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Elastic Scattering of Alpha Particles by N15f 
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Absolute differential cross sections for the elastic scattering of alpha particles by N15 have been measured 
in a differentially-pumped gas scattering chamber. The measurements were made at center-of-mass angles 
of 169.1, 149.5, 140.8, 125.3, 90.0, and 70.0 degrees for alpha-particle energies from 1.75 to 5.50 Mev, corre­
sponding to 5.37- to 8.33-Mev excitation of the compound nucleus F19. The experimental widths of the levels 
observed below approximately 3.5-Mev bombarding energy are generally narrow, in most cases less than 
10 kev. Above 3.5 Mev a marked increase in the level width was observed. As a result of an analysis based on 
the Wigner-Eisenbud reaction theory, values of / , ir, E\, and Y\2 were assigned to 16 levels in F19. 

I. INTRODUCTION 

RECENTLY, the energies, spins, and parities of the 
low-lying levels of F19 have been derived from 

calculations based on the shell model1-4 and the rota­
tional model.5,6 Full confirmation of these calculations 
has been limited to the levels below approximately 1.5 
Mev for which experimental spin and parity information 
is available. The success of these theoretical calcula­
tions, coupled with the general lack of spin and parity 
data, has stimulated interest in experiments which would 
contribute further information on the higher states. At 
the time of the present experiment, level positions were 
quite well known up to 5-Mev excitation, and spin and 
parity assignments had been made to the levels below 
approximately 1.5 Mev.7-12 The region from 5 to 8 Mev 
had been explored and the positions of a few levels were 
known, but there was virtually no information on the 
spins and parities of the levels. A study of the elastic 
scattering of alpha particles by N15 was made in the 
present experiment in order to locate and determine the 
properties of T=\ levels of F19 in this energy region. For 
bombarding energies up to 5.031 Mev, elastic scattering 
and capture are the only energetically possible processes. 
Furthermore, since the spin of N15 is J and the spin of 
the alpha particle is zero, the results can be readily 
analyzed in terms of Wigner-Eisenbud reaction theory 
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to obtain the level spins, parities, and reduced widths. 
Such assignments may also be useful in the study of 
lower lying levels of F19 through the capture reaction 
N 1 5 ( « , T ) F 1 9 . 

II. APPARATUS 

The small-volume scattering chamber used in meas­
uring the absolute differential cross sections for the 
elastic scattering of alpha particles by N15 is shown in 
Fig. 1. The scattering chamber was separated from the 
Van de Graaff accelerator by a three-stage differential 
pumping column (only the first stage is shown in 
Fig. 1). This differential pumping column served as a 
thin entrance window to the scattering volume and as a 
collimator for the singly charged alpha-particle beam 
from the Van de Graaff accelerator. The angular spread 
of the beam defined by the entrance and exit apertures 
of the pumping column was ±0.15 degree. The scat­
tering chamber and associated gas handling equipment 
required approximately 100 atom-cc of gas to obtain 
target pressures of the order of 0.3 cm Hg. 

An analyzing magnet calibrated with the Li7(^,^)Be7 

reaction was used to determine the energy of the incident 
beam to approximately ± 0 . 1 % E. The energy resolu­
tion, as estimated from the magnet entrace and exit slit 
dimensions,13 and from the widths of narrow resonances, 
was also about 0 .1% of the beam energy. 

The alpha-particle beam, after traversing the differ­
ential pumping column and the scattering volume, 
passed through a thin (25X10 - 6 inch) nickel window 
into an evacuated collector cup. The collector cup had 
electric and magnetic fields applied to it in order to 
suppress secondary electrons. A sensitive current inte­
grator14 was used to determine the amount of charge 
collected. The line source of scattered alpha particles 
was defined by a set of rectangular slits with a half-angle 
aperture of approximately 2 degrees. The scattered 
alpha particles were detected by a thin (2-3 mils thick) 
CsI(Tl) crystal mounted on a Dumont 6291 photo-
multiplier tube. The detector and defining slits were 
mounted as a unit in the rotating head of the scattering 

13 H. Smotrich, Ph.D. dissertation, Columbia University, 1959 
(unpublished); R. F. Taschek, Rev. Sci. Instr. 19, 591 (1948). 

