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LCP 9: Calculating the Age of the Earth and the Sun   
This LCP is based on my article “Calculating the age of the Earth and the Sun”, which was published by the British journal Physics Education in 2002. It can be downloaded from my website. This LCP  is essentially a text that provides information about the history of the efforts made to determine  the age of the earth and the sun. It goes beyond conventional approaches by inviting the reader to follow the arguments and the calculations made in detail. I have added a section in which the modern approach to calculating the age of the earth is discussed in some detail
There are no explicit Questions and Problems sections here as in the previous LCPs. However, the text should provide the physics instructor with a rich background from which to set tasks for students that involve them in the history and the physics behind the estimates of the age of the earth and the sun. The instructor/student is reminded to look at LCP 6 “Solar Energy” before or while studying this LCP. 
IL 1  A comprehensive discussion of the physics and astronomy of the sun

http://en.wikipedia.org/wiki/Sun
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          Fig. 1. The life cycle of the sun, according to contemporary physics and astronomy.





Fig. 2 A total solar eclipse, August 1999. (The author witnessed this event in 



Munich. See my website, Pictures).
TH SEQ CHAPTER \h \r 1E MAIN IDEA:

We will review the main attempts made to calculate the age of the earth and the sun, beginning with Newton’s thought experiment and ending with Hans Bethe’s thermonuclear model 

of the sun’s energy. In Part One, special attention is paid to the protracted debate about the age of the earth in the second half of the nineteenth century that involved Kelvin and Helmholtz. We will also look into 20th century explanations and dating techniques, paying special attention to the thermonuclear model first proposed by Hans Bethe in the late 1930s. 


The results of the calculations are given in the main text but details can be found in the boxes that will allow teachers and students to solve novel  problems and generate interesting questions for discussion. SI units will be used throughout, but sometimes it may be expedient to mention the original units used (as in the case of Kelvin’s calculations in his celebrated 

paper of 1862 “On the Secular Cooling of the Earth”).
THE DESCRIPTION OF THE CONTEXT:
Introduction
Newton presented a thought experiment in the Principia to show that a large body like the earth made of molten iron would take about 50,000 years to cool. He first estimated the time it would take to cool for a “globe of iron of an inch in diameter, exposed red hot to open air ”. He then argued that, since the heat retained is in proportion to the volume and the heat radiated in proportion to the exposed area, the time for cooling would be proportional to the diameter. (taken from Dalrymple, 1991.p. 28). 

However, such a high estimate was in direct contradiction to the theologians’ claim that the earth was created by God about 6000 years earlier.  John Lightfoot, Vice-Chancellor of the University of Cambridge, first published his calculations of the age of the earth in 1644, thus anticipating Bishop Ussher’s famous statement made in 1650. Guided by a careful interpretation of Mosaic chronology, he succeeded in working out the date of the creation of the earth exactly. According to Dr. Lightfoot: The earth was created on October 26, 4004 B.C., at nine o=clock in the morning in Mesopotamia, according to the Julian calendar. (Dalrymple, 1991, p. 14). 
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  Fig. 3 Bishop Ussher (1581-1656)                                  Fig.4 Dr. John Lightfoot (1601-1675).
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Fig. 5 Charles Lyell  (1797-1875).                                    Fig. 6  James Hutton ( 1728-1797).                                     
On the other hand, James Hutton declared in 1798 : 
           “We find no vestige of a beginning, no prospect of an end”.
 By about 1830, geologists, led by Charles Lyell, argued that the earth must be very old, if not infinite as Hutton thought,  then certainly billions of years. Their reasoning was based on the discovery that  very long times were required for geological processes to take place.

IL 2 *** Bishop Ussher’s chronology 
http://en.wikipedia.org/wiki/Ussher_chronology
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                        Fig. 7 An eroded outcrop at Siccar Point showing 
    Fig. 8 Dacite columns that 
formed tens of sloping red sandstone thousands of years ago when a  flow cooled 
rapidly against a glacier


            
IL 3*** A short but comprehensive discussion of the ideas of James Hutton
http://www.amnh.org/education/resources/rfl/web/essaybooks/earth/p_hutton.html
IL 4 ***  A biography of James Hutton

http://www-groups.dcs.st-and.ac.uk/~history/Biographies/Hutton_James.html

We will now digress a little and move briefly into the 19th century  and check how good a guess Newton made by using Stephan’s radiation law of 1878, and not, as may be expected, Newton’s law of cooling. Textbooks generally state that Newton discovered experimentally that the rate of cooling of an object is proportional to the difference in the temperatures between that of the object and the surroundings. This proportionality statement leads to an exponential expression that most physics textbooks discuss and students use it to solve problems It turns out that Newton used the proportionality statement only to calibrate a  linseed thermometer that could measure temperatures higher than 200C.(See French, 1993). Moreover, it is now known that this relationship does not hold for high temperatures (see Silverman, 2000).


The law states that H, the rate at which an object radiates heat per unit area (J/s m2)  is proportional to the fourth power of the absolute temperature. The rate of energy loss per unit area then is given  by 
                                                 H =   (T i4 - Tf  4 ).

providing that the ambient temperature is much lower than the final temperature of the object. 

Another assumption we are making is that the temperature of the surface of the sphere is constant 
at all time. As shown in Block 1, the  cooling time from an initial  temperature Ti to a final 
temperature Tf  is given approximately by                 



                                           t = (1/Tf3 - 1/Ti3) m c / 3  A,

Applying this formula to the small sphere we find that the cooling time is  about 47 minutes. 


To find the time of cooling of a globe of the size of the earth that is made entirely of iron, we again assume that, as the globe cools, at any time the  temperature of the large sphere is the same everywhere. We find that the time for cooling is about 45,000 years (See Block 1).


This is in  very good agreement with Newton’s conclusion. Of course, the cooling time for such a large object would be very much longer, because it would take considerable time for the  heat to be  be conducted to the surface as the body cools. To solve the problem of temperature distribution for such a case would require the application of a Fourier analysis, later accomplished by Kelvin.
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                                      Fig. 9 The Stephan-Boltzmann law of radiation
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Fig. 10  As the temperature decreases, the peak of the black-body radiation curve moves to 
 
  lower intensities and longer wavelengths. 


