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Caveat Emptor 
 

Anyone wanting to use these notes is WARNED that a number of the 
sections are particularly subject to the danger of being out-of-date, 
even on an annual basis.   These include especially Section E (Modern 
Nuclear Medical Applications), as well as Sections K – O (various 
techniques for energy production) whose pros and cons will 
undoubtedly face technical and scientific as well as political ups and 
downs in the future.  Sections V, W, X are new and still developing 
fields that will continue to change and evolve. 
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(A)  In the Beginning 
 

In a study of “Radiation and the Universe”, Day #1 is November 8, 1895.  This is 

the afternoon during which Wilhelm Roentgen (University of Würzberg), while 

doing experiments with a cathode-ray tube (CRT or Crookes tube) in his lab in the 

cellar of his residence, discovered what he would label as x-rays.  With the CRT 

device enclosed in black cardboard, in the completely darkened room, he observed 

that a piece of paper coated with a barium compound became fluorescent.  It is 

important to note that, rather than simply putting this paper into a drawer in order 

to further darken the room, he proceeded to investigate the source and nature of the 

cause of this fluorescence. 

 

During the next several days Roentgen worked long hours in secret in his 

laboratory, repeating and expanding his observations of the properties of these x-

rays in order to convince himself of their reality.  Finally, on December 28, he was 

confident enough to submit to the outside world the first paper describing his 

discovery.  On January 1, l896, he distributed preprints of this pamphlet which 

included x-ray photographs (e.g., the x-ray image, Dec. 22, of his wife’s hand with 

her wedding ring) to colleagues.  Almost immediately (January 5) this sensational 

news began appearing in the local newspapers, and on January 13, he gave a 

demonstration of the properties of the x-rays to Emperor Wilhelm II in Berlin.  The 

medicinal applications followed almost as rapidly, with the use of x-rays in the 

study of broken bones, kidney stones, and more being reported by mid-February.  

By the end of 1896 several private x-ray facilities had been established in hospitals 

and doctors’ offices.  Not surprisingly, not far behind was the application of such 

facilities to war injuries as early as 1897 in the British Sudan expedition, the 

Greco-Turkish war, the Boer war, the Spanish-American war, all before the turn of 

the century.  Although already apparent in examples of skin inflammation and 

dermatitis from excessive x-ray exposures as early as the end of 1896, the careful 

study of the ill-effects of exposures to radiation does not begin until the early years 

of the 20th century and will be discussed in a later section.  First, let us return to 

January 1896 and the “physics” consequences of Roentgen’s discovery.   

 

On January 20, 1896,  Henri Becquerel (Museum of Natural History in Paris) was 

present at the weekly meeting of the French Académie des Sciences which 

included a discussion of Roentgen’s work (one of many similar seminar 

discussions happening all over the world by that time).  The connection between 

the x-rays and fluorescence/phosphorescence intrigued Becquerel who (along with 

his father and grandfather) had been studying luminescence for some time.  

Becquerel set about to systematically look for a connection between 
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phosphorescent materials and x-rays, since the source of Roentgen’s x-rays had 

been identified as the phosphorescent spot where the CRT beam struck the wall of 

the tube.  The search was carried out by exposing to bright sunlight samples of 

phosphorescent materials positioned on top of photographic plates which had been 

protectively wrapped in 2 sheets of very thick black paper.   

 

Becquerel found no effect until he used a sample of uranic salts, and he reported 

the exciting result in a paper to the Académie des Sciences on February 24, 1896.  

He carried out further tests to study this result, but on February 26 and 27 there 

was no sunshine in Paris, and so the plate and the uranic salt sample were put in a 

dark cabinet.  After several additional cloudy days, on March 1 Becquerel decided 

to develop the photographic plate, in spite of the lack of phosphorescence from 

exposure to bright sunlight, and he discovered that the image of the material was 

even stronger than if it had been exposed to the full sunlight.  

 

 

At this same time, there were two young graduate students  -   Marie Curie (née 

Sklodowska) from Poland, who was studying physics at the Sorbonne in Paris and 

working in the area of magnetism in tempered steels, and  Ernst Rutherford from 

New Zealand, who was studying physics at the Cavendish Lab in Cambridge 

where he was working on ionization and recombination and the detection of radio 

waves at longer and longer distances.  As soon as they learned of the newly 

discovered Becquerel rays, they each immediately switched their life-long research 

into this field in which they rapidly became leaders, each going on to become 

Nobel prize winners.  We shall hear much more about their work in the sections 

below. 
 