14 G. M. B. Bouricius and F. C. Shoemaker, Rev. Sci. Instr. 22, 
183 (1951). 
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FIG. 1. Cross-section view of the small-volume gas scattering chamber. 

chamber at an angle of 14.8 degrees with the horizontal. 
I t was possible to rotate the scattering chamber head 
continuously through 360 degrees, permitting measure­
ments to be made at laboratory scattering angles from 
14.8 to 165.2 degrees. These angles were set to the 
nearest 0.1 degree by means of an angle vernier. The 
accuracy of the scattering angle setting was estimated 
from a measurement of the 0 1 6 ( ^ ) 0 1 6 cross section at 
0 lab=4O° and £ p = 0 . 9 5 Mev. At this angle and energy, 
the angular dependence of the cross section is well 

represented by esc4 (0/2). The maximum uncertainty in 
scattering angle was estimated to be ±0 .2° from this 
data. By allowing for rotation of the counter assembly 
about the detector axis, it was possible to orient the long 
dimension of the rectangular counter slits perpendicular 
to the scattering plane defined by the beam direction 
and the counter axis. This procedure resulted in a uni­
form scattering geometry at all scattering angles and 
accordingly a great simplification in the analysis of the 
scattering data. 
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FIG, 2, Schematic diagram of gas recirculating system, 
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FIG. 3. Experimental and theoretical differential cross sections from 1.7 Mev to 2,6 Mey. 
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In order to reduce the amount of N16 gas lost from the 
system, the gas pumped out of the first two stages of the 
differential pumping column was recirculated. The 
target gas recirculation system and vacuum system used 
in the experiment are shown in Fig. 2. 

The N15 target gas was produced by a chemical ex­
change process developed by Spindel and Taylor.15 This 
process can give isotopic concentrations of N15 in excess 
of 99 atom percent. The isotopic abundance of N16 was 
monitored throughout the course of the experiment by 
mass-spectrometric analyses, and indicated an average 
N16 concentration of 95 atom percent. The major 
contaminants were O16 and N14. Periodic checks for C12 

and H2 contamination indicated the presence of these 
elements in trace quantities. The possibility that some 
of the levels observed in the present experiment were 
due to scattering from N14 or O16 can be eliminated (with 
exception for N14 in the uninvestigated region from 
£ a = 4 . 7 Mev to Ea = 5.5 Mev) by comparison with the 
results of N14(a,a)N14 experiments16-17 and 016(a,o:)016 

experiments.18,19 In most cases the energies of the reso­
nances found in N15(a,o:)N15 did not agree with those 
found for alpha-particle scattering from N14 and O16. In 
cases where there was close agreement in energy, com­
parison of cross sections, shapes, and level widths 
established that the resonance was due to N15. Contami­
nation of the target gas caused a maximum uncertainty 
of ± 5 % in the absolute cross section. 

The error in current integration introduced by small-
angle Coulomb scattering20 of the alpha-particle beam 
by the target gas and collector cup entrance foil has been 
estimated and found to be less than 0.5%. 

III. EXPERIMENTAL PROCEDURE AND RESULTS 

Excitation curves were run at six angles in energy 
steps from 2 to 5 kev and covered the energy range from 
1.75 to 5.50 Mev. The target thicknesses were varied in 
the range from 2 to 4 kev depending on the cross section. 
The selection of the scattering angles was governed by 
the dependence of the coherent scattering amplitude 
[see Eq. ( lb ) ] on the orbital angular momentum /. This 
procedure was followed since it is possible to obtain an 
indication of the / value responsible for a particular reso­
nance by the disappearance of an anomaly in the excita­
tion curve at the scattering angle corresponding to a 
zero of the Legendre polynomial. In the present experi­
ment the center-of-mass angles and the corresponding 
Legendre polynomial zeroes are: 149.5° and 70.0°, 
P 4 = 0 ; 140.8°, P 3 = 0 ; 125.3°, P 2 = 0; and 90.0°, all odd 

15 W. Spindel and T. I. Taylor, J. Chem. Phys. 24, 626 (1956). 
16 D. F. Herring, Ren Chiba, B. R. Gasten, and H. T. Richards, 

Phys. Rev. 112, 1210 (1958). 
17 E. Kashy, P. D. Miller, and J. R. Risser, Phys. Rev. 112, 547 

(1958). 
18 J. R. Cameron, Phys. Rev. 90, 839 (1953). 
19 L. C. McDermott, K. W. Jones, H. Smotrich, and R. E, 

Benenson, Phys. Rev. 118, 175 (1960). 
20 W. C. Dickenson and D. C. Dodder, Rev. Sci. Instr. 24, 428 

(1953). 

