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In order to investigate the possibility of direct interactions in (a,d) reactions, the B10(a,d)C12 reaction has 
been studied for alpha-particle bombarding energies from 3.1 to 3.7 Mev. The yield curves are rather flat 
and show no typical resonance structures.. The angular distributions show a peak at about 0c.m. = 70° and 
an increase of intensity in the backward direction over the entire alpha-particle energy range. These results 
indicate that the B10(o:,d)C12 reaction proceeds mostly by direct processes, probably both stripping (or 
knock on) and heavy-particle stripping ones. 

T N order to investigate the possibility of direct inter-
A actions in (a,d) reactions, the excitation functions 
and the angular distributions of the deuterons from 
B10(a!,d)C12 have been measured at incident alpha-
particle energies from 3.2 Mev to 3.8 Mev. 

The alpha particles were supplied from the 16-inch 
variable-energy cyclotron.1 The beam has an energy 
spread of about 0.6%. The targets were prepared by 
depositing B 20 3 (enriched to 96% in B10) on a thin 
gold foil or a thick Be plate (for measurements at 
backward angles). They were within an equivalent 
thickness of 40 kev for 5.3-Mev polonium alpha par­
ticles. The outgoing particles were detected by a thin 
CsI(Tl) crystal. The resulting pulses were sorted by a 
seventy-channel pulse-height analyzer. The main back­
ground reactions are B10(a,£)C13* (Q=0.981 Mev, Q 
=0.391 Mev, and <2=0.211 Mev), Bu(^)C14

ground 
((3=0.781), and Au(a,a)Au. Because there is a fairly 
remarkable difference between the range-energy rela­
tions of deuterons and protons and that of alpha 
particles, most of the particles were resolved with a 
silver absorber of adequate thickness placed in front 
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FIG. 1. Excitation functions, in the center-of-mass system, of 
deuterons from the ground-state transition in B10 (a,d)C12 at angles 
of 0° and 55° (center-of-mass system). 

1 Kumagai, Ono, Hayashi, Shono, and Kuroda, J. Phys. Soc. 
Japan 14, 1 (1959). 

of the detector. However, this simple method is not 
effective in distinguishing deuterons from protons hav­
ing slightly lower energy, for example, in the case of the 
deuterons and the protons from B10(o;,£)C13* (£=0.391 
Mev, and 0=0.211 Mev) emitted at large angles. 
Therefore, at 0c.m.>9O°, the resolution was poor and 
errors were large. 

The yields at 0c.m. = O° and 0c.m. = 55° are shown in 
Fig. 1. Although there are small peaks or slow varia­
tions, the curves show remarkable differences from those 
of reactions involving a compound-nucleus mechanism. 
For example, the yield curves of B11 {a,p)Cl\ Al27 (a,p)Si*°, 
and P31(a,^)S34 obtained by us2 at the same bombarding 
energy show typical resonance structures and the peak-
to-valley ratio is very large. 

The angular distributions have also been measured 
at alpha-particle energies of 3.80 Mev, 3.61 Mev, 
3.52 Mev, 3.38 Mev, and 3.27 Mev. All of them are 
similar and show a peak at about 0c.m. = 7O° and may 
also show an increase of intensity in the backward direc­
tion. Except for the measurement at E«=3.80 Mev 
shown in Fig. 2 which has been taken with the energy 
resolution of the detector system as high as possible, 
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FIG. 2. Angular distribution, in the center-of-mass system, of 
deuterons from the ground-state transition in B10(a,d)C12 at an 
alpha-particle energy (laboratory system) of 3.80 Mev, fitted by 
lis CO?) |2 with R=5AX10~13 cm. 

