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ABSTRACT

The. F19 plus proton reactions were studied in an attempt to

16

obtain some information about the energy levels in 07 and F19, and

indirectly about levels in Nezo.
‘A high resolution magnetic analysis of the alpha particle

16 from the F19 (v «)016& reaction

groups to the 1~ and 2 levels in 0
failed to reveal any doublet structure in these known ieveis. " The
angular distributions of the alpha particle groups to the lewvels did
not indicate any degeneracy with a 2" level, nor did a search for

16 up to 9.1 Mev reveal a> 2" level,

new excited levels in O

Angular distributions of the alpha particles were measu_:fgd at
bombarding energies of 874, 935, 1290, 1355, and 1381 kev. The dis~
tributions at 1355 kev indicated that the corresponding Ne?° reso-
nance level at 14.23 Mev excitation has spin 2 and odd parity.

4 study of the inelastic proton groups from the Flg(pip')F"l%
reaction gave 113.9 + 0.8 and 199.6 + 0.7 kev for the excitation
energies of the two lowest known levels of Flg. The cross sections
at 1431 kev fo:é these groups in the center of mass system were found
to be 0,187 * 0,015 barns for the first group and 0.007 + 0,002 barns
for .the second group. 4t 1381 kev, the cross section was found to be
0.0427 + 0,0040 barns for protons to the second exeited level, Angu-
lar distributions were measured where possible, but di& not give
unique assignments for the levels, However, all distributions obtained
were consistent with the assignments made to the levels on the basis

of the gamma-ray work done in this laboratory.
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I INTRODUCTION

4 study of the F19 plus proton reactions was made in an
attempt to galn some knowledge of the energy levels of the nuclei
involveds The energies of the emitted alpha particle groups

(I"19 (p «) 016t) revesl energy levels in ol6

» While the inelastic
proton groups '(FJ'9 (p p')Flgt) determine energy levels in Flg. The
anguler distributions of both the alpha particles and protons are
a means of determining the spins and parities of these levels, In
addition, this procedure indirectly yields information concerning

20

the spins and parities of the levels in the Ne™ compound nucleus

through which the reactions proceed,

The energy levels of 016 which are reached by the alpha.

19 (P «) olét

particles from the reaction F have been known for some

times 1 The -purpose in reéxaming the reaction was to determine if

16

there was an energy level in the 07 nucleus in the excitation energy

range 7=9 Mev, with a spin and parity assigmnment 2 , The alphe per-

16 nucleus (2,3) (four alpha perticles at the

ticle model of the O
vertices of a regular tetrahedron) indicated that there should be a
more or less closely spaced doublet of levels, one level with spin
aﬁd parity 2 , the other 2, A 2 level had alrveady been observed )
at an excitation energy of 691 Mev'l), while no 2~ level had been re-
ported, However, none of the experiments had been done with high
enocugh resolution to resolve a very narrow doublet, nor had the region
Just above 7 Mev been carefully covered, Therefore it was felt worth-
while to use the high resolution equipment available in an attempt to
see if the 2" level could be resolved into a closely spaced doublet.

Since the actual separation of the doublet ecould not be estimated
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accurately, the region of excitation just above 7 Mev was searched
for a possible 2" level (the region of lower excitation snergy
having been covered by Chao et al.(lj), and the 2+ level itself
studied to meke certain that the 2~ iével was not degenerate with
it or too nearly so to be resolved in the energy measurements. The
method of doing this was to observe the angular distributions éf the

20

alpha particles from the various resonance levels in Ne™ +to the 2"

16. Since these distributions depend upon the spin and

level in O
parity values of the initial and final states (in addition to the
orbital momenta of the incident and emitted particles) it was ex=
pected that a 2 state degenerate with the 2+ might be revealed by
deviations from the angular distribution expected for a pure éf'
level., In so doing additional information was obtained eoneeining
the spins and parities of the Nezo resonance levels, some of which
had been known previously only from the simultaneocus angular dis-
tribution measurements of the three gamma=-rays from the 3',.2+,

16

and 1~ 0 levels to the ground state.(s) 4n energy level diagram

16 pinal states, with their

showing the resonances concerned and the 0
energies, Spiné and parities included, are shown in figure 1.

Another useful method of determining energy levels, which was
ﬁsed in the study of Flg, is t§ observe the inelastic scattering. In
the case of the F19(p p')Flgi reaction, the incident proton is captur-

20 in an excited state, The Nezo

19

ed by the F19 nucleus, forming Né
nucleus then decays to a proton and a F~’ nucleus in either its ground
state or an excited state. In the former case one has elastic scat-

tering, in the latter inelastic scattering. The difference in energy

between protons scattered eélastically and inelastically at a given
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angle is due to the energy of excitation given to the residual F19
nucleus, and therefore to each inelastic proton group observed cor-
responds an excited state of Flg. In this way Cowie et al. (6) and
Bender et al. ) determined a number of levels in Flg. Howevér,
neither group reported protons corresponding to excited levels in
F19 at 113 and 192 keve These levels were reported by Mileikowsky
and Whaling(s) , Who found two groups of alpha particles in addition
to the ground state group while studying the reaction Ne21(d o()Flg,
which corresponded to the above two excited levels. The same two
levels were also reported by Day(g) s Who observed the gamma~rays from
the reaction F19(nn' ’ Y)F19. Therefore an experiment was started to
see if the inelastic proton groups corresponding to the two levels
could be observed and their energies determined. In addition, angu-
lar distributions were attempted in order to determine the spins and
parities of the levels since it is of interest to compare this in-

formation with the shell model predictions of the FL7 mucleus,

II THEORY OF THE EXPERIMENTS

16

1, The Alpha Particle Model of the 0 RNucleus.

The alpha particle model, which has been applied with some

guccess to the 0:"6

nucleus in the low energy region, has been dis-.
cussed by Dennison(g') and others, () A brief summary of Dennison's
theory will be given here. The 016 nuacleus is thought of as a close-
packed grouping of four alpha particles whose equilibrium configura-
tion is that of a reguler tetrahedron., The energy of the rotating,

vibrating tetrahedral model is written as

2 . - . | .
w=.(J ;:)’ﬁ + ho,(m+g) + hog(ma+ 1) +¥‘w"(m3+%)+x"‘a;,t€‘°



where 4
A is the moment of inertia

wl, wz, cn3 are three normal frequencies expressed in
circular units, where a)l corresponds to an isotropic dilation of the
nuclsus, @, corresponds to the motion in which the alpha p#rticles
are paired into two dumbells twisting with respect to each other,
and 033 is the motion in which one dumbell lengthens while the‘ other
shortens, and vice-versa,

I ny represents an interaction between vibration and ‘rotation
which arises from the fact that the motion associated with the fre=-
quency @, possesses an internal angular momentum h . |

| + €; denotes a contribution to the energy arising from the
tunnelihg process by which a tetrahedron expressed in a right~hand
coordinate system passes ovef into a tetrahedron in a left~hand system.