Legendre polynomials vanish. Measurements were also 
taken at 169.1° where all Legendre polynomials are 
non vanishing. 

The computation of the absolute cross sections and 
bombarding energies from the experimental data was 
performed with an IBM 650 digital computer. The final 
cross-section curves are shown in Figs. 3-6. The curves 
drawn through the data points are the curves calculated 
from the application of Wigner-Eisenbud reaction 
theory. 

The average over-all rms error on the measured cross 
sections is estimated at about 6.2%. A summary of the 
various sources of error is given in Table I. 

Uncertainties in the alpha-particle energy scale arise 
from ± 0 . 1 % uncertainty in the energy calibration 
constant for the analyzing magnet and from the diffi­
culty of accurately measuring the amount of energy lost 
in the differential pumping column. For typical experi­
mental conditions, the uncertainty in the energy scale is 
slightly greater than ± 0 . 1 % . 

IV. ANALYSIS 

A. Technique 

In the analysis of the differential cross sections it has 
been assumed that the capture cross section is negligible 
compared to the elastic scattering cross section. The 
differential cross section for the scattering of spin-zero 
particles by spin-J nuclei is given by the expression21 

da/dco= ( l /* a)[ | i4 | 2 + | £ | 2 ] , (la) 
where 

A = -\y) esc2(6/'2) exp[> In esc2(0/2)] 

00 

+ ECtf+l)s in5i + exp( t8 ,+) 
1=0 

+ / s in5r exp(i5r)]P*(cos0) exp(iai), (lb) 

00 

B = sin#[ ]T [sin5z+ e x p ( ^ + ) 

— sindr exp(idr)~]Pi (cosd) exp(iai)]. (lc) 

In these expressions 6 is the scattering angle in the 

TABLE I. Summary of errors for absolute cross-
section measurements. 

Geometry # # ±0.28% 
Average counting statistics ±3 .0% 
Average uncertainty in background ±1 .0% 
Maximum angular uncertainty ± 1 . 3 % 
Current integration ±0 .7% 
Average gas pressure uncertainty ± 0 . 5 % 
Maximum uncertainty in absolute cross ±5 .0% 

section from target gas impurities 
Rms error ± 6 . 2 % 

21 C. L. Critchfield and D. C. Dodder, Phys. Rev. 76, 602 
(1949). 
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^2.400 2.500 2.600 2.700 2.800 2.900 3.000 3.100 3.200 3.300 3.400 3.500 3.600 3.700 3.800 
E^ (LAB) Mev 

FIG. 4. Experimental and theoretical differential cross sections from 2.4 Mev to 3.8 Mev. 

center-of-mass system, d^ is the non-Coulomb phase 
shift of the partial wave of orbital angular momentum 
Ih and total angular momentum j= (ldz%)h. The quanti­
ties k=l/\ and r) are related to the reduced mass /x and 
the relative velocity v of the scattering pair by the 
expressions 

k=l/J<=nv/h, 

y^ZZ'tf/hv. 

(2a) 

(2b) 

The quantity OLU which is the phase shift due to pure 

Coulomb scattering, is given by the expression 

i /s+iy\ i 
exp(iai)= I I { r ) = exp[2i £ tan^O/A)], (3) 

s=i \s—iy/ *=i 

for / > 1 . For Z=0, exp(ia0)=l. Finally Pz(cos0) is the 
Legendre polynomial of order / and P/(cos0) is the 
derivative of the Legendre polynomial with respect 
to cos#. 

