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The angular distributions of a particles emitted in the 0 18 (p, a 0 ) N15 reaction are investi­
gated for laboratory-system angles from 30° to 150° and for proton energies from 730 to 
1050 keV. The experimental data are analyzed on the basis of the resonance theory of nu­
clear reactions. The spin and parity, and the partial reduced widths for the 8.89-MeV level 
in F19 are found to be 1/2+, ®~ = 2.4 x 10-4, and ®~ = 5.5 x 10- 3 , respectively. It is con­
cluded that a associations of nucleons are formed within the F19 nucleus in this state with 
high relative probability. 

1. INTRODUCTION 

THE angular distributions of a particles emitted 
by o18 as a result of proton bombardment enable 
us to understand the fairly complicated pattern of 
interference between different states of the com­
pound nucleus F 19 and to determine their charac­
teristics such as energy, width, spin, and relative 
parity. 

The reaction 0 18 ( p, a ) N15 reveals F19 levels 
lying above 7.964 MeV, which have been studied 
in [ 1- 5]. Investigations have been confined mainly 
to the energy dependences of the (p, a), (p, n), 
and ( p, y) yields at one [ 2 •3 •5] and two [ 4] angles, 
as well as elastic proton scattering. [ 4] Cohen [ 1] 

investigated the energy dependence of angular dis­
tributions for 450-850-keV protons and deter­
mined that about 35 F19 levels appear in the reac­
tion o18 (p, a 0 )N15 with 500-3500-keV protons; 
the zero subscript denotes the formation of the N15 

ground state. The spins and parities of some levels 
were determined. 

In the present work we investigated the angular 
distributions obtained with 700-1050-keV protons, 
and established the spin and parity of the 8.89-MeV 
level of F19 • 

2. EXPERIMENT 

The present work was performed with an elec­
trostatic generator. The energy of the accelerated 
protons was measured with an electrostatic analyzer 
of 1.5-meter radius. The absolute energy scale 
was calibrated using the 874-keV resonance in the 
F19 (p, ay) o16 reaction, as well as the 2059-keV 
threshold of the Be 9 (p, n) B9 reaction. The volt­
age stabilization system of the generator ensured 
beam-energy stabilization within 3 x 10-2%. 

The proton beam entered a reaction chamber 
whose upper lid, on which the counters are mounted, 
can be rotated without affecting the vacuum, thus 
permitting different scattering angles. The angu­
lar range was 30-150° in the laboratory system. 
The entrance tube contained two diaphragms of 
2-mm diameter separated by 200 mm. The angle 
between the beam axis and the chamber axis was 
less than 0.3°; the target was the gas volume de­
limited by the diaphragms in front of the counters. 
The diameter of the first diaphragm was 5 mm, 
that of the second was 7 mm, their separation was 
84 mm, and the distance from the center of the 
chamber to the first diaphragm was 41 mm. With 
this geometry the solid angle was 2.5 x 10-3 ; the 
length of the target was 11 mm, corresponding to 
± 3° mean angular spread. 

The chamber was filled with oxygen at 
~ 5-7 mm; the 0 18 content was 64%. The cham­
ber was separated from the generator vacuum sys­
tern by an Al203 film 0.15 J.L thick prepared by 
oxidizing an aluminum foil in a weak electrolytic 
solution (a 5% solution of ammonium citrate) with 
subsequent etching. This film having a 5-mm dia­
meter withstood 30-mm pressure and ~ 2 JJA cur­
rent. 

The current was measured with a Faraday cyl­
inder mounted behind the chamber. The cylinder 
space was connected to the generator vacuum sys­
tem and was separated from the reaction chamber 
by a 5-JJ aluminum film. A voltage of - 500 V 
was applied to an electrode in front of the cylinder 
in order to prevent the entrance of electrons 
knocked out of the film by the proton beam. The 
charge collected in the Faraday cylinder was meas­
ured by a current integrator having a circuit simi­
lar to that described in [S]. 
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Alpha particles were registered by gold-silicon 
barrier counters made with n-type silicon of 
~ 150 Q-cm resistivity. The resolution of these 
counters is about 1% for 6100-keV a particles of 
Cm242 • Two counters were mounted on top of the 
chamber, one of which could be turned to make any 
angle from 30° to 150° with the beam. The second 
counter was mounted on the axis of rotation of the 
lid and remained constantly at 90° to the beam, 
serving as a monitor of angular distribution meas­
urements. 