1 K. Ono and K. Kuroda (to be published). 
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the deuterons from Bl0(a,d)C12 and the protons from 
B10(a,£)C12* ((2=0.981 Mev and (3=0.391 Mev) were 
hardly resolved in the backward direction, 0c.m.>9O°. 
In Fig. 2 the theoretical angular distributions calculated 
from a simple stripping equation derived by Bhatia 
et al.z are compared with the experiment, the theory 
being assumed to be applicable to the (a,d) reaction. 
We have calculated only \j2(KR)\2, considering the 
form factor nearly constant. In order to fit the calcu­
lated functions to the experiment, it is necessary to 
assume h=2, i£=5.4XlO~13 cm. The value required 
for R is a reasonable one that is used for interpreting 
the (d,p) stripping reaction.4 The fact that good agree­
ment is found between the calculated distribution and 
the experimental one in the forward direction provides 
strong support for a direct process. The increase of in­
tensity in the backward direction suggests that heavy-
particle stripping may exist. Although the absolute 
differential cross-section measurements are not highly 
precise, it is to be noted that their magnitudes are 
fairly large and comparable with the largest values in 
B10(a,p)C12 reactions. 

The angular distribution of the inverse reaction, 
C12(J,a)B10, has been measured at 0<6O° by El Bedewi 

3 Bhatia, Huang, Huby, and Newns, Phil. Mag. 43, 485 (1953). 
4 R. Huby, in Progress in Nuclear Physics, edited by O. R. 

Frisch (Academic Press, New York, 1953), Vol. 3, p. 206. 

I. THE PROBLEM 

MOTION of charged particles outside the atmos­
phere in the geomagnetic field has received 

recently increased attention because of the discovery 
of the Van Allen radiation belts and also because of the 
artificial temporary generation of exceedingly low 
intensity belts of this kind by small nuclear explosions.1 

* Work was performed under auspices of the U. S. Atomic 
Energy Commission. 

1 These experiments have become known under the code name, 
Argus. For description and results see, for example: N. C. Chris-
tofilos, University of California Radiation Laboratory Report 
UCRL-5548 (to be published). Also, see the Proceedings of the 

and Hussein5 at relatively high-deuteron bombarding 
energy of 8.9 Mev. The forward peak can approxi­
mately be fitted to \j2(KR)\2 with R~8X 10~13 cm, 
which is somewhat larger than the value employed for 
the B10(o:,J)C12 reaction. The difference in the values of 
R between the two reactions may be due to the differ­
ence in the bombarding energies employed and to in­
completeness of the calculation. 

In conclusion, the results obtained in the present 
work indicate that the B10(a,d)C12 reaction at our rela­
tively low bombarding energy proceeds mostly by a 
direct process as in the case of (a,p) and (a,a) reactions 
at high bombarding energy. The results also suggest 
that the probabilities of finding a deuteron and an 
alpha particle at the nuclear radii in B10 and C12, re­
spectively, are fairly large. These features are very 
interesting in terms of a nuclear model, especially a 
cluster model in a light nucleus. 

A more detailed report is in preparation and will be 
published in the Journal of the Physical Society of Japan. 
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I t follows from the simplest considerations of the 
motion of particles in magnetic fields that many 
charged particles will oscillate between the north and 
south polar regions along magnetic lines and that they 
will be reflected by the mirrors formed by the stronger 
magnetic fields in high latitudes. I t is also well known 
that due to the inhomogeneity of the earth's magnetic 
field electrons will drift from west to east and positive 
ions from east to west, giving rise in this manner to a 
corpuscular radiation belt. 

Argus Symposium held at the National Academy of Sciences, 
April 29, 1959 (to be published). 
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The motion of charged particles in a magnetic field such as that of the earth or that of a magnetic mirror 
machine is discussed. It is shown that during the motion and drift of a relativistic particle, not only the 
magnetic moment, but also a longitudinal invariant and an additional flux invariant are adiabatically con­
served. These conservation laws lead to retention of the particles in the field. The derivation of the adiabatic 
invariants leads to a set of equations of motion which describe the average drift of the particles from one 
force line to the other, and which also describe the changes that occur in the energies and periods associated 
with the motion. In the absence of scattering, loss of particles from the magnetic field will be due to the 
violation of the adiabatic laws. 