The states whose wave functions are invariant under aﬁ inter~-
change of any two alpha particles (Bose-Einstein statistics) and
which correspond to low rotational and vibrational quantum numbers are

given in the foliewing table,

j P W (theoretical) W{cbserved)

' nl 2 Mev

0 0 0 0 + 0 )

0 0 0 3 - 64YA 6,13
0 0 0 4 + 108% . ———
1 0 0 0 + ha | 6405
0 1 0 2 + 3hr+ e, 6491
0 1 0 2 =« 3na+ i, + 2€,
0 0 1 1 - #/a + fiwy + 9‘h2/8A +€4 -€1 7.12
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In this table the first four columns are the quantum numbers,
the fifth column is the parity, and the sixth end seventh columns
the célculated and observed energies of the levels. The term 9ﬁ2/8A
in the sixth column represents the interaction energy, which for this
state is =(] + 1) 38%/a + E%%/24; §= -} when ny = L

The ®'s may be found by the usual methods of normal coordinates.
There are six internal coordinates; these may be chosen as the six
displacements Qyesesdy along the edges of the tetrahedron, where 39
93 9399 4; and q5’q6 represent displacements along opposite edges.
The potential energy is a function of the q's and may be developed in

a power series. Retaining no powers beyond the second, one gets:

Ve %[a(q‘; + q§ * q§ * qz * q’; + q§) + 2b(agag + q9q, + 995+ 49

Y da3 * 8, * G5t G0 * U395 ¢ 939 * 9,95+ 9,90) * 2e(qyq,
Tt qs%)]
The three frequencies as a function of the constants a, b, and ¢

together with M, the mass of an alpha particle, are:

Mw*=Y%a+16b + 4c ; Muw'= a-2b+c 3 Mwg = 2a-R¢

The nature of nuclear forces indicates a >> b, a >> e¢; all other
solutions are rejected as physically unlikely. The € 4 are estimated
by Dennison from the theory of the two minima problem to be € = 25€ 4

and 2 €/ ﬁwB =3x 107 3 the value of €, may be underestimated, however,

0
The constants may be evaluated by a comparison with the observed

(10) 2nd the follow=

energy levels, This has already been done by Inglis
ing is essentlally a summary of his caleulations. First the moment of

inertia parameter is determined by putting Ghz/A = 6413 Mev, (This
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13 om, for the muclear radius of 0%°, which

gives a value of 2.5 x 10
is low compared with R °A1/3 & le2 X 161/ 3z 1078 3x 10‘13 Cle,
~even with the recent low value for R o‘) Next, the first vibration
frecpzenpy is obtained from ﬁml = 64,05 llev, and the second vibration
frequency from 'hwz = 6,91 Mev - Bﬁz/A = 3.85 Mev, Neglecting ¢ 0?
one gets ﬁu)B €, = 7d2 - 17/8(1.022) . Using Dennisonts estimate
from the theory of the two minima problem, one has € o 0.04 hcoa ’

or, from the above, 0,96 ﬁmB = Le95 Meve Then Hw,= 5,16 .Mev,

3
€ 1~ 206 keov, and € o~ 8 keve, (Solving for a, b, and ¢ gives

~ 66:=,.7:1 for the ratios asbic, and b and ¢ are much smaller than
a as required.,) This would predict a separation of zhout 16 kev
(260) for the doublet, which is quite capable of being resolved by
the spectrometer used., However, it must be emphasized that this
value dépends upon Dennison's estimate of € 0? which may be low; € o
could conceivably be of the order of several Mev. Therefore & com-
plete range of energies, from zerc (complete degeneration) ’c..o about

2 Mev separation was examined for a 2  level (including degeneration

with the 1~ level).

2+ Angular Distributions.

ae The General Particle Reaction X(ab)Y,

Consider first a reaction in which the incident particle a is
captured by the target nucleus X, forming a compound nucleus C, which
then decays into a particle b and residusl nucleus Y. In the forma-
tion and subsequent decay of the compound nucleus, the differential
ceross section for particle emission goes as the product of two matrix

elements, one for the formetion of the compound nucleus and one for
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its decay. The matrix elements are then resolved into an unknown
factor which depends upon the nuclear properties of the process, and
a transformation coefficient for the combination of anguler moments,
which is known, (11)
Iet the 1ncom1ng particle define a z-axis, If the spin of
the particle is combined with the spin of the target nucleus to give
channel spin s with projection on the gz=axis 8,5 this channel spin
must be combined with the orbital angular momentum £ of fhe particle
with projection zero on the z-axis to give the spin J with its pro-
Jection M of the compound nucleus. Let the combined spins of the
emltted particle and residual nucleus be s! with projection sz',
end the relative orbital angular momentum of the two particles be A
with projection m', Then the function describing the angular. dia-
tribution of the outgoing particles relative to the incoming particle

bea_m is:

2
W)= ZZ‘Z(&ZH} 00 55234010 lZfe(z @M Lmy b)) )
3,5; 55y
where f, (2) and £q ({!) are complex factors deseribing the probabili'by
amplitudes associated with the different orbital momenta, and zl is
a spherical harmonic. The factors in the brackets { ) are Clebsch-
Gordan coefficlents, useful tables of which are compiled in a thesis

(12) The sums are taken over the various possible

by Dr e A Au Kraus,
values of the chamnel spins and their projections, together with the
allowed values of the orbital momenta. The terms belonging to dif-

ferent values of the orbital momente must be added coherer_ztly, while
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the various chennel spins add incoherently. However, for more than
one channel spin an arbitrary coefficient is assigned to each, which
gives the probability of the reaction proceeding by that channel spin,
These probabilities are not calculable in general, and introduce an
ambiguity into the distribution. It is to be noted that there is no
sum over levels of the compound nucleus, which assumes that only one
level of the compound nucleus contributes to the reaction. This as-
sumption gave agreement with the observed results in all but one
case. A distribution will be given later which considers two or more

levels of the compound nucleus contributing to a reaction.

b. The Reaction F'2(p «)0L¥

In this reaction the ineident proton is captured by the ’Fl9

nucleus to form Nezo in an excited state, The Ne20

16

compound nucleus
then decays into an alpha particle and an 07 nucleus, which may be

in either its ground state or an excited state. Five groups of

alpha particles have been observed from the reaction. () Three groups
go to gamma-ray emitting levels at 6,13, 6,91, and 7,12 Meve For con-
venience, the alpha particle groups to these levels have been labelled
0(\1, 0(2, and_ds(l? in order of decreasing alphe partiéle energy. Seed
and French have made the assignments 3-, 2+, and 1~ “) to these levels,
in order of increasing excitation energy, on the basis of the (=¥
angular correlations. Another alpha particle group (denoted by « 11)
goes to a pair emitting level at 6.05 Mev which has spin and parity 0.
The ususl selection rule on gamma-rays (no 0 — O trenmsition) pre-

vents this mode of decay to the ground state, which has spin and

parity 0" also. The alpha particles to the ground state are denoted
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by g and are the maximum energy alpha particles from this reaction.
4 complete discussion of these groups, together with excitation curves
and cross sections hes been given by Chso et al. (1) The resonances

which yield the <  groups seem to be distinet from those yielding

« 's and o 's (both go to O levels). This is usually assumed to be

due to the need to conserve angular momentum and parity. If the Nezo

lovels going to the gemma-ray emitting states in 016

are assumed to
have either even spin values with odd parity, or odd epin with even
parity, then they will not decay to the o' levels., Although this as-
sumption gives good agreement with the experimental data, it does not

prove conclusively that there is not another selection rule in opera=-

2

tion. If one makes this assumption, then those Ne 0 levels which go

to gemme-ray emitting levels in 016

can be formed only by channel
spin 1. (In general, both channel spin O and 1 are possible, since
the proton and the F19 nucleus each have spin 4). For if one uses
channel gpin O, then the orbital angular momentum of the proﬁon glves
the spin of the compound nucleus and also its parity (s’ipce both the

proton and F19

have even parity), But an odd orbital momentum value
then gives en odd parity state, and. an even value an even parity
state, and thus channel spin O must be ruled out, Then we can remove
the sum over 8 in formula (1). A second simplification which may be
made is that the alpha particle has spin 0, and therefore the out-

" going channel spin s!' is just the spin of the residual 016

nucleus,
which is denoted by J!', with projection M', Then formuls (1) reduces

to

W (6)=Z \Z (2+)*£.(8) 524, o\JJM)\z'\Z fe(l‘KJ,M\J{ M’;Z,’M)Y;:"’(G,O) ’ (2)
S;,M' 'L g
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- Thus there are no arbitrary coefficients due to channel spin, and
the resultant distributions are quite unambiguous. Frequently only
the lowest possible values of £ and /' need be considered for par-
ticle energies well below their respective barrier heights, but the
experimental results indicated that the higher values of orbital
momenta could make measurable contributions,

