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pendicular orientation have been made on both Nd48
and Nd* and will be discussed in a complete paper on
this subject. The main difficulty in the analysis of the
data for the perpendicular orientation is in the fitting
of the results to the spin-Hamiltonian (2). Formulas of
fourth or higher order perturbation theory must be
used to obtain sufficiently accurate values of the
parameters inasmuch as, particularly in the case of
Nd*, the normal second- and third-order contributions
to the hyperfine effects are very much larger than that
coming from gy,/ByH-L

We thank Eugene Wong for the preparation of the
crystals used in these experiments.

* This research was supported in part by the U. S. Atomic
Energy Commission.

1 G. Feher, Phys. Rev. 103, 834 (1956).

2 Dorain, Hutchison, and Wong (to be published).

3 B. Bleaney, Phil. Mag. 42, 441 (1951).

4B. Bleaney (private communication).

5R. J. Elliott and K. W. H. Stevens, Proc. Roy. Soc. (London)
A218, 553 (1953).

6 Sayre, Sancier, and Freed, J. Chem. Phys. 23, 2060 (1955).
7 B. Bleaney, Proc. Phys. Soc. (London) A68, 937 (1955).

Anomalous Behavior of AI*”(p,«) Mg
Differential Cross Sections*

G. E. FiscHER, V. K. FiscHER, E. A. REMLER,
AND M. D. TATCHER

Columbia University, New York, New York, and Brookhaven
National Laboratory, Upton, New York
(Received February 13, 1958)

HE partial success of Butler’s direct interaction

theory! in fitting the experimental C!?(a,p)N16
angular distributions suggested an investigation of
(p,e) reactions. The differential cross sections of
A" (pao)Mg* (Q=1.60 Mev) and Al¥(p,e1)Mg2*
(0=—0.23 Mev) have been measured for protons of
approximately 11 Mev from the Brookhaven National
Laboratory 60-inch cyclotron. Alpha-particle groups are
separated from proton and deuteron groups by a
(dE/dx) vs E proportional counter scintillation counter
telescope. This counter, the scattering chamber, and
associated equipment have been described elsewhere.?
Beam energy and energy spread are determined by
range measurements using the range curves of Aron,
Hoffman, and Williams. The initial proton energy
varies between 10.3 Mev and 11.0 Mev depending on
cyclotron operation conditions, and the energy spread
is approximately 200 kev. Lower proton energies are
obtained by degrading the beam with aluminum
absorbers.

Figure 1 shows the angular distributions measured
for the Al(p,x) reactions leading to the ground and
first excited states of Mg respectively, both at 10.97
and 10.87 Mev incident proton energy. Figure 2 shows
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Frc. 1. (A) Angular distributions of alpha particles from
AP (p,a0)Mg? (Q=-41.60 Mev) for 10.97-Mev and 10.87-Mev
protons. Theoretical curve calculated from Butler’s! Eq. (58)
for r=4.50X10"3 cm and for 10.9-Mev protons. Q= (23/27)k,
—(23/24)k,. (B) Angular distributions of alpha particles from
Al (p,e)Mg®* (Q=-+0.23 Mev) for 10.97-Mev and 10.87-Mev
protons.

the differential cross sections at laboratory angle 45°
for these reactions as well as for protons scattered
elastically from aluminum, as a function of proton
energy. The curves in Fig. 2 were obtained after a
major cyclotron shutdown and it was not possible to
bring the beam energy up to its previous value of
10.97 Mev. The estimated maximum experimental error
is 159, for the differential cross sections. The absolute
bombarding energy is believed to be known to 100 kev.
Energy changes are known to 29).

The theoretical curve in Fig. 1 was calculated from
Eq. (58) of Butler’s paper! for 10.9-Mev protons. The
nuclear radius used, »=4.50X 10~ cm, was that which
gave the best fit to the minimum and second maximum.
It was not possible to reproduce the first maximum
with a reasonable value for the radius. Butler’s theo-
retical expression predicts less forward peaking than is
observed for (a,p) reactions.!® Hunting and Wall®
obtain a much improved fit to their (a,p) data with the
expression exp(—Q%/Q0?)|7:(0Qr)|? for the differential
cross section, taking the Fermi momentum into account.
For Al*(a,p)Si* they required a radius of 4.98X10~1
cm for a fit to their data. However, for Al?(p,aq) Mg
The Butler theory predicts more forward peaking than
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Fic. 2. Differential cross sections for AIZ7(p,p)Al27, AI¥(p,a0)
Mg, and AR(p,a))Mg?* at 61,,=45° as a function of proton
energy.

is observed (Fig. 1) and the expression used by Hunting
and Wall makes this disagreement worse. That a smaller
radius is required to fit Al(p,a) data than Al(e,p) data
probably reflects the extent of the incoming particle.