[An amusing urban legend has it that Rutherford was out digging potatoes on their 

farm in New Zealand, when his mother came out with the letter from Cambridge 

accepting him into their program, whereupon he threw down his spade and 

announced “That’s the last potato I’ll dig!”  (Richard Rhodes, p. 37.) ] 

Apparently the penetrating rays which had formed this image  

had nothing to do with phosphorescence. 

 

Back to the Académie des Sciences on March 2, with a  

revised and even more dramatic result. 

 

[The discovery of “Uranic Rays” → “Becquerel Rays” → *Radioactivity*.] 
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“Hand mit Ringen”, Roentgen’s first x-ray shadowgraph of his wife’s hand. 

Through no design of Roentgen’s and much to his surprise, this dramatic 

photo (taken on 22 December 1895) was circulated rapidly throughout the 

world and in the press, turning him into an instant celebrity. 

 

(Photo is from Otto Glaser, Wilhelm Conrad Rontgen und die Geschichte der 

Rontgenstrahlen, Springer-Verlag, Berlin, 1931.) 

 

 

Fig. A-1 
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“Hands were especially popular that first year. Everyone with access to a 

newspaper had seen Frau Roentgen’s famous ringed finger, so it was reasonable 

in February for the prominent New York surgeon William Tillinghast Bull to want 

an x-ray of the hand of one of his patients. A wealthy New Yorker, Prescott Hall 

Butler had accidentally shot more than one hundred pieces of buckshot into his 

own hand. Bull brought him to the Columbia University laboratory of the physicist 

Michael Pupin who, as a friend of Edison, had received a sample fluoroscope. 

Doubled over in pain, Butler managed to unclench his hand just long enough for 

the surgeon to see it on the fluoroscope.”  

“At this time, and for some years to come, most radiographs, such as x-ray 

pictures are called, took up to an hours’ exposure. But as Butler clearly could not 

endure such a sitting, Pupin was inspired to make an instant improvement. He 

combined the luminescent screen of the fluoroscope with a photographic plate by 

placing the screen on the plate with the patient’s hand atop the screen. The rays 

acted upon the screen first, and the screen’s fluorescent light acted on the glass 

Fig. A-2 
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plate. As Pupin recorded, “A beautiful photograph was obtained with the exposure 

of a few seconds. The photographic plate showed the numerous shot as if they had 

been drawn with pen and ink.”  Pupin’s intensifying screen, as it was later named, 

was eventually adapted by many people, and Dr. Bull became the first surgeon 

known to have used an x-ray as an operating guide.” 

 
Naked To The Bone: Medical Imaging In The Twentieth Century 

By Bettyann Kevles p. 35-36 

Published by Perseus Books Group (1997)  

020132833X (ISBN13: 9780201328332) 
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Four Remarkable Months 
 

 

November 08, 1895 Roentgen discovers x-rays coming from the  

 phosphorescent spot at the end of a cathode ray tube. 

 

December 22, 1895 The x-ray image of Frau Roentgen’s hand. 

 

December 28, 1895 Roentgen submits first paper on x-rays. 

 

January 01, 1896 Roentgen mails preprint pamphlet to colleagues. 

 

January 05, 1896 News of x-rays and their images published in local  

 newspapers. 

 

January 13, 1896 Roentgen demonstrates x-rays to Emperor Wilhelm II.  

 

January 20, 1896 Becquerel attends a seminar about x-rays at the French  

 Académie des Sciences. 

 

February 24, 1896 Becquerel reports back to the Académie about an 

observed connection between phosphorescent uranic salts 

and x-rays. 

 

March 02, 1896 Becquerel reports back to the Académie that the observed  

 effect has nothing to do with phosphorescence but is due  

 to the uranium - uranic rays. 
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(B)  Radioactivity Rays? 

 

The next question has to be:   What is the nature of the penetrating “uranic rays” 

associated with this new discovery?  There were found to be three different 

components to these rays:   

 

(1) One identical to J.J.Thompson’s newly discovered (1897) “electron” 

particle in the CRT beam which could be bent in a magnetic field as a 

particle with mass and a negative charge.  

  

(2) A much more massive particle with a positive charge of twice that of the 

electron and capable of much less penetration.  

  

(3) An uncharged particle which was much more penetrating than the other 

two and came to be recognized as an electromagnetic photon. This photon 

was about 1000x more energetic than Roentgen’s x-rays which themselves 

were about 1000x more energetic than visible light photons.   