Perhaps a little simpler formula to use is that given by
Blatt and Biedenharm(13), using their Z coefficients which are tabu-
lated in an Osk Ridge National Leboratory Report.s) The 7 coef-
ficients are combinations of the W coefficients of Racah.(ls)
dngular distributions written in terms of Z coefficients inﬁolve
less summations in that their use effects the summations over the
magnetic quantum numbers. When written in terms of Z coefficients

formula (2) becomes:
/ /

w(e) =zzzzzfi(ll)fi(l,)z(Z,JIZJ;sL)fe(1,3fe(lz3z(j;J4J;JfL)PL(cose)

L oL L4 0 : (3)
where L = O,Z,A,...min.(2£,21;237 and PL(cos @) is the ILegendre
polynomial, If one considers only the lowest values of brbital
momenta, formula (3) reduces to the extremely simple form:

(o) =‘L£z([.u’ T3s02(LTL T3 P (cos ) (4)

The pertinent distributions are listed in Appendix I. 4 distribu~
tion is labelled by the four numbers (/,J3/,3') where the nomen-
- clature is the same as before. For 2 possible channellspins, the
distribution due to channel spin O was multiplied by 1 and that due

to channel spin 1 by C. Where more than the lowest orbital momenta

are considered, the higher values are also listed in brackets. Thus



(1(3),251(3),2) would give the distribution for p- and f-wave protons

20, which then goes to the 2+ level in 0]'6

forming a 2" level in Ne
with the emission of p- and f-wave alphs particles. Those dig~
tributions which consider higher values of the orbital momenta have
been taken from the tables of Seed and French.) Their treatment of

the orbitsl momenta is as follows. Consider the Ne<C

compound nucleus
being formed by protons of orbital momenta £ and £+ 2, and alpha par-

/ /
ticles emitted with relative orbital momenta . and £+ 2, Then put
/
£,(0+ /e, () = 1'% and £ U+ 2)/2,) = Be’P

where & and B represent the phage differences between interfering
states of the system and A and B their relative emplitudes. The phase
ghift, apart from an uncertainty of u, associated with an orbital mo-

mentun £ in a Coulomb field is given by
= - tan™ 53 - L
8, =~ tan % M log 2kR + o0y — Zdn
where Fk,
2
wave equation; T\ = 2,28 /hvs k= uv/ ﬁ,/u. being the reduced mass of

G.'é are the regular and irregular solutions of the Coulomb

the system; R is the nuclear radius and Oj= arg (Z + 1+ 17\). In
this experiment the proton and alphs particle energies were well be-
low the respective barrier heights so that F,<< G, and the phase

difference between two waves of orbital momenta £ and Z + 2 becomes

—r = o L
T —-'\'qnj+2 + tan yrvaiak(s

¢e Interfering ILevels of the Compound Nucleus,

5.@_,14-2 = %42 %

When two or more levels of the compound nucleus contribute
significantly to a reaction a summation must be made over the levels

involved, with arbitrary amplitudes and phases for the contribution
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from each level, In general these parameters are quite rapidly
varying functions of the bombarding energy. Thus a small change
in bombarding energy can cause a large variation in the measured
angular distribution. The angular distribution may be written (for

the lowest orbital momenta values)

. / 2
W= 212 Al <3)S=31,-,0\Js,Ms>(J:,Ma\J,'M",ﬁr,'m!>Y"f‘/'(e,o)‘ (®
saM'| 3 (0 |

where Ai and oy ere the amplitude and phase associated with
particles from the i th level, The Coulomb phase shift, which may
be calculated, can be written separately from the qi if desired.
The dependence of the arbitrary amplitudes upon bombarding energy
may be specified in more detail by use of the dispersion fornmlé of

Breit and Wigner (see for example Ghao(n));

however, an arbitrary
factor always :Eemains and this explicitness adds little in trying

to fit the experimental data. What is of interest is to see if the
observed distribution can be fitted by considering interference, what
the spin and parity of the interfering level (or levels must be), how
much relative intensity from the interfering level is necessary, and
if sufficient data is availsble, to determine if the theoretical
distribution veries in the manner observed as the bombarding energy
is changed. In general, interference effects can modify angular dis-
tributions considerably, and & complete analysis is difficult and

requires extensive data,

d. The Reaction Flg(p p") pioe
For this reaction formula (1) gives the enguler distribution of

the inelastic protons. 4Again only channel spin one was considered in
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the formation of the compound nucleus, as none of the resocnances used
was a long-range alpha particle or pair resonence. However, since in
this case the outgoing particle is a proton with spin 3, there are in
general two values of the outgoing channel spin., This introduces an
ambiguity into the distributions as mentioned before., Take the prob-
ebility essociated with charmel spin sto be 4 gte Now the distribution
for the inelastic protons may be written:

w(e)=szz

2 G;Sf

{8, 8,340l 3,W)

Ya , ! 2
Aa{IMIsist s m Y Vi ( e,o)l (6)

The pertinent distributions are listed in Appendix II. For each value
of spin for the final state in F19 are two possible out.going channel
spins., Since the ratio of the two values of the channel spin is what
determines the resulting anguler distribution, the distribution due

to the lower chamnel spin has been multiplied by 1, and that due to
the higher cheannel spin by C. C then gives the ratio of the two
competing channel spins. The distributions associated with each chan-
nel spin are extreme distributions (i.e. the reaction proceeding en-
tirely by either one chamnnel spin or the other). The observed
distribution may be any linear combination of these, Thus a unique
diétribution is not predicted, but rather a continuous range of dis~
tributions.

III. APPARATUS AND EXPERIVENTAL PROCEDURE

1, High Resolution Study of the «, and o3 Groups at 874 kev.

2
The 2 Mv. electrostatic generator of this leboratory was used

to accelerate the protons, which were then passed through an 80 degree
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electrostatic analyzer which rendered them homogeneous to + 0,05
percent. The outgoing reaction products were analyzed by a 180 de=-
gree double focussing magnetic spectrometer of 103" radius. A
regulator on the magnet kept the current constant to + 0.C2 percent.
The detection was done either with photographic plates or scintilla-
tion counter (a zine sulfide screen followed by a 9314 photomultiplier
tube) .

In all phases of the work good targets were of prime importsnce,.
This was paerticularly true in the case of the high resolution study of
the Ly and 43 groups; thin targets were essential, The targets used
in this portion of the work were of sodium fluoride evaporated in
vacuum onto & thin alumimm foil (0.2 mg./cm.z) which was eupporfed on
an #luminum frame, The sodium fluoride was evaporated onto the alumi~
mam foil from & small tantalum boat placed in the bottom of the target
chamber, in order that the targets need not be exposed to air., Target
thicknesses were determined by using a Geiger-Milller counter colnci-
dence arrangement(lé) at 90 degrees to the beam to run the excitation
curve of the gamma-rays over the resonance (874 kev), and then using
the relation 5 ¢ I"'a- ne )% where T is the observed half-value width
aﬁd_T‘ the true helf-value width of the rescnance, as given by Bonner
and Evans.(lﬁo 411l quantities are expressed in energy units.

The deﬁectidn in this part of the experiment was done with
photogrephic plates in order to get a little higher resolution. In
order to get high resolution with the counter a narrow slit width
must be used. This gives a very low yield and means taking lengthy
runs at many points to establish the total yield, with target dete-

rioration and the build-up of contamination on the target surface due
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to the bombardment becoming important effects., With the plates,
however, the whole profile is obtained in only one run, and in ed-
dition, a good deal of the background on either side of the peak.

