by optimizing the collection of the separated isotope.
In addition, a small change of focus was accompanied by a change
of energy sufficient to move the ion beam from one spot on the

collector to another, unless the analyzing magnet was changed
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simultaneously, Use of several accelerating electrodes would pro-
vide both better focusing and the ability to vary the beam energy
over a much larger range than was possible with this apparatus,

It would be desirable to be able to vary the beam energy
over a large range. Operation at 3 to 5 kev enables the preparation
of very thin targets of a particular isotope. Targets approximately
one-half kev thick to one Mev protons can be produced at this
energy, and the target thickness instead of the particle spectrom-
“eter would then determine the energy resolution, If, for example,
one wished to make a detailed study of the elastic scattering of
protons from C13 near the N14 energy level that is excited by
‘1747—kev protons incident on C13, the only way to avoid making
resolution corrections (12) of really large proportions, using the
best particle spectrometers available today, is to use a very thin
tafget. This level has a total width less than 0,4 kev (13}, and
the best spectrometer energy resolution, defined as E/AE, avail-
able is about 500, making AE 3 kew With this resolution, the size
of the observed anomaly due to this resonance would be reduced
by at least a factor of 2 or 3 from the size theoretically predicted
(see figure 6, reference 10), A less extreme but still important

example is the scattering anomaly due to the energy level in O]L5

which is excited by 1737-kev protons on N14. The size of the anom-
aly at a scattering angle of 160° reported in reference 10 is 1,6

times that shown in reference 8. All of this difference has been

attributed to resolution effects,
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Limitations on the minimum practical operating voltage for
an isotope separator exist, however, ’One such limitation may be
seen by considering the path of a charged particle through a mag-
netic fielde The non-relativistic expression relating the accelerat-
ing voltage V, the radius of curvature of the equilibrium orbit r
(the equilibrium orbit is of significance in the case of non-uniform
field analyzing magnets), the ion charge Ze and mass M, and the

magnetic field at the equilibrium orbit B, is

o ‘
VM =ZevB, (2)
From equation 2 result directly

AV _ 4 A%
N/ — BEV2S (3a)
V=4

——M AY‘\E (3b)

i

A
M
AV

vV~ AWM‘ e

__QABB = - AY“G (3d)
‘ o
0

Equations 3a and 3c imply a lower limit for the operating voltage in

terms of the total voltage spread, the masses to be separated, the
radius of curvature, and the distance desired on the collector be-
tween the separated isotopes. For example, if AVZe were 0,15
kev and VZe were 3 kev, the isotope separator would not complete’

separate the ions (N14N1 5)+ and (NISN1 5).lﬁ. If AV is considered
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fixed, a larger minimum value of V is required,

Another factor of considerab.lelimportance in establishing
the lower limit for the operating voltage is space charge spreading
of the beam. This effect increases as the transit time and intensity
of the beam increase. As an example of the magnitudes involved,
consider a beam of rectangular cross section 0,5 cm high and of
srhall width with an energy of 20 Kev and an intensity of 250 micro-
amperes, If this beam is composed of single-charged parf.icles,
the mass of which is 50 atomic mass units, it will be 0,85 cm high
after traveling 65 cm if there are no compensating mechanisms
(14, 15) tending to neutralize the charge of the beam,

An alternative solutioﬁ for achieving the low beam energies
sometimes desirable is to devise the collection chamber so that
the ion beam may be electrostatically decelerated immediately
before the ions strike the collector. The advantages of operating
the isotope separator at moderately high voltages are then re-
tained, but this technique requires a much more complex collec-
tion chamber. The insulation of the collection chamber must be
capable of withstanding many kilovolts, the charge of the ion beam
striking the collector must be metered and accurately integrated
while the collector is many kilovolts above ground potential; sig-
nals from the ion beam when it shifts position slightly must be
relayed to ground potential for feed-back regulation of the accel-
eration voltage, and so forth,

Yet another technique for preparing very thin targets is

possible, in addition to actually creating a low-energy beams,
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When the incident ion beam strikes the collector surface normally,
a target of thickness designated by t is produced. However, if the
target is turned so that the normal to the target surface is at an
angle a with respect to the beam axis, the ion beam penetrates
only a distance t cos a beneath the target surface. This method
provides a target of thickness t cos a if it then is studied with

the incident proton beam striking the surface normally, Small
angle scattering of the ion beam puts a practical limit to the size
of the angle a feasible, and care must be exercised to prevent

this scattered beam from striking surfaces not connected elec-
trically to the target because of the secondary electron emission
problem, However, N15 targets approximately one-third "normal"
thickness have been produced using this technique, and it is rea-
sonable to assume that at least this factor of three would be appli-
cable to most types of targets.

As a general rule, high voltages are desirable for the pro-
duction of relatively thick targets of materials which have high
(10-4 mm or greater) vapor pressﬁres at room temperature, In
such cases, the only known practical way to collect the isotope
after separation is by occlusion in or chemical combination with
a substance which does not have high vapor pressure, Neon, for
instance, was driven into a tungsten plate at an energy of 20 kev
during the course of this work and was observed to stay for sev-
eral weeks. An example of chemical combination is the case of
nitrogen collected in beryllium, to be discussed in detail later,

The maximum thickness of backing material in which the separated
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nuclei can occur is the range of the incident ion beam in the backing
material, The work of Evans et al. (16) indicates that the stopping
cross section for heavy ions in this low energy region is very
nearly a constant, making the ion range proportional to its energy.
In the cases of both occlusion and chemical binding, the ratio of
separated nuclei to backing nuclei per unit volume has a maximum
value., The only way to increase the total number of separated
nuclei in the target is to increase the volume of backing material
exposed to the ion beam,
‘ One way to do this is to go deeper into the collector with a
beam of higher energy. A second technique which will accomplish
the same result, at least in principle, is the slow evaporation of
the backing material at the same time the beam is collected, con-
tinuously exposing newly evaporated atoms to the incident ion beam,
Such a technique, incidentally, has the advantage that the number
of separated nuclei in the target (i. e. the target thickness) is un-
limited, A possible disadvantage is that the rate of evaporation
would have to be controlled to an extreme degree if the finished
target is to be uniform in the density of the separated nuclei, But
regardless of what technique is employed, it is obvious that an iso-
tope separator becomes more useful as the range of availal;le
target thicknesses increases,

As an example to give an idea of the voltages necessary
to produce a target of a given thickness, the N14 atom at an energy
of 10 kev has a range in beryllium about equal to the distance in

which one Mev protons would lose 1. 5 kev. But it should be noted
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that while the range of a heavy ion of low energy in a given material
is about proportional to its energy, this constarit of proportionality
in turn depends upon the type of ion and type of material, Only ap-
proximate estimates are available for most combinations of ions
and backing substances,

A 90° uniform-field 12'" radius magnet is used as the mass
analyzer for the isotope separator being described., This magnet
had been built for another purpose and was not particularly suited
to this application since the pole pieces were only 13/32" apart and
1'"" wides, Three six-volt automobile batteries in series provided,
with a rheostat, a stable, variable current supply for the magnet
which required about 3.0 amperes to bend 20 kev (N15N15)+ ions,

- A potentiometer and shunt arrangement was used to measure accu-
raf.ely the magnet current fluctuations, but hysteresis effects are
large enough to make necessary a flux measuring instrument, Be-
cause of the lack of a fluxmeter and the inability to alter the accel-
erating voltage without changing the focus (and therefore change
the ion current), a precisé measure of the separating power of this
particular apparatus was difficult to obtain, An indication of this
quantity may be obtained from figure 3, which is a plot of the jon
current collected on a 1/8" high target with the accelerating voltage
fixed as the magnet current was increased. The ion source was
being supplied with a mixture of nitrogen, hydrogen, and ammonia
in an effort to get measurable currents of integral mass numbers
near mass-30, This attempt was not entirely successful, The

loss of resolution from the finite width of the collector can be



-21-
estimated from the quantity Al noted in figure 3, This quantity is
the change in magnet current required to move ions with a given
initial energy and direction from the b;)ttom of the 1/8" high col-
lector to the top. The quantity AI is calculated from equation 3d
and the additional assumption that the magnetic field is proportional
to the magnet current, The total width at 5%o0 of the maximum
ordinate associated with each mass is approximately twice Al
This extra width is due predominately to voltage ripple in the ac-
celerating power supply, energy spread of the beam as it leaves
the ion source, and angular spread as the beam enters the magnet,
The extent of the inhomogeneities of the magnetic field from the
inner to outer radii of the pole pieces is not knoWn. The effects
from the finite width of the incoming beam disappear to first order
for a 90° magnet,

Certain features of the magnet used in the isotope sepa-
rator being described here could be improved, A larger vacuum
chamber within the magnetic field thaﬁ was available in these ex-
periments is almost a necessity so that several isoto>pes of adja-
cent mass numbers may be collected at the same time, As men-
tioned above, a flux measuring device should certainly be incor-
porated, and a larger radius of curvature would provide gréater
separating power. But beyond that, one can choose from a wide
range of types, Successful isotope separators have been built with
magnets of 60°, 90°, and 180° with uniform fields and with focus-
ing fields, No single type appears to be overwhelmingly superior,

The collection chamber of the isotope separator used in
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these experiments was rebuilt several times but was never consid-
ered to be a complete success, Because the magnet and its sup-
porting structure were of an awkward design, space was extremely
limited in the region where the beam came out of the magnet.
The most recently designed chamber was made from a 1/8" wall
brass cylinder 31! in diameter and 5" long. A section view of
this is shown in figure 4, A brass plate was soldered in one end,
and the other end was soldered to a ring that sealed on an O-ring
in the housing at the end of the magnet vacuum chamber. Ten
giass—to-metal insulated terminals were soldered in the housing
and chamber, into which were waxed two 1-3/4" diameter glass
windows, Two spring-loaded levers which were operated through
sylphon bellows and one port into which was O-ring sealed the
collector assembly were also available, The collector assembly
was electrically insulated from the collection chamber by means
of a lucite fitting, A 3/4" diameter brass rod sealed on an O-ring
in this lucite fitting and could slide back and forth in the horizontal
direction over 13", A 1/8'" hole was bored in the 3/4" rod 9/32"
off center but parallel to its axis, and a 1/8'" diameter rod was
O-ring sealed in this hole, The actual collector was fastened to
the 1/8' rod, so that by the rotation and sliding of the 3/4”’rod,
a point on the collector could be moved vertically through 9/16"
and horizontally through 13", The plane of the collector could
be adjusted to any angle by rotation of the 1/8" rod with respect
to the 3/4'" rod, It was thus possible to adjust the collector posi-

tion so that the beam deposited the desired isotope in the desired
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location. The collector assembly was insulated so that the incident
beam could be metered and the charge. integrated if desired,

In order to meter all of the charge from the incident beam,
lose none of the secondary electrons knocked out of the collector,
and gain none of the secondary electrons knocked out elsewhere
by stray beam, the target was maintained at +300 volts with re-
spect to the chamber walls and a ring was maintained at -300 volts
between the collector and the beam-size defining diaphragm, This
diaphragm was a solid disk 2" in diameter and had a 5/16'" diame-
ter hole in it, It was mounted on one of the spring-loaded levers.
Proper alignment allowed the beam to pass through the hole to
the collector, while moving the diaphragm horizontally permitted
the complete shielding of the collector from the beam. Insulation
of the diaphragm enabled metering of the charge that was collected
thére, which in turn required +300 volts on the diaphragm and -300
volts on a ring between the diaphragm and the second movable
lever, This lever supported an insulated beam catcher that was
1/8'" high and which could be moved up to intercept a section of
the beam in order to investigate its density in different regions.,
This narrow collector was run at +300 volts and a third electron
suppressor ring at -300 volts was placed between it and the magnet
vacuum chamber,

Other features of the collection chamber were high-current,
water-cooled terminals for a furnace in which beryllium was
readily evaporated, water-cooled walls near the furnace (the
furnace was 1/4" from the wall so that it didn't interfere with

the passage of the ion beam), and an ionization gauge for measuring
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the pressure. The lowest pressure achieved was 10-6 mm with the
furnace cold, and it was generally about 4 x 10-6 mm while evapo-
rating beryllium,

-Several additions and improvements have appeared desir-
able. For one, an air-lock should be provided so that the collector
assembly can be removed without bringing the entire system up to
atmospheric pressure. Another suggestion that should be investi-
gated is the introduction of a ''getter' to improve the vacuum in
the vicinity of the collector, The desirability of a better vacuum
will be discussed in the following section in which will be given de-
tailed analyses of the nitrogen targets prepared. More effective
shielding of the many electrically insulated components in the col-
lection chamber from the furnace is also necessary, Since fractions
of microamperes of beam current are to be collected on occasion,
and because the collectors are at a 300 volt potential with respect
to ground, the insulating supports should have resistance of 108
ohms or more. The fact that the vaporized atoms of some metals,
beryllium for one, do not all stick the first time they impinge on
a solid surface introduces the requirement for quite i.ntricate
shielding if evaporation is to be done in the collection chamber,
all the time maintaining the 108 ohm resistances, Moreover,
provision should be made for a pair of ""regulator electrodes' which
can be used to provide signals from a small portion of one of the
separated beams for a feedback regulation of the beam position,
These electrodes should be movable without destroying the vacuum

since regulation would be done sometimes on the isotope of interest
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and sometimes on a component several mass units lighter or
heavier., An additional need is a safety system to prevent con-
tamination in the event of a spark or momentary power failure,
And finally, the utmost care in design should be exercised, at-
tempting to construct the entire collection chamber from materials
that outgas as little as possible, In particular, the use of O-rings
should be minimized, if not eliminated, since a collection cham-
ber free from hydrocarbons is extremely important in the prep-
aration of pure targets.