\                          


Fig. 11 Georges-Louis Leclerc, Comte de Buffon,        Fig. 12 Isaac Newton (1642-1727).
            (1707-1788)
Count de Buffon tests Newton’s thought experiment  
We will now go back to the 18th century, after a sneak preview of the second half of the 19th century.


The French scientist (natural philosopher) Buffon was one of the most productive of the eighteenth century. He made fundamental contributions to mathematics, biology and paleontology and wrote a monumental 12 volume encyclopedia of science . He was interested in determining the age of the earth and being a wealthy man asked his foundry to make him ten iron spheres, in increments of ½ inch up the 5 inches. He treated them to white heat and then observed the time required to cool, first to red heat, absence of glow, to the temperature when the surface could be touched, an finally to room temperature. He concluded that if the earth had been made of molten iron, the earth would require 42,964 years to cool below incandescence and 96,670 years to cool to the present temperature.


Today, we smile at such efforts. However, one must remember that in the mid eighteenth century alchemy was still in vogue and there was not even an elementary theory of heat established .Buffon believed and demonstrated that nature was rational and could be understood through physical processes. He was also the first to apply experimental techniques to the problem of the age of the earth. A century passed, however, until Helmholtz and Kelvin, equipped with more sophisticated physics and experimental procedures, tackled the problem again.                                          

Helmholtz and the age of the sun 
New insights into the physics of radiation was gained in the second half of the 19th century.

Spectroscopy was established by Kirchhof and Bunsen, Helmholtz estimated the age of the sun and Stephan discovered his radiation formula (see above).


Hermann  von Helmholtz was the most famous German natural philosopher and cosmologist of his generation. He was one of the original contributors to the General Principle of the Conservation of Energy. Already in 1854 he argued  that the sun’s energy must be supplied by gravitational contraction because no known chemical reaction could produce sufficient energy. His calculations showed that the sun could supply the energy we measure without us being aware of the contraction. According to his model the sun could be about 20 M years old.


                                                   [image: image14.jpg]



Fig. 13 Hermann von Helmholtz (1821-1894)           Fig. 14  Lord Kelvin (1824-1907)
IL 5  ***   About Lord Kelvin 

http://www.todayinsci.com/K/Kelvin_Lord/Kelvin_Lord.htm
IL 6 *** About von Helmholtz

http://www-groups.dcs.st-and.ac.uk/~history/Biographies/Helmholtz.html
The sun as a furnace burning coal

Helmholtz first calculated that if the sun’s energy were due to a chemical source the life expectancy would be about 5000 years. This is easy to show. It was known that coal contained about 25 BTU per ton of potential energy of combustion . This is about 3.0x107 J/kg. The energy output of the sun was thought to be about 7000 HP per square foot of surface, or about 3.6x1026 J/s for the whole surface.  The mass of the sun is about 2.0x1030 kg. Therefore, the maximum life expectancy of the sun would be:              

                               2.0x1030 x 3.0x107 / 3.6x1026 = about 5000 years.
[image: image15.jpg]



        


     Fig. 15 The “burning” sun.
The sun as a gravitationally collapsing body


Helmholtz immediately rejected this model and argued that gravitational collapse of the original cloud of material to the present size of the sun was the source of the sun’s size  and its continued production of energy. He assumed that material fell into a proto mass from infinity and the sun grew by accretion and heated up to the present temperature. 


In his famous “Popular Lectures”of 1857  he discussed this model and gave the value for the gravitational potential energy of the sun as shown in Appendix 1. He found that the approximate gravitational potential energy then is 2.3x1041 J . Since he knew  the energy output of the sun , Helmholtz was able to estimate the age of the sun and found it to be about 21 million  years.
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                                Fig.  16 Helmholtz’s gravitational contraction model: 
[image: image17.jpg]




                                          Fig. 17 Gravitational collapse

[image: image18.jpg]© 2000 Don Dixon / cosmographica.com




                                                Fig. 18 Formation of the sun.
To find the age of the sun


Helmholtz  also estimated the temperature of the sun by assuming that the specific heat of the sun was equal to that of water and that mechanical equivalent of heat (just recently published by Joule) was about 4.2 Joules per calorie, as shown in Appendix . 

The temperature Helmholtz found was 28,611,000 °C. It is interesting to note that the estimated temperature of the center of the sun is about 108 K. Helmholtz also estimated the pressure at the center of the sun and obtained a value of about 1.3x1014 N/m2.. To show this only a very simple calculation is needed: One calculates the force produced by a 1 m2  column of the sun’s gas, having a height of 7x108 m, an average density of 1.4x103 kg/m3, and the average gravity being that of the middle, or 270/2 m/s2, or 135 m/s2 . The modern value of the density of the sun’s center is about 1.6x105kg/m3. Of course, he did not realize that at that pressure and temperature thermonuclear fusion would be  initiated. Helmholtz then estimated the age of the sun by assuming that the energy output has remained constant. He arrived at a value of about 20 million years.


Finally, Helmholtz  estimated the shrinkage of the sun necessary to produce sufficient energy to account for the observed 3.6x1026 joules per second. He came to the conclusion that about 250 feet (about 80 m) of shrinking per year is necessary. (These four results by Helmholtz are discussed in detail in Appendix 1.).