This means that a relatively large range in excitation energy is
covered ﬁy the plate in one run, which would take many runs with

the counter., Effects such as change in amount of bombardment due

to change in integrator firing voltage and change in effective

target thickness due to motion of the beam spot on the target are
eliminated by this procedure, Ilford 02 plates were used, 1" x 3%,
with a 100 micron emulsion thickness. 4 camera was built (fig. 2)
which placed the long axis of the plate in the exit focal piane of

the spectrometer; the short axis made an angle of 30 degrees with

the incident alpha particles. The plate could be withdrawn from

this position and exit slits moved into the foecal plane without
breaking the vacuum. Just to the rear of the focal plane was the

zinc sulfide screen followed by a photomultiplier tube, The method
used in taking a pla.te wes as follows. After a good target was ob-
tained and the bombarding energy set to give the maximum gamma-ray
yield, a profile of the alpha particlé group being studied was run
with the scintillation counter. (A profile is a yield vs. Ho curve.)
Then the magnet current was set to give the peak of the alpha par-
ticle group, the plate put in place, and a run made, Qontinuous

' monitoring of the gamma-ray yield served as a check upon target deter-
ioration. The total amount of bombardment was determined by a current
integrator. When the desired amount of bombardment was completed, the

plate was removed and the coun.’cer used to run the alpha particle profile
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againe. A shifting of the peak of the group towards lower energy
would have given an indication that surface contamination was build-
-ing up on the target due 'b.o the bombardment, but this effeet was found
to be negligible, If present to a vlarge extent, such an effect could
smear out a closely spaced doublet into a single peak. A cold trap
between the target and oil diffusion pump trapped out most of the oil
vaporse

Once the plate was exposed, it was developed and the alpha
particle tracks counted. The microscope used for this purpose was
fitted with a mechanical stage driven by two micrometer screws at
right angles, which were capable of reproducing any setting to + 3
microns, A4 25x objective and 8x eyepiece with counting reticlé‘ ﬁere
used. At this magnification the reticle covered an area approximate-
ly 3 mm, x 1/3.mm. on the plate. The position of the tracks measured
parallel to the long axis of the plate was a measure of the energy of
the particle. Thus all tracks in a band 1/3 mm. wide parallel to the
short edgé of the plate were counted as being due to particles with
the same energy range (between say some value E and E + §E), Then the
reticle was moved 1/3 mm. and all tracks in the next band counted. In
t-t;is_ way the entire plate was scammed. The length of the band in which
an appreciable number of tracks were found was about 6 mm, ’ since the
double foeussing property of the spectremeter tended to keep the pai'-
 ticles in & narrow strip. The change in energy per unit length along
the photographic plate can be caleulated from the formula

R = P/8P = 2B/8E = 3.6r_[/ér

where R is the resolution of the spectrometer, P and E the momentum
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and energy of a particle in the equilibrium orbit (which may be
calculated from the fluxmeter setting and calibration constant of
the spectrometer), r o 18 the radius of the equilibrium orbit (10.5"),
and &r is the distance in the foeal plane through which a beam of
particles of energy E + 8E is displaced from one of energy E. Eor
the spectrometer used E = E 8r/480 for 8r in millimeters. In this
way the width of the peak at half maximum in energy units was de-
termined from the measured width in millimeters, and was used Ain
setting an approximate upper limit on the separation of any doublet

which might exist, as only one group was observed,

2. Angular Distributions of the Reaction F*)(p «)0'¥

In measuring the angular distributions of the alpha partigles
from the reaction, good targets were again egsential, but here the
thickness was not so critical and was in general on the order of 5
kev thick for protons of the particular bombarding energy used.
Targets were made exactly as above, but the target materisl was prin-
cipally zine fluoride, The gemma-ray counter was used to measure the
target thickness, after which the bombarding energy was set to give
the maximum gamma-ray yleld. Periodically during runs ﬁhe gemma-ray
excitation curve was run to see whether the resonance peak had shift-
ed, indicating the bulld-up of surface contaminations on the target.
 (Since the beam is reduced in energy by the time it has passed through
the surface layer, the peak comes at higher bombarding energy)., Vhen~
ever such a shift was observed, the bombarding energy was increased to
give the peak gemma-ray yield as before,

Instead of using a current integrator to determine the amount of

bombardment, & fixed number of gamma-ray counts were run at each point
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taken, with the counter at 90 degrees to the proton beam. This
method corrects for any change in target thickness due to the motion
of the beam spot on the target from run to run.

In measuring angular distributions the target was held fixed
at either of the two angles +45° ar =135° with the incident beam,
(The direction of motion of the protons, and of the outwardly drawn
normal from the fluorided side of the target being teken as positive).
The target was set at -135 degrees for angles of observation greater
than 90 degrees, and at +45 degrees for angles less than 90 degrees.
In this way the target thickness was held constant for all angles of
observation, and no correction had to be made for change :ln. effective
target thickness, as would have been the case if the target was set
so that at each angle of observation the normal to the target bisect-
ed the angle betwsen the beam and the emitted alpha particles, which
is another way of setting the target angle., With the target at +45
degrees (transmission) the alpha perticles from the reaction passed
through the target backing foil before entering the spectrometer
while with the target at -135 degrees (reflection) they passed back
out through the target material again before entering the spectrometer.
Tﬁe _foil thickness (0.2 mg./cm.z) was such as to decrease the alpha
particle energy by about 200 kev, This had the advantage that par-
ticles emitted in the forward direction, which are more energetic
than those at back angles, were slowed by the target backing foll,
Since the limit of the spectrometer was 2 Mev alpha particles, some
slowing by foils was neceasary, (For this reason the only resonance

at which the oy group was studled was at _874 kev, and there only at
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back angles. It would have required too many foils to observe this
group elsewhere, with the result that there would have been an un-
desirable amount of straggling,) In addition to the target backing
foll, through which all of the alpha particles passed at forward
angles, a foll holder was inserted between the target and the spectro-
meter, and as close to the target as possible., Up to two additional
folle were used with this holder at the higher energy resonances and
at forward angles. For each number of foils used a correction»factor
for loss of particles in the foils was determined experimentally by
comparing yields which could be obtained both with and without foils.
The angles of observation were chosen so as to dividé the

2ebm from zero to one into eight equal parts, A4ll

zebm for ease in comparison with

interval of cos
distributions were plotted vs. cos
the theoretical distributions. When plotted in this way all of the
distributions obtained were fitted reasonably well with either
straight lines or parabolas. |

The method of obtaining an angular distribution was to run the
desired alpha particle group profile at each angle, with the proton
energy set to give the maximum gammae-ray yield. The total number of
cdunts at each angle was obtained by integrating graphically the aresa

under each profile according to the thin target formula(ls)

YNK%I)-dI

where I is the flwmeter setting (and is inversely proportional to the
magnetic field), N(I) is the number of alpha particle counts obtained

at the fluxmeter setting I, and 4I is the interval used in integrating
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- the curve, It is sufficiently accurate, since the peaks are guite
narrow, to replace the value of I in the denominator of the above
expression by an average value f; namely, that value which it has
at the peak of the profile, Then
Y~ L/ (N(I)AI = 4/T

where & is the area under the curve, In order to compare the yields
in the eenter of mass system, this quantity must be transformed to
the center of mess system, The solid angle may be transformed by the

relation 2.9

d 1+ 2ucos 8+«
Qe = ( % “em ) s 1l+2aco80 , 061
d(}L 1 + acos 8. cm °

2
¢ = MyMES
(Ml + MO)MBQ + MOM3E1

Here M, is the mass of the target nucleus, My the mass of the ineident

where

nucleus, Mé the mass of the observed particle, M3 the mass of the
residual nucleus, E, the proton energy, and Q is the energy release
(Mo + Ml -_M2 - Mé)cz. The angle of emission in the center of mass

system Gcm is related to that in the laboratory system Qi by the

relation -
ctn QL = c¢tn ecm + ¢ese Qcm

In addition to transforming to the center of mass'system a small

correction was applied to each yield for the number of uncounted

(29)

singly charged He' ions according to Thomas et al, Then the core=

- rected yield in the center of mass system is given by ‘

Lab ' '%%‘:; @ + e e’

Tem

The total corrected yield at each angle was then normalized to wunity

at 90 degrees, and plotted vs. coszecm, forward and back angles being



2]