 

The radioactivity rays were arbitrarily labeled as   for the positively 

charged, negatively charged, and neutral particles, respectively.  See the 

comparative diagram below, from Marie Curie’s Ph.D. thesis.  (Fig. B-1) 

 

[Looking forward to Section (C), because of their very different penetrabilities 

ssands have very different bio-medical effects.  For example, beta 

particles and gamma rays can penetrate well into a human’s body, while external 

alpha particles are effectively stopped by the layer of dead cells on the surface of 

our skin.  Alpha-activity, however, can be very dangerous if it is ingested into the 

blood stream or the lungs where there is no protective layer of dead skin.] 

  

The nature of -particles was established by a very elegant experiment by 

Rutherford and Royds in 1908, in which -particles from a radioactive source 

(radon) were collected through a very thin glass window into a vacuum chamber in 

which, via an electric discharge, they were observed to emit the characteristic 

atomic lines of helium .  See (Fig. B-3) the diagram of their glass apparatus.  

 

Helium is an element first discovered in the optical spectrum of the sun in 1868 by 

the astronomer Norman Lockyer and correspondingly named after the Greek sun 

god, Helios.   In the early 1890s the Harvard astronomer Antonia Maury found a 

series of unknown lines in stellar spectra in the constellation Orion, which she 
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labeled as “Orion lines”.   And in 1895, the English chemist, William Ramsey, 

reported that spectral analysis of the gas given off when the uranium compound, 

cleveite, was dissolved in sulfuric acid could be matched to Maury’s Orion lines 

and to Lockyer’s helium line.   

 

This association of helium with uranium could have undoubtedly suggested their 

experimental test to Rutherford and Royds. 

 
  

Original figure from Marie Curie’s thesis (1904) illustrating   

the way that alpha particles are bent very little by a magnetic 

field whereas beta particles are bent much more, and gamma 

rays are not bent at all. 

   1868 Solar Eclipse  “Helium” 

   1895 Gas in Terrestrial Uranium Ore 

   1908  α Particles  =  Helium 

 

Fig. B-1 
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The Hydrogen spectrum (Balmer lines, Schalow,1988) show 

the UV lines as well as the visible lines. 

Fig. B-2 
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Radon contained in the thin-walled capillary tube AB expels alpha particles 

through the walls. Helium accumulates in the evacuated space T and when 

compressed in the capillary V shows, in an electric discharge, the characteristic 

spectrum of helium. [E. Rutherford and T. Royds, 1908.]       

{Ref.: Mackintosh, et al.} 

 

Fig. B-3 

∴  All helium atoms in your party balloons  are alpha particles emitted in the 

radioactive decay of uranium and thorium in the earth’s rocks and ores. 
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* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

 

 

 

With its Midterm paper and its Final term paper, over the years this seminar 

evolved into a “writing intensive” course for which the students could claim a 

Writing credit as well as a Science credit. 

 

To emphasize this, during the first session of the course the students were given the 

assignment to buy a helium balloon and take it for a ride in a car (someone else 

driving!) and write a one page description of how the balloon behaves. 

Being “Yalies”, one year one group reported taking the train to NYC and hiring a 

cab to drive them around a block 2 or 3 times(!).    Most students contented 

themselves by taking advantage of a Yale van or a friend’s car to drive around 

New Haven.  
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(C)  First Signs of Danger 

 

In the midst of all the excitement over Roentgen’s x-rays, the danger of  x-ray 

exposure was noticed as early as 1896, especially in the application of this 

radiation to biomedical purposes.  Although even small doses could be effective, it 

was found that larger doses might lead to rashes and dermatitis (radiation burns), 

and as early as 1897 lesions from excessive x-ray exposures were observed that 

would not heal and could even result in death. 

 

The bio-medical effects due to Becquerel’s radioactivity also became apparent but 

not as quickly or as damagingly as for x-rays, probably because radioactive 

materials were not nearly as quickly utilized in medical applications.  In looking to 

verify a 1900 report of an infection due to exposure to radioactive material, 

Friedrich Giesel taped a radium source to his arm for 2 hours and after two weeks 

observed a similar infection followed by loss of skin, which he reported in Ber. der 

Deutsch. Chem. Ges.(1900).  In a parallel episode, Pierre Curie sent a radium 

source to Becquerel for use in a lecture demonstration.  After finishing his 

demonstration, Becquerel stuck the source in a waistcoat pocket where he forgot 

about it for six hours.  Ten days later he found that a red spot developed on his 

skin, followed by the skin peeling off.  He wrote to Pierre Curie about this, and 

Curie’s reaction was similar to Giesel’s  –  to tape a radium source to his own arm 

for 10 hours  -  and did indeed confirm Becquerel’s result.  (This is the same 

decade as Walter Reed’s self-exposure to a yellow fever mosquito to demonstrate 

the carrier of this disease.)  Becquerel and Curie subsequently submitted a joint 

review of their experiences to the journal of the French Académie des Sciences, 

Comptes Rendu, 132, 1289 (1901). 