The term A in Eq. (la) arises from the coherent addi­
tion of the Coulomb and nuclear scattering amplitudes ; 
term B in Eq. (la) arises from scattering processes in 
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k/A? 

which the N15 spin flips during the course of scattering, the same / value and parity, the formula is 
The latter scattering is incoherent with respect to 
Coulomb scattering. / 

The connection between the phase shifts and the 5z±=tan~1l 
parameters describing the compound nucleus is given by ^ 
the R matrix of Wigner and Eisenbud.22 For the case of 
one energetically possible channel and many levels of Ft 

0 
-tan~ 

5 E. P. Wigner and L. Eisenbud, Phys. Rev. 72, 29 (1947). 
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For the case of a single level, (4) reduces to the usual 
form: 

k/A? / hi At \ 
^ t a n - 1 ! • I 

V Ax J /Txz2+C7xi2 /(£x--E)]-1 / 

-tan-Y—) . (5) 

Expressions (4) and (5) are commonly written in the 
form 

di=fa-4>i, (6) 

where f3i is the resonant phase shift and <j>i the "po­
tential" or "hard-sphere" phase shift. E\ is the eigen-
energy of the compound nucleus, and y\i2 is the reduced 
width. The reduced width is related to the experi­
mentally measured level width I\z by the expression 

rAZ=2[£7XzW>==ac (7) 

The quantities yu2 and E\, which characterize the 
resonant levels of the compound system, are dependent 
on the interaction radius and on a non-energy-dependent 
boundary condition. The level shift parameter Axz in 
Eqs. (4) and (5) is a measure of the amount that the 
resonant energy, defined as ER—E\-\-A\I, is shifted 
from the characteristic energy Ex of the compound 
system. A\z is given by the expression 

[kyxi2/ P dAi \ 1 
Au=-\ ( +l)\ . (8) 

L p \Ai dp /jP=kac 

The quantities Fi and Gi in the above expressions are the 
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regular and irregular Coulomb wave functions23 and the 
combination Ai2—Fi2+Gi2 is the reciprocal of the 
Coulomb penetrability. The interaction radius is given 
to sufficient accuracy by the expression24 

ac=ro(Ai*+A2*). (9) 

In the present experiment TQ was chosen equal to 
1.40X10""13 cm, which leads to an interaction radius of 
5.67X10- I3cm. 

The general shape of the cross-section curve in the off-
resonant region can be explained by the smoothly 
varying contributions from Rutherford scattering, po­
tential scattering, and resonant scattering from nearby 
broad resonances. 

While in most cases only the contributions from broad 
resonances have to be considered in fitting the experi­
mental data in the off-resonant region, a situation can 
arise where the contribution of a seemingly far-off 
narrow resonance must also be considered. This unusual 
behavior of a narrow level occurs if the resonance falls in 
an energy region in which the Coulomb penetrability is 
a rapidly increasing function of energy. More specifi­
cally, since the numerator of Eq. (5) can increase at a 
sufficient rate to compensate for the increase in value of 
the denominator, the contribution to the resonant phase 
shift can remain relatively constant or even increase far 
from the resonance energy of the narrow level. To ac­
count for this type of behavior, contributions from all 
observed levels of the same J value and parity in the 
energy region analyzed were considered in obtaining the 
final phase shift used at a particular energy. To facilitate 
calculations, the approximate formula, 

/ kyxn2/Ai2 \ / F A 
$,±=1*11-1(5: ) _ t a n - i ( — ) , (10) 

V n Exn + Au-E/ \Gi/r = ae 

was used. The sum is over all levels of the same / value. 
This formula which is applicable at energies whose 
distance from the resonant energies of the levels included 
is large compared to the widths of these levels is an 
approximation to the correct multilevel formula, 
Eq. (4). 

The broad levels were not sufficiently isolated in 
general to make possible estimates of the resonant 
energies and widths from the cross-section data. I t was 
therefore not practicable to generate directly a series of 
phase shifts using Eq. (5) which would lead to a fit of the 
experimental data. The procedure followed was to ex­
tract phase shifts from the data through a point by 
point application of the cross-section relation Eq. (1) 
and then require that this series of phase shifts be as­
sociated with a particular E\ and y\i2. This latter pro­
cedure can be simplified by rewriting the expression for 

4.700 4.800 4.900 5.000 5.100 5.200 5.300 5.400 • 5.500 5.600 
E^ (LAB) Mev 

FIG. 6. Experimental cross sections from 4.7 Mev to 5.5 Mev. 