]

| plotted separately to display the fore and aft symmetry observed,

3. The F(p p")F'?® Reaction.

In ét.udying the inelastic protons corresponding to the first
two known excited levels of F19, the target materials used were
prineipally eluminum fluoride (A12F6) and lithium fluoride (LiF).
Here different target backing materials were also used. Since the
Qe=values for these reactions (equal to the negative of the excitation
energy of the level) are so small, the inelastic groups fell quite
close to the elastic group from F19. This meant that protons scatter-
ed with slightly less energy than those scattered elastically from F19
would fall in the region of interest. Thus the elastic protons from
earbon and oxygen (which are always present in the pump oil vapor),
from the target backing material, and from the other element which
made up the fluorine compound were always present near or in the region
of interest. In addition, when the target backing used was thin (which
it was in the case of the aluminum backing) the same oxygen and carbon
contamination built up on the rear surfece of the target backing foil
and gave two additional elastic peaks. The main experimental problem
was to observe the inelastic groups away from the elastic groups, and
at a sufficient distance that one could make a reasonable estimate of
the background, and hence of the area under the profile of the in-
 elastic group studied. Two different target backings were used for this
purpose., In some ceses a thick layer of lithium was put down on a
copper backing (the lithium necessarily being thick enough to move the
protons scattered e;l.astically from the copper well behind the inelastic

peaks), and then a thin target of aluminum or lithium fluoride put downe
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For this purpose & new base was installed in the bottom of the target
chamber which carried three water cooled electrodes instead of the
usual two, in order that either of two tantalum boats might be heated
independently of the other., In an initial attempt a single furnace
was used, After filling the bottem of the furnace with aluminum
fluoride, a piece of lithium was wedged ih on top. Since lithiﬁm comes
off at the lower temperature, the furnace was heated gradually until
the lithium started to evaporate and then the target put iﬁ the evap~-
orating position and a thick layer of lithium put down. Then the target
was removed and the furnace heated slightly more for a short peried to
drive off any lithium that might be left. Finally the furnace was
heated still more until the aluminum fluoride began to evaporate and
then a thin layer of this laid down, The difficulty with the procedure
was that the lithium could never be completely driven off, and continu-
ed to be put down with the aluminum fluoride, thus putting down the
aluminum fluoride in a thicker but less dense lsyer. In addition, an
undesirable amount of contaemination seemed to accompany this method.
The two furnace method gave very satisfactory targets, however. Since
the lithium is duite light (mass mumber 7), the protons scattered
eiastically from it are far back of the desired groups at angles greater
thaﬁ 90 degrees, and it was possible to observe the inelestic groups
forward of the lithium pesk. Since the target backing was thick there
" was no problem of peeks from contemination on the back of it.

In other cases a thin aluminum foll was used as target backing
material (0.2 mg./cm.z). Aluminum, being a heavier element (mass number

27), had its elastically scattered protons well forward of the two groups.
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However, the foil had some thickness, and gave scattered protons with
a finite range of energy, those protons scattered from the reasr surface
of the foll having the least energy. In addition, there were always
two peaks each due to protons scattered elastically from oxygen and
carbon; one due to the layer on the target surface and one due to the
layer on the back of the foil, Thus there were a very largé nnmber of
undesired peaks, from which the inelastic peeks not only had to be
identified, but also moved clear enough so that the total ﬂumber of
counta due to the inelastic scattering alone could be estimated with
relisbility. Due to the difficulties involved only very scanty infore-
mation was obtained on the angular distributions, although it was
alweys possible to get each group clearly resolved at one angle at each
resonance used so that the energy of the group and thus the excitation

of the level could be calculated,

IV. DISCUSSION OF RESULTS
1, Existence of the Predicted 2~ Level in 0%0,

Good profiles were obtained with the photographic:plates at a
bombarding energy of 874 kev of the o, group at ela.b = 90, 137.2 and
157,7 degrees, and of ) at 8, = 157.7 degrees. These curves are
displayed in figs. 3-6. There is no evidence of doublet structure in
any of the curves, all of the peaks being quite symmetrical. In ad=-
~dition, in the best case for each group, the width at half maximum of
the peak is less than 6 kev., This leads to the coﬁclusion that if the
2" level is actually a doublet, the separation is probably less than 3

kev, or more than 100 kev (since this was the energy range covered by

the photographic plate).
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In searching for a 2  level Separated by more than 100 kev from
the known level, the region of excitation energy higher than the 1~
level at 7,12 Mev was examined, the region of lower energy being coversd
by Chao et al, (1} The proton energy was set at 874 kev and shorter
range alpha particles than the oy group looked for. In this way the

16

excita’gion range in 07 from 7.12 to 9.1 Mev was covered without finde-

ing any new alpha particle groups. This is an indiecation that there

are no levels in 016

in this region of excitation. The emminétion
was not conclusive, however, in that there might be a selection rule
preventing alphas going to an unknown level. (At least, if not com=
pletely forbidding the transition, making it so weak as to b.e unobgerve
ed in this experiment.) Thus levels in this region could conceivably
show up in other reactions. (A level was reported at 8.6 Mev by -
Fulbrighﬁ and Bush on the basis of the inelastic scattering of protons
from_Glé.)eo)

In order to determine if there was a 2~ level closer tﬁan 3 kev
to the 2" level (or possibly the 1 level), the angular distributions
of the alpha particles to these levels were observed., Sinece the angular
distributions de;pénd upon the spin and parity values of the initial and
final states (in addition to the orbital momenta of the protoné and
aiphé particles), this method could reveal a 2" level even if it were
completely degenerate with either known level, With the bombarding '

"energy at 874 kev, the o, group was observed at forward and back angles,

% obtained. (Fore and aft

and the angular distribution 1 = 0,65 cos
symmetry was observed; see fig. 9). The 874 kev resonance level had

already been determined to be 2 by Seed and French(l"); this is in
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(21) on the basis

 agreement with the assigmments of Ghao(5) and Senders
of gamma~-rey angular distributions, and with elastic scattering messure-
ments made in this laboratory. If one locks in table I for the transition
Ne20(27) — 016(2+) , considering only the lowest values of £ and £’
(£=1,4'= 1), the theoretical distribution is 1 = 7/9 cos”. The
observed coefficient is lower then the predicted one by some4 17 ﬁercent.
Suppose that there wére a 2 level almost or completely degenerate with

16 level, the lowest permitted values of orbital

the 2' level, Far a 27 0
momenta would be £ = 1, £ ‘e O. Thus s-wave alpha particles would be pos~
sible, and their barrier penetration factor would be lower than for the
p~wave alpha particles from the 2+ level, If theée barrier penetra-
bilities are calculated on the WKB approximation given by Bethe (?2) s oOne
gets for the ratio Pl/PG (where Py is the barrier penetrability associat-
ed with 6rbit§l' anguler momentum .£) 0.45. Then, observing the distribu-

20 5. level to the two 020

tion from a Ne levels with asgsignments 2+ and
2" gimultaneously, one would expect the alpha particles to thé 2 level
to be favored, The ratio of the intensity of alpha particles to the 2
level to the intensity of those to the 2* level necessary to give the
observed distriﬁution may be calculated. Since the alpha particles to
the 2~ level are s-wave their distribution will be isotropic. -Then