The vacuum pumps, of course, are fundamentally related
to this problem. Two oil diffusion pumps were used in the appa-
ratus being described. An 8" pump connected near the ion source
and a 4" pump connected near the collection chamber, Each of
these pumps had a cold trap which was kept at dry ice tempera-
tures while targets were being made, and a large liquid air cold
trap was suspended about 16" from the collector assembly, Had
sufficient space been available, an additional liquid air cold
trap would have been installed closer to the collector, Because
of the great importance of maintaining a clean system, it would
probably be advisable in any future design to incorporate a refrig-
eration unit to provide continuously cooled traps for the pumps.

4. Nitrogen targets prepared with the isotope separator |

In the preparation of nitrogen targets for elastic scatter-
ing with the isotope separator, the two-atom molecular ion beam
was collected in either beryllium or graphite. Focusing occurred

at an accelerating voltage of about 20 kilovolts, and, as explained
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in the preceding section, operation was therefore limited to beams
of around 20 kev, Polished beryllium disks were used as collectors
in the first attempts at target preparation, These disks were cut
to be about 1/16'" thick from a 3/8' diameter beryllium rod, Car-
borundum sandpaper was used for the initial smoothing and polish-
ing, and an iron oxide polishing paper was used for the final pdlish-
ing. Despite extreme care in the polishing process, significant
traces of carbon and oxygen, presumably worked into the surface
from the polishing papers, were always present in the surface of
the beryllium, Momentum analysis of protons elastically scattered
from the beryllium provided a measure of this contamination.
Figure 5 shows a typical momentum analysis, although the data
displayed in this figure are from an N14 target made on evaporated
beryllium, Had the surface been polished, the carbon and oxygen |
peaks would have been about twice as high relative to the nitrogen.
Since complete resolution between an le peak and an O16 peak
would not be possible at smaller scattering angles (see figure 6 for
an example of several angles), minimizing the oxygen contaminai
tion on these nitrogen targets was of great importance, For this
reason, the evaporation of a beryllium backing immediately before
collection of the nitrogen was attempted.

The necessary thickness of the evaporated beryllium was
determined by the atomic weight of the material onto which the
beryllium was evaporated, As was shown in a previous section,

a heavier atom provides elastically scattered particles of a higher

energy for a given incident energy and scattering angle than does
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a lighter one. Therefore the beryllium layer had to be thick enough
to reduce the energy of the protons scattered from t1:1e backing ma-
terial so that they would be of lower eﬁer gy than the protons scat-
tered from the nitrogen in the outer surface of the beryllium,
Steel, quartz and beryllium were tried as backings for the evapo-
rated beryllium. The beryllium thickness required for steel and
quartz backings proved to be difficult to obtain, The beryllium
layer developed greater and greater internal stresses as it got
thicker. Much of the time these stresses induced the pulling away
of the beryllium from the backing and the subsequent shattering of
the foil as it continued to spring loose from the supporting material,
A second problem was due to space limitations, The collector
was about 3" from the furnace and adequate cooling was difficult,
Frequently during the long evaporations necessary, the collected
beryllium became so hot that it was oxidized by the oxygen remain-
"ing at a pressure of 4 x 10-6 mm, This oxidation process could be
followed visually as the appearance and intensification of a hazy
appearance on the collector surface, which would have been an
excellent mirror if it had been pure beryllium, This haziness
was shown to be an oxygen contamination by elastic scattering
analysis, Ewvaporation for several periods of shorter duration
than required for the heating of the collector was attempted,
but the alternate heating and cooling apparently enhanced the
internal stresses since the shattering of the beryllium became
much more pronounced,

For these reasons, polished beryllium disks were used

to collect the evaporated beryllium, The thickness of evaporated
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beryllium required in this case was just that necessary to guarantee
that the protons scattered from the surface oxygen in the polished
beryllium had less energy than the protons scattered from the nitro-
gen in the evaporated surface., Figure 5 is a momentum profile

of an N]‘4 target collected in an evaporated beryllium surface., Sig-
nificant carbon and oxygen contaminations still are apparent, Less
than half of this oxygen contamination can be traced to the beryllium
itself, but it is true that in the course of this research, elastic
scattering analyses of even freshly evaporated beryllium have never
demonstrated a beryllium surface to be completely free from oxy-
gen, Presumably oxygen captured from the atmosphere by a few

of the surface atoms of the beryllium accounts for this phenomenon,
but no convincing proof of this hypothesis was obtained,

Information about the origin of the remainder of the oxygen
contamination apparent in figure 5 was obtained, however. Figure
7 gives the results of the following experiment, After several at-
tempts that failed, a polished steel surface 13" x " had enough
beryllium evaporated on it to permit an elastic scattering analysis
of the nitrogen and oxygen content, The beryllium coated iron
was exposed, in differing locations, to different amounts of the
N14 beam from the isotope separator. The pressure in the/ col-
lection chamber, the adjustment of the ion source, and all other
observed quantities were the same for each of the different tar-
gets, which were prepared one after another, The order of prep-
aration, in terms of the microcoulombs of mass-28-beam col-

lected, was 3750, 30000, 7500, 22500, and 15000, Momentum
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analyses were then performed on the various targets, and the values
of the peaks corresponding to N14 and O16 are plotted in figure 7,
_The non-zero intercept of the O16 curvle has been discussed above,
The subsequent increase of O16 is consistent with ionization of the
beryllium surface by the incident ion beam causing this particular
area of beryllium to act as a getter for the residual oxygen, No
other reasonable mechanism for this oxygen build-up has been sug-
gested,

Also of significance in figure 7 is the apparent saturation of
the beryllium with nitrogen after collection of about 7500 micro-
coulombs of beam. A measurement of the spot into which nitrogen
was driven enabled calculation of the N14 atom density, which was
found to be about 3 x 1017 atoms per cmZ. It has been experimentally
determined that one Mev protons lose around 2,7 kev in passing
through the region in which N14 is located in targets prepared in
this fashion, Calculations using the best available estimate of the
proton stopping cross section per nitrogen atom of beryllium nitride
(17) indicate that beryllium nitride containing this quantity of nitro-
gen would cause one Mev protons to lose 3,3 kev., In view of the
facts that the charge collection system was not accurately cali-
brated, that the exact point of saturation cannot be determined from
figure 7, that an accurate measure of the area of N14 content is
difficult, and that there is no a priori guarantee that the ''sticking
probability' of an incident nitrogen atom is unity, the agreement
of these two numbers is felt to be consistent with the ‘hypothesis
that all of the nitrogen was chemically bound to the beryllium in

the form of Be3 5o Also consistent with this hypothesis is the
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observation that the nitrogen content of such targets has been ob-
served to change neither under bombardment by several microam-
peres of proton beam nor at temperatures in excess of 400° C.
Beryllium nitride is stable at temperatures in excess of 2200° C-
while an occluded gas would rapidly diffuse out at 200° C, accord-
ing to the work of Thulin (18), Moreover, by making estimates
(by interpolating and extrapolating the data of Evans et al. (16))
of the range of nitrogen ions in beryllium, the number of berjllium
atoms per »cmz that 10 kev nitrogen ions should pass before stop-
ping is 4 x 1017. Assuming 3 x 107 nitrogen atoms per ‘cmz which
are all bound as Be3N, requires 4,5 x 1017 beryllium atoms per

2

cm

14

Such N " targets have two primary disadvantages, then,

They have significant amounts of 'Clz and O16 in addition to the

Nl"4, and the exact number of N14 atoms is not known, Even so,
considerable use (10) was made of this type of target, The oxygen
contamination appeared to be too large for satisfactory N15 tar-
gets, however, As a result, graphite was investigated as a pos-
sible backing, The first technique attempted was the use of carbon
foils prepared in the way described by Seagrave (19), incorporating
the modifications of Milne (20). Each foil was glued over a‘ hole in
a piece of tantalum, and the N]‘5 was collected in the region over
the hole. A factor of two or three improvement in the ratio of

15 6

N " to O1 was achieved with this method, but the foils would not

withstand the prolonged proton bombardment required, They
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cracked, curled up, and pieces sometimes fell out, When different
foil thicknesses all displayed the same behavior, the use of 1/16"
thick graphite disks was investigated. These disks were machined
from a graphite rod and were polished in the same way as the
beryllium. In view of the grainy texture of the graphite, it pol-
ished remarkably well, appearing to the eye to be as smooth as
the beryllium. The surface oxygen problem was again present, as
can be seen from the top profile of figure 8. However, this oxy-
gen could be driven out of the graphite by heating it in vacuum to
a yellow-orange color. (This process did not remove oxygen
when attempted with beryllium,) The middle profile of figure 8
illustratés the oxygen-free graphite, The bottom profile of figure
8 illustrates the composition of a typical N15 target in a graphite
backing, As in the beryllium-backed N14 targets, O16 was picked
up during the collection of the nitrogen, But upon saturation of
the carbon with nitrogen, the N15 to 016 ratio was somewhat
better than with the beryllium backed targets. However, the
subsequent heating in a vacuum of the N1 s-containing graphite to
an estimated temperature of 500° C drove off more than half of
the O16 present with but a small effect on the N15 content, Fur-
ther heating at this temperature accomplished nothing, and in-
creasing the temperature reduced the N15 content appreciably,
This technique produced targets with four times less oxygen on
them than on the beryllium backed ones, but the saturation quan-

tity of N'° in graphite is about 1.5 x 10!7 atoms per cm? or half

of what it is in beryllium for incident 10-kev nitrogen atoms.
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As a result, there were approximately eight times as many le
atoms as O16 atoms. Such targets were usable for the elastic scat-
tering experiment, but less contamination by oxygen would have
been helpful. No further experiments on the preparation of targets
for elastic scattering have been carried out, however, since arriv-
ing at the point of making targets that were usable,

The stability of the graphite-backed N15 targets was not
as good as that of beryllium backed targets, but the loss of N15
. was small enough under bombardment by a microampere of pro-
tons so that it was quite difficult to measure, Indications are that
losses of 2 - 4%0 probably occurred during 4 - 5 hours of bombard-
ment. Occlusion of nitrogen by the carbon could not explain this
stability in view of the rapid loss of occluded gases reported by
Thulin (18). Oxygen, when accele;‘ated by the isotope separator
and collected in carbon, disappeared quite rapidly, under proton
bombardment, a behavior certainly consistent with occlusion of
either oxygen gas or a gaseous carbon-oxygen compound, That
nitrogen collected in graphite is much more stable than would be
otherwise expected leads to the suggestion that there exists a
carbon-nitrogen compound that is stable and which has a fairly
low vapor pressure at temperatures at least as high as 4006 C.
As was the case for beryllium backings, the graphite ultimately
becomes saturated with the nitrogen. Approximately one-half
as many atoms are required to saturate the graphite as were neces-
sary for the beryllium, which suggests there are two or three car-

bon atoms per nitrogen atom in the assumed carbon-nitrogen com-

pound, Chemists agree that such a compound exists, but its
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chemistry is not understood (21).