 

Another interesting piece of documented radiation burns and damage to the early 

workers in the field involves a social visit of the Rutherfords to the Curies in Paris 

to celebrate Marie’s doctorate in 1903.  Rutherford noted that after the evening’s 

celebration, Pierre Curie brought out a tube “containing a large amount of radium 

in solution” and coated with zinc sulphide .  “The luminosity was brilliant in the 

darkness, and it was a splendid finale to an unforgettable day.”  But Rutherford 

also noted that the light was bright enough to show Pierre’s hands “in a very 

inflamed and painful state due to exposure to radium rays.”   (Richard Rhodes, The 

Making of the Atomic Bomb Chapter 2.) 

 

One further noteworthy early incidence of harmful interaction of radioactivity with 

humans is the case of the “radium girls”.  In the 1920s, workers (typically young 

women) were employed to hand paint luminescent numbers on airplane cockpit 
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dials, watch faces, etc., using paint containing radium.  As a result of working in an 

unprotected environment, with significant quantities radium and radon, and 

particularly due to the not unusual habit of shaping the end of the paint brush with 

their tongues in order to get the finest, sharpest lines, these dial-painters began to 

develop (and some even to die horribly from) strange degenerative diseases 

relating to their teeth, jaws, fingers, bone marrow, etc.  -  essentially radium 

poisoning, with calcium in their bones being replaced by ingested radium.  The 

struggle to recognize this problem and to work to protect such workers is a whole, 

separate study for social and economic history, and has been cited as an origin for 

the Occupational Safety & Health Administration  -  OSHA . 

   

This was not and is not a solved problem from the 1920s and 30s; it continues to 

be a problem for workers in a variety of hazardous occupations.  A particularly 

relevant example for a course on radiation is the case of uranium miners exposed 

to environments of radon, as part of the nuclear weapons and nuclear power 

industries.  See, for example, the biographical piece on Leo Larson, a laid-off 

uranium miner in Wyoming, coughing and spitting blood in the snow in The 

Backbone of the World (pp. 146-170). 

 

While on the subject of radon, an additionally noteworthy issue is the presence of 

radon in the cellars of buildings (including houses) in areas where the radon 

resulting from uranium and thorium decays can percolate through the ground and 

through cracks to collect in basements.  See Section D for more details. 
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“Poisoned! – as They Chatted Merrily at Their Work 

Painting the luminous Numbers on Watches, the Radium Accumulated in Their Bodies and Without Warning 

Began to Bombard and Destroy Teeth, Jaws and Finger Bones. Marking Fifty Young Factory Girls for 

Painful, Lingering, But Inevitable Death” 

Through its newspaper empire, the Hearst Corporation distributed this 

drawing and headline to notify Americans about the plight of New Jersey’s 

“Radium Girls”. [From American Weekly, February 28, 1926.] 

Fig. C-1 
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Obituary for Leo Larson, mentioned in Clifford’s Backbone of the World 

 

 

 

Leo Dean Larson  

JEFFREY CITY - Jeffrey City resident Leo Dean Larson, 62, died Jan. 22, 2004, at Wyoming 

Medical Center in Casper, with his loving family beside him. 

He was born June 30, 1941, in Albert Lea, Minn; and was a good friend. 

 

Source: http://trib.com/news/state-and-regional/obituaries/leo-dean-

larson/article_27f2c0aa-86ff-5573-aa59-ed56173a84ab.html (Casper Star Tribune) 
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(D)  Natural Radioactivity 

 

The planet earth, including all life forms that inhabit it, is continually exposed to 

naturally occurring radioactivity (a) from the earth itself and (b) from cosmic rays 

bombarding the earth and its atmosphere.   Terrestrial radioactivity originates in 

the rocks/ores of the earth – primarily in the long-lived isotopes of potassium, 

uranium, and thorium (and their subsequent decay products) that were part of the 

solar nebula that accumulated to form the earth about 5x109 years ago. 

 

Cosmic rays were discovered when Victor Hess, Vienna, (Fig. D-1) ascended in 

balloons (beginning in 1911) to measure the expected decrease of natural 

radioactivity due to the absorption of this radiation by the increasing thickness of 

air as he rose above the surface of the earth.  Instead, after an initial decrease, he 

found that by a height of 1000 meters the intensity of radioactivity was about the 

same as at sea level, and that by an altitude of 5000 meters (~16,500 ft.) the 

intensity had increased to approximately 9 times the intensity observed at the 

surface of the earth.  This was clearly evidence for an extraterrestrial source, one 

which can therefore become a consideration for people living and/or flying at high 

altitudes.  As compared to living at sea level, living at an altitude of 2000 m. 