-+ Ly (1-0.7 cos?e) = (L= + I#) (1 - 065 ¢08°6) where I is the

2
intensity. This gives 12;/12+ = 1/5. Although this could be all the
‘relative intensity to the 2  level, since barrier factors alone do not
determine the relative rates of the transitions, it seems rather small,
However, the reduced value of the coefficient may be satisfactorily
accounted for without the presence of & 2 level by teking into account

the other two orbital momenta values possible in this transition; namely,
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4= 3 and V4 /= 3. First consider the a3 angular distribution at
the same resonance (fig, 10). Since only one value of A?Iis allowed
(2 = 2), this distribution is not a function of B or cos Be The
absolute value of cos 0 vas calculated to be 0.438. L is expected
to be small, as it is the ratio of the amplitudes for penetrating the
barrier of F19 by protons of 874 kev energy, with orbital momenta 3h
and lftrespectively. Then if only terms to first order in A are re-
tained, the theoretical distribubtion one gets from Appendix I is
Wi(x)=1+x+ 2(2/3)%Acos.5(1 -Ox + 10x2), where x = cosze. In
figure 7 a plot of W(x) is made for several small values of 4, and cos G
both positive and negative., For all vaelues of A the curve passes
through the point (1,2). At any fixed velve of x, equel changes in A
for smell & produce roughly equal changes in W(x)« For & equel to |
zero, the curve is linear, and for velues of A other than zero, the
distribution is parabolic, bending above the & = 0 distribution for
cos @ negative and below it for cos a positive, The effect of the
higher 4 velues is to add some curvature to the distributién. Thus
this date gives the sign of cos a and a rough value of A (reelly an
upper limit)., Having obtained A and the sign of cos @ in this menner,
they may be used in the distribution to the 2 level from this same

resonance, since they depend only upon which resonance in Rezo

is used,
When this is done, the only arbitrary parameters in the az'angular dis=
tribution are B and the sign of cos ., Vhen all terms of second order
or higher (other than Bz) are neglected the distribution is linear,

Thus & value of B and the sign of cos § mey be determined from & least

squares fit of the data. In this way A was determined to be 0,06 and



B 0.29.

These values are reasocnable in magnitude and agree fairly well

with those Seed and FrenchCA) obtained from the angular correlation

measurements.

(A = 0,1+ 0.1, B = 0,35).

Thus the lowering of the co-

efficlent is entirely consistent with the known levels. It is to be

noted that the angular distribution of the«xB group at this resonance,

which is in satisfactory agreement with the above level asgignments,

would also be markedly altered by the presence of a 2  level close to

the 1~ level, and could easily have been detected.

2. Angular Distributions of the Reaction F-2(p «)0L0%

The results of the angular distribution measurements are listed

in the following teble,

TABIE I.
Anguler Distributions of the Reaction F1?(p «)00¥
Resonance Alpha 4 B cosq? cospt Measured
(kev) Group Distribution
87, o« 0,06  0.37  0.438 0,242 1=0.49%
87 %, 0,06 0429  0.438 04250 1= 0.65x
874 %, 0.06 04438 1+ 0.61x + 0,39%°
935 %y 1
1290 %, 1
1290 . <i3 1+ x
1355 «, 0.1 0u43 04595 =0.156 1 = 0.63x
1355 <, 0.1, 04595 1 - 0.19x + 1.19x°
1381 «, 1 - 0u43x
1381 « 1

& The megnitudes of these phase shifts are calculated as given in the theory;

the sign is determined experimentally.
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After the c(z and 3 groups were cbserved at the 87, kev

resonance to determine whether or not a 2~ level was degenerate with
either the 2 or the 1~ level, the o, angular distribution was measur-
ed at this resonance. Since the energy of the alpha particles was so
high the distribution was only measured at back angles, and it requir-
ed three foils to get the alpha particles through the spectromeﬁer.
However, the o(; group is the most intense of the three groups, and good
statistics were obtained without an intolerable amount of é'craggling.

20

The distribution agreed with the 2" assignment to the Ne™ 1level and

3~ to the 016

level (the coefficient again being slightly lower than
one would expect taking into account only the lowest 4 valﬁes; this was
again satisfactorily explained by considering the next two highei' per=-
mitted values of the orbital momenta)., This was the only resonance
at which the c(i group was observed, the oy groups from the higher energy
resonances being too energetic to be feasibly slowed down by foils,

4s @ check on the theory, the angular distributions of the 0(3
group at the 935 kev resonance was measured next. The 935 kev resonance
level is a 1+ state, and hence may be formed by s-wave protons. Thus
the distribution should be mainly isotropic, with higher Z values
modifying the distribution slightly, £ " hes only the value 1, but L nay
be either O or 2; 4 should be small and |eos o| = 0.038. Therefore
the effect of the higher A values is negligible, and the distribution
" measured was indeed isotroplec. (fig. 11) The oy grouﬁ was so weak at
this resonance that no attempt was made to determine its distribution.

With this satisfactory check, the distributions were next

measured at the 1355 kev resonance level. The only information as to
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the spin and parity of the level came from the data of Day et al. (23)
on the simultaneous angular distribution of the three gamma-rays as
analyzed by Chao.(s) Chao found thet satisfactory agreement could be
had by assuming the level to be either 2~ or 3+. The alpha particle
distributions, which were quite similar to those at the 874 kev
resonence level, led to a 2~ assignment for the level. This assign-
ment has recently been checked by the elastie scattering of protons
from F19 done in this laboratory. The assumption of p- and f-wave

protons forming a 2" I\Iezo

16

level, which goes by p- and f-wave alpha par-

16 1"

ticles to the 0 2+ level, and by d-wave alpha particles to the O
level gave a very satisfactory fit to the data, as may be seen in figs.
12 and 13. The distributions are listed in table I. ‘

The yields of the O and c(3 groups at the 1290 kev resonance
were quite small and made accurate analysis impossible without further
painstaking experimentation. A glance at the yield curves of Chao et
al. () for the gamma-ray yield at this resonance shows that 6ne night
expect the background yield to be of the same order of magnitude as the
alpha particle intensity from the resonance itself. The angular dis-
tributions are those obtained at resonance, with the background yield
included. Only back angles were used as foils would have reduced the
a.lréady small counting rate. The distributions obtained are not in-
consistent with the assignment of 3* made to this level by Gha.o(5) ’
assuming a constant background yield at each point of i'elatively large
magnitude with no interference, However, no positive assertion as to

the assignment can be made on the basis of this data. The anomaly in

the elastic scattering was also so weak that no analysis was attempted.
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The 1381 kev resonance level had been previously studied by Day
et al.(23), who measured the combined angular distribution of the three
gamma-reys from the gamma emitting levels in ol6 (those from the 1,

2", and 3™ levels to the ground state of 0%

, of energies 7.12, $.91,
and 6,1 Mev respectively.) The work was done with Geiger-Miller
counters with no possibility of resolving the three gamma-rays{ At

all bombarding energies they observed distributions which could be
fitted With curves of the form 1 + a cos=@. However, as the bombarding
energy was varied across the resonance, the coefficient was found to
very linearly from =0,2 to 0.1, with the value -0,073 at the resonance.
This behavior suggests the possibility of interference, although it
could result merely from the change in the relative amounts of the three
gemma~-rays as the bombarding energy is changed. On the basis‘of the
smallness of the coefficient at resonance, and of the ratio of gamma-
ray intensity at 90 degrees to alpha particle intensity ﬁt 137.8 degrees(l),
.Chao(s) made the assignment I+ to this level, ‘

The distributions observed at the resonance for the alphe particlé
groups were isotropic for the<13 group and 1 = 0.43 c0329 for the¢x2
group., It was-fdund impossible to fit this data with any one value of
spin and parity of the compound level. If the 1381 kev resonénce level
weré’indeed i+ as Chao thought, both distributions should be isotropic,
gince this state may be formed by s-wave protons., If these distributions
were not due solely to the 1381 kev level, but to interference of this
level with another level, as was suggested by the gamma-ray measurements,

one would expect the observed distributidns to vary as the bombarding

energy is varied over fhe resonance, It is to be noted from the observed



—31-
distributions that there is fore and aft symmetry (* 10 percent). In
an attempt to discern any possible interference effects the bombarding
~energy was set at both ER + /2, where ER is the resonance energy
- (1381 kev) and T" is the total width of the gamma-ray excitation curve
at half-maximum in energy units. Only a few points were run at each
energy for each group; the results are given in table II,

TABIE II

Yield(normalized to unity at $0°)

E Group x=0 x=1/2 x=7/8
Byt T/2 %, 1 0.96 0485
ER + /2 °(3 1 0,87 ———
E, - /2 % 1 1.09 ———

The only large change which occurs is in the Ky angular
distribution at By + ["/2; the other changes are within the probable
error. Thus interference effects are possible, but are not clearly
manifested on the basis of this data.