IL 7 **** A short article on the age of the sun by Kelvin (1862).
http://zapatopi.net/kelvin/papers/on_the_age_of_the_suns_heat.html
[image: image19.png]4000

Intensity (counts)

00
Wavelength (o)





Fig. 19 Spectrographic analysis of the sun, already available to Helmholtz and Kelvin.
[image: image20.png]



Fig. 20 In 868 an English astronomer, Joseph Norman Lockyer, discovered an unknown element in the Sun, i.e. a set of spectral lines which did not correspond to elements in the lab. He named this element helium (Latin for Sun element). 
During the solar eclipse of October, 1868, Lockyer observed a prominent yellow line from a spectrum taken near the edge of the Sun from Vijaydurg. With a wavelength of about 588 nm, slightly less than the so-called "D" lines of sodium. the line could not be explained as due to any material known at the time, and so it was suggested by Lockyer that the yellow line was caused by an unknown solar element. He named this element helium after the Greek word 'Helios' meaning 'sun'. Helium was discovered on Earth in 1895. In March 1895, while examining the spectrum of gases given off by a uranium mineral called cleveite, the British chemist William Ramsay spotted a mysterious yellow line Lacking a good spectroscope, he sent gas samples to both Lockyer. Within a week it was confirmed that the gas was the same as the one Lockyer had observed in the sun more than 25 years  earlier. Lockyer was beside himself with joy as he squinted through the spectroscope at the "glorious yellow effulgence" he had first seen on the Sun in 1868.
Lord Kelvin and the age of the sun
Like Helmholtz, Kelvin first established the age of the sun, before calculating the age of the earth.   Like Helmholtz he quickly dismissed the chemical energy theory, because it allowed for less than 10,000 years. He then investigated the physics of his meteoric hypothesis. In this hypothesis he assumed that the energy of the sun is replenished by constant rate of meteoric bombardment.


He first calculated the kinetic energy of impact of a mass of 1 pound of matter falling into the sun at the escape velocity of the sun. Using SI units, a quick calculation shows that a 1 kg mass hitting the sun at the escape velocity of 624 km/s would have a kinetic energy of   ½ x1x (6.24x105)2 J, or 1.94x1011 J. 


A simple calculation then showed that about 1/5000 of the sun’s mass over a period of 6000 years would suffice to account for the energy given off by the sun.  It must be remembered that this would represent about 70 times the mass of the earth! We can quickly check this:


The sun’s energy output was found to be about 3.6 x1026 J/s. Therefore in 6000 years time the sun will have liberated 6000x3.15x107x3.5x1026 or 6.61x1037 J. Dividing this by the kinetic energy of 1 kg mass falling in we get  6.61x1037/ 1.94x1011 or   3.40x1026  kg. This is 3.4x1026 / 2x1030, or 1/5000 of the mass of the sun. However, by about 1861, Kelvin rejected this theory also, because:

1. 
There was no spectroscopic evidence found that anything faster then about 1/20 of 
the escape velocity of the sun is found in the vicinity of the sun.

2. 
The effect of the additional mass of the sun on the period of rotation of the earth 
would have been detected.


Kelvin calculated this effect and found that it would be about 1/8 of a year in a 2000 year period. His calculations are quite sophisticated but we can check his value with a relatively simple approach,  using Kepler’s third law and Newtonian mechanics. Kelvin then argued that such a discrepancy would have been found and therefore he finally accepted Helmholtz’s theory of gravitational contraction as the only viable one. (See Appendix 2)


However, his commitment to the gravitational model of Helmholtz emerged only gradually, starting with his early recognition of the soundness of Helmholtz’s ideas after reading his lecture of 1857 to the time Kelvin developed his model for the cooling of the earth in 1862. At the beginning he thought that his meteoric theory and Helmholtz’s gravitational collapse theory would complement each other, but by 1862 he grudgingly deferred to Helmholtz. Kelvin did calculate the age of the sun, using both a linear and exponentially decreasing density. He found that for the first case the age of the sun was 20 M years and for the second about 60 M years. So he was able to push the age of the sun to three times the value based on Helmholtz’s simple model. Kelvin’s models predicted that a gravitational shrinkage rate was very close to that calculated by Helholtz. It is interesting to note that he estimated that about 80% of the mass of the sun was contained inside a sphere of half the radius. 

Kelvin calculates the age of the sun and of the earth
Having established that the sun is at least 20 million years old, Kelvin set out to determine the age of the earth. His seminal paper “On the Secular Cooling of the Earth” was published in 1862 and produced an instant sensation in both scientific and public domains. Kelvin made the following assumptions, as recorded in his paper:

1. Most of the earth’s heat was originally generated by gravitational energy.

2. The earth cooled from a temperature of about 3700°C to the present temperature.

    of about 0° C very quickly, probably in about 40-50000 years.

3. The temperature of the earth’s surface has not changed significantly since then. 

4. The interior of the earth is solid and therefore only conduction is significant.

5. In all parts of the earth a gradually increasing temperature has been found 


     in going deeper. This finding implies a continual loss of heat by conduction.

6. Since the upper crust does not become hotter from year to year, there must be a  secular loss of heat from the whole earth.

The physical constants that he needed were :


1. The temperature gradient of the surface of the earth


2. The specific heat of the earth’s crust.  


3. The thermal conduction coefficient for the crust. 

Kelvin estimated an average for the temperature gradient to be  1/50 °F per foot of depth and decided that the thermal conduction coefficient of the earth’s crust was 400 BTU /y.ft. °F (see Table 1)


Further, he assumed that the temperature after solidification was  3700 ° C at the center and 0 °C at the surface. These temperatures, he argued, remained constant over millions of years and were located on the two sides of an arbitrary infinite plane in an infinite solid. Such a distribution provides the initial conditions for the discontinuity between the two planes. In his own words, he then 

applied one of Fourier’s elementary solutions to the problem of finding at any time the rate of variation of temperature from point to point, and the actual temperature at any point, in a solid extending to infinity in all directions, on the supposition that at an initial epoch the temperature  has had two different constant values on the two sides of a certain infinite plane (Kelvin, p. 301)
(See Appendix 4 for details about Kelvin’s calculations).
In his paper he drew the following conclusions:

1. The limits of the earth’s age are between 20 million and 400 million years.


2. The temperature gradient will remain constant at about 1/50 ft per  F for about 

    100,000 ft.
3. During the first 1000 million years the variation of temperature does not become              

    “sensible” at depth exceeding 568 miles (910 km).


4. The temperature gradient diminishes in inverse proportion to the square root of the 

     time. 