The sharp energy dependence observed for these
Al(p,a) differential cross sections was not expected.
Two lines of discussion, however, may be advanced to
account for these observations:

(1) Direct-interaction theories,* calculated by using
plane waves, predict a very slow variation with energy.
Cross-section expressions derived for (p,p’) reactions by
Levinson and Banerjee® using distorted wave functions
are too complex to permit an easy calculation, but
single-particle resonances would probably have widths
of the order of 1 Mev.® Thus, a distorted-wave calcula-
tion for Al(p,a) reactions would probably also not yield
as sharp an energy dependence as was observed. How-
ever, Owen and Madansky’ obtained a good theoretical
fit to their BY(d,»)C1? angular distributions, which
display a large energy dependence, by including heavy-
particle or exchange stripping in a Born approximation
calculation. An analogous approach may yield agree-
ment with these Al(p,a) data.

(2) Compound-nucleus processes might be expected
to yield a sharp energy dependence if either the con-
tinuum or statistical assumptions about the compound
nucleus were violated. However, in this case, the con-
tinuum assumption is probably valid, since the com-
pound nucleus, Si?8, would have up to 22.7 Mev of
excitation. Certainly, the mean level spacing® is much
less than the beam energy spread. If the statistical
assumption is not satisfied (e.g., the decay-channel
reduced-width amplitudes are correlated), then an
energy dependence might be expected from either
purely compound-nucleus processes or interference be-
tween compound-nucleus and direct-interaction proc-
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esses.? The failure of the statistical assumption has also
been suggested by Eisberg and Hintz® as a possible
explanation of their A% (p,p")A%* angular distributions.

To summarize: the partial fit of the Al?"(p,aq)Mg*
data by a curve of the general form |7,(Qr)|? suggests
that direct-interaction processes play a substantial role
in determining the differential cross section. Thus,
either interference between various direct-interaction
processes or between direct-interaction and compound-
nucleus processes, implying a failure of the statistical
assumption, or both, are responsible for the sharp
energy dependence. Experiments of high resolution are
in progress.

The authors thank Dr. C. P. Baker and the crew of
the Brookhaven National Laboratory cyclotron for
their patient cooperation. They also thank Dr. B.
Margolis for many helpful discussions and Dr. C. A.
Levinson for his suggestions.

* This work partially supported by the U. S. Atomic Energy
Commission.

1S. T. Butler, Phys. Rev. 106, 272 (1957).

2V. K. Fischer, Bull. Am. Phys. Soc. Ser. II, 2, 28 (1957);
1\./.hK(.i )F ischer, Columbia University Report CU-170, 1957 (unpub-
ished).

3 C. E. Hunting and N. S. Wall, Phys. Rev. 108, 901 (1957).

4 See reference 1. Also Hayakawa, Kawai, and Kikuchi, Progr.
Theoret. Phys. (Japan) 13, 415 (1955), and Austern, Butler, and
McManus, Phys. Rev. 92, 350 (1953).

5 C. A. Levinson and M. K. Banerjee, Ann. Phys. 2, 471 (1957).

6 B. Margolis (private communication).

?G. E. Owen and L. Madansky, Phys. Rev. 105, 1766 (1957).

8 There are 29 levels in Si# between 13.75 and 14.69 Mev
[D. E. Alburger and E. M. Hafner, Revs. Modern Phys. 22, 373
(1950)]. Assume w (E) < exp(E?) []. M. Blatt and V. F. Weisskopf,
Theoretical Nuclear Physics (John Wiley and Sons, Inc., New
York, 1952), p. 3717]. Then w(22.7)~78 levels/Mev.

IR G. Thomas Phys. Rev. 100, 25 (1955).

LR. M. Elsberg and N. M. Hlntz, Phys. Rev. 103, 645 (1956).

Hyperfine Structure Measurements on
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HE atomic-beam magnetic-resonance method has
been used to investigate 2.36-day Np®® in the
low-field or Zeeman region of hyperfine structure. The
spin of this nuclide is found to be 5/2 in agreement
with the conclusions of Hollander, Smith, and Mihelich
from beta- and gamma-spectroscopy® and with the
predictions of the Bohr-Mottelson model, but appar-
ently in conflict with measurements by the methods of
optical? and paramagnetic-resonance® spectroscopy. The
principal observations have been made in a low-lying
electronic state with measured J=11/2, g;=0.6551
=+0.0006, which is probably the ground state of the
electronic configuration (5f)4(6d)(7s)2