(~6,500 ft.) nearly doubles a person’s exposure to cosmic radiation, but this is only 

about an 8% increase over the average total radiation exposure for non-smoking 

U.S. residents.  For high-altitude flights from the U.S. to Europe, the 

corresponding increase is about a 3% increase per round trip per year which, 

especially for airline crews, can add up significantly and has even led to the 

discussion of whether or not they should be categorized as radiation workers. 

 

Among the terrestrially occurring radioactivities to which average U.S. residents 

are exposed, more than half (56%) comes from radon.  [See the attached pages 

from Nuclear Choices (Richard Wolfson.)]  The particular risk from radon comes 

from the fact that it is a noble gas which does not get tied up chemically in filters 

but is easily ingested into our lungs where radon’s alpha decays can be very 

damaging since there is not a protective skin layer to shield the active lung cells.  

Not only is this a problem for uranium miners (as in the case noted at the end of  

Section C), but in many states this is a large enough problem that the selling of a 

house now requires a radon test of the basement, and if the level is found to be 

above a set standard, sufficient ventilation must be added by the seller to bring the 

level down to the allowed standard.   Attention to this problem first surfaced in 

Pennsylvania in December1984; see the CDC notes dated Nov. 1, 1985 at the end 

of this Section.  As noted in the 1985 Editorial Note at the bottom of that page, 

“Since similar geologic deposits are found throughout the country, the elevated 
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radon levels in Pennsylvania may indicate a much broader national problem.”  In 

fact, in 2016 there now exist online county-by-county EPA maps for all states.  

See, for example, the EPA maps indicating counties (in red) where one may expect 

to find in-house radon levels of more than 4 picoCuries/liter for the states of New 

York, New Jersey, and Maryland, surrounding Pennsylvania.  In cases where radon 

levels are found to be  > 4 pCi/l , the EPA recommends mitigation by means such 

as enhanced ventilation. 

 

 

The second largest contribution to our annual radiation exposure comes from 

“medical” procedures which include x-rays and other diagnostic and therapeutic 

nuclear procedures.  Currently, more than half of all hospital admissions involve 

such procedures.  [See Sections E and F.] 
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Victor Franz Hess accompanied an electroscope into 

the sky in a balloon and discovered a fourfold increase 

in ionizing radiation as the atmosphere thinned out. 

Fig. D-1 
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[Wolfson:  Nuclear Choices, Chapter 3.] 

Nuclear News: Radon 
Among the decay products of uranium-238 is the radioactive gas radon -222. Radon is 

chemically inert, meaning its atoms do not combine with others. Its gaseous nature and its 

chemical inactivity allow radon to move readily through soil to the atmosphere, where it is 

normally diluted to harmless levels. But when radon in the soil encounters the basement of a 

house, it can enter through cracks, drains, or openings for pipes and wiring, or by diffusing 

through porous foundation walls. Radon decays, with a half-life of just under 4 days, to a 

sequence of radioisotopes that are chemically active and are readily absorbed by the linings of 

human lungs. 

How serious is radon contamination in our homes? It was not until the mid-1980s that scientists 

recognized the extent of indoor radon exposure. In fact, indoor radon is now known to be the 

dominant source of radiation for most Americans, greatly exceeding what we get from other 

natural sources, from medical procedures, or from nuclear power plants and the testing of nuclear 

weapons. For the average American home, where radon activity measures about 50 decays per 

second per cubic yard, the radon increases one’s chance of fatal lung cancer by about 0.5 

percent. This risk is far less than the nearly 30 percent increase in the chance of death due to 

cigarette smoking, and is only one-fourth as great as the one-in-fifty chance the average 

American has of dying in a car accident. But it is equal to the risk of dying in a fall or a fire at 

home, and it greatly exceeds the risks associated with other environmental pollutants, many of 

which are regulated to prevent cancer risks from exceeding one in a million. Put another way, the 

radiation doses the average American receives from indoor radon each year exceeds the average 

lifetime dose to Europeans resulting from the Chernobyl accident. Should we be alarmed? Should 

we do something? Should we stop worrying about nuclear accidents or other radiation sources 

that are less significant than indoor radon? These are nuclear choices, and they are not easy 

choices. 