 Thus we would have:        

                          At        40,000 years                           1     °  F   per foot   

                           “       160,000  “                                 ½    °     “

                           ”    4,000,000  “                               1/10  °       “

                           ” 100,000,000 “       (now)               1/50  °       “

                              400,000,000 “       (future)           1/800 °        “

Finally, it is interesting to compare the physical parameters used by Kelvin to those geologists accept today. Kelvin would be pleased and would probably say that no major changes are necessary in his mode

TABLE 1:
Physical measurements

Kelvin                                     Today

	Temperature gradient

of the earth’s crust
	1/50 F/ft, or

 36 C/km
	30 C/km

	Heat flow through the earth’s crust
	400 BTU /year, 

 8x10-2 W/m2

	1.0x10-1 W/m2

	Thermal conductivity coefficient
	400 BTU./year.ft.F, or

8x10-2 Watts/m.C


	1.0x10-1 W/mC
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                Fig. 21 Lord Kelvin's graph to show his calculation of the age of the earth.
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                   Fig. 22 This is essentially the same graph as the one above but with more detail.
The decline of the reign of limited time 
The physicists’ model of the age of the earth and the age of the sun, as epitomized by Kelvin’s and Helmholtz’s calculations, reigned supreme until almost the end of the century. These models set strict limits on the age of the earth. Geologists and biologists were generally not sufficiently well trained in mathematics and had inadequate understanding of the new science of thermodynamics to challenge Kelvin and the physicists in setting these strict limits. The physicists, on the other hand were not acquainted with the methods and measurements  made by the geologists and generally had a low opinion of  their  attempts to emulate the empirical methods of physics. 


The first serious challenge came in 1890 from John Perry, an accomplished mathematician and engineer, a former student of Kelvin. He argued that for the last thirty years Kelvin’s calculations had been repeated by school boys as an abstract mathematical exercise. Having concentrated on the mathematical details only, the assumptions and preconceptions, “especially those simplifying assumptions to facilitate calculations”, had been lost.(Burchfield, p. 135)


He went on to show that if we assumed that the earth’s conductivity were not homogeneous, but greater near the center by a factor of 10, the cooling time would be increased by a factor of 56. In addition, he argued that if some degree of fluidity exists in the earth, then thermal conductivity must be supplemented by convection. 


Kelvin took Perry’s argument seriously and responded, finally conceding that it may be possible, after all, to extend the age of the earth to as much as  a 1000 million years and not violate the laws of physics. But he was quick to add that the sun’s heat placed  a great limitation on the age of the earth. In fact, Kelvin reminded Perry that the recent (1877) calculations made by the noted mathematical physicist P.G. Tait, limited the age of the sun to only 10 million years. 


Perry suggested that perhaps there may be other sources of energy than gravitational contraction. Indeed, there were many mechanisms and theories presented in the 1890s  that were supposed to account for the vast energy of the sun, other than gravitational. Unfortunately, upon close scrutiny, they all violated the laws of thermodynamics.


Perry managed to take away the feeling of mathematical certainty from the physicists’ arguments and expose the underlying weakness of their assumptions and the inadequacy of the physical data they  used. Meanwhile, the mass of evidence accumulated by the geologists that was based on improved empirical methods began to convince them that the physicists must be wrong about the age of the earth. Geologists became bolder and more confident about their methodology and slowly freed themselves of the domineering influence of the physicists.

IL 8 *** An article by John Perry arguing against Kelvin’s calculations (advanced mathematics).

http://www.gsajournals.org/archive/1052-5173/17/1/pdf/i1052-5173-17-1-4.pdf
[image: image23.jpg]


                  [image: image24.jpg]



Fig. 23 P.G. Tait (1831-1901)                                   Fig. 24 George Darwin, astronomer and 







                      mathematician (1845-1912).  
New energy sources in the “storehouse of creation”.
In July, 1903, W.E. Wilson, an independent gentleman-astronomer with a long standing interest in solar heat, announced in a letter to Nature that a clue had been found to explain the source of power of the sun and the stars. The Curies had discovered that one gram of radium could supply 100 calories per hour, indefinitely and without itself cooling down to the ambient temperature. Wilson then computed that the amount of radium which would suffice to supply the sun’s entire output of energy. He found that a mere 3.6 grams per cubic meter would be sufficient.


Wilson’s letter went unnoticed at first, but a few months later a note  appeared in Nature that contained a similar speculation. This time, however, the author was George Darwin and the idea attracted  immediate attention. Darwin also discussed the implications of radioactivity for the sun’s heat . He reminded the readers that fifty years earlier Kelvin in his 1862 paper,  in defending his upper limit of 400 years for the age of the earth, said: ‘unless sources now unknown to us are prepared in the great storehouse of creation” (EE, p 549). Darwin went on to explain: “We have recently learned the existence of another source of energy such that the amount of energy available is so great as to render it impossible to say how long the sun’s heat has already existed, or how long it will last in the future” (Smith & Wise, 1989. p. 601) 


Darwin concluded by reminding the reader that Kelvin’s concentrated sun model, essentially an extension of  Helmholtz’s constant density model, allowed an upper limit of 60 million years for the age of the sun. Using Rutherford’s measurements that a gram of radium could emit as much as 109 calories of heat, he estimated that, if the sun were made of such radioactive material, it could emit ‘nearly 40 times as much as the gravitational lost energy of the homogeneous sun, and 8 times as much as his concentrated sun”. 


A simple calculation shows that actually about 2.2 g/ m3 of the sun’s volume of radium could supply the energy output of the sun. If radium has a constant energy output of 100 calories per hour then the output is 0.116 J/s. Dividing the sun’s output (as known at that time) of 3.6x1026 J/s by 0.116 we obtain 2.2 g/m3. 


Finally, we will calculate the age of the sun, based on Rutherford’s estimate that 1 g of radium has an energy content of about 1x109 calories, or 4.2x1012 J.The mass requirement of the sun: 3.6x1026 / 4.2x1012 = 8.57x1013 kg/s. Dividing this quantity into the mass of the sun we get about 740 M years, or, as Darwin claimed,  “40 times as much as the gravitational lost energy of the homogeneous sun”.


Darwin was pleased with the dramatic result that came from a simple   “back-of-an-envelope” calculation.


The embarrassing problem of having the age of the sun smaller than the age of the earth was thus solved. But only in the minds of the younger physicists and geologists. Kelvin was approached in 1906 by one of his former students, James Orr, who asked the following question: “Do you agree, that If the sun or earth contains even a small of radioactive matter, all physical calculations of age and heat are overturned, and the old ratios of the geologists are restored?”