23 1. Bloch et al, Revs. Modern Phys. 23, 147 (1951); W. T. 
Sharp, H. E. Gove, and E. B. Paul, Chalk River Report AECL-269 
(unpublished). 

24 A. M. Lane and R. G. Thomas, Revs. Modern Phys. 30, 257 
(1958). 
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TABLE II. Summary of results for levels for which spin and parity assignments have been made. 
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ER (lab) 
(Mev) 

1.878 
2.614 
2.635 
2.833 
2.883 
2.944 
3.07 
3.194 
3.229 
3.525 
3.587 
3.648 
3.705 
3.78 
3.92 
3.94 

Excitation energy 
of F19 a 

(Mev) 

5.475 
6.056 
6.073 
6.229 
6.269 
6.317 
6.41 
6.514 
6.541 
6.776 
6.825 
6.872 
6.917 
6.97 
7.08 
7.10 

/* 
3/2+ 
5/2+ 
5/2-
1/2+ 
5/2+ 
7/2+ 
1/2" 
1/2+ 
5/2+ 
3/2-
5/2+(3/2+) 
5/2-
9/2-(7/2") 
1/2" 
7/2+ 
3/2+ 

r x (lab) 
(kev) 

4 
1.5 
5 

10 
3 
3 

358 
5 
2 
3 
1.5 

35 
3 

64 
~ 4 0 
~10 

Ex 
(Mev) 

5.143 
6.012 
6.037 
6.208 
6.233 
6.288 
6.14 
6.510 
6.535 
6.748 
6.825 
6.866 
6.908 
6.94 
7.11 
7.10 

7X2 

(Mev-cmXlO13) 

0.713 
0.327 
0.210 
0.106 
0.332 
0.280 
1.27 
0.0282 
0.0929 
0.0219 
0.0181 
0.217 
0.292 
0.175 
0.596 
0.0253 

/ •»* x 

\3W/2txaJ 
(%) 

20.4 
9.3 
6.0 
3.0 
9.5 
8.0 

36.3 
0.81 
2.7 
0.63 
0.52 
6.2 
8.4 
5.0 

17.0 
0.72 

1 Excitation energies were computed from the mass values given by A. H. Wapstra, Physica 21, 367 (1955). 

the resonant phase shift [see Eq. (5)] in the form: 

E=Ex+F(E)yu\ (Ha) 
where 

Ax i k/A? 
F(E) = . 

7xi2 tanfr 
(lib) 

Equation (11a) defines F(E) as a linear function of 
energy, E. Equation (lib) relates F(E) directly to the 
data through tan/3*. The procedure for obtaining Ex and 
yKi2 now reduces to a simple straight-line fit of a plot of 
E(E) vs E. The slope of the line gives the value of y\i2, 
and E\ is the energy for which F(E) = 0. An illustration 
of this procedure, as applied to the S resonance at 3.07 
Mev, is shown in Fig. 7. 

In analyzing the narrow resonances, the following 
simplified expression was used for the phase shift: 

S r^ tan - 1 ! J - t an" 1 !— ^ . (12) 
V E x - E / \Gi/r = ac 

This single-level expression is applicable to narrow reso­
nances where Ai2 and the level shift Axz are approxi­
mately constant over the width of the resonance. The 
procedure followed was to estimate the resonant energy 
and level width from the data and then to generate a 
series of phase shifts with the above expression. The 
detailed fitting of the cross-section curves was then 
carried out using the vector method described by 
Laubenstein and Laubenstein.25,26 

B. Fit to Experimental Data 

The region of excitation from approximately 1.75-
3.51 Mev is characterized by a broad S resonance at 3.07 
Mev and a series of narrow resonances. The broad 

resonance was analyzed using the technique described in 
Sec. A. The resulting parameters are given in Table II. 
In analyzing all the narrow levels with the exception of 
the P | - E | doublet at 3.194 and 3.229 Mev, it was pos­
sible to use the vector method with the contributions 
from all other resonances considered constant over the 
resonance being analyzed. In the case of the Pi—E§ 
doublet, however, the resonance energies fall very near 
to the resonance energy of the broad S resonance at 3.07 
Mev; it was necessary, therefore, to consider the S 
contribution as a variable over the width of the doublet. 