In some American homes – a small percentage, but still numbering perhaps 100,000 – the radon 

level is more than 10 times the average. In these homes, the risk from indoor radon is 

comparable to the risks from car accidents. Factors that increase a home’s radon concentration 

include location (since uranium content of soils varies with geological factors), type of soil 

(since clay soil inhibits the flow of radon whereas sand and gravel offer little resistance), the 

material and condition of the foundation (since cinder blocks or cracks in concrete offer easy 

passage to radon), and the rate at which air infiltrates the house through poorly fitting windows 

or other loose construction. Ironically, radon problems may be exacerbated in tight homes 

designed for energy conservation. Fortunately, high radon levels are relatively easy to cure. By 

venting the soil below the foundation, radon is readily diverted to the outside atmosphere. The 

cost of doing this to an existing house is typically $1,000-$2,000. And by installing a simple 

under-foundation vent pipe at the time of construction, radon contamination in new homes can 

be effectively prevented at a cost of only about $200. 

News sources: “Report Doubles the Estimate of U.S. Radiation Exposure,” New York Times, November 

20, 1987; “Major Radon Peril is Declared by U.S. in Call for Tests,” New York Times, September 13, 

1988.  
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[Wolfson:  Nuclear Choices, Chapter 3.] 

Nuclear News: Flying and Radiation 
Cosmic radiation, originating in the Sun and other astronomical objects, provides a relatively 

small part of the average human being’s normal radiation exposure. But airline crews and even 

passengers who spend a lot of time at high altitudes may experience much higher levels of 

cosmic radiation. In 1990, the U.S. Department of Transportation released a study showing that 

radiation doses to some flight crews could exceed those experienced by workers in nuclear 

power plants. On rare occasions, associated with bursts of radiation from solar flares, radiation 

levels in commercial aircraft exceed levels that would require high-radiation warnings in a 

nuclear power plant. The study showed that 100,000 airline workers flying for 20 years could 

develop 1,000 excess cancers as a result of exposure to cosmic radiation. An author of the 

Transportation Department’s report urged that passengers in the crucial eighth to fifteenth weeks 

of pregnancy avoid flying over high-radiation routes. 

The Federal Aviation Administration now finds itself wrestling with nuclear choices: Should 

airline crews be classified as radiation workers because of their exposure to cosmic radiation? 

Are the expected cancer deaths enough to warrant remedial action? How does this newfound risk 

weigh against the benefits of modern air transportation? 

 

News source: “Radiation Exposure Is Termed a Big Risk for Airplane Crews,” New York Times, 

February 14, 1990; “New Estimates Increase Radiation Risk in Flight,” New York Times, February 19, 

1990. 
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Data Source:  

National Council on Radiation Protection 

http://ncrponline.org/ 

Fig. D-2 
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Health Hazards Associated with Elevated Levels of Indoor Radon -- Pennsylvania  

As a part of the safety program at the Limerick Nuclear Power Plant in Pennsylvania, 

personnel entering the plant must pass through a radiation monitoring area. In December 1984, 

the monitoring device detected an abnormally high level of radiation in one construction 

worker. When an investigation was made to determine how and where this worker was being 

exposed to excessive radiation, investigators found that the air in the man's home contained 

extremely high levels of "radon daughters," the short-lived decay products of radon-222. 

Radon is an inert, radioactive gas formed in the decay chain of uranium-238. For each year the 

worker and his family lived in this house, they were exposed to over 50 times the annual 

occupational limit of exposure for uranium miners. The family relocated until remedial actions 

to lower the indoor radon levels could be completed.  

As a result of this incident, in January 1985 state officials in Pennsylvania began a sampling 

program in which over 2,000 homes around the construction worker's house were examined. 

The homes are in an area of natural uranium deposits. Approximately 40% of the homes had 

radon levels exceeding the U.S. Environmental Protection Agency (EPA) guideline for indoor 

radon of 0.02 "working levels." A working level is a measure of radon daughter concentrations 

and is defined as any combination of radon daughters in 1 liter of air that results in 1.3 x 

10((5)) million electron volts of potential alpha energy. About 7% of the homes tested had 

radon levels at or above the 0.1 working level. If residents in these homes spend 75% of their 

time indoors exposed to 0.1 working level, their yearly exposure would equal 4 working level 

months, the annual occupational limit of exposure. A working level month is a measure of 

exposure and is a function of the time of exposure and the level of radon daughters, given in 

working levels. Reported by J Logue, DrPH, J Fox, MD, Pennsylvania Dept of Health; Cancer 

Br, Div of Chronic Disease Control, Center for Environmental Health, CDC.  