Kelvin seemed unmoved and did not concede. He remained committed to the primacy of the gravitational theory. There is, however, anecdotal evidence that privately Kelvin did concede. According to a conversation he had with J.J.Thomson in 1904, Kelvin apparently was willing to admit that “radioactivity made some of the assumptions untenable” (Burchfield, 1975. p. 165). But no retraction was ever published.

[image: image25.png]



     Fig. 25 Ernest Rutherford studying radioactivity in his Laboratory at                                                

                                                     McGill University ca. 1903. 
IL 9 *** Short biography of Rutherford http://nobelprize.org/nobel_prizes/chemistry/laureates/1908/rutherford-bio.html
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Fig. 26 A famous experiment from 1899 in which Rutherford studied the ‘emenation” from radioactive particles. By the time the picture in Fig. above was made he had identified the three radioactive ‘radiations,  α, β, and γ. See Fig.  below for detail.
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                                                      Fig. 27 Radioactive decay.
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                               Fig. 28   Radioactive decay. Rutherford showed that radioactive decay can be measured accurately and time measurements made. See IL 
IL 10 *** Discussion of radioactive decay and time measurements. 

http://www.earth.northwestern.edu/people/seth/202/DECAY/decay.pennies.html
IL 11 *** An applet showing radioactive decay.
http://www.lon-capa.org/~mmp/applist/decay/decay.htm
IL 12  **** Click on this IL and see the animation of the graph below.
http://en.wikipedia.org/wiki/Image:Paterson_isochron_animation.gif



Fig. 29  Animated version of the lead isotope isochron that Clair Patterson used to 

determine the age of the solar system and Earth (Patterson, C., 1956).
Beyond radioactive energy
The discovery of radioactivity had two dramatic effects on the age of the earth debate. First, it quickly became clear that since radioactive source were found everywhere, including deep in the crust of the earth, the heat budget of the earth could not be reliably estimated. Secondly, by about 1910 the new methods of radioactive dating held the promise of finding a reliable way to determine the age of the earth. 


The source of the energy of the sun, however, remained a mystery. By 1905 most physicists believed that radioactive energy must be somehow responsible for the awesome energy output of the sun. Helium was known to be the by-product of radioactivity and helium was found in the sun. But there were objections: “Why was Becquerel radiation absent (beta and gamma rays) in the solar spectrum?” And: “Should they not be emanating from the sun”? “Why did they not appear in the solar spectrum?” The physicist Robert Strutt, son of Kelvin’s close friend Lord Rayleigh,  showed that any beta or gamma radiation would be filtered out by the sun. He also pointed out that  the presence of helium in the sun did give convincing evidence that the sun was powered by radioactive energy. 


The arguments for an against the sun being powered by radioactive energy continued but by the 1920s the problem of the sun’s energy was overshadowed by the problem of finding reliable methods for dating the earth and accounting for the heat energy observed coming from the earth. 


If the sun  is not a chemical or radioactive furnace then what drives this mighty source of constant energy flow? By the late 1930's it became clear that the sun does not burn coal but hydrogen in a nuclear furnace and not in a chemical or atomic one. The German-American physicist Hans Bethe was the first to describe this process that we call a thermonuclear or fusion . According to Bethe’s calculations, a complicated set of reactions take place at the center of the sun where the temperature is about 108 K and the density about 1.6x 105 kg/m3. This process is called the proton-proton (p-p) cycle and it can be summed up by stating that four protons and two electrons combine to form an α particle and two neutrinos and six gamma “rays”:

                                 4 1H + 2e     (      4He + 2n  + 6 γ   
However, we need only the final result that  
                                          4 1He   -- (  4He + E

where E is the energy released by the mass defect  m and is equal to mc2 . Note: we ignore the small energy contribution of the two neutrinos.  

Ultimately, then the energy production can be calculated with Einstein’s equation

 E =  mc2.. When four protons combine, under very high pressure and temperature, to form one  αparticle, the mass of the particle is found to be a little less than the mass of the four protons. This mass defect then enters the equation and we have E = m c2 , where E represents the energy given off.


Finally, the table below compares the energy available from the various sources we have discussed:

TABLE 2

ENERGY SOURCE 
  

     ENERGY CONTENT

	Coal
	            2.9 x107 J/kg
	   1                 

	Kinetic Energy (Meteoric Impact, Sun)
	            2.0x1011 J/kg
	   6.9x103

	Gravitational Contraction (Sun)
	            1.1x1011 J/kg
	   3.8x103

	Uranium Fission (Normal Abundance)
	            5.8x1011 J/kg
	   2.0 x104

	Pure U-235
	            8.2x1013 J/kg
	   2.8x106

	Pure Deuterium (Fusion)
	            3.3x1014 J/kg
	   1.1x107  

	100 % Conversion of Matter to Energy
	             9.0x1016 J/kg
	    3.1x109


 It is interesting to note that, as far as the energy on the sun is concerned, the kinetic energy of impacting matter, (per unit mass), is higher than the energy due to gravitational contraction. We will conclude with answering four important questions, placing the details in the Appendix.

1. At what rate is hydrogen being consumed in the core of the sun?

A simple calculation, based on Einstein’s mass energy equation shows that the rate of  hydrogen used in thermonuclear reactions is about 6.1x1011 kg/s. 


This seems to be a large amount and, indeed, it is: roughly 600 million tons of hydrogen (protons) per second! However, of this only about 4 million tons turns directly into energy, the rest is retained as helium and thus helium can be considered the “ashes” of the solar furnace. 

2.  What is the “efficiency” of the thermonuclear process in the sun? 

The efficiency of this process turns out to be very low, less than one percent. 


3. What is the age of the sun?

Astronomers now think that sun is about 5 billion years old. Only the hydrogen in the core participates in the thermonuclear reaction. This region contains about 10% of the total mass of the sun. There is good evidence for believing that only about 5% of the sun’s mass has been used up in the thermonuclear process. 