From the elastic seatiering of protons done in this laboratory,
i£ is known that this level has odd parity, and that the distribution
can be fitted on the assumption of the formation by p-wave protons.
Thus it seems probable that this is a 2~ level. This assignment has

also been obtained by Sanders (21)

s Who maneged to separate the 6,14 Mev
gamma~ray from the 6.91 and 7,12 Mev gamma-rays, using a deuterium
filled ionization chamber. He measured the angular distribution of the
6.1, Mev gamma-ray by itself, and the combination of the 6,91 and 7,12

Mev ganuna-fays together. The distributions were fitted with curves of
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the form 1 + & cos=®, where a = =0,14 * 0,03 for Y, and 0,58 + 0,13 for
AP YB. This led him to the 2~ assignment for the level. Also, he
measured the ratio Yl/( X, + Yé), and using the theoretical distributions,
obtained the same distribution as Day et al.(23) for the combination of
the three gamma-rays.

Thus the assigmment to the level seems firmly established, and
the only question left is, to what is the change in the alpha particle
distributions due? One factor which modifies the distributions is the
contribution of higher £ values. One might almost gt the o, distribu-
tion in this way, but too much 00349 would be introduced into thech
distribution to have gone unnoticed. In addition, the value of W(x)
must always rise to 2 when x = 1 for the g distribution no matter what
valﬁes are assumed for A and cos s It might be noticed that there is
some indieatioxi of a small amount of c0349 in the Ao distribution. This
would be compatible with the contribution of higher Af values. However,
the date does not warrant an exact fitting to obtain the coefficient
of a possible 00549 ternm.

Another factor which would move the distributions in the observed
direction would be the presence of a constant background, with little
iﬁterference. At 1400 kev bombarding energy the 2 yleld was observed
to be about 5 percent of the Ay yield at the resonance; the a(3 yield
was about 10 percent of that at the resonance. These values are nowhere
" near large enough to produce the observed distributions, however. The
level, non-resonant background in this region has been thought to be +. &)

4 third factor which cen appreciably modify distributions is

interferenca. The nearest known levels to the 1381 kev resonance are the
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2" level at 1355 kev, a 2t long-range alpha particle and pair resonance
at 1367 kev, a capture resonance at 1431 kev (1) , and finally the non-
resonant background (thought to be O ). The gamma-ray yield curve in
this region 1s shown in fig, 18; other measurements have shown that the
small peak at l.,42 Mev must be due to soft radiation, and is not from
the gamma-ray emitting levels in 016.

If interference with the 2~ level is considered, it is found
difficult to fit the observed data. Interference between the two 2
levels gives the same distribution as either level by 1ltself with only
the intensity being modified. Interference with the 2+ level would give
terms in cos © and cosBO, which does not agree with the fore and aft
symmetry observed. However, this fore and aft symmetry was observed
at only one bombarding energy, and it is conceivable that at just this
polnt the coefficient of these terms was small. If this possibility is
considered, then the interference pattern with these terms removed can
not possibly fit the observed distributions., For the same reason in-
terference with the 1+ lovel does not give agreement with the data. Also
the 0' level would give terms in cos ©. Due to the uncertainty in the
assignment to this background, the pattern from either a 1~ level or 3~
lev;el interfering with the 2" level were considered. Since these states
have the same parity as the state with which they interfere these dis-
tributions had the observed fore and aft symmetry. However, nelther
'reproduced the observed results very closely, although the 1" level
moved the distributions in the right direction. It seems that more com=-
plete data is required to reach a definite conclusion., In particular, a
very useful bit of informetion would be the angular distribution of the

c(l group at this energy. Since this group is so intense background
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effects would be minimized., A range of distributions for several energies
would be useful, in addition to complete forward angle data. Also, the
angular correlation between the alpha particle groups and the de-execitation

gemma-rays would be very helpful.

3. Q-values and Cross Sections of the Reaction Flg(p p')Flg#
The two inelastic proton groups corresponding to the two lowest

known excited levels of F19

were first observed at the 1381.kév resonance
level, at 160 degrees in the laboratory system. After checking‘that these
were the right groups by observing how they moved with changes in the
angle of observation and bombarding energy, a brief excitation curve was
run from just below 1355 kev to gbout 1500 kev, Both groups.were observe
ed to follow the well-known resonances at 1355 and 1381 kev, and in ad-
ditién, there was a much stronger resonance for the first group at 1431
kev, which had ﬁot previously been reported as a resonance. The group
corresponding to the first excited level was about twenty times as intense
as that due to the second excited level, During this work, & preprint
from the Rice Institute(24) reported this as a capture gamma-ray iesonance.
The running of excitation curves for the protons was halted here, &s the
gemma-rays from the de-excitation of these two levels were being observed
concurrently, and it was a much simpler task to observe the resonances
for inelastic scattering from the gamma~ray yield. The gamme-ray energy
remains constant as the bombarding energy is chenged, whereas the proton
'energy varies, and the spectrometer setting must be determined for each
energy used,

The two groups were observed at several bombarding énergies and
angles during the course of this work, and from this data the Q-values of

the resctions calculated. The resultant values for the energies of the
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first two excited levels are 11349 * 0.8 and 199.6 + 0.7 kev, in
agreement with the energy messurements on the accompanying gamma-rays.(25)
These values are the result of 1. measurements on the first level and 25
measurements on the second level,

The cross sections for the inelastic scattering processes were
measured at two bombarding energies. The method of determining these
cross sections was as follows: the fluorine elastic peak was observed,
along with the inelastic peaks, and the total area under each of these
peaks calculated graphically. The cross section for each of these proc-
esses then goes as this number divided by the fluxmeter reading at the
pesk. The ratio of A to I (where A is the area under the peék) for one
group is to the same ratio for another group as the ratio of their dif=-
ferential cross sections, since all other factors remained constant (target
thickness, solid angle, and emount of bombardment)., The absolute cross
section for the elastic scattering was obtained from the work done in
this laboratory, which then gave the absolute differential cross sections
for the inelastic secattering processes. The values obtalned in this
nanner were in good agreement with those obtained from the gamma-ray
yields, (25)

\ The cross sections for both groups were measured at the 1431 kev
resonance. The measurements were made at 159,7 degrees in the laboratory
system; as will be seen in the angular distribution work, the distribution
of the first group was isotropic. This result is supported by the work on
the elastic scattering of protons, which indicated that this Ne20 resonance
level hes spin and parity 1?. Since the level may be formed by se-wave
protons both distributions are expected to be isotropic. Then the dif-

ferential cross sections need only be multiplied by 4w to get the total
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cross sections. The resulting cross sections were 0,187 + 0,015 barns
for the group corresponding to the first excited level, and 0.007 +
0,002 barns for the second group. The second group was so weak that
accurate measurements were difficult, and thus the crosé section is only
given to»one significant figure. ”’

At the 1381 kev resonance the yield of the second group was'
measured at 90 degreeé in the laboratery system, snd compared with the
elastic yield, In this case the angular distributions indiéated a dis=~
tribution of the form 1 + a cosze, and therefore the differential cross
section at 90 degrees was multiplied by the factor 4m (1 + a/3) (where
a = =0.,45) to get the total cross section. This gave 0,0427 + 0.0040 barns

as the eross section for the second group. -

4. Angular Distributions of the Reaction F19(p p')Flgﬂ

The results of the angular distribution measurements are listed
in table III, All distributions were fitted with curves of the form
1+ a cosze; these coefficients a are listed, ay referring to»the First
group and a, to the second.