Editorial Note 

Editorial Note: The elevated radon levels near the eastern border of Pennsylvania are 

associated with natural uranium deposits that extend into northern New Jersey and southern 

New York. Since similar geologic deposits are found throughout the country, the elevated 

radon levels in Pennsylvania may indicate a much broader national problem. Radon enters a 

building through cracks, such as those in a basement floor, and through openings around pipes 

and wiring. Once inside, the radon builds up in the air, particularly in poorly ventilated houses. 

 

https://www.cdc.gov/mmwr/preview/mmwrhtml/00000631.htm#content_area
http://www.cdc.gov/
http://www.cdc.gov/
http://www.cdc.gov/
http://www.cdc.gov/
http://www.cdc.gov/search.htm
http://www.cdc.gov/health/diseases.htm
https://www.cdc.gov/mmwr/index.html
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As radon daughters are formed, they attach to airborne particulates. When inhaled, these 

particulates can deliver a substantial dose of radiation to the bronchial epithelium.  

No exposure limit has been established for indoor levels of radon from natural sources; 

however, EPA is now developing guidelines that will define action levels concerning houses 

with high concentrations of radon and is developing and evaluating mitigation strategies.  

Exposure to radon daughters increases a person's lifetime risk of lung cancer. The risk rises in 

direct relationship with the length of exposure and with radon daughter levels.  

The two risk estimates in Table 1 are derived from studies of uranium miners and have been 

extrapolated from relatively high occupational exposures to environmental levels. The highest 

lifetime risk calculated from studies of uranium miners is 7.3 x 10))-4)) deaths per working 

level month, and the lowest generally accepted risk is 3.0 x 10))-4)) deaths per working level 

month (1,2). These estimates are for the general population, including smokers. The risks for 

nonsmokers are approximately six times less than those given in the upper portion of the table 

(1).  

Each year, approximately 5,000-30,000 deaths may be attributed to background levels of 

indoor radon. The health threat from radon can be addressed by identifying geographic areas 

that could produce elevated levels of indoor radon, developing strategies to reduce exposure, 

conducting research on effective remedial measures to be taken in buildings, and providing 

educational programs for health officials and the public. Changes in usage patterns of high-

radon areas in a home, such as the basement, and the control of future construction in 

geographic areas high in uranium deposits can reduce exposure. Effective remedial measures 

for individual dwellings can also be used to lower radon exposure. Research in these areas 

should be coordinated with other agencies active in this field. The educational programs can 

be used to inform health officials and the public about the health threat from radon and about 

associated risk factors, such as smoking.  

References  

1. National Research Council. The effects on populations of exposure to low levels of 

ionizing radiation. Washington, D.C.: National Academy Press, 1980.  

2. International Commission on Radiological Protection. Limits for intakes of 

radionuclides by workers. ICRP report no. 32, part 3, 1981.  

Disclaimer   All MMWR HTML documents published before January 1993 are electronic conversions from 

ASCII text into HTML. This conversion may have resulted in character translation or format errors in the HTML 

version. Users should not rely on this HTML document, but are referred to the original MMWR paper copy for 

the official text, figures, and tables. An original paper copy of this issue can be obtained from the Superintendent 

of Documents, U.S. Government Printing Office (GPO), Washington, DC 20402-9371; telephone: (202) 512-

1800. Contact GPO for current prices. 
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Fig. D-3 
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Sidebar on “Half-Life” 

 

 

 
One of the considerations in the handling and use of radioactive materials is the 

half-life of the isotope  -  how quickly or slowly it decays away.   

 

Half-life: Time during which the activity decreases by a factor of 2. 

  As nuclei decay there are simply fewer left to decay. 

 

  The  “change-in-N”  is proportional to  “N”. 

 

  This corresponds to what is called  “Exponential Decay” 

  ( a very common form of decay/discharge ) 

 

  

            

       
𝑑𝑁

𝑑𝑡
    =   - N 

 

∴   →     N(t)  =  N0 × 𝑒−𝜆𝑡 
 

 or      N(t)  =  N0 × (2)−𝑡/𝑡1/2 
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(E)  Modern Nuclear Medical Applications 
 

 

At this point in the class meetings it is useful and important to insert a section on 

the current status of the bio-medical effects of radiation and its uses in diagnostic 

and therapeutic medicine.  While I was teaching this seminar, I would usually 

invite a faculty member from the Dept. of Therapeutic Radiology at the Yale 

Medical School (e.g., Professor Sara Rockwell) to lead the seminar for that 

session.  Because this should be a presentation of the current status of diagnostic 

and therapeutic radiology, I have not included the materials from such a session, 

much of which would now be out of date. 
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(F)  Diagnostic Radiology 

 

Diagnostic radiology had its beginning almost as soon as Roentgen discovered x-

rays which were almost immediately used to study fractured bones and to search 

for shrapnel in wounds.  Diagnostic procedures using radioactivity to examine 

internal organs without the necessity of surgery could be done with much more 

specificity by being able to choose a radioactive isotope of  a particular chemical 

which was preferentially absorbed by that organ.  An obvious example is the use of 

radioactive iodine  123I  (t1/2 = 13 hrs )  to study thyroid disease.  