The counters were connected to the inputs of 
two vacuum-tube preamplifiers, each producing 
amplification that could be varied from ~ 5 to 
~ 50. Signals from the preamplifier outputs were 
fed to a single main amplifier with amplification 
of 1000 before reaching the AI-100 amplitude ana­
lyzer. With the proper preamplification the ana­
lyzer yielded a spectrum consisting of two widely 
separated narrow peaks, the first of which repre­
sented a-particle pulses registered by the mov­
able counter, while the second peak represented 
pulses registered by the fixed counter. The counter 
bias was such that the thickness of the depletion 
layer equalled the range of registered a particles. 
Pulses due to elastically scattered protons had 
considerably smaller amplitudes and were cut off 
by a discriminator in order to prevent overloading 
of the analyzer. 

Measurements were performed as follows. All 
the registering equipment was switched on simul­
taneously by a single tumbler switch. Mter a given 
charge had reached the current integrator all reg­
istering devices were automatically switched off 
and the analyzer readings were registered by a 

()( .f(j"), arbitrary units 

digital recorder. The reading of the movable 
counter was taken relative to that of the fixed 
counter, thus considerably enhancing the accuracy 
and reliability of the angular distributions; errors 
associated with possible changes of gas composi­
tion and pressure, beam intensity etc., were ex­
cluded, since all these changes affected both 
counters equally. 

3. EXPERIMENTAL RESULTS 

A detailed investigation of angular distributions 
at different energies furnishes maximum informa­
tion when the character of the angular distributions 
varies greatly within the investigated energy in­
terval. Therefore, in order to determine the regions 
of large angular-distribution variation we first in­
vestigated the angular dependence of the a-particle 
yield ratio at 56° and 120°, obtaining the curve 
shown in Fig. 1, along with the excitation curve 
for 56° derived from the same measurements. The 
yield ratio varies very slightly in the range 
800-900 keV, reaching a low and very flat maximum 
at about 930 keV. The ratio then decreases steeply 
as the energy increases, but a very sharp peak is 
finally observed at 1000 keV. These results sug­
gest a small energy dependence of the angular dis­
tributions in the range 800-900 keV and a very 
strong dependence above 930 keV. 

It can be concluded from Fig. 1 that the sharp 
variation of the angular distributions in this region 
must be associated with resonance in the a-par­
ticle yield at 990 keV. The energy scale in all our 
measurements was established in accordance with 
the strong resonance in the 850-keV region, which 
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FIG. 1. a-particle yield at 56° in the laboratory 
system (continuous curve) and cross section ratio 
a(S6")/a(l20") (dashed curve) as functions of proton 
energy. 
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Yield, arbitrary units 
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FIG. 2. Angular distributions of a-particles 
for the proton energy range 730-1050 keV. The 2 
curves were plotted assuming interference be­
tween two different states. 
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we assumed to occur at 840 keV. [2 •3] The angular 
distributions were recorded at 10-keV intervals 

tion of this type of reaction: 

in the range 860-1050 keV, and at 20-keV intervals 
in the range 730-860 keV. Some of the angular 
distributions, corrected for the experimental geo­
metry, are shown in Fig. 2. The angular distribu­
tions are seen to vary sharply in the range 
900-1050 keV. It should also be noted that in the 
entire investigated energy range the angular distri­
butions are asymmetric about 90°. It follows that 
the given reaction involves the strong interference 
of at least two states having different parities. Be­
low 900 keV the experimental points are well fitted 
by straight lines making small angles with the 
abscissa! axis, while above 900 keV they are fitted 
by parabolas. 