Targets containing N15 for other types of experiments have
also been prepared. Beryllium foils which were 25 kev thick to
one Mev protons produced excellent N15 targets for a study (5) of
the long range alpha particles from the reaction N15(pa0)C12.

The short range alpha particles from le(pal’y)clz have been stud-
ied (and will be discussed in greater detail in a following section of
this paper) at various energies and a;xgles with targets made by
collecting N15 in 200 microgram per crn2 aluminum leaf, The
stripping reaction N]‘S(dp)N16 has been studied (22) using N15 em-
bedded in an unsupported IOOOX nickel foil,

Attempts to prepare»le targets that have failed were gen-
erally unsuccessful because of unsatisfactory collectors, Gold
and silver leaf of about 200 micrograms per 'cmz have not proved
sai:isfactory. The metal seems to disappear from the reasonably
well defined region where the nitrogen beam is collected, ultimately
leaving a hole where the beam was most intense and then trailing
off through translucency to the opacity of the undamaged leaf.

Also, on several occasions when nickel‘foils were being used as
collectors, the foils have pulled partially away from the mqunting
frames, Approximately the same nitrogen beam current was
used for most targets prepared, and in every instance in which
the nickel foil was not in good thermal contact with its supporting
frame, essentially no nitrogen was found in the foil upon subse-
quent analysis, On the other hand, the three nickel foils that did

remain in contact with the frames each had the expected N15 content,
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Nickel nitride (Ni3NZ) is a known but uncommon chemical compound
and is supposed to decompose at a temperature of a few hundred de-
grees, Apparently in the cases where the nickel foils have not
been in good thermal contact with the supporting frames, the bom-
bardment by the nitrogen beam has raised the nickel to tempera-
tures higher than are stable for nickel nitride,

The possibility of using nickel or some other heavy material
for foils in which to collect N15 for elastic scattering targets was
investigated, and no improvement in the N15 to »016 ratio was ob-
served, An additional problem was apparent in the case of these
heavier backing materials in that the momentum spectrum of the
protons elastically scattered from the foil was not rectangular but
had a tail off towards the low-momentum side caused by straggling
and by scattering from the walls of the spectrometer, The N15
peak appear'ed superposed on this tail, and as the scattering angle

15'peak moved up the tail toward the peak

was decreased, the N
due to the heavy atoms, Such targets would have been satisfactory
for elastic scattering only at large angles and high incident ener-
gies,

That the elastic scattering was not studied in the present
work below 600 kev incident proton energy is a limitation imposed
by the targets that were produced, As is indicated above, the N15
is distributed in the top layer of the graphite. This layer becomes
thicker in terms of energy lost by 1;he incident protons as the inci-

dent energy is decreased. When the energy lost in traversing the

region in which the le is located becomes about half of the energy
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difference between protons scattered from N15 and Clz, it is no
longer possible to resolve all of the protons scattered by le from
those scattered by Clz. This mixing is a fundamental limitation
of the target and appears around 650 kev at a scattering angle of
90°, A backing material with smaller atomic weight'is necessary
to avoid this difficulty, The most promising approach appears
to be the use of beryllium backings, but the use of beryllium re-
quires a reduction of the oxygen contamination, as has been pre-
viously discussed,

A further aspect of preparing N15 targets with the isotope
separator is the gas supply for the ion source, Experiments with
ammonia indicated that significant contamination between ions

14Hn+l)+ distinctly excluded this gas as a possi-

(N'?H_ )t and (N
bility, Subsequent work has indicated that the presence of either
wa:ter or hydrogen provides enough of this isotopic mixing to be
troublesome., The obvious solution is to use pure nitrogen., Be-
cause the relatively wide peaks seen in figure 3 cause a mixing
of N14 and N15, a reasonably high percentage of N15 was desir- ‘
able to begin with,

For this reason, NH,NO, with 63% of the nitrogen in the
ammonia radical as le was used to prepare the nitrogen for
the ion source, The NH4NO3 was mixed with an excess of pre-
viously dried CaO as the first step of this preparation. Ammonia
was evolved along with water when this mixture was heated in a

vacuum, and these two vapors were frozen with liquid air in a

separate pyrex vessel that could be isolated from the rest of the
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system, Some chips of CuO were in this separate vessel, and after
isolation and allowing it to warm up to room temperature, the pyrex
vessel was heated with a bunsen burner until all of the ammonia had
been reduced to nitrogen and water by the hot CuO, This mixture
of nitrogen and watei' was then diluted by adding about twenty parts
of helium (purified by activated charcoal at liquid nitrogen temper-
atures) to one part of nitrogen. Such a dilution decreased the |
maximum attainable nitrogen beam by less than 30%0, and there-
fore made the Nl5 target preparation more economical since the
amount of enriched NH4N()3 necessary to produce one target was
reduced by a factor of about fifteen, This mixture was allowed to
flow through several turns of copper coil at liquid nitrogen tem-
perature and then to the needle valve that regulated flow into the
ion source. When it entered the ion source, it was very nearly a
mixture of pure nitrogen and helium.

The gas supply container, the liquid air container, and the
condensation coil were all run at the potential of the ion source,
about 20 kilovolts above ground, This arrangement permitted the
gas pressure to be as low as desired without danger from a break-
down in the gas line. Practically all of the enriched nitrogen gas
therefore passed through the ion source. ’

Utiiizing the technique described above, twelve N15 tar-
gets in graphite backings were prepared. Each of these targets
possessed approximately the same characteristics, and through
the use of these targets the data to be described in a following sec-

tion were obtained,
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I1I. APPARATUS AND PROCEDURE FOR
THE ELASTIC SCATTERING EXPERIMENT

1. Apparatus

The apparatus used for this study of the elastic scattering
of protons by N15 has been previously described in detail, A 1,8
Mv electrostatic accelerator (20, 23) provided the proton beam
from which was selected a portion homogeneous in energy to within
at least 0, 1% by an 80° electrostatic analyzer similar in design
to that deécribed by Fowler et al. (24). The protons scattered
from the target through a given angle and into a certaiﬁ solid angle
entered the magnetic spectrometer (25) which was mounted (26)
so as to allow a continuoﬁsly variable laboratory scattering angle
between 0 and 160°, Most of the data for the present experiment
were taken with spectrometer momentum resolutioﬁ (defined as
p/Ap) of about 300 and with an effective spectrometer acceptance
solid angle of 3.10 x 1073 steradians, although a resolution of 600
and solid angles of 1.65 x 1073 and 0, 488 x 10”2 steradians were
also available, The scattered protons were detected with a thin
cesium iodide crystal and a photomultiplier fube, this arrangement
being described in more detail by Mozer (27).
2. Calibration

Calibration of the apparatus described above was accom-
plished by techniques previously described in detail (27). A gamma
ray resonance excited by protons of known incident enérgy is the
basis of the electrostatic analyzer calibration, and the elastic

scattering of protons energetically analyzed by the calibrated
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analyzer previded protons of known (calculated from equation 1)
energy for the magnetic spectrometer calibration, During the ex-
periments being reported here, two different gamma ray reso-
nances were used for calibration: Flg(pw’}')o16 at 873, 5 kev (28)
and A127(p7)5i%® at 993.3 kev (28). In addition several other
F1%(pa7)01® states have been intensively studied (29). The 669
kev and 1346 kev resonances in Flg(pa'/)016 were used in addi-
tion to the mass two beam on the 669 and 873, 5-kev resonances
to check the linearity of the analyzer plate voltage measuring de-
vice, The results of fhis investigation are given in Table II,
where Cp times 107 multiplies the potentiometer reading, E_,

P
in millivolts to give the energy of the incident beam in ev,

TABLE II

Ep(mv) E_E. ER(kev) Incident Beam
66.75 1.0040 669.0(F19) Mass one
87.17 1,0031 873.5(F'?)  Mass one
99,18 1.0017 993.3(a1%7)  Mass one
133,71 1.0023 669, O(Flg) Mass two
134, 42 1.0015 1346, 0(F'?)  Mass one
174,58 1.0015 873.5(F'7)  Mass two

The determination of Ep from the experimental data was possible
to within about +0. 050/0, and the probable errors for the values
of ER are +0, 10%o (28, 30). It should be noted that the values

obtained from the comparison of mass one and mass two beams



-39-
at a given resonance are different and that these differences fit into
a systematic decrease of CP with increasing energy. Therefore,
it has been concluded that the voltage measuring device currently
installed on this electr‘osta'tic analyzer is probably not measuring
a quantity exactly proportional to the voltage across the analyzer
plates. The deviation, however, is seen to be of almost negli-
gible importance,
3. Thin target procedure

The N]'5 targets described above are thin targets inasmuch
as the incident proton beam (over the proton energy range investi-
gated here) lost but a small fraction of its total energy in passihg
through the entire concentration of N1 5. The data obtained from
these targets were essentially a series of momentum analyses,
as in figure 6, at various angles and energies, Such data are re-
lated to the differential elastic scattering cross section by the
following equation, which is similar to an equation worked out in

detail by Snyder et al, (25)

do = Ze.R XN(I)JI (4)
g, 9hp 0

In this equation, Ze is the charge of each incident particle, q is
the amount of charge collected from the incident beam (note g
and Ze are to be expressed in the same units), R is the momen-
tum resolution of the spectrometer (R = 300 generally in this ex-
periment),.f).c’ L is the effective solid angle in steradians of the

spectrometer in either the center-of-mass system (C) or in the
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laboratory system (L), N is the total number of target nuclei per
unit area, and the integral is obtained from the momentum spec-
trum, Since the value of I, the inverse momentum in arbitrary
units, changes but slightly over the N15 peak, the above integral

is very nearly equal to the area under 1:he'N15 peak divided by I

f NI(I Jdl i (Nm“ fN/I)dI

The procedure followed, therefore, was to take complete

at Hence
Nmax'

momentum profiles at a series of energies and angles, relative
to one energy and angle. By taking a complete profile at the ref-
erence energy and angle for each new target, a set of values for
‘j.-l-\-li(——l)-‘-i} was obtained that could be corrected for fluctuations
of N from one target to another or between two regions of the
same target, The ratios of N(I)d1 to N were then plotted

: gete 1 max
as a function of energy for a given angle and as a function of angle

for a given energy. Measuring Nmax was then enough to obtain

(by interpolation from the graphs just described) the value of

f N(?dl at all other energies and angles. By using this technique,
relative cross sections for the excitation functions and angular dis-
tributions shown in figures 9 to 27 were obtained.

The determination of the absolute value of the cross-section

was accomplished by measuring the following set of quantities. One

measurement was the evaluation of the expression %—5—— s a second
C,L
was determining o, for a particular target, and the third was ob-

N(II I was known.,

taining a value of f for the target in which n

T

The knowledge of these three quantities then enabled calculation
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of the absolute differential cross section from equation 4,

The expression %1({;,_ was evaluated by measuring the
elastic scattering yield with the magnetic spectrometer from fresh-
ly evaporated thick copper and assuming this scattering to be
exactly equal to that calculated from the Rutherford differential

cross section, The thick target yield is related (for details see

reference 25) to the cross section as follows:

E(COSG) sz (5)

Ncosdl)| steradian

— Nst Ze R Y QE;_
"n'C,L.— Nsc q_—o-c,t. -S—Ezol:e‘ (_XE_I)+

N

st is the number of stopping atoms per unit volume, and Nsc is

the number of scattering nuclei per unit volume (Nst = Nsc for

Ze R
. g, g,
in equation 4, YT is the thick target yield, E,( is the energy of

copper elastic scattering). The quantity is the same as
the particles accepted by the spectrometer, El and EZ are the

stopping cross sections for the incident particles in the scatter-
ing material at the energies before and after scattering respec-

9E
tively, E'E"Z is obtained from equation 1, and GT and O}, are the

T
angles bet\];veen the normal to the target and the incident and scat-
tered particles respectively, The customary unit of measure
for stopping cross sections is ev-cmz. If such units are erﬁployed
and E, is expressed in ev, the differential cross section of equa-
tion 5 is in cmZ/ steradian,

The Rutherford differential cross section in the center-~

of-mass system is given by
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. . ,
- doz _ 2ol 39 a7 *
da, = hade T;‘TWLL(M"J’”')C“ T 0" Fertaa ©

Zy and Z, are the number of electron charges possessed by the
target and incident nuclei respectively, and M, and M, are their
respective masses, The center-of-mass scattering angle is de-
noted by O_C, and the incident particle energy E, is in Mev in the
laboratory system., For the case of elastic scattering, the lab-

oratory scattering angle, GL, is related to Q‘C by
sin(g,-8,) = TVIMJ sing, (M)
(]

The center-of-mass solid angleﬂc is related to the laboratory

solid angle "QL for the case of elastic scattering by

¥ ~

>
n, _ J[—'—g{i-_sin‘ﬁ,_
— = = Z
0 [[i- Howa + et

Therefore, by measuring Y., 0., and 9!,, using tabulated values
T T T
9E, do;

(8)

of 61 and EZ.’ and calculating EZO’ ﬁ? and a?‘.il‘, it was pos-
:
sible to evaluate the quantity (i.i%_i_li for a particular combination
C, L ‘ ’

of the apparatus constants, This calculation is carried out numer-
ically in Appendix VI,

Using this same combination of apparatus constants, n.n.

and fyi(l) dI were evaluated, Because of the method used for pre-

paring the le targets, neither the total number nor the density

15

distribution of the N”~ atoms was precisely known, By measuring
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the 4. 43-Mev gamma ray yield due to the 898-kev le(pal’)/)C12
resonance from a relatively thick target of known composition and
then comparing this yield to that obtained from the thin target, the
total number of N15Aa.toms per unit area in the thin target can be
obtained in terms of the stopping cross section of the semi-thick
target material and directly measurable quantities, A semi-thick
evaporated layer of KNO, enriched to 61% N15 was used for this
measurement, In Appendix I, part 2, the relationship necessary

for determining n,, is derived and is the following:

T

n. = . A . J—tan"fr""
T (tan't-tan'X) € Ve

(9)

Here A is the value offY(E) dE ' for the thin target where Y(E) is the

resonant yield of the 4, 43-Mev gamma ray at the incident proton

E.-E
energy E and where x, = i R s E,, being the resonance energy

R
and [" being the total width /ozf the resonance, Y ____ is the maxi-
mum gamma ray yield from the KNO3 target of £ thickness in which
the stopping cross section in ev-cm2 per N15 nucleus is €, Equation
9 is based on the assumption that the efficiency for counting the
gamma rays from the two kinds of targets is the same, This same
efficiency was agcomplished experimentally by arranging to mea-
sure Y(E) for the thin target and Ymax for the thick target alter-
nately, and demonstrating reproducability of the results, The

value of £ was obtained from the 4, 43-Mev gamma ray excitation

function for the KNO3 target, and the average value from different
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targets was such that §/? & 20, so that tan™ '

g’zr- « The stopping
cross section was calculated from the sums of the stopping cross
sections for potassium, nitrogen, and oxygen., By using an esti-
mated value for potassium obtained by interpolating a plot of mea-
sured stopping cross sections versus atomic number, the value
55.7 x 10715 ev-cm? per N!® nucleus was calculated,

Immediately following the gamma ray measurements, a
momentum analysis was performed on the elastically scattered
protons from the same thin target for which nn had been measured.
This measurement provided a value of S—I\Biml so that the absolute
cross section could be calculated at this particular energy and
scattering angle from equation'4., The relative cross sections
were then normalized to this value. An example of this calculation
is given in Appendix VI.

The »KNO3 targets used for the normalization of the elastic
scattering cross section were also used for the investigation of
possible gamma radiation resonant near 710 kev. Potassium ni-
trate enriched to 61°%0 N15 was obtained from the Eastman Kodak
Company, and after carefully melting the KNO3 in a tantalum
furnace, it was evaporated onto a clean chromium-plated brass
blank., Such targets were evaporated in the target chamber’ of
the electrostatic accelerator in order to prevent moisture in the
atmosphere from combining with the KNO3 and changing the stop-

ping cross section, A cooled target holder was built to enable

beams up to 1.5 microamperes of proton current per _mmZ to be
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used on the KNO3 held at dry-ice temperatures, No deterioration
of the nitrogen yield was observed using this arrangement, but
contaminants from the vacuum system were frozen on top of the
KNOg in spite of a liquid air trap 3" from the target, Corrections
for the presence of this contamination were made,
4. Corrections applied to the data

Before actual numerical values of the integral SN—(TI)E
in equation 4 were obtained from the individual momentum spec-
tra, a correction was made for the non-zero counting rate ob-
served when the spectrometer was set to accept momenta differ-
ent from those characteristic of elastic protons from carbon,
nitrogen or oxygen. The bottom spectrum illustrated in figure 8
shows, for example, that at inverse momenta of 62,0 and 64,0,
a few counts were obtained, These counts are caused by protons
elastically scattered from a heavy impurity in the graphite. No
such background was observed from the carbon foils which were
presumably pure carbon. The middle spectrum of figure 8 pre-
sents a magnified view of this background from a clean graphite
target. A study of the energy and angular variation of this back-
ground was made, and then the appropriate subtractions were
made both in the evaluation of j‘-N—(I)# and in the determiﬁation
of the values of the N15 peaks for the cases in which complete
profiles were not obtained,

A second subtraction was necessary to obtain values of

I—N%EE for scattering angles of less than about 115°, Figure
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6 illustrates complete momentum profiles at three different
angles, and from this illustration is seen the impossibility of
graphically estimating a separation of the contributions from
N14, le, and 016 at 90°, By inspection of the 160° dafa, ade-
quate divisic;n of the 125° profile was considered possible, but
for smaller scattering angles, the entire area was measured,
By combining the knowledge of the target composition obtain-

14 nd ol

able from the 160° profile with knowledge of the N
elastic scattering cross sections, a correction was calculated
which was subtracted from the total area, The cross section
information for 'N14 was obtained from reference 10 while that
for ‘O16 was obtained from reference 31, as modified by ref-
erence 32 and extrapolated by a method discussed in Appendix
II.

A third correction applied to the final relative cross
sections was to increase by 30/0 the measurements at center -
of-mass angles of 150° and 160°, A study of the effective solid
angle of the spectrometer as a function of scattering angle con-
ducted by Mozer (27) shows that the solid angle is reasonably
constant for angles less than 135°, then decreases by 3% be-
tween 135° and 150° and remains 3%o low out to 160°, This
correction is a compensation of this effect.

5. Probable error
The probable error of the cross sections reported here

is estimated to be 110/0 for the absolute value and 6%0 for rel-

ative values for a scattering angle of 160°, going up to 12%0
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for relative values at an angle of 90°, Uncertainties in the 'firing
voltage of the current integrator (0. 50/0), measurement of the rela-
tive scattering angles (0, 3%0), measurement of the relative solid
angles (1. 0%o0), and measurement of the relative scattering ener-
gies (0. 2,0/0) are minor sources of the relative cross section
probable errors, The major source of uncertainty is in the eval-
uation of the area beneath the points comprising the momentum
spectrum, subtraction of the background, and subtraction of the

N14 and 016

contributions at forward angles (6 to 12%o0).

The probable error of the absolute value reéults from un-
certainties in the current integrater firing voltage (0. 5%0), the
measurement of the quantity _Ze R (estimated at about 4% be-

e g,
cause of the probable error in the stopping cross section for copper
and the assumption that copper scattering is Rutherford), the mea-
surement of the absolute angle of scattering (1. 00/0) and energy of
scattering (0.3%0), the determination of the area of the proton
momentum profile (60./0), the determination of the quantity A in-

volved in the absolute cross section measurement (60/0), and the

stopping cross section of potassium nitrate (6%o).
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IV. ANALYSIS AND RESULTS OF THE ELASTIC
SCATTERING OF PROTONS FROM N!2

1. General discussion of analysis procedure

The techniques employed for analyzing the elastic scattering
data obtained in the present experiment have been described by
Christy (33) and Mozer (27), and the basic theory of the scattering
has been givén by Bethe (6). The essence of this type of analysis
is a comparison of the observed differential cross sections with
cross sections calculated from expressions involving various nu-
clear parameters, Agreement between the calculated and observed
cross sections generally is taken to mean that the values assumed
for the parameters are correct. The expressions from which the
cross sections are calculated have been expressed in a general
form by Blatt and Biedenharn (34), but the represehtation given
by}t Mozer (27) was found in the present work to be more easily
applied, A résumé of this representation and the subsequent analy-
sis procedure will be given here in order to define the terminology,
to provide a method for obtaining the cross section equations, and
to explain how the results described in a following section were
deduced,

The cross section for elastic scattering is the absolute
square of the amplitude for scattering, taking into consideration
the fact that some of the terms of the amplitude interfere coher-
ently while others do not, A convenient representation for the
various terms of this amplitude is a matrix which groups all of

the mutually coherent terms into individual matrix elements, each



-49+
of these elements corresponding to a particular initial and final
channel spin configuration. Channel spins are defined as the vec-
torial combinations of the target nucleus spin I and the proton
spin (for protons as the incident particles) so that channel spins
+ 1 dif-

Jch =1t ; are possible. A channel spin Jc has ZJC

h h
ferent projections m, on the Z-axis, and the channel spin con-
figuration is given by specifying J ; and m. . (T 4, m,) and
(J::h’ m::h) for initial and final channel spin configurations re-
spectively, This matrix will therefore be square with (41+2)°
elements, Figure 28 is such a matrix for the case of N15(pp)N15,
where I = %.

The usual conservation laws apply to the scattering pro-
cess, and these laws impose limitations on the kind of terms
that can appear in a given matrix element, If 1 and ,e‘ are the
orbital momenta (with Z-projections m, and m!') of the incident
and scattered protons, and if J is the total angular momentum
(with Z-projection m) of the compound nuclear state formed, then
the following relations must apply in addition to the conservation
of parity:

— —_—

= = ) 10
Jnt 2 =J =T +2Q (10
‘ — - / ]
MmEp=m=my +m' (11)
It should be noted that equation 11 is written for the case my =0,

corresponding to an incident plane wave of protons traveling paral-

lel to the Z-axis,
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The matrix elements themselves are composed of three
types of terms in ger;eral. The amplitude for Coulomb scattering
fc is one of these three types; fc‘ occurs only in diagonal elements
since off-diagonal elements correspond to spin reorientation ex-~

clusively. This amplitude term is given explicitly by

i€ §= T,_z,‘z. ezﬁn (csc’Qc)
-fc\..‘/_f?e where R (See s 6) (12)

“where v is the relative velocity between the incident particle and the
target nucleus and where all other symbols are defined as for equa-
tion 6,

The other two types of terms in the matrix elements both
have the same formal expression in the least complicated case,
this expression being a product of three factors, One factor is the
product of two Clebsch-Gordon coefficients. A second factor is

t
the spherical harmonic Wm defined by Blatt and Weisskopf (35),

and the third factor is given by

_WGT (4-A') A(ng+ng=ang o
'F I.!!' K 4(- (z‘q l) ‘F (13)

where Y‘ -)ol = {tqn‘d( oZe
£ a0 jhv

and where k ax% ,/(4‘ being the reduced mass of the system. A
description of the factor fst will follow a discussion of the Clebsch-

Gordon coefficients,



-51-
These coefficients are geometrical factors related to vector
addition. Equations 10 and 11 state that the configurations (J ch? mch)

and (9,0) combine to form (J, m) which then decomposes into

/
J., m' )and (X, m'). The quantum mechanical rules for vector
ch® ™ch , 1

L= R 1€ TS ITp# &1, \Ti-R 1€ TN T4+ 21

and that J be integral or half-integral, Results of these require-

addition require

ments are that in general (Jch’ mch) and (1,0) may form several
different configurations (J, m) and that a particular (J, m) may de-
compose into (J::h’ méh) and (.e,:’m') which have several combina-
tions of m' and méh allowed by equation 11. One of the two Clebsch-
Gordon coefficients which appear in a general scattering amplitude
term is the probability amplitude that a particular (J »m) is formed,
The other Clebsch-Gordon coefficient is the probability amplitude
that the (J, m) which is formed then decomposes into a particular
combination (J::h’ méh) and (,e: m'). The properties of these coeffi-
cients have been discussed in detail by Condon and Shortley (36).

All nuclear propei'ties are included in the factor fsg » Two
different kinds of nuclear scattering occur: isf: will represent
scattering where spin-flip and/or orbital momentum change do not
take place, and -;ic will represent scattering which includes either
or both spin-flip and orbital momentum change. No physical dis-
tinction between these two types has been made in the present ex-
periment since the particle detector was not capable of differentiating

various polarizations and orbital momenta, but such an experiment
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J

could be done in principle, Several degrees of complexity in -j-:.sc

or —{ic exist, depending on whether or not non-resonant scattering
and reactions are present. A rather simple case turned out to be
satisfactory to describe the present results, so the discussion
will be limited to this case. Mozer (27) describes more complex
situations, and in some of these cases f gc andi‘:c no longer have
the same formal appearance.

Realistic assumptions about elastic scattering processes
generally must allow for nuclear non-resonant scattering in ad-
dition to Coulomb and nuclear resonance scattering, The quantity
f ‘STC must account for the nuclear parts of the scattering amplitude,
The simplest realistic assumption is to limit the non-resonant
scattering to s-wave protons for low energies and to consider
non-resonant reactions negligible. The restriction to s-waves
may be rationalized as follows, A naive picture of. the incident
plane wave of protons decomposed into partial waves of different
angular momenta limits the closest approach to the nucleus by

protons of the ch partial wave to ,Qrk » For le(pp)le,

-13,_,-%

x~25x 10 (E) 2 cm with the incident proton energy E in Mev,

The nuclear radius of le is approximately 5 x 10_13 cm, SO
energies of more than one Mev would be necessary before érotons
with ,e#o would be near enough to the N1° o that they could
interact appreciably with the average nuclear potential in the
region of the nucleus. One way to describe the non-resonant

scattering is in terms of this interaction with the nuclear poten-

tial, and this description is referred to as potential scattering.
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In the following discussion, the so-called potential phase shifts for
Q# 0 will be assumed to be zero because of the expectation that

only s-waves will interact appreciably with the le

nuclear poten-
tial in the proton energy range investigated in this work,
By limiting non-resonant scattering to s-waves and by ex-

cluding non-resonant reactions, the following definitions of £ gc and

f J can be used:
=sc

For g_..ff_:O, fi:%ﬁ ezt#:(eaz{;_l)_,_eai#;__l (1)

IIech T Tch

4
Othevrwise, f,{-‘- _fi‘-‘ ol o ﬁj’”f;_w(e“‘fr-l) (15)

ER—E
/2

ER being the resonance energy and [} being the total width of the

2

where . is the resonant phase shift defined by cot §. =
gist 3

state with spin J, where ¢J is an s-wave potential phase shift
. . . 2 2. L
(¢Jb.1s q;o or ¢1 for this experiment), where (a e )~ is the frac
tion of the total amount of compound nucleus of spin J formed by
the combination of ,Q with J ch? and where r;ﬂ‘]' is the partial width
for proton formation or decay of the compound state J by a proton
with ,0 orbital momentum. It is to be noted thatigc and ;; ’;c are
formally represented identically in equation 15, but if spin-flip
{
occurs, Jch# J'ch and if orbital-momentum change occurs [#,2 N
Moreover, that non-resonant scattering is assumed only if
R=0%0 . : J .
TL= and Jen = Jen explains why f:sc does not appear in
equation 14, This equation is generally written more concisely

as follows:
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For I—_—_—/QI:O} f; = -Er + ’(’5\7 - ’ (14a)
[ 20T -2J-__3-{ESJ" .
where = A - sin sind Sln({COS
h -6. cos ffJ_, —/f‘ T L-Tv ¢J’ 'y é—
33-=Sin25é7 |- *Trf—’%mwQ +2'—JES-‘—T cosl%sino;ws%_

R J /"

All of the factors appearing in the scattering amplitude
matrix elements of figure 28 have now been defined and briefly
described, It is to be emphasized that the number of possible
terms in each 'ma;trix element is infinite since an infinite number
of choices fo_r T, ,Q, and ﬁ‘ 'exist. Those terms shown are for
particular choices of J, 1, and /@I, but not even all of these terms
were used simultaneously, For instance, the matrix element for
the formation and decay of a J = 2~ state by d-wave protons in
initial and final channel spin configurations of (1, 1) and (1, 1)
respectively, also allowing Coulomb scattering and s-wave non-
1 o 2
llss 2711d4d°
If one had in addition a J = 17 state forming and breaking up by

resonant and resonant scattering, is fc + Ygf +3Y
p-waves in the same region as the J = 2~ state mentioned above,
%Y(I)fl.ipp would be added to this amplitude, giving four terms,
In this way the cross section for quite complicated cases may

be obtained. By squaring the absolute value of each matrix ele-
ment, summing the squares of the sixteen amplitudes, and divid-
ing by four (this is the usual sum over final and average over
initial states), the cross section for a particular set of assump-

tions is obtained. Listed below are certain sets of parameters
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which are relevant to this experiment along with the corresponding
cross sections. Non-resonant scattering by s-waves is assumed
everywhere,
(a) Formation and decay of either or both J =0 and J =1~

states in O16 by s-wave protons,

d%nc _l___[i'n__g_ I ][X |] Yeos§ _ U (16)

da%ﬂg K 2K*R kYR 4kR
where X = ’4)‘7‘; + B/Q‘ﬁ
Y = }4‘30 + %31
Lrer L 223 1)
U=1-4(£ +f]o)— /4(ﬁ 4
Mozer (27) shows (for s-waves only): U = __r_e:_a;_tzzg._c>_11__ « A numer-
Th

ical example of the application of equation 16 is given in Appendix
VI.

(b) Formation and decay by s-waves of J = 0 and/or J = 1"
states plus p-wave formation and decayofa J = 1t state, Here-

after the subscript J will be omitted from ,;GJ' and r;- .

970,
da-%‘ 0,

+3ela fu-)gir 5} + Bfli-Of+f-1]]

-| = eclual‘mn /6 - ‘H"K F[Awsg B,smf]

sl oy alyu)+ 3u)] o
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where

M= 661562;

K= o o [« +@&) =] by definition)
A = & sind, cos(@y-an,t §)

B, =~dsind, sin(ay,-axn,+4)

(c) Formation and decay by s-waves of J =0 and J = 1

states plus d-wave formation and decay of a J = 2~ state

T - | = equation 16 - IR kP F\{’“ ) E&cosf -8 $m§] |

+ 5l Bu)

N R A Gl |
+‘%65[r’;1‘”—;-73(-'£’-i[(1 -+ 94 o<(1-2$44+30,u)+o((2.—11ﬁ+2$’ El(ls)
where P(/b() Second LeS]enJre /00/}’/70)77/4/
o = o)

A&= Lsind, cos(a Ny-an,+ afi)
B,=-1sind, cos(ay,-n,+4,)

(d) Formation and decay by s-waves of J =0 and J= 1"

states plus d-wave formation and decay of a J = 3~ state

a0 | _ eouadi IETAL,
Tt — | = equation /6 - yrar EA cos$ - Bsm§]

;‘%[Aaﬂﬁ&fl] ,—S:fzn i{%[}q bu +.5’.§44] (19)

Symbols as defined in (c).
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In the above equations, the parameters ,;Q ,r., Q, ¢0
and'¢1 are all adjustable, Values of $q and ¢, are chosen to ob-
tain the measured non-resonant cross section, and values which
provide agreement between the calculated and observed cross
sections at resonances are determined for II:Q ,l—', and a. More
detailed information about evaluating these parameters will be
given below,

Thus far, the technique for obtaining a theoretical expres-
sion for the cross section in terms of the various nuclear param-
eters has been discussed, Experience in the analysis of elastic
scattering data indicates there are essentially two different types
of data (see reference 33), and the exact application of the theo-
retical expressions depe’nds on the type of data to be analyzed.

If the resonant scattering either is negligible or results from
broad levels (i.e, levels with sufficient total widths so that ap-
proximately % 7 0,1), the most fruitful approach is to compare
experimental with theoretical angular distributions in order to
evaluate the unkﬁown parameters in the cross section equation,
On the other hand, narrow levels are more easily analyzed by
comparing the cross sections as a function of energy for a given
angle. This distinction between narrow and broad level analy-
sis is a result of the character of the cross section equation,
The energy and angle dependence of the cross section equation

can in general be expressed as follows:

do/gn

; - | = B(8) +5(E8Jsin’d. +A(E g)sind cosd,  (20)
40,
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ER-—E
As before cot = » The coefficients B, S, and A are
P

energy dependent in rather complex ways, but for small percentage
changes of energy, there are but small changes in the coefficients,
Narrow level analysis is based on the assumption that the only sig-
nificant energy variation over the resonance region is in J s

making the coefficients B, S, and A deperndent only on 0. and the

C
nuclear parameters, It can be shown in general that as long as
one retains the assumption that non-resonant processes with f#‘ 0
do not make appreciable contributions to the scattering, A is pro-
portional to le (cos OC). Therefore, the cross section as a func-
tion of energy is symmetric around ER at an angle for which
Pﬂ.‘ (cos OC) = 0 if the excited state decays by emission of a proton
with ,QI units of orbital momentum, Hence, inspection of the mea-
sured cross section at several angles frequently leads to the de-
duction of the orbital angular momentum of the scattered protons.
(Accidental symmetries are possible, however, and such possi-
bilities must be investigated.) Narrow level analysis is performed
by fitting equétion 20 to the excitation functions at several angles,
and the values of S and A obtained from this fitting of the experi-
mental data are compared with the values calculated for various
assumptions about the nuclear parameters. The fitting of equa-
tion 20 is made easier if independent data (from a reaction cross
section, for instance) giving values for ‘ER and r’ are available,
Implicit in broad level analysis is the assumption that the
energy variations of JJ are not confined to small enough regions

so that other energy variations may be neglected, Therefore, a
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more convenient expression of the cross section equation is of the

form of equation 16:

d%m-c [sin § I Yeos§ U .
—do—%m -1= [k ‘ak*R][X"]" kw kR 0

were X= hE+HE and Y= g,t Hg

In a non-resonant region, angular distributions can be compared
with this equation to obtain values of X and Y (U has been assumed
negligible in non-resonant regions, as discussed above). These
values of X and Y are in turn related to the values of the two s-wave
potential phase shifts by the expressions following equation.l4a.
Values of the potential phase shifts at the resonant energies deter-
mined in the narrow level analysis may be combined with this in-
foi;mation in order to obtain a consistent set of individual potential
phase shifts at the energies for which angular distributions were
measured. These phase shifts should be monotonically decreasing
with energy (the phase shifts are negative) and should not be in
violent disagreement with the inequality derived by Wigner (37)

given by _
where r is the interaction radius. Since the derivation of equation
21 did not take into account any kind of potentials except a square

well representing the nucleus, rigorous adherence to it is not re-

quired because it is known that other potentials also exist near the
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nucleus. However, much more rapid decrease of thé potential phase
shifts than allowed by equation 21 would cast appreciable doubt on
the analysis, |

In regions where broad resonances exist, equation 16 is still
used to obtain values of X, Y and perhaps U from the experimental
angular distributions (U may be obtained from the reaction cross
section, if this cross section is known). However here X and Y
contain not only information about the potential phase shifts but
also information about the s-wave resonant phase shifts, Explicit-

ly, X and Y are given, for the s-wave case, by

X= hf+ %1,
Y= ){)"30+3/‘)‘3l

.FJ =cosd¢, I - "'g;’sin‘JJ- - 9‘—[_.‘1;1;—‘7'sinl¢‘, Sind}cos{r

3,=Sinl¢ﬁ| - il_.f’—"sin%{r_ + a'g"rcoslgsimfrcaﬂfa-

As ¢q and ¢y increase in magnitude (become more negative), X be-
comes less than unity and Y becomes less than zero, In a plot of
X vs. Y the point (X, Y) moves clockwise around the unit circle

(if ¢ = $;) as the potential phase shifts increase in magnitude,

Now if an s-wave resonance exists, a counter-clockwise circle

(aTt) [psa
¥/;

clockwise circle as JJ. goes between 0 and w. From such plots
(2 T+1) [psT
7

of radius is superposed on the more slowly moving

of X vs, Y, therefore, one can obtain an estimate of
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[ps

from the radius of the circle, If r is known from other experi-
J

mental data, then frequently J can be immediately determined,

Such an approach is not very accurate, however, since the '"counter-
PP Y , N

ESI and ¢J as ({J

clockwise circles'" are distorted by changes in

goes between 0 and w, In addition, the experimental data are not
likely to produce values of X and Y that fall nicely on a well defined
line,

If the plot of X vs, Y does indicate that the broad resonance
is s-wave, then detailed angular distributions can be calculated by
computing values of X and Y for the best choices of ¢J, | ’;s.T ’ ER,
FJ, and J available from the X vs. Y plot, Comparison with the
experimental angular distributions may suggest changes for im-
proving the agreerﬁent. In this way, a set of values for the nuclear
parameters may be obtained which is consistent with the experimen-
tal data,

One further effect that must be considered in the analysis
of broad levels is the energy-dependent level shift that appears in
the theory of Wigner and Eisenbud (38), Thomas (39) has shown
this effect to be important in some cases, The method given by
Thomas for calculating this quantity has been used and is discussed
in more detail in Appendix V. Increases of about 10% in tﬁe ob-
served level widths are indicated from these calculations, but
small changes in the nuclear radius affect this correction consid-
erably, so no correction has been made to the values of the widths

quoted below.
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The present results have been adequately described in
terms of two broad s-wave resonances, three narrow non-s-wave
resonances, and only s-wave non-resonant scattering, There-
fore the preceding discussion should be a sufficiently comprehen-
sive background for the analysis and results to be discussed in
the following sections,

2, Analysis and results

(a) Non-resonant scattering

All of the experimental data were consistent with only
s-wave non-resonant scattering and zero non-resonant reaction
cross sections. The potential phase shifts ¢, and ¢, could not
be determined very accurately from the data, but consistency is
obtained with the following values, through which a smooth curve

may be drawn for interpolation:

kE;' ¢0 ) ¢1
Degrees
650 -4, 2
800 -7.5
950 -10.3
1100 -12.9
1250 -15.3
1400 -17.4
1550 -19.3
1700 -20.9

1800 -21.7
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These values do not violate the inequality given by equation 21, and
the agreement between the theoretical and experimental angular dis-
tributions may be seen in figures 10 to 22, By referring to figure
9, the non-resonant regions of the cross section may be selected
for this comparison, since several of the angular distributions are
at energies relatively close to resonances,

An inspection of equation 16 and the definitions of X and Y
indicates that the cross section is more strongly dependent on
changes in ¢, than in ¢5. It has been empirically shown that 30-40%
changes in ¢, can be fairly well covered up by smaller changes in
¢1.' To within the accuracy of the data, a choice of a unique set of
values is not possible, The values tabulated above appear to be
in the middle of the allowable range of fluctuation, In general,
the interference terms could not be used for a more accurate esti-
mate of %9 and ¢1 in the vicinity of a narrow resonance, either,

Only $; appears in equation 19, for example, which is applicable

to the 1210-kev state. However F,d is not known accurately, and
again a range of possible values for ¢1 exists. Both of these ranges
of ¢, are consistent with one another, but the fact remains that 3
and ég are not precisely known since similar ambiguities al/so
occur at the other narrow resonances,

(b) The 710-kev state

The 710-kev state was discovered in this research, The
elastic scattering excitation functions shown in figure 9 exhibit
pronounced anomalies near 710 kev, and the data for 90° and

125016' exhibit interference minima for this state, Because the
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antisymmetric interference terms are proportional to Pl' (cos OC),
pure p- or d-wave formation and decay of the 710-kev state can be
immediately excluded, In view of the relatively large width of the
state, s-wave formation is strongly indicated, The elastic scat-
tering data obtained in the present work are quantitatively consis-
tent with s-wave formation of a J = 0™ state at 710 + 7 kev with a
total width of 40 + 4 kev at 710 kev., Figures 10 to 12 illustrate
the comparison between the observed and calculated angular dis-
tributions, and figure 29 is a plot of X vs, Y as discussed above,
the values of X and Y plotted being those that went into the calcu-
lation of the angular distributions shown as solid curves in figures
10 to 22,

All other information about the 710-kev state is consistent
with the assignment J = 0, Previous work (3) shows that this
staite does not decay by long range alphas (ao), short range alphas
(al), or by the ground state gamma transition. Additional evi-
dence against the gamma transition was obtained in this work by
detecting the 13-Mev gamma radiation from the 1028-kev state with
a 4" x 4" NaI(Tl) crystal for a measurement of the excitation func-
tion from 600 to 1000 kev, - Although the rise from the 1028-kev
state was apparent at 700 kev, no indication of resonance at 710
kev was observed in the 13-Mev radiation., A J = 0  state at this
energy would be forbidden by angular momentum conservation to

12 +

decay by alpha particles because C™~ must be leftina J = 0' or

J = 2t state. Similarly the ground state gamma ray transition
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would be 0 —» 0 which also is forbidden. The assignment J =0  thus
accounts for these absences,

One would expect, however, that cascading gamma ray decay
should occur if this state is J = 0". Such gamma rays were fouﬁd,
and an excitation function of 5-9 Mev gamma rays is shown in figure
30. A pulse height analysis of these gamma rays is shown in figure
3l These gamma rays were detected with the 4" x 4" NaI(T1l)
crystal. Kavanagh (40) has measured the pulse height spectra from
several pure gamma rays detected with this crystal, and the full-
energy and pair-plus-one peaks are about the same size for the
4.43-Mev gamma ray. For a 6,13-Mev gamma ray, the pair-plus-
one peak is about 1.5 times the pair and full-energy peaks.

The solid curve drawn through the points in figure 30 has
been calculated, taking into account both the effects of target thick-
ness and the energy dependence of the total width, initially assum-
ing a Breit-Wigner one level formula, The expression used for
this calculation is derived in Appendix III. That the experimental
points begin to rise above the curve near 775 kev is a result of a
tail on the 13-Mev gamma ray pulse height spectrum; this tail was
producing appreciable 5-9 Mev "counts' above 775 kev,

Although no attempt was made in the present work t6 obtain
an accurate measurement of the energies of the cascading gamrria
rays, figure 31 is certainly consistenf with the hypothesis that the
J = 1 state at 7,12 Mev in 016.is the intermediate step in the cas-
cade, A more accurate measurement would be desirable, but the

difficulties are substantial because of the relatively large cross
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section for the production of the 4.43-Mev gamma rays (see figure
31) from the first excited state of Clz. It is of interest to point
out, however, that this situation is one whereby a direét check of
the M1 versus M2 transition rates can be made if the predominant
mode of decay of the 710-kev state is through the J = 1 state at
7.12 Mev, A J = 2% state at 6. 91 Mev is known, and a sufficiently
detailed experiment could directly compare the number of mag-
netic dipole transitions wit‘:h the number that are magnetic quadru-
pole. The complete decay scheme may be complicated by the fact
that the 7.12-Mev state decays primarily to the ground state, ap-
parently violating the isotopic spin selection rule (41). |

(c) The 898-kev state

Considerable information was available about the 898-kev
state at the time this elastic scattering measurement was initiated
(sée page 136 of reference 1 for a summary and further references).
Angular distributions of the al-pa;rticles and of the 4,43-Mev gamma
rays had separately given the assignment J = 27, as had the al-’Y
angular correlation. Formation and decay of this state by d-waves
were indicated. Narrow level analysis of the scattering data was
applied to this level, since [(= 2.2 kev, and equation 18 written
in the form of equation 20 was employed, By using the chaﬁnel spin
ratio quoted by Kraus et al. (4), the experimental data were used
to determine a value of —/,;'i that gave the best agreement between
calculated and observed cross sections, The value obtained was

—IE.L- = 0, 56, and the solid curves shown in figures 23 and 24
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were calculated assuming a d-wave J = 2° state. The resolution
co‘rreétions shown in these figures were calculated using a tech-
nique similar to the one discussed by Webb et al, (12). The target -
thicknesses were fairly accurately determined for these resolu-
tion corrections by obtaining excitation functions of the 4. 43-Mev
gamma rays, thereby providing a technique indepénd@nt of the mag-
netic spectrometer for measuring the target thickness,

The above value of —ll:i may be used to ca.l‘culateithe re-

action cross section for the al-particle reaction by application of

the Breit-Wigner single level formula

wrd*le s,

om = (22)
Reaction -\ ) <
(E-E)+ T4
where () is the statistical factor J-J*'I with S and I the

(Ls+I)(2T+])

spins of the incident and target nuclei, where X is the reduced
wave length for the incident protons, and where r;J and I:' are

the partial proton and alpha widths., At resonance,

e [pd (M=174)
Ceuction= 477 ¥'tw P00

eaction™

for the 898 -kev state since f;di-ExF. Then
1

= 1.02 barns by using —FLJ = 0, 56,

r'1

The measured value of this cross section obtained from the data

Reaction

of Kraus et al. (4) is 0.83 + 0,21 barns. Therefore all available
information is consistent with d-wave formation of a J = 2~ state

at 898 kev,
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(d) The 1028-kev state

The 1028-kev state had been studied in some detail prior to
this experiment (see reference 1, page 136). This state was thought
to decay by both kinds of alpha particles and by 13-Mev gamma
rays, but some question existed as to whether or not there were
two states very close to one another, one giving rise to the alpha
particles and the other decaying by gamma rays. The broad level
analysis of the elastic scattering data gives no evidence for the
existence of two levels, and both the scattering data and a recently
measured excitation function for the 13-Mev gamma rays are con-
sistent witha J = 1~ state formed by s-waves at 1028 + 10 kev
with a total width of 140 + 7 kev at 1028 kev, This gaml;na ray ex-
citation function from a thin target is shown in figure 32, where
the solid line has been calculated from the single level formula
including the energy dependence of the total and partial widths,
The elastic scattering data are shown with calculated angular dis-
tributions in figures 13 to 16, and the X vs. Y plot may be seen
in figure 29, As was done for the 710-kev state, the values of X
and Y plotted are those derived from the solid lines in the figures
showing the angular distributions, The calculated cross sections
are for —Gi = 0,8 at 1028 kev. The reaction cross section for
le(chO)C]‘Z has been measured (3, 5) and that for le(pal’Y)Clz
can be estimated from the gamma ray excitation function (5), giv-
ing a total of 0,4 barns to be compared with 0, 35 barns calculated
from -/# =0,8and J =1, (These reaction cross section values

were used to calculate values of U for the broad level analysis,)
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The formation of a J = 17 state at 1028 kev by s-wave protons
therefore ai)pears well established, and this state appears to be
a mixture of isotopic spins T = 0 and T =1 (42).

{e) The 1210-kev state

Previous investigations of the 1210-kev state (see refer-
ence 1) had included measurement of excitation functions for both
kinds of alphé, particles and separate angular distributions of
the a.l-particles and the 4,43-Mev gamma rays, The ay distri-
bution was measured by Kraus et al. (4), and the gamma ray
angular distribution has been measured by Kraus et al. and by
Barnes et al. (43). The gamma ray data were shown to be con-
sistent with either J = 3, fp' = 2, ﬁa =1land 3, or J = 4+,
ﬂp = 3, 'ea = 2, Higher values of J could also fit the data., The
ay angular distribution appeared to exclude J = 3" b‘ut was con-
sistent with J = 4+. Sothe J = 4t assignment was accepted, al-
though the single particle limit of the f-wave partial proton width
predicted a reaction cross section only half the size of the mea-
sured value, as mentioned above.

However, the J = 4t assignment now has a strong argu-
ment against it. The elastic scattering data shown in figures 25
and 26 are impossible to describe in terms of this assignment.
As has been pointed out above, the antisymmetric term in the
cross section equation is proportional to Py (cos OC). A state with
J = 4% could be formed with P>3’ and by conservation of parity,
formation and decay must take place only with odd fp-values.

= 90°, but the

PX. (cos OC) is zero for all odd values of 2 at QC
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experimental cross section of figure 26 indicates distinctly that
an antisymmetric term is present, This argument excludes, in
addition to J = 4+, all even-parity assignments, The fact that the
1210-kev state decays by ao-particles fequires that its spin-parity
assignment be even-even or odd-odd., Hence only odd-odd assign-
ments remain. The assignment J = 3™ for this state, forming
and decaying by d-wave protons, was used for the calculation of
the solid lines shown in figures 25 and 26, with Ir:,i =0,18,
Using these values to calculate the reaction cross section, one
gets 0, 63 barns, The measured ag cross section is 0. 31 barns
(5) and the measured a; cross section is 0. 37 barns (4), giving
a total of 0,68 barns., The agreement is entirely satisfactory as
far as the scattering data is concerned, but the a; angular distri-
bution measured by Kraus et al. appears to distinctly contradict
these scattering data deductions,

Therefore, this angular distribution was remeasured,

The results of this measurement are shown in figure 33,and
figure 34 shows a typical momentum profile obtained, The angles

less than 900 were done with N15

embedded in 200 microgram
per cm® aluminum leaf, but the targets used for elastic scatter-
ing sufficed for the back angles. Complete agreement with fhe
~earlier measurements of Kraus et al. were obtained, The accu-
racy of the data excludes agreement with the J = 3™ curve.

An investigation of other possible explanations of this
phenomenon has beén made, The expression for the a, angular

distribution for any mixture of d- and g-wave protons forming

a J = 37 state which decays by any mixture of p- and f-wave
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alphas has been calculatéd and is given in Appendix IV. The neces-
sary cos40_C and/or cos60C dependence; to. fit the data shown in fig-
ure 33 cannot result from this expression assuming LI $ 0,01,

lpd

Such an assumption seems necessary in view of the fact that
.%- é 0.003 in order not to exceed the single particle limit

for the reduced partial proton width, A J = 1 state formed by

any mixture of s- and d-wave protons which decays by any mix-
ture of p- and f-wave alphas has terms only up to cosZQC and there-
fore is not acceptable. The only remaining solutions lie in the
region of higher J. The case of J = 5 has been considered, and
the ay distribution expected from formation by g-wave protons and
decay by f-wave alphas has been calculated and is given in Appendix
IV, This distribution permits reasonable agreement with the ex-~
perimental data, but the elastic scattering data cannot be fitted
with these assumptions. In the first place, I,Lii £ 0.003 would

- produce an anomaly too small to observe. Secondly, if the cross
section equation is written in the form of equation 20 and if the

coefficients S and A are evaluated for the case J = 5  and { = f!= 4,

using values of potential phase shifts consistent with those listed

I—'ﬁ.
[‘12.

above, then

S=-08’2.7r:,1+/81

m
A= 147F

The measured cross section at 900 dips and then rises with in-
P

and

creasing energy. These values of S and A would give a rise fol-

lowed by a dip for any value of _’,E:i < l-
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Higher values of J andf appear totally unreasonable, so
one is left with an apparent paradox., The only data inconsistent
with the J = 37 assignment is the o, angular distribution, but in-
dependent measurements of this quantity gave good agreement with
one another, A determination of the ul—’Y anéular ‘correlation
would perhaps be useful for resolving this situation, The corre-
lation funct’ion for d-wave proton formation of a J = 3  state which
decays by any mixture of p- and f-wave alphas and the correlation
function for f-wave proton fofmation ofalJ = 4% state which de-
cays by d-wave alphas have been calculated from a general ex-
pression given by Seed and French (44) and are given in Appendix
IV. Plots of three of these functions are shown in figure 35, and
it appears that a choice between these two values of J should
certainly be possible. As of the present, however, the assignment
for the 1210-kev state has not been definitely established,

(f) The 1640-kev state

The 1640-kev state was known to decay by a-particles.
Prior to the present work, a study had been made by Kraus (45)
of the angular distribution qf the 4.43-Mev gamma rays from Clz,
and these results were consistent with J = 1t or J = 72'. ‘A‘recent
remeasurement of this angular distribution (5) had favored J = l+
but was still in agreement with the channel spin ratios given by
.Kraus, The elastic scattering data are shown in figure 27, Nar-
row level analysis has been applied, although this state was
borderline between being broad and narrow with r’: 68 kev (5).

The solid lines shown in figure 27 are calculated (using the channel
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spin ratio obtained from the gamma ray angular distributions) for

p-wave formation and decay of a J = 1-'_' state with —,.,Zi= 0,15,

/_'g 68 kev, and E_ = 1640 kev, The agreement is satisfactory,

R
and J = 1+ appears well established. The resonant reaction cross
section calculated for this state is 0, 18 barns; a measurement of
this quantity has not been made.

(g) Summary

Five excited states of O16 between 12,67 and 13,80 Mev
have been investigated in this research, In Table IIl is a sum-

mary of information available about these states as a result of

this and previous work,

TABLE III. Properties of Five Excited States of O]'6

‘Reached by N1 5+p.-

Ep 7" ﬂp [ [p2 Ye

(kev) (kkev) m (,r,")um

71047 0 0 4044 1% 0,10%
898+1 2" 2 2.240,2 0,56%  0,07%
1028+10t 1" 0 140410t 0.8%  0.09%
121042 (37)* (2)* 22.5+1 (0,18)% (0,06)%
1640+3 1t* 1# 68+3  0,15%  0,007%

In this table, uncertain quantities appear in parentheses, ER is

the resonance energy for the incident protons in kev, J7 is the
*Denotes quantities uniquely determined by the present work,

+This state has previously been referred to as Ep = 1050 kev
and [T = 150 kev,
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spin and parity of the 1016

state, ,e is the orbital momentum of
P
the proton forming the state, /_’ is the total width in kev, /;2

is the partial proton width for the state, and ’yy is the
P P ’ (g (qﬁéhhn

ratio of the reduced partial proton width to the single particle

limit of the reduced partial proton width, For calculation of

this ratio, a nuclear radius of 4 x 10713 ¢m has been used, and

1
the quantity Pl El2 has been taken from the graphs of Christy

‘and Latter (46). The equation

v, — ﬁ4o‘?l1¢ 13
s, = 0036 smypER ¥ 10

defines %‘/(?;ﬂ)u.‘" where R is the nuclear radius in centi-

meters, I;z is the observed partial width in Mev in the labora-
tory system, P“Q is the penetration factor, and El is the incident
proton energy in Mev in the laboratory system, M, is the mass

of the proton, and M, is the mass of the target nucleus,
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APPENDIX I, Part 1

oE
2 : , .
To show: EM_O> 0 if Mg> M;  (see equation 1)

1

M, cosf M 200520 M,-M, |2

Given: E2 = El N%[ +ML + 1 Lz + M0+M1
1 0 (M0+M1) 0 1

-

; ‘ 2 .2 ‘
SEZ . -MlcosgL . MOM1+M1 sin OL N
M. - 2
My 1 (M,+M )2 3 MlchSZQL My-M,
170 (My+M) 2t MM
(M0+M1) 0 1
M,cos0 Mzcoszg M.-M. |% |
< 1 L + 1 L + 0 12
MlcosOL lecosZOL M- Mﬂh
" The bracket vt 5 + Vi may be seen by
170 (Mg+M,) 071

inspection to be greater than zero, while straightforward algebra

produces the identity

2 _.
] MlcosQL . MgM, + M, sin OL
: Mioos? e
(M.+M,) cos 0 M,-M.Ts
1770 (M +M )3 1 L, 01
01 2 M, tM
(MO+M1) 0" ™1
M
1 .2 '
Ml (1+ "M'; sin L)
= ———, ¢-cos0_ +
(M0+Ml)2 v (1 - M, sin0_ )2
M 2 L
0 .
Recalling ‘MO> My, the last bracket can be seen to be always greater
9E
2

than zero, provi .
» proving v >0
APPENDIX I, Part 2
Derivation of equation 9:
It is desired to obtain an expression relating the thick target

gamma ray yield from an evaporated KNO3 target enriched in le

to 61% to the thin target gamma ray yield from an N15 target in a
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graphite disk., The gamma ray yield from a target of thickness §

is given by

E
Y s IG'(E')%E—' (1
E-§

where (J (E) is the cross section for the gamma ray reaction and
€ is the stopping cross section for the incident particles in the
target material per N15 nucleus. For the case of a thin target
(i.e. £ E),

= @)
Here € is the stopping cross section per N15 nucléus in the graph-

ite disk. This quantity is a function of the local density of the N15,

dY = O—(E)

denoted by p(x), where x is the distance beneath the graphite sur-

face. Therefore in an incremental distance dx, the energy lost

v

dE by protons passing through dx is

dE = €p(x) dx (3')
Combining equations 2' and 3' gives |

dY(E,x) = 0 (E)p(x) dx © o (4Y)

Now if the integration over x is performed keeping E constant at x,
the resulting integral corresponds to the yield from all target

nuclei at a single energy and is:

Y(E) = O(E) n, (5')
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‘where n. = fp(x)dx, nq. therefore being the total number of N15
4 ,
nuclei per unit area exposed to the incident beam, Integration over

E then gives, using the Breit- Wigner one level expression for J (E),

E

2 i
: 2
2exw /T [In
A= Y(E)E = PY T ltan x, -tan"1x (6%)
~ /1 2 1
Ey
: Ei—ER
where X, & ———
/2

In the case where the target thickness § is somewhat larger,
but still not large enough so that the energy dependence of € and
%2 are of importance, then

E

2

2 nawr 2w/ [Z -' '

Y= J TiEdE: i P"E:an'l(x)-tari'l(x- E'5)] (7%)
€ x Er "

E-g
The maximum value of Y occurs at E = ER + %— giving
2 : ,
i} 4ok W /—;)/;'
max " Tg

Dividing equation 8' by equation 6' and solving for n, gives the de-

v tan"! (&) (8")

sired expression

2 tan-l(—g—)
n, w—2 x I (9°)
T (1:a.n_1x2 -tannlxl) €Y nax

For the case £) /? and de)) 1, the inverse tangents approach

w/2 resulting in

(107)
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APPENDIX II--Method of calculation of the 016(pp)016

cross section for scattering angles. of 115° or less

’I‘hc?ff()lé(pp)o16 cross section had to be known as a function

of angle and energy in order to correct for the presence of 016 in

the N15 targets. The only available 016 scattering data for the
energies of interest was that given in reference 31 and renor-
malized by reference 32, Reference 31 reported the differential
cross section at a laboratory angle of 164°, For purposes of the
present work, it was necessary to know the cross section at smaller
scattering angles. The assumption was therefore made that the
scattering resulted only from the Coulomb interaction and from an
s-wave potential phase shift, Because 016 hasa J = ot ground
state, only one s-wave potential phase shift exists, and this phase
shift was evaluated from the 164° data by using equation 16 with
the appropriate re-definitions, Given in the following tabulation

are the values of the s-wave potential phase shift obtained as a

function of proton energy,

Proton energy (kev) Phase shift (radians)
600 -.039
900 -. 135
1200 -.250
1500 -+385
1800 -. 490

Using these phase shifts, the cross sections at scattering angles
of 750, 900, and 115° were calculated for the range of energies of

interest,
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APPENDIX III--Calculation of the gamma ray
excitation function for the 710-kev state

The gamma ray excitation function for the 710-kev state was mea-
sured by using a target of thickness § which was of the same general
magnitude as the total width /' of the state., Moreover, the energy
variation of the total width, proportional to E, E% where F is the
penetration factor for f units of orbital momentum, was large over
an energy region of the same size as the total width, These two

effects have been taken into account approximately in the following

way, The gamma ray yield from a target of thickness § is given by

E
O (E')dE'
€

where 8 is the stopping cross section per disintegrable nucleus.

Y(E) =

The cross section is assumed to be given by the Breit- Wigner one

level formula

1
For this particular case, /':)z/—‘ and /_'NPOEZ . Values of
P, have been calculated from the tables of Bloch et al, (47), and a
linear approximation of /! = Z(a,o + ay E) fits the calculated values

quite adequately. Hence by neglecting the energy dependence of £,

5’ (agta E')E!
Y(E)~

E! (E' E ) +(a ta E’)]
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a
Y(E)~ 0

E? EE,-'-E.-ER)?H»aO+a1E—a1§){]

Z(ERz+a20)}

2
1 (agER -2¢24)

(E-£)° EE-ER)2+(aO+;1E)Zj

2 -y
-1 (1+a.1 )E+a0a1—ER

+ { } + a.p {tan
asta. kB 2 2 1
07%1 R; (ER+/_l /4) agta Ep ]
(1+a )Z(E;§)+a a,-E
-tan-l 1 01 R
a,0+a.1 ER

Knowledge of &, ags and a; enabled calculation of the relative exci-

tation function if values of ER

and /7 at E

R were assumed.
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APPENDIX IV. Various angular distribution
and correlation functions
Given below is the alpha particle angular distribution for
formation of a J = 3” state by combining d- or g-wave protons
with a J = 3~ nucleus, and then allowing alpha decay by p- or {-
waves toa J = 2t state. The partial width ratios are given in
terms of the following parameters:
1 o= Az VA and /= ]E.’»2 A
rg pd af ap
The phase difference between the proton waves is denoted by a
and the phase difference between the alpha particle waves is de-

noted by B. The angle OC is the center-of-mass angle between

the incoming protons and the outgoing alphas, and L= cos QG.

W)~ 46 +258% + 1559 B2 4 155 2252 959 1T5 452 o,

2, /
+i_ﬂ'£?_c_§_9_ + 18 J7T AB cosa cosf - _(_18-!22_‘_5_13;_1 -25-1-13 cos g

o 125 .2 2709 .2 1032 5
+{72+—3—A + wgB +1325A2B2—lé45§zﬂ'5ABz cosa

-4 JI5 Acosa + 3(174 + 125A?‘)@ Bcosp-204 WABC"O‘SG,CQSB}%Z

945_2 19075 .2.2 8925 .
+{- =B - -30A% +-g__xr5ABzcosa

+ 250 J7 ABcosacosp - —2-;- (22 + ISAZ) /g Bcosf3}/u_4

+{30625 A2g2 _ 282_2 YTSABzcoso}/M,é .
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The magnitude of the cosine of the phase difference between two
partial waves f and ,Ql in a Couloinb field is given by Bloch et al,
(47).

cos [ ta,n'1 :;’3) ]

J=£'+l

Here n = 0. 1574 Zy With Z, 3 and z, denoting the nuclear

2(
charges of the two particles with relative orbital momentum 2
or 2', A od being their "reduced mass number", and EC being
the centef-—of-mass energy in Meve For the 1210 resonance in
N1 5 Dy

cosa = + 0,846

cosp = + 0,030

L S I T N

Given below is the ul—’/ correlation function for the forma-
tién of a J = 37 state by combining d-wave protons witha J = 3~
nucleus. This state then decays by p- and f-wave alphas to a
7 = 27 state which in turn goes by electric quadrupole radiation
toa J =0T state. The alphas are observed at an angle of 90° in
the center-of-mass system with respect to the incident protons,
The gamma rays are observed in the plane established by the in-
coming protons and outgoing alphas, and OG is the center-of-mass
angle between the alphas being observed and the gamma rays

- being observed. B, Vol and cosfs are defined as above,
C(/A)N(l-/zr Bcosf + -713—) + ( 7T Bcosp - 2173 )/u
—(-%1 + 1-12-7@ -Bcosf + 14 BZ)/U-

¥ % ok %k % %k %k ¥ % ¥ ¥
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Thg correlation function is given below for f-wave protons
combining with a J = 3~ nucleus for the formation of a J = 4" state
which decays by d-wave alphas. All eise is the same as in the

immediately preceding correlation function,

141 ., 2, 58 4
Cins 1 - =g M~ + g M

¥ ok ok sk & K

Given below is the angular distribution for g-wave proton forma-
tion of a J = 5° state from a J = 3~ nucleus followed by f-wave

alpha decay to J = 2t state,

W(s) A 171 + 18647 - 5‘25/0,4 + 952/0.6
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APPENDIX V--Effects of the level shift on the

observed widths of broad levels

Thomas (39) has given formulas for the calculation of the
level shift Ay which appears in the theory of Wigner and Eisenbud
(38) and for the calculation of the true width r;\ in terms of the ob-~

/
served width /-;\. These expressions are

A)\ = '2 (gsﬂ +Q)'y)\sg
; degg
INsg = /;sﬂ[ 1 +z’yxsﬂ(°d%"E=ER]

3 %2/15

where the level shift, observed resonance energy ER’ and true

resonance energy E, satisfy

N

E)\+A)\-ER30.

The quantity is defined as:
q BsQ s 5 1
[ Lniw 4% 7]
=
d[Ln(xr) ]

where FSR and GS.Q are the regular and irregular solutions of

ng
r=R

the wave equation defined by Bloch et al. (47). The definition

for 'y)\sz in units of Mev is

AN -13
,YXSQE 2. 277 "S‘QL 10

3 123 Mev

where /_;\.S,Q is the partial width in Mev for s-type particles with
,Q orbital momentum for the )\th state, E is the energy in Mev of

the s-type particle in the laboratory system, and R is the nuclear
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radius in centimeters, By using these definitions and the tables

of Bloch et al, (47), A, and F were calculated, Figure 36 shows
A , g

A

a plot of gpo for s-wave protons from which A is easily ob-

\po
tained, In the case of the 1028-kev state, A and A were
shown to be negligible so A = A)\po for both the 710 and 1028-kev

states. The values of gpo are fairly well fitted with a linear func-
tion in energy over the region considered here so that the correc-

tions provided by use of the more accurate resonance denominator

: 2,1 12
(E\ +4, -E)" +7 /]
are negligible. Similarly, /;’\' was shown to be within about 10%0
of ./-;\, but this calculation is quite sensitive to the nuclear radius

assumed, and no corrections have been made for this effect be-

cause of the relatively small correction indicated.
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"APPENDIX VI--Sample Calculations

Part 1. Normalization of the cross section by use of equations
4, 5, 6, 7, 8, and 9

Equation 6 is used to calculate the Rutherford cross section
for elastic scattering of 1,002 Mev protons from copper through a

laboratory angle of 158°20', From equation 7, 0 . is obtained
y ang q c

first:
. _ O, 1,008 05N
sin(0 ., - 158°20%) = 25— sin (158°20') = 0, 0147
‘ - %30 = 51t
OC 158720 51
<te O = 159°11°
Then
dog _ 1296 [ 29 (64.58) ( \2 0-27 cm®
GTC * 0. 9335 ster,

-24 mn2
=1,197x 10 S T 1. 197 barns/ster,

From equation 8,
/1 - (1 008 )“sin®(158°20")

_n 2
c’ B/l - (1 008, 24in%(158°20") +_16ﬂ)5§7cos (158 zo')]

= 1,012
da‘R
"Therefore a-n——; = 1,183 barns/ster.
Now the thick target yield from copper scattering will be used in
do~
equation 5 in conjunction with this value of Tﬁi to evaluate
L

the quantity _q%.&.f_{ « This involves the following values:
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<
~
"y

51, 060 counts

12,37 x 10_]’5 ev-cmz

§

EZ = 12, 74 x 1071 ev-cm2

aEZ

‘E‘31=

E,* 9.43 x 102 ev

0.941

OT - o;r = 79°10¢

. do;, 2E 9E cos@_.
ZeR R 20 E 2+

= ( r)
o da; Y; 1 3E; 2 """o"‘cosT

24

x2 x9.43 x 10 15

- 10183 x 107
4

5,106 x 10

5
[12. 37x0,941x10”
. -1
+12.74 x 10‘15]

) - - *®
= 1.792 x 10”7 steradians™ !

The quantity nq will now be calculated using equation 9. By
graphical integration of the yield vs., energy plot, A was found

equal to 2,01 x 107v"counts-ev". Also

= 2940 counts

52 kev

Y

m
3
mn = 2.2 kev
€ =5.57x 10~ % ev-cm? per N!® nucleus
X, =9.,0
X = -7.1

*Nominal values of the quantities involved in this measurement
are R = 292,4) = 3, 1x10-3 steradians, and q = CV where C = 1. 0QMUf
and V = 9.2 volts, giving ZeR/qfl; = 1,64 x 10-? steradians™],
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.1,52
2.01x 107 2 tan (7—)
x -

n =
T tan'9,0-tan"1(-7.1) ~ 5.57 x 10~ 1%x2. 940x10

3

n.=1,31x .1()17 le nuclei/cm2

T

. N(1)dI ‘ .
The value obtained for - corresponding to the above non at

E = 1,100 Mev and OL = 1580%0' was 16,1, Equation 4 then gives

-9
(;ig_- = 1.792 x ‘1(1’7 x 16,1 cmzlster.
L 1.31x 10

=2,19x 10-25 cmz/ster. = 219 millibarns/ster.

Since X' = 1,137 for N (pp)N'° at 0, =158°20',

C

do
a:ﬂ-é 249 mb/ster,

da-R
]iC
and E = 1, 100 Mev, so i

63.4 mb/ster, for N12(pp)N'> at 0, = 158°20!

]

do/dic _ 3,92 at 0. = 158°20' and E = 1, 100 Mev
o L

R %%
= 158°20°,

Part 2, Calculatioh of theoretical cross section at OL

and E = 1,100 Mev

Equation 16 gives the expression for the cross section at

this energy and this is

dd‘/d‘n_'c 1= [ sinf 1 (X-1) - cos§ v __U
dorp 74N, k JO  2k°R kIR 4Kk“R
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where X = 1/4 fQ + 3/4 fl
Y=1/4g0+3/4g1 '
- By 2] 3
f_ = cos 2¢ IZPJsinZJ— J
J J /—; J
= -l J-
I -
psJ sin?'d:T + psJ cos 2¢_sin Jcos({
In. I J J J
) J - J
2
2 . 7‘/“ELAB gzmomlELAB
2
'h m, ‘h (m0+ml)

sin 2¢Jsin JJcos ({I

gJ== sin 2¢J 1-2

do; ZOZI (mo-l-ml) 2 OC 27

R
m(_;_zR = 1,296 ELA'B g csc vl x 10

2
24,592 Z 0
kZR = > i 71 - csc4—2(—; x 10'27

nE;AB

. 2:592x 1x 49 x 938. 2 x (1.0153)% x 10727

(1.973)% x 10724 x 1,100

= 0, 2956

Therefore k JR = 0. 5437

Z Z e
£ = ‘h zen(csc —1%7-1 (-C—) zu(csc
v

= }/mgzgz Kn (1.0153)2

= 0,0322

Hence sinf = 0,0322 and cosf = 0, 9995
d1=bg = -12.9° = sin2¢; = -0.435 and cos 2¢, = 0. 900

d:; = cot 390) = 51nJ0 = 0,163 and cosJ = -0,987



-90-

J; = cot™! (—.}%—.2-7-) > sinJ1 = 0,738 and'cosd1 = -0,675

r n
ps0 =1 and psl = 0, 82
"o '

£, = 0.900 | 1-2(0, 163)2] -2 x (-0.435)x(0. 163)x(-0. 987)
= 0,709

Similarly, fl = -0.261
- -0.701

g, = -0.784

a.nd X = ‘oo 019

Y = -0,763
‘ -27 2
From reference 5, o;{eaction = 145 x 10 cm” at 1,100 Mev,
Hence U = Reaction - Reaction x k2‘.

Tt-}ez T

145x10~27
B ————

T

938. 2x1, 100

v )
(1.973)°x10”

2
xe(%—Z) x >3

U=0,215

ad = r ]
iy L =]0.0322 1 S1.o19| - 0:9995x(-0.763)
Jom a1, 0.5437 ~ Zx0.2956 | ~!* 0. 5437

0.215  _ '
- Z0.295p = 1663 + 1.403 - 0,181 = 2,885

_ da-/d.(lC
Therefore, = 3,885
: dog /dAc
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SCATTERING AMPLITUDE DIAGRAM
FIGURE 29
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a,- PARTICLE ENERGY (kev)
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