 

 Two further examples are seen in the case below [Anthony Wolbarst, Looking 

Within, Univ. of California Press (1999)  p. 113-115 ]  involving a long-haul 

trucker with severe chest pains.  First, radioactive xenon gas was used to look for 

ventilation problems (blockages) in the patient’s lungs and then, separately, 

radioactive technetium (attached to protein albumin) was injected into the patient’s 

bloodstream to check for blockages in the flow of blood to the patient’s lungs.  In 

the attached figure,  (a) the xenon test shows no indication for ventilation blockage 

whereas (b) shows evidence for a blockage in the perfusing of blood into one of the 

lungs – from a potentially life-threatening clot lodged in an artery leading from the 

heart to the lung.   

 

 

“Over time, the clot dissolved, and the renewed perfusion helped some of 

the lung tissue that was still marginally alive to recover.   [The patient] 

was released after a week, but he was maintained on a blood thinning 

drug.  He still drives a truck, but now wears support stockings and 

exercises his legs while on the road, and elevates them at the end of the   

day.  All to reduce the likelihood of clot formation.  His company has 

arranged for him to make local deliveries, so that he can avoid long hours 

of sitting, and he has not had a problem since.” 

 

[Wolbarst, Looking Within, Univ. of California Press (1999)  p. 115. ] 
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Fig. F-1 
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(G)  The Discovery of Fission 

 

 The discovery of the neutron : 

 February 1932, by Chadwick at Rutherford's Cavendish Laboratory. 

 By the reaction   9Be + 4He    12C + n. 

 With no electric charge (unlike an -particle and a proton), the 

neutron was almost immediately recognized as a very useful nuclear 

probe since it had no Coulomb repulsion. 

 

 

 By the mid-1930s, Fermi and his colleagues in Rome (as well as Hahn, 

Meitner, Frisch, Strassman in Germany, and Irene Curie and Fredric Joliot-

Curie in France, along with many others) were all busily searching for 

"Transuranic" nuclei by bombarding 238U and looking for subsequent 

"daughters" in their decays. 

 

                etc. 

 

    239Pu145 

 

       239Np146 

 

    238U146 + n                 239U147 

 

These searches were carried out by looking for and studying these decays via the 

"chemistry" of the daughters, finding lots of new radioactivities and half-lives. 
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An interesting sidelight to Fermi’s initiation of experiments bombarding uranium, 

is the role it plays in Isaac Asimov’s (1955) science fiction book, The End of 

Eternity, comparing the futures of time-travel and space-travel.  At the end of the 

last chapter “The Beginning of Infinity”, two time travelers are standing on the 

surface of the earth, and Noys explains to Harlan that all she needs to do is send 

 

  “ a letter to a peninsula called Italy here in the 20th.  It is now the 

19.32nd.  In a few Centicenturies, provided I send the letter, a man of 

Italy will begin experimenting with the neutronic bombardment of 

uranium.  . . . In the new reality, the final Reality, the first nuclear 

explosion will take place not in the 30th Century but in the 19.45th… 

and mankind will remain to reach the stars.”  

 

 

 

But in these chemistry discoveries, there wsere also lots of puzzles, for example: 

 

 No one could understand how they are apparently making "radium"  

(Z=88).   Knocking out  2 particles ? 

 

 But then, better chemistry expoeriments seem to show that their 

"radium" must really be "barium" !   (It separates with the barium 

carrier, whereas radium does not.)   How can that be ? 
 

 

 

 

An interesting and quite extensive reference on the discovery of fission (including 

the personalities and intrigues as well as the political environment in Europe) and 

its development into the “gadgets” (two types of atomic bombs) that helped bring 

an end to World War II is presented in the biography of Enrico Fermi, The Pope of 

Physics  (especially Chapters 10-32) and in Rhodes’ The Making of the Atomic 

Bomb, particularly Chapter 9. 
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1938: 

 In July 1938, Lise Meitner has to flee from Germany to Denmark and 

Sweden in order to escape Nazi persecution. 

 As late as November 1938, Hahn & Strassmann publish a paper discussing 

the chemical properties of transuranic elements. 

 Earlier in 1938, