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Angular distributions at 200, 256, and 600 kev are
shown in Fig. 5. Agreement at 200 and 600 kev is quite
good. In order to compare the on resonance results with
the theoretical curve, shown solid, a correction was

made for the 20-kev resolution used, shown dotted.
Again agreement is quite good.

Thomas et a/. ' have shown from the thermal scattering
data that the potential scattering must be either all
channel spin 1, or all channel spin 2. Extrapolating to
the energies under consideration, this would lead in
the case of s=2 to a much stronger interference term

' Thomas, Walt, Walton, and Allen, Phys. Rev. 101, 759 (1956).

than that obtained using a statistical mixture. If the
potential scattering were all channel spin 1, there
would be no interference term. Accordingly, asymmetry
ratios were measured with 5-kev resolution for bom-
barding energies of 200, 220, 255, 287, 400, and 510 kev
as shown in Fig. 6. The dotted curve is theoretical for a
statistical mixture. All channel spin 1 would produce
no asymmetry; all channel spin 2 would have a ratio
of 5 at 220 kev. Multiple-scattering corrections would
tend to raise the experimental values below 260 kev
but not enough to agree with all s=2 potential scat-
tering. It is concluded that J=3+ is correct, the s-wave
scattering phase shift is positive, and a statistical
channel spin potential scattering mixture gives the best
fit to the data.
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The reaction 0"(P,n)F" has been studied using monoenergetic protons from the Rockefeller electrostatic
generator. Resonances in the neutron yield in the forward direction are found at proton energies E~=2.657,
2.732, 2.778, 3.045, 3.170, 3.268. 3.386, 3.495, 3.600, and 3.755 Mev. The angular distribution of neutrons
from this reaction at proton energies 8„=3.045, 3.170, 3.268, and 3.386 Mev has been measured with a pro-
ton recoil counter. The most probable values of the spins of the excited states in F"corresponding to these
resonances are J=-,'+, —,'+, —,'+, and —,'+ respectively.

I. INTRODUCTION

ANGUI. AR distribution experiments may be used
in several ways to study the dynamics of a nuclear

reaction. If the reaction goes through a compound
system with well-dered energy levels, it may be possi-
ble to determine the angular momentum quantum
numbers of these levels. "On the other hand, if the com-

pound system has broad, overlapping energy levels,
then a knowledge of the angular distribution of the
reaction products as a function of energy may lead to
information regarding the competing states by which

the reaction may take place. '4
The reaction 0"(p,n)Fts has been studied previously

by several workers. Slaser et a/. ' measured the neutron
yield between proton energies of 2.5 and 7.0 Mev with
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OQice of Naval Research and the U. S. Atomic Energy
Commission.
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l3erkeley, California.

' S. Devons, Proc. Roy. Soc. (London) A62, 580 (1949).
s R. Day and I. Perry, Phys. Rev. 81, 662 (A) (1951).
' R. Taschek and A. Hemmendinger, Phys. Rev. 74, 373 (1948).
4 Willard, Bair, and Kington, Phys. Rev. 90, 865 (1953).' Slaser, Boehm, Marmier, Preiswerk, and Scherrer, Helv. Phys.

Acta 22, 598 (1949).

relatively poor resolution and found seven broad
resonances in this region. Richards et a/. ' measured the
neutron yield with much better resolution between
2.5 and 3.75 Mev and were able to show that some of the
broad resonances observed by Blaser et a/. are actually
due to the superposition of several sharp, well-de6ned
resonances in the yield. These authors also made an
accurate determination of the 0"(p,e)F" threshold.
The sharp resonances in the yield and the relatively
large cross section make this reaction well suited for a
more detailed study.

II. TARGETS

The target used in the experiment was obtained by
oxidizing a 10-mil tantalum disk in an atmosphere of
enriched (20/q 0") oxygen. It was found that the
amount of oxygen deposited could be varied by con-
trolling the pressure of oxygen in the chamber. In this
manner it was possible to obtain targets with a surface
layer containing a known amount of oxygen. The
target used in this experiment had roughly 10" atoms
of O' per square centimeter.

s Richards, Smith, and Browne, Phys. Rev. 80, 524 (1950).
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Fro. 1. Neutron yield from 0' (p,e)F' in the forward direction obtained with the BF& counter. The observed
resonances are numbered in order of increasing energy and the observed properties are listed in Table I.

III. TOTAL NEUTRON YIELD

Monoenergetic protons (0.1% resolution) from the
Massachusetts Institute of Technology —Rockefeller
electrostatic generator were used to bombard the en-
riched 0" targets described above. The total yield of
neutrons in the forward direction from the reaction
0's(p, rs) F"was measured as a function of proton energy
in 5-kev intervals between threshold and 3.8 Mev. A
BF3 counter of the type described by Hansen and
McKibben' was used to detect the neutrons. The
machine was calibrated by using the Li'(p, n)Be' reac-
tion threshold' at E„=1881.4&1.1 kev. The yield curve
is shown in Fig. 1. Ten resonances are observed in the
neutron yield which correspond to excited energy levels
in the compound nucleus F".The threshold of the re-
action 0"(p e)F"was determined as 8&——2.584&0.010
Mev, in good agreement with the value E&——2.590&0.004
Mev reported by Richards et al. ' The energies of reso-
nances 1, 3, 4, 5, 6, 7, and 8 are also in reasonably good
agreement with the results obtained by these workers.
Table I summarizes the data obtained. The half-widths
I' quoted. in column 3 are the experimental half-widths
obtained directly from Fig. 1. No attempt has been
made to correct these values for the finite thickness of
the target since the thickness of the oxide layer was not
known.

IV. ANGULAR DISTRIBUTIONS

A hydrogen-filled (65 psi) proton recoil counter was
used to measure the angular distribution of neutrons.

r A. O. Hansen and J.L. McKibben, Phys. Rev. 72, 673 (1947).
Jones, Douglas, McEllistrem, and Richards, Phys. Rev. 94,

947 (1954).

TABLE I. Summary of data. The resonances are numbered as
shown in Fig. 1.Column 2 shows the proton energy in kev at which
the peak of the resonance appears. Column 3 lists the experimental
widths at half-maximum; column 4 gives the neutron yield, Fz,
relative to resonance 6; column 5 gives the excitation energy
E„compound nucleus, F'9, for each resonance; and column 6
indicates the most probable spin, J, assigned to the excited levels
in F" obtained from the angular distribution data.

Resonance Bj (kev) F (kev) E» (Mev)

2
2
3

6
7
8
9

10

2657~2
2732a6
2778&2
3045~2
3170~2
3268~2
3386~2
3495a4
3600+20
3755&20

40~2
~ ~ ~

35&5
60~2
45~20
65&2
45&2

~ ~ ~

85&20

0.399
0.109
0.160
0.807
0.420
1.000
0.932
0.580
0.966
0.966

10.471
10.542
10.586
10.839
10.957
11.050
11.162
11.265
11.365
11.511

~ ~ ~

3

k(7)

k(7)

9Willard, Preston, and Goodman, Massachusetts Institute of
Technology, Laboratory of Nuclear Science and Engineering
Technical Report No. 45, 1950 (unpublished).

The response of this counter relative to that of the BF3
counter as a function of neutron energy is shown in Fig.
2. Since the response of the BF3 counter is roughly
independent of neutron energy in this region, ' the curve
shown in Fig. 2 closely approximates the actual response
of the recoil counter over this energy region. The output
from the counter was biased so that pulses correspond-
ing to neutrons with energies less than 100 kev were
not counted. Above 300 kev, the response varies roughly
as the total neutron scattering cross section of hydrogen.
The pronounced dip in the response curve at roughly
450 kev is probably due to the oxygen in the glass cap
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o ecf th ounter tube. Oxygen has a large resonance in t e
. Thescattering cross section at this neutron energy. e

recoil counter was used as a neutron detector because
it is insensitive to the background of scattered slow
neutrons and because its response is relatively inde-
pen en od t of neutron energy over the region of interest.

r ofFor a given bombarding-proton energy, the energy o
the outgoing neutrons will be a function of angle be-
cause of center-of-mass motion. The experimental re-
sults must therefore be corrected for this e6'ect by using
the curve shown in Fig. 2.

The angular distribution measurements were made by
mounting the proton recoil counter on a goniometer
which made it possible to swing the counter in a hori-
zontal arc around the direction of the proton beam from
0' to 140' in the laboratory system. The experimental
geometry is shown in Fig, 3. At each angle, the number
of neutron counts for a constant number of micro-
coulombs of protons on the target was determined. A
BF3 monitor was used to make certain that the number
of neutrons per unit proton current remained constant
throughout each run.

The curves shown in Fig. 4 are the angular distribu-
t' of neutrons in the center-of-mass system at protonlons 0 n
energies corresponding to resonances 4, 5, , an

These results have been corrected for the changing
sensitivity of the recoil counter to neutrons emitted
from the target at various angles. It was not possible to
measure angular distributions from resonances, , an1 2 and
3 because the neutron energy is too low and from
resonances 8, 9, and 10 because the machine could not
be held steady at these energies for the rather long time
required for each run. Measurements were made on
both sides of the target in order to eliminate systematic
errors in alignment.

The results were analyzed using the statistical
methods given by Rose."The highest order of Pr, (cos8)
necessary to fit the data was determined by calculating
all coeKcients and errors up to I.=4 and then discarding
all those with errors equal to or larger than the coeK-
cient itself. The solid curves in Fig. 4 are drawn from the
best 6t (calculated for I. , =2 for resonances 4 and 6)
obtained from the experimental points which are shown.
Table II summarizes the results. The large errors in the
coefficients are a result of the inefficiency of the recoil
counter which makes the counting time for good
statistics prohibitively long.

V. INTERPRETATION OF RESULTS

The results described in the previous section may be
used to obtain information regarding the angular
momentum quantum numbers of the excited leve s in
F" which correspond to the resonances in the neutron

eld. The methods of Blatt and Siedenharn" have been
d to make the analysis. The quantum numbers o ef the

ground states of 0' and F' are J=O+ and J=1+
respectively. "The zero ground-state spin of 0"simp i-
6es the calculation since only one incoming channel spin
(s= ~~) need be considered. Two outgoing channel spins
are possible and hence the angular distribution will be

Fio. 3. Experimental geometry. The recoil counter zs mounted
on a goniometer which permitted measurements on either side of
the beam axis.

"M E Rose, Phys Rev. 9.1, 610 (1953)."J.Blatt and I. Siedenharn, Revs. Modern Phys. 24, 258
(1952).

'~ F. Ajzenberg and T. I.auritsen, Revs. Mo em ys.d Ph . 27 77
(1955}.
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the incoherent sum of the contributions from each
channel. In all calculations, only the neutron group
going to the ground state of F"need be considered since
the first excited state of F" is at 1.05 Mev"

The distributions obtained from resonances 5 and 7

are isotropic within the experimental uncertainty. The
excited levels in F"(E,=10.957 and 11.162 Mev) cor-
responding to these resonances should therefore have
angular momentum J=~+ or ~ . It should be pointed
out that these results are not entirely trustworthy. As
can be seen from Fig. 4, both of these distributions
actually have a small systematic anisotropy. However,
no coeKcients can be calculated because of the large
experimental errors. No parities can be determined from
these data.

The anisotropic distributions obtained from reso-
nances 4 and 6 indicate that for these levels (E,= 10.839
and 11.050 Mev) J)s'. Resonances 4 and 6 both also
exhibit angular distributions which are not symmetric
about 90'. Odd orders of Pz, (cose) appear in angular
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TAsLz II.Angular distributions. The best fit of the experimental
data to a series of Legendre polynomia1s, W(e)=Pp+(aq/ap)Pq
+ (ao/ao)Pp. The errors in the coeScients include only the statisti-
cal deviations in the counting rate and the statistical errors made
in the corrections for the sensitivity of the recoil counter.

Resonance

Pp+ (0.12&0.02)Pg —(0.52&0.03)Po
Pp
Po+ (0.33&0 02)P&—(0 14+0 03)Po
Po

distributions if the reaction proceeds through two states
of the compound nucleus which have opposite parities,
It is probably, therefore, that the angular distributions
at these resonances is inQuenced by a broad energy level
of opposite parity on which these resonances seem to be
superposed (see Fig. 1).

Since the highest order of Pz, (cose) necessary to 6t
the data for these angular distributions is I=2, the
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FIG. 4. Angular distributions. This 6gure shows the angular
distribution of neutrons in the center of mass system at proton
energies Ep=3.045, 3.170, 3.268, and 3.386 Mev, corresponding to
resonances 4, 5, 6, and 7 respectively. These results have been cor-
rected for the change in sensitivity of the counter for neutrons
emitted from the target at various angles.

probable value of the spin for the states in F" corre-
sponding to these resonances is J=~+ or —,

' . A more
detailed analysis of the data does not seem fruitful in
view of the large experimental uncertainties and the
large number of unknown parameters in the theoretical
formulas.
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Professor A. O. Nier who provided the 0"for the target
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