4. ANALYSIS OF ANGULAR DISTRIBUTIONS 

It is relatively easy to analyze the angular dis­
tributions of a particles from the 0 18 ( p, a 0 ) N15 

reaction, because the 0 18 and N15 ground states 
have spins and parities o+ and 1/2- respectively; 
thus the entrance and exit reaction channels have 
spin 1/2. From the general theory of angular dis­
tributions [TJ we obtain the differential cross sec-

i=l i,k=l 
i<k 

where N is the number of states with different 
spins and parities making an appreciable contri­
bution to the reaction at the given energy; fJi (J.) 
is the angular distribution that would be observed 
if the reaction proceeded only through the i -th 
state; gJiJk7Tik(J.) is a function describing the in­
terference between the i-th and k-th states; ai is 
the contribution of the i-th state to the total cross 
section; lfiik is the phase difference between the 
corresponding elements of the scattering matrix. 
In the resonance theory of nuclear reactions [B] 

the energy dependence of ai is given by the Breit­
Wigner equation, and the phase of a scattering­
matrix element is the sum of the potential and 
resonance phases. The function fJ ( J.) depends 
only on spin and is independent of parity. The func­
tion g ( J.) depends on the spins J i and J k of the 
interfering states and on their relative parity rrik• 
but is independent of their absolute parity. The 
explicit expressions for these functions are 

J ,, 
-& - __ 1_. - -/, 4 -1-- (2J- 2k)! (2k)!2 (k + J + llz)!2 

fJ( )-:n(2J+1) 2,; ( k · I)(2J+1+2k)!k!4(J-lf2-k)!2 P2k(cos-&}, 
k-~o 
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J,~;, (4k + 1 + 2J2- 2J,) (2J,- 2k)! (2k)! (212- 211 + 2k)! (12 + 1/2 + k)f2 
LJ (212 + 1 + 2k)! (12- 11 + k)t• w (J, _1(2 _ k)t• PJ,-J,+•k (cos 'fr), (2) 

n V (2J, + 1) (212 + 1) 
k=O 

1 J~/, (4k'+ 3 + u.- 2J,) (2J, -1-2k)! (2k+1)! (21.-2J, +2k+1)! (1.+ 1/d-k)l 2 

gJ,J,~,., = n y (2J1 + 1) (2J2 + 1) LJ (2J. + 2 + 2k)! (J.- J, + k)! 2 k!2 (h- 1/2- k)! 2 p J,-J,+t+•k (cos 'fr), 
k~=o 

if 1r1,2 = (- 1) J1+J2. In the foregoing equations 
Jt < J2. 

It must be noted that the angular distributions 
should be symmetric about goo only when the reac­
tion goes exclusively through a single state or when 
the interfering levels have identical parity. When 
states of different parities interfere, odd-order 
Legendre polynomials appear in the angular distri­
bution. 

Since all angular distributions are asymmetric 
about goo, interference is evident between levels 
having different spins and parities. We began by 
considering the case of interference between two 
states. All experimental angular distributions ob­
tained by least squares were expanded in terms of 
functions corresponding to different cases of two­
level interference, i.e., each distribution was put 
into the form 

f i ('fr) = ad J, ('fr) + ad J, (%) + 2 Va1a2 cos 'IJ12 gJ.J'"'"' ('fr) (4) 

and we obtained the values of a 1, a 2 , and cos q; 
that minimize the quadratic form 

(5) 

where fe ( Ji) is the experimental value of 
(da"/dQ)/utot and ui is the square of the systema­
tic error. The summation was carried out over 
all experimental points. The maximum observed 
spin was 7/2. 

The experimental angular distributions were 
analyzed on the M-20 electronic computer. Figure 
3 shows angular distributions representing dif­
ferent possible cases, obtained from an analysis 
of the experimental distribution at 1000 keV. It is 
obvious that the only case in good agreement with 
experiment is that of interference between levels 
with spins 1/2 and 3/2 and different parities. The 
same result is obtained for all other energies in 
the range 870-1050 keV. Below 850 keV the angu­
lar distributions agree with the case of interference 
between spin-1/2 levels of different parities; this 
agrees with the results obtained in [t ,4]. 