4. What is the life expectancy of the sun?


Cosmologists think that after about 10 billion years of hydrogen fusion that leads to helium accumulation in the core, the core will shrink and the temperature and density will increase to maintain a  pressure balance. As the core becomes smaller the outer layers will expand up to 50 times their previous radius, becoming a red giant and engulfing the near planets, including the earth. The red giant’s life now is measured in only a few millions of years, a very short time compared to its 10 billion year life. The red giant  will then push off its outer layers an metamorphose  into a white dwarf. 


Kelvin and Helmholtz used their new physics of thermodynamics and confidently predicted that the sun will stop providing life-giving heat in about 10 million years. They were sure  that the earth will then cool and all life will end  in a deepfreeze. But we believe that the sun’s energy output will last for  10 billion years, and that all life on earth will end in a hot furnace.


Would Kelvin be impressed with  the new physics and the unsuspected nature of the “storehouse of creation”? One wonders and is reminded of Max Planck’ famous remark about difficulty for old physicists to accept the new quantum mechanics:  
A new scientific truth does not triumph by convincing its opponents and making them see the light, but rather because its opponents eventually die, and a new generation grows up that is familiar with it (Burchfield, 1975. pp. 165/166)
Addenda:
A.  Geology leads the way to find the age of earth
IL13   *** 
http://www.strangescience.net/hutton.htm
In the late 18th century, the educated world clung to the Neptunian theory of the earth proposed by Abraham Gottlob Werner. Known as the father of geology, James Hutton overturned the Neptunian orthodoxy and instead proposed his own Plutonian theory of decay and renewal. Hutton could believe in perpetual renewal because of a realization he made: granite is an igneous rock.


The earth has three different kinds of rocks. Igneous rocks are formed from melting rock, such as magma or lava. Sedimentary rocks — home to fossils — are broken down by wind or water into sediments that later solidify. Metamorphic rocks may have started as igneous or sedimentary rocks, but extreme heat or pressure has changed them into something different. In the rocks of Scotland, Hutton found fingers of granite reaching well into sedimentary rocks, and saw this as evidence of subterranean fire and heat. He surmised that the core of the planet could make new rock, offsetting the action of erosion. He also found neatly deposited layers of sedimentary rocks overlaying rock layers that were almost vertical, as shown at right. The lower layers of rock, he concluded, must have been deposited eons before, then later upturned. In these unconformities between rock layers, Hutton saw evidence of vast expanses of time in earth's history. (Charles Lyell was following in Hutton's footsteps when he wrote his own masterwork in 1830.)


Hutton's theory was largely correct, and it was the basis for some exceptionally important theories in geology and biology that followed. Not so well known is that his assertions about the age of the earth were not supported by strong empirical evidence at the time; he proposed his theory of the earth two years before he saw an unconformity. He also proposed a virtually limitless lifespan for our planet, and even though the currently accepted figure of roughly 4.5 billion years is beyond human comprehension, it's not infinite. In the 18th century, neither James Hutton nor anyone else could prove vast expanses of geologic time. Proof of the age of the earth would not come until the 20th century, when chemists learned how to estimate the ages of rocks through rates of radioactive decay.
B. Modern particle physics explains the energy production in the sun
(See LCP 9 for more details about calculating the temperature and the energy of the sun)
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Fig. 30 The Sun's interior is made up of the same mix of hydrogen and helium as its surface. Below the surface layers, three main regions can be defined. These are the core, where energy is produced, a radiative zone, where this energy travels as radiation, and a convective zone, where energy travels by convection.
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Fig. 31 Hydrostatic equilibrium balances outward thermal pressure and inward gravity trying to collapse the Sun to the center
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Fig.  32 The nuclear fusion in the Sun involves fusion of Deuterium with another proton 
with Helium as the end product.
The following is taken from:
IL 14 ****

http://images.google.ca/imgres?imgurl=http://www.goalfinder.com/images/SPAPRO4/nuclear-fusion-reaction.jpg&imgrefurl=http://www.goalfinder.com/product.asp%3Fproductid%3D85&h=182&w=230&sz=7&hl=en&start=2&um=1&usg=__1gddSCgz8Dj2wND1zgCOHF1necI=&tbnid=IenXRJLSF8pytM:&tbnh=85&tbnw=108&prev=/images%3Fq%3Dfusion%2Bin%2Bthe%2Bsun%26um%3D1%26hl%3Den%26sa%3DN
Nuclear fusion reaction - source of solar power:
Hydrogen nuclei (protons) fuse to create helium-4 and release energy in several stages:



1. 
Two protons combine to form a deuterium (hydrogen atom with one neutron),  


a positron  (similar to electron, but with a positive charge) and a neutrino 

2. 
A proton and a deuterium atom combine to form a helium-3 atom (two 


protons with one neutron) and a gamma ray. 

3. 
Two helium-3 atoms combine to form a helium-4 (two protons and two 



neutrons) and two protons. 
Now, the helium-4 atoms are less massive than the two hydrogen atoms that started the process. The difference in mass was converted to energy given by Einstein's theory of relativity (E=mc2). 

The high-energy gamma ray photons produced at the core is then transported to the space by the process of radiative diffusion and convection and then again by radiation.

During the energy transport mechanisms, the entire gamma rays in the core are converted into visible, ultraviolet light, X-rays, visible light, infrared, microwaves and radio photons producing a continuous (thermal) spectrum.

Thus it is this energy produced by the nuclear fusion at the sun's core that strikes the earth, provides warmth to the planet and drives our weather and provides energy for life.

Since Sun has got a vast amount of hydrogen element, it will continue to produce energy for next billion numbers of years and is therefore an inexhaustible source of energy for us.
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              Fig. 33 Fusion mechanism in the sun
Fusion is what happens when two atomic nuclei are forced together by high pressure and high temperature.... high enough to overcome the strong electrostatic coulomb repulsive forces of the respective protons in the nuclei. When the nuclei fuse, they form a new element, and release excess energy in the form of a fast-moving neutron. The energy is 'extra' because the mass of the newly formed nucleus is less than the sum of the masses of the original two nuclei; the extra mass is converted to energy according to Einstein's equation E=mc2 This energy can be used to do useful work. (See LCP  9 for detailed calculation).
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Fig. 34  The energy involved in fusion reactions in the sun.
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Fig.  35 A summary of how fusion works, showing all the reactions and how long it takes 
for them to occur, is to the left. 
IL 15 *** The above figure is taken from here.
http://csep10.phys.utk.edu/astr162/lect/energy/ppchain.html)



                                        Fig. 36 This diagram refers to the text below.