TABIE III

Coefficients in the Angular Distributions 1 + a cos=8 for the
Reaction F19(p p")F1%

, Ekaev) ay a,
874 ———— 0+ 0.1
1355 —— 0 + 0.1
1381 - 0445 + 0404
1,31 0 * 0.1 —

The angular distribution data is meager, due to the difficulties
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involved in getting tﬁe groups free of unwanted elastic peaks. Fig. 19
shows a profile run across the region in question at a bombarding energy
of 1431 kev and at the angle 159.7 degrees. The elastic peaks become
larger at smaller scattering angles and lower energies, making it quite
difficult to observe the inelastic groups. Thus, while it was a;ways
possible to observe a.group at one angle, it w;s not always possible %o
obtain it again at another angle and get the angular distribubion. The

19 excited level was the most difficult

group corresponding to the first F
to observe, it being so close to the elastic peak due to carbon every-
where., However, two points were obtained at the 1431 kev resonance, at
90 and 159.7 degrees, which indicated that the distribution ﬁas isotropic
to + 10 percent. As mentioned above, this is in agreement with the
elasﬁic scattering.

The number of resonances available to an experimenter trying to

determine the spin and parity of these two excited states in F19 was

=0 which

severely restricted. All of the known resonance levels in Ne
gave the tvo groups had spin assignments of either l+ or 2-. Since the
1 level may be formed by s-wave protons, any distribution obtained from
these levels will be isotropic. The three useful levels were the 874
(wﬁich gave almost no protons corresponding to the first excited state),
" the 1355 and the 1381 kev resonance levels, all with 2  assignments.

The distribution of the protons corresponding to the second
‘excited level in F19 was measured at 1381 kev, and the result 1 = 0445
cosze obtained. A4t bombarding energies of both 874 and 1355 kev, isotropic
distributions were obtained. The points taken at each resonance were few,

as is shown in figs. 20-22, due to the afore-mentioned difficulties, and

the results are only good to about + 10 percent.
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Since a thorough job could not be done on the angular distributions,
no assignments cen be made on the basis of the particle work alone, In
addition, all distributions are ambiguous due to the presence of the
proton spin, making the addition of an arbitrery factor necessery in each,
However, work on the gamma-rays(25’26’27), including angular distributions
end lifetime measurements, have led to an assighment of 5/'2+ for the upper
level. As can be seen from the theoreticsl particle angular distribubions
in Appendix IT, the three observed angular distributions are consistent
with a 5/'2+ assignment for the second level, One extreme solution has the
coefficient 1/3, the other -7/@. Since the resulting distribution nay be
any linesr combination of these two, it is readily seen that isotropy or
a coefficient =0.45 are possible distributions from a 5/'2+ level,

The only distribution observed of protons corresponding to fhe
first excited level was explained solely on the basis of the spin and
perity of the Ne20 resonance level (1+ at 1431 kev) and gave no information

as to the spin end parity of the first excited level,

V., SUMMARY

The search for a 2 level in 016 has resulted in the region of
excitation energy from about 7 to 9 Mev being covered, with no new
leveis discovered. Whether or not such a level would appear in another
reaction was of course not decided,

The angular distributions themselves have led to only one new
assignment for the Ne20 resopance levels; that of 2" to the 1355 kev
resonance level, All other distributions were in agreement with previous
assignments, or with those~made subsequently on the basis of the elastic

scattering. The only exception was at 1381 kev, where no definite con-

clusion could be drawm, It seems likely that interference éffects were
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‘modifying the distributions, but no definite conclusion as to the
interfering level or le\?els could be drawn.

The study of the inelastic protons from the Flg(p p')Flgt reaction
gave the energies of the first two known levels of F to be 11349 + 0.8
and 199.,6 * 0.7 keve The cross sections for the first and second groups
at the 1431 kev resonance were 0,187 t 0,015 and 0,007 £ 0.002 ba;rns,
respectively. At 1381 kev, the cross section for the second group was
0.0427 + 0,0040 barns, ‘

Those angular distributions which were obtained were not sufficient
to meke unique spin and parity essignments to either final state, but all
distributions measured were consistent with assigximents made 'on the basis

of the gamma=-ray work.
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APPENDIX I.

Theoretical Angular Distributions of the FL2(p o)01%¥ Reaction

20 16

(for Ne ].'!.,1",2+ ,2-,3+, and 3~ levels to O 1.,2-,2"' , and 3~ levels).

WAIWAR L Distribution

Co(2),151,1] 1+ -\’[‘-: A cos o (-1 + 3x) + % 42(41 - 39%)
: 2 )

[0(2),1;1(3),2] 1+ B2 + Jﬁa cos « (1+ 2\6 B cosp+ 4B (1 - 30
5Va .

22 2
+ 5= | (127 +39%) + 78\/6 B cosp (1-3x) + 4B%(22+39x)

[0(2),152,2] 1+ =2 4 cos o (=1 + 3x) + 2= 4%(23- 130)
2 |

[0(2),1;3,3] 1+ —\/3_—_,A cos « (-1 + 3x) + 755 &% (151 - 117%)
LV2 '

. . ® * . . N .

[1,1;0,1] 1

[1,152,2] (1 + x) + 26(1 - %
[1,1;1,2] (7 -x) + 2603+ x)
[1,152,3] (5 = x) + 20(2 + x)
[2,2;1,1]  3(1+ x) + 20(1 + 3x)
[2,251,2] (5 = 3%)+ 66(1 = x)
[2,2;0,2] 1 |

[2,251,3] (3 + 16x) + 96(1 - x)
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"[: L35 4,3V | Distribution
[1(3),252,1] 1+ x+2 \EA cos « (1= 9x +10x°) + -§- 42(1+6x - 5x7)
[1(3),2;0(2),2] 1+ \/;’-% B cosp (1~ 3x)+ ;21-5 B2(31 -~ 9%) |
| + \/?A cos»‘a([\/gL;B cosp (=1+3x)+ %A Bz(—1+9§; - j;Oxz)]

+ 22 [1+4\/33-5 B cosp (1-3x)+ -%4- B(17- 18‘x+15x2)]

[103),251(3),2] 1 - % x+&Bocosp (1 =3x) + 2823+ %)

+ % \/gA cos [(-1+ 3x)+ 2B cosp (-3+2%x - 2532)

+4 32(7- 66x + 75x2)]

+ &2 [(‘7-6::) +3B cosp(9-42x +252°) +§ 132(29+78x-75x2‘9]

[203),2;2(0),5] 1-5x+ %\EB cosp (1-3x) + 75 B2(9 + %)

-+

L4 cos q[s-l-6x+15x2) + 4 gB coaﬂ(-3+24x-25x2)

6 \6

+ 282 (4-39x+457) |

+ 3503 (1342157 + 4\/5‘ B cosp (9-42x+25x%)

+ 2(23442x =4520) ]

L ] L) L [ 4 L 4 L4 * * [ 4



[2,3;3,1] 5+ éx+ 5x°

[2,3;1,2] | 23 + 36x

[2,352,2] 35+ 162x - 165%°

[2,3;1,3] 10 - 9%

[3,352,1]  (5+ 6x + 55 + 60(L - 2x + 5%9)
[3,3;2,2] (13 + 18x - 155°) + 6C(L + Lix + 15x°)
[3,3;1,2] (7 + 9x) + 6c(1 + 2%)

[:39350,3] 1

| APFENDIX II.
Theoretical Angular Distributions of the FL2(p p') 0¥ Reaction
(for a Ne¥ 2" level)

Final State in F'7 | Distribution

1/2% 13 + 21x

1/2 2(1+ 3x) + 3¢(1L + x)

32" 13 + 21x + 36(9 - 7x)

3/2 7 25 = 9x +28C |

5/2 * 9 - 7x + 26(3 + %)

5/2 ~ 7 + 3C(3 - 2%)

7/2 " 6(3+ x) + 56(5 = 3x)

7/2 3=2x + C(2+ x)
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