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Where Does the Sun Get Its Energy? by Ralph W. Kavanagh



A series of experiments over a period of 20 years has led to a remarkably accurate picture of energy production in the sun.



In the years since Throop College became Caltech, nuclear physics and astrophysics, in our laboratories and in many others around the world, have overlapped to produce a remarkably detailed and successful picture of the mechanisms responsible for the sustained generation of energy in stars and for the creation of the elements, in the observed abundance ratios, out of an original cosmos of hydrogen. Furthermore, the advent of large-memory, high-speed computers has made it feasible to construct precise models of evolving stars that start from a given initial



mass and composition and change with time to match the present radius, mass, age, and luminosity. Besides being constrained by physical laws governing radiation transport and hydrostatic equilibrium, these models require as input a knowledge of numerous nuclear-reaction rates, or "cross sections." Because in most instances nuclear theory is, as yet, able to deduce these cross sections only crudely, experimental measurements are preferred wherever possible. The idea that the stellar fires were kept burning by nuclear reactions germinated about 50 years ago, and



Ralph Kavanagh, associate professor of physics.



was more or less forced on astronomers by the geologists' uranium-lead age determinations, which indicated a time scale greater than one billion years. The earlier view, due to Kelvin and Helmholtz, that gravitational contraction was the energy source, predicted a solar age about a hundredfold too small. It was also inconsistent with the observed constancy of the periods of the Cepheid variable stars. The fusion of four hydrogen atoms to make one helium atom was known from Aston's mass-spectrographic work (ca. 1920) to release about 0.8 percent of the mass as energy, and the significance of this for stellar energy was noted by Eddington. However, the state of theoretical and experimental knowledge in the twenties was inadequate to allow specific reactions to be figured out. There was considerable doubt that temperatures in the sun were high enough to allow the fusion reaction to go at the rate required by the luminosity. It was this doubt that prompted Eddington's famous remark: "We do not argue with the critic who urges that the stars are not hot enough for this process; we tell him to go and find a hotter place." In the late twenties Atkinson and Houtermans re-



solved the doubt, to some extent at least. They showed that the rate at which 10-million degree protons would overcome the mutual electrostatic repulsion of their positive charges (the Coulomb barrier) and penetrate to the nuclear radius was of the right order of magnitude. They assumed that penetration assured reaction. In essence, their calculation was simply the integral of the product of the Maxwell-Boltzmann (M-B) distribution with the penetration-probability factor which Gamow had published the previous year. From that product, we find that the effective energy of 10 to 25 keV at which proton reactions go is many times the actual mean energy (i.e., temperature) of 1 or 2 keV. A by-product of this coup, illustrating one of the hazards of the profession, was related by Houtermans several years ago in a seminar he gave at Caltech. He told of walking with his best fraiilein one evening just after he and Atkinson had concluded their work. She looked up at the stars and said, "Aren't they beautiful." He replied, "Yes, and now I know why!" and told her of their new ideas, modestly emphasizing Atkinson's role. Shortly thereafter she married Atkinson. The following decade saw the discovery of the positron, neutron, and deuteron, the Fermi theory of /3-decay, and much detailed information about nuclear-reaction cross sections-a good deal of it from C. C. Lauritsen's new Kellogg Radiation Laboratory. On the basis of these cross sections, Hans Bethe in 1939 published a study of the reactions that might be important to energy generation. Because he assumed a very large abundance of nitrogen and carbon in the sun, he arrived at the wrong conclusion that the most important solar source should be the so-called CNcycle. We now know that this requires a larger, hotter star than the sun. The series of reactions now known as part of the "proton-proton chain," that Bethe considered most probable, were:



The only important reaction which he overlooked, and which remained unnoticed until it was suggested in 1951 by C. C. Lauritsen, was We 3He-+ 4He ZiH. It is especially significant in that it requires no previously existing catalyst such as "He or I2C
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