IL 16 *** Excellent brief discussion of the interior of the sun.
http://www.solarviews.com/eng/sun.htm
Taken from the above IL :
The Sun is the most prominent feature in our solar system. It is the largest object and contains approximately 98% of the total solar system mass. One hundred and nine Earths would be required to fit across the Sun's disk, and its interior could hold over 1.3 million Earths. The Sun's outer visible layer is called the photosphere and has a temperature of 6,000°C (11,000°F). This layer has a mottled appearance due to the turbulent eruptions of energy at the surface. 


Solar energy is created deep within the core of the Sun. It is here that the temperature (15,000,000° C; 27,000,000° F) and pressure (340 billion times Earth's air pressure at sea level) is so intense that nuclear reactions take place. This reaction causes four protons or hydrogen nuclei to fuse together to form one alpha particle or helium nucleus. The alpha particle is about .7 percent less massive than the four protons. The difference in mass is expelled as energy and is carried to the surface of the Sun, through a process known as convection, where it is released as light and heat. Energy generated in the Sun's core takes a million years to reach its surface. Every second 700 million tons of hydrogen are converted into helium ashes. In the process 5 million tons of pure energy is released; therefore, as time goes on the Sun is becoming lighter. 

The chromosphere is above the photosphere. Solar energy passes through this region on its way out from the center of the Sun. Faculae and flares arise in the chromosphere. Faculae are bright luminous hydrogen clouds which form above regions where sunspots are about to form. Flares are bright filaments of hot gas emerging from sunspot regions. Sunspots are dark depressions on the photosphere with a typical temperature of 4,000°C (7,000°F). 


The corona is the outer part of the Sun's atmosphere. It is in this region that prominences appears. Prominences are immense clouds of glowing gas that erupt from the upper chromosphere. The outer region of the corona stretches far into space and consists of particles traveling slowly away from the Sun. The corona can only be seen during total solar eclipses. 


The Sun appears to have been active for 4.6 billion years and has enough fuel to go on for another five billion years or so. At the end of its life, the Sun will start to fuse helium into heavier elements and begin to swell up, ultimately growing so large that it will swallow the Earth. After a billion years as a red giant, it will suddenly collapse into a white dwarf -- the final end product of a star like ours. It may take a trillion years to cool off completely. 
	Sun Statistics

	Mass (kg)
	1.989x1030

	Mass (Earth = 1)
	332,830

	Equatorial radius (km)
	695,000

	Equatorial radius (Earth = 1)
	108.97

	Mean density (gm/cm^3)
	1.410

	Rotational period (days)
	25-36*

	Escape velocity (km/sec)
	618.02

	Luminosity (ergs/sec)
	3.827x1033

	Magnitude (Vo)
	-26.8

	Mean surface temperature
	6,000°C

	Age (billion years)
	4.5

	Principal chemistry 

Hydrogen
Helium
Oxygen 
Carbon
Nitrogen
Neon
Iron
Silicon
Magnesium
Sulfur
All others 
	
92.1%
7.8%
0.061%
0.030%
0.0084%
0.0076%
0.0037%
0.0031%
0.0024%
0.0015%
0.0015%


             Table taken from Il   above.
.
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Fig.  37  Estimates of the age of the earth from 1880 to the present
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                            Fig. 38 The age of the earth using radioactive dating.

See: IL 18***

http://www.talkorigins.org/faqs/faq-age-of-earth.html#pbiso
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Detailed Calculations
BLOCK 1:

1. Newton’s thought experiment

Newton must have made a quick mental calculation: if it  takes about 1 hour for the 1 
inch (2.54 cm) globe to cool to about room temperature from red hot, it would take a 
globe of the size of the earth to cool to about 50000 years, because:


T ~   (40,000,000  x 12 inches / 1 inch ) x 3600 seconds / 3.15x107 s., which is a little 
more than 50000 years. (The diameter of the earth is approximately 8000 miles (12800 
km) and the year is 3.15x107 seconds.

2. To find the cooling time for a hot sphere:

Stephan’s law of radiation states that the rate at which an object radiates heat (J/s m2)  is 
proportional to the fourth power of the absolute temperature:

                                                H = T4 =  -e  T4

We now define Q as the total rate of heat energy leaving the body per unit time:

                                                 dQ / dt = --e  T4


where e is the emissivity of the object (Between 0 and1) and  is a universal constant 
equal to 5.7x108 W/m2 K4 and T is the temperature expressed in units of Kelvin.

.In order to find the approximate time for cooling we will assume that the ambient temperature Ta is 0  K. This will be true in space but not in a room. First we combine Stephan’s law and the Joule energy content, 
                                                     dQ = m c dT

where c is the specific heat in J / kg.K and m the mass of the radiating object.

Combining these equations and rearranging leads to: 

                                                T-4dT =  -(Ae/mc) dt

Integrating both sides we obtain:  Ti( Tf T-4 dT =  - Ae /mc (0 t  dt, where the temperature 
changes from Ti to Tf,, we have :                      1/3 (1/Ti3 - 1/Tf3 ) = (Ae /mc)t

or:                                               t = (1/Tf3 - 1/Ti3) m c / 3 e A
Appendix  2:
We can now be combine Stephan’s law and the Joule energy content co that the time for cooling 
from a temperature Ti to Tf is given approximately by                 



                                              t = (1/Tf3 - 1/Ti3) m c / 3 e A

where m is the mass, c  the specific heat, and A is the area of the object. We are assuming that the  conduction of heat through the metallic sphere is very rapid.

Substituting values you can show that  t = 45000 years.
Appendix  3:
a. To determine the the gravitational potential energy of the sun of constant density
Assume that the sun grows by accretion of mass that falls in from very far, or infinity. The density  of the sun is constant and at a distance x the sun accumulates a mass dm. 