The fit to the region from approximately 3.50 to 3.95 
Mev is determined by the assignments made for the 
three broad levels at 3.648, 3.78, and 3.92 Mev. The 
analysis of this region is complicated since these three 
broad levels lie within an energy region of approxi­
mately 300 kev. This situation results in considerable 
distortion to the true shapes of the resonances. 

The spin assignment of the level at 3.648 Mev was 

_ 0.5 

*! 
£ 0.4 

ft 0.3| 
I 

4lV 0.2 

-0.1 

i—i—i—r n — i — i — r 

25 R. A. Laubenstein and M. T. Laubenstein, Phys. Rev. 84, 18 
(1951). 

26 L. J. Koester, Phys. Rev. 85, 643 (1952). 
FIG. 7. Straight-line fit of F(E) vs E curve for the 3.07-Mev 

resonance to illustrate the determination of y\2 and E\. 
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TABLE III . Summary of positions of levels observed for which no 
spin and parity assignments have been made. 

ER (lab) 
(Mev) 

4.127 
4.22 
4.49 

(4.53)c 

4.700 
4.780 
4.93 

(5.005)c 

(5.018)c 

5.116 
5.203 
5.232 
5.25 
5.284 
5.481 

Excitation energy of F19* a 

(Mev) 

7.251 
7.32 
7.53 

(7.57)c 

7.703 
7.766 
7.88 

(7.944)c 

(7.954)° 
8.031 
8.100 
8.123 
8.13 
8.164 
8.320 

r i a b
b 

(kev) 

8 
80 
90 

30 
8 

260 
(8)c 

(5)c 

8 
8 
6 

65 
10 
10 

a The mass values used to compute the excitation energy in F19 are taken 
from A. H. Wapstra, Physica 21, 367 (1955). 

b The level widths are estimated from the data. They have not been 
corrected for beam energy spread and target thickness. 

c Uncertain level. 

made essentially on the basis of the 90-degree data. At 
all angles, with the exception of 90 degrees, it was pos­
sible to obtain a fit with either a Z)§ or a D% assignment, 
but at 90 degrees only a D\ assignment would give 
sufficient peak height to fit the data. The width and 
resonance energy of this level were determined pri­
marily by the behavior at 125.3, 140.8, and 149.5 
degrees. Since the 125.3-degree data are due to inco­
herent scattering [see Eq. ( lc) ] , the resonance is repre­
sented by a nearly symmetric peak centered at the 
resonant energy. I t is possible, therefore, to obtain a 
good estimate of the width and resonance energy for the 
resonance at this angle. The 140.8- and 149.5-degree 
data are important because the Legendre polynomial for 
/ = 2 is relatively large and therefore the fit at these 
angles is sensitive to the amount of Z>-wave phase shift. 
The reported values of width, 35 kev, and resonance 
energy, 3.648 Mev, are a compromise estimate based on 
a good fit for all angles. 

The most definite evidence for the presence of an 5 
resonance at 3.78 Mev is the rapid falloff of the reso­
nance curve at 90 degrees for energies greater than 3.7 
Mev. The possibility that this anomaly may be due to 
an / = 2 resonance is eliminated on the basis of shape and 
magnitude of the cross section. The possibility that the 
effect is attributable to 1=4 is eliminated by considering 
the Wigner limit on the reduced width for an Z=4 reso­
nance, ( 7 X 2 ^ | ^ 2 / M ^ C ) . 2 7 The width of an Z=4 resonance 
would have to be of the order of 60 kev to fit the de­
crease in cross section. This width, however, would ex­
ceed the Wigner limit by more than 100%, and is thus 
unlikely. In fitting this resonance the effect of the S 
resonance at 3.07 Mev was considered. 

The anomaly which appears as a single resonance at 
approximately 3.92 Mev is actually a closely spaced F 

27 T. Teichmann and E. P. Wigner, Phys. Rev. 87, 123 (1952). 

and P doublet. I t was possible to establish the spin of 
the P resonance as § from the data at 140.8 degrees 
where the coherent scattering contribution for 1=3 
vanishes. The spin assignment of F7/2 for the 1=3 reso­
nance was chosen since only the combination of F7/2 and 
P-l gives sufficient peak height at 169.1 degrees. Ap­
proximate values of 3.92 Mev and 40 kev for the reso­
nance energy and width were picked for this level so as 
to produce a fit in the 3.6 to 3.8 Mev region at angles 
which are sensitive to the F contribution. 