From a knowledge of the angular distributions 
at different energies as well as the energy depend­
ence of the yield at one of these angles, we can 
plot the energy dependence of the total cross sec-

(3) 

FIG. 3. Angular distributions of a particles obtained by 
analyzing experimental data for 1000-keV protons. The curves 
were computed assuming interference between two states 
having the following spins: curve a-1/2±, 3/2+; curve b-
3/2±,5/2+; curvec-3/2±,8/2±; curved-1/2±,7/2+; curve 
e- 1/2±, 5/2±. 
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FIG. 4. Energy dependence of the total cross section for 
0 18(p,a 0 )N 15 (continuous curve). The dashed line is the con­
tribution of the 1/2+ state to the total cross section; the dot­
dash curve is the contribution of the 3/2- state. 
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tion as well as the partial yields of separate levels; 
the curves are shown in Fig. 4. It is entirely clear 
that the 8.892-MeV level of F 19 corresponding to 
resonance at 990 keV has spin 1/2; the width of 
this level is 17 keV. The weak spin-3/2 level is 
evidently too broad, so that its position cannot be 
determined. The sharp rise of the contribution from 
the spin-1/2 state below 900 keV results from 
resonance at 840 keV; the width of the correspond­
ing level is 50 keV. 

It can thus be concluded that in the 850-1050-keV 
range the 018 ( p, a 0 ) N15 reaction is based on the 
interference of the 8.763- and 8.892-MeV levels 
with a single broad spin-3/2 level, which makes 
the principal contribution to the reaction at both 
900-970 keV and 1000-1050 keV. The parity of 
the latter level must be opposite that of each of 
the first two levels. Therefore the 8.763- and 
8.892-MeV levels have the same parity. The parity 
of 8. 763 MeV was established as even in [ 4]; it 
follows that 8.892 MeV also has even parity. The 
ratio rp/r = 0.62 was obtained for the 8.763-MeV 
level in the same work. From a knowledge of the 
total cross -section ratio at the resonance points 
corresponding to these levels we can determine 
the value of rp/r for the 8.892-MeV level. In the 
case of levels having identical spins and parities, 
with the resonance energies taken as close, this 
ratio is given by 

a (£<1>) 1 a(£<">) _ r<1>r<1>r2;r<2>r<2>r2 res res - p tx 2 p ·a I• (6) 

For the 8. 76- and 8.89-MeV levels we have 

cr (£;~~) I cr (E~~s) = 20, 

r 1 =50 keY, r~> = 34 keY, r~1> = 16 keY, r 2 = 17 keV­

(7) 

It is thus easily determined that one of the follow­
ing two cases occurs: 

1) either rb2> = 16.8 keY, r~> = 0.20 keV, r~>;r2 = 0,988, 

2) or r~2> = 0.20 keV, r~> = 16,8 keV, rb2>/r2 = 0.012. 
(8) 

The 8.89-MeV level does not appear at all in 
elastic scattering, [ 4] nor in radiative capture of 
protons. [ 5] It can therefore be concluded that the 
second case occurs in actuality. Then for these 
two levels we obtain the following ratios of the re­
duced widths: 

We thus encounter here the interesting and quite 
rare case in which two levels having identical spins 
and parities and almost identical excitation energies 
differ extremely in width. It can therefore be as­
sumed that these levels are of entirely different 
natures. 

Some idea of the nature of the 8.89-MeV level 
can be obtained by calculating the partial reduced 
widths for this level. Taking for the interaction 
radius of a proton with the 0 18 nucleus and of an 
a particle with the N15 nucleus the values 4.9 
x lo-13 and 5.5 x 10-13 em, respectively, we find 
that the partial reduced widths (in the unit 
3/2 h2p,sas, where P-s is the reduced mass and as 
is the interaction radius in the s channel) are 

e! = s.s.J0-3 , El!/8~ = 23. (10) 

We note for comparison that the partial reduced 
widths for the 8.76-MeV level are ®t = 9 x 10-2, 

®~ = 7 x lo- 3, or ®~/®t = 0.08. 
We know that the partial reduced widths are 

directly related to the probability of finding the 
given particle on the surface of the nucleus. We 
thus conclude that in the 8.89-MeV state of F19 

a associations of nucleons are formed with high 
relative probability. 
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