The amount of work done by the mass dm falling from infinity is:

                                                     G Mx dm




dW =       ------------    





           x       


   



   



Therefore,     dW = 16/3 2 G 2 x4 dx

Integrating (x changing from 0 to R) we get :   W = 16/3 2 G 2 R5/5


or we can simply write:              W = 1.4x10-3 R5 = 2.3x1041 J

We can easily show that this is equivalent to the expression Helmholtz arrived at, by substituting the following :

               

  = M / V = M / 4/3  R3, and g = G m / r2


   



         W= 16/3 2 G 2 r5 = 16/3  2G (M/4/3 R3)2 r5
or, as Helmholtz wrote it
                     3 r2 M2 .g




                 V    =     --------------







          5 R m

This result is best expressed in the compact form  

                                                                    3 G M2 

                                                V    =        -------------  






         5  R

b. To find the temperature of the sun:
 Following Helmholtz, we simply use the equation of Joule and relate it to the gravitational potential energy





H = M T c and W = A H 


Therefore:                                         3 r2 M .g


                          A m T c   =       --------------



   



         5 R m


Solving for T (T) we have:
                                                                                 3 r2 M

         
                                       T =    ----------------- g      This is the same result as Helmholtz’s.

 


               5A R m c 



c. To estimate the age of the sun:
Since we know the energy output of the sun S, we can estimate the age simply dividing the gravitational potential energy by the this output:

                  t =  W/ S = 1.4x10-3 R5 / S = 1.4x10-3 (7x108)5 / 3.6x1026 =  21 M years
d. To determine the gravitational shrinkage of the sun
A simple model would be the following: Assume that the sun has a constant density of about 1.4 x103 kg/m3. The gravity then will decrease linearly as we descend toward the center of the sun. (Se Fig. 2). Clearly, the whole mass of the sun must be imagined to shrink. Assume that the top sinks by 1 meter. Then half way down the shrinkage will be  ½ m and in the center zero. For our simple model then the work done for a 1 m shrinkage on top is equivalent to the work done by the whole mass of the sun being concentrated at the midpoint where the gravity is ½ that on the surface and the shrinkage ½ m. Since the gravity gs on the surface is 270 m/s2 we have:

                       W = (Msx1/2 (g s /2) ½  = 2x1030 x 270/2x1/2= 1.35x1031  J      

Therefore, the time taken to fall through 1m  = 1.35x1031 / 3.6x1026 = 1.2x10-2 years.

This means that according to our simple model the sun will contract about 84m  per year, or about 8.4x104 m per 1000 years. Could this magnitude of shrinkage be observed? This is only about 1/1000 of the radius of the sun and could therefore not be observed. Helmholtz calculated the sun’s contraction rate to be 250 feet per year, which is very close to our result. 
e. Kelvin’s meteoric theory:

Kelvin calculated this effect and found that it would be about 1/8 of a year in a 2000 year period. His calculations are quite sophisticated but we can check this value with a relatively simple calculation using Kepler’s third law and Newtonian mechanics:

                                                    P2 = (4 2 / GM) R3
We will simply compare the period of the earth around the sun 6000 years ago with the period today, keeping everything constant except the change in the mass of the sun. We will take 365.0000 days as the year 6000 years ago. The mass of the sun changes from 1.0000000 to 1.0002 units in that time.
Therefore,                  P1/ P2 = (M2/M1)½        P2 = P1x 1.000009995 = 365.0365 days 
Let us say that the average change is ½ of that, or.01825 days per year. The total change in that time then is 6000x.01825, or 110 days. For 2000 years then the change is 

37 days. .10 years. This is very close to Kelvin’s value of .125 years. 
Appendix 4.

Kelvin’s calculations to determine the age of the earth:

Kelvin used the well known heat conduction equation of Laplace:

                                                   dv/dt = k d2 v/ dx2
and showed  that the temperature gradient is t 

given by                        dv / dx = V/(kt)1/2 ( e -x-2/4Kt)     
and the temperature above that of the earth’s surface by

is given by                v = v0 + 2V/ 1/2 0 x/2((Kt) dze-z2
Where: 


k = conductivity of the solid, in BTU/yr.ft.  F


V = half the difference of the initial temperatures ( F)


vo = their arithmetic mean


t = the time (years)


x = the distance of any point from the middle plain (ft)





v = the temperature of the point x at time t  


dv/dx = the rate of variation of temperature per unit of length, perpendicular 



to the isothermal planes. 

Kelvin then plotted a graph that showed the thermal gradient and the temperature change as shown in Fig. 3.
Appendix 5.

1. The mass deficiency is given by 4x1.007825 - 4.002603 = 0.028697


    We multiply this number by the mass of a proton (1.67x10-27) to obtain 4.79x10-29 kg.


    Substituting into E = m c2 ., we get the energy produced by four protons:

 
4.79x10-29 x (3x108)2 = 4.313x10-12 J. Since the mass of a proton is 1.67x10-27 kg, the energy produced by 1 kg of protons is 6.4x1014 J.

To find the rate R at which protons are “consumed” we simply divide this into the energy output of the sun.
2. The “efficiency” of this process is simply the ratio Δm /m, 0.028697/4.007825, or about 0.71%. That means that less than one percent of the sun’s mass is converted into energy by way of Einstein’s equation. We saw earlier that Kelvin calculated a mass gain of 1/5000 of the mass of the sun, according to his meteorite theory, about 4x1026 kg. The mass lost in the same period in the thermonuclear process is only 1,2x1015 kg, a ratio of 1011 to 1. This mass loss could never be detected.

The age of the sun (since the time of initiation of the thermonuclear reactions) then is:
                                   .05x.0071x2x1030



---------------------       =  5.1 x109 years.

            
             3.9x1026x3,15x107

4. The sun is supposed to radiate energy at about the present rate for another 5 billion years. It is easier to calculate the age of the sun than it is to predict how long the sun will continue radiating its life giving energy. A very crude estimate, however,  could be made if we assumed that the sun will simply get cooler and cooler as the hydrogen fuel was used up. Since there is only 5% of hydrogen left the sun will then survive another 5 billion years.
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