The I>\ level at 3.525 Mev was the only narrow level 
between 3.5 Mev and 3.8 Mev for which a definite spin 
assignment could be made. This level was sufficiently 
removed from the three broad levels mentioned above 
to be relatively unaffected by variations in the parame­
ters assumed for the broad levels. In the case of the F 
resonance at 3.587 Mev and the G resonance at 3.705 
Mev, while definite /-value / assignments could be made 
on the basis of shape, it was felt that definite assign­
ments could not be given since the fits of these levels 
were very dependent on the rather complicated system 
of broad levels mentioned above. I t is possible, however, 
to assign / values to these levels which will lead to a 
good fit of the narrow levels and still preserve the fit to 
the broad levels. An F& assignment gave the best fit in 
the off-resonance region at 169.1 degrees and also led to 
a better fit at 125.3 degrees. The only contribution of 
the G resonance to the cross section at 149.5 degrees is 
from incoherent scattering. An indication of the correct 
assignment is obtained by combining the two possible 
incoherent G contributions with the incoherent contri­
bution of the neighboring D\ resonance. If this is done, 
a significantly better fit is obtained with a G9/2 as­
signment. 

The resonances above 4.0-Mev bombarding energy 
have not as yet been assigned spins and parities. Ap­
proximate values for the resonant energies and widths of 
these levels have been estimated from the data and are 
shown in Table I I I . 

V. RESULTS AND CONCLUSIONS 

Thirty resonances corresponding to virtual levels in 
F19 have been observed in a study of the elastic scat­
tering of alpha particles by N15 from 1.75- to 5.50-
Mev bombarding energy. The energy levels found in 
N15(a,a:)N15, as well as levels in the same energy range 
found through other experiments, are shown in Fig. 8. 

A phase-shift analysis of the cross-section curve from 
1.85 Mev to 4.00 Mev yielded the values for the reso­
nant energies, spins and parities and reduced widths of 
the levels in this energy range. The results of the 
analysis are given in Table I I . In cases where it was not 
possible to make a definite choice of spin, the less likely 
assignments have been indicated by enclosure in paren­
theses. Values for the excitation energy and the charac­
teristic energy E\ are given with respect to the F19 

ground state. 
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•6.92 
6.87 
6 .83 

FIG. 8. Energy levels of F19. Levels found in the present experi­
ment are shown in the energy level diagram on the left. The energy 
level diagram on the right shows the information available from 
other experiments. 

An assignment of | + was strongly suggested for the 
5.476-Mev level found by Price9 through the experiment 
N16(a,7)F19. This assignment is fully confirmed by the 
present experiment. An additional level reported by 
Price at 5.455-Mev excitation, having a width less than 
1 kev, was too narrow to be resolved. Harlow et a/.,10 

who studied the reaction 018(d,^)F19, using the "counter 
ratio method," reported a level at 6.18 Mev. This level 
was tentatively assigned a spin of either f or J. It is 
probable that this level corresponds to our f+ level at 
6.23 Mev. The level at 6.07 Mev was observed by 
Hossain and Kamal12 in the inelastic scattering of pro­
tons from F19. These workers also made a doubtful 
identification of a level at 6.50 Mev. Both the level at 
6.07 Mev and the level at 6.50 Mev, which is actually a 
closely spaced doublet, were observed in the present 
experiment. More recently, Butler et al}1 have studied 
the excited states of F19 by observing 7-ray thresholds in 
the 0ls(d,ny)F19 reaction. This work has lead to the 
identification of levels at 6.05, 6.21, 6.26, 7.40, 7.67, and 
8.11 Mev. With the exception of the 7.40-Mev level, 
these levels are in close agreement with levels found in 
the present experiment. As is pointed out by Butler 
et al., the absence of the 7.40-Mev level may be ex­
plained if it has an isotopic spin of f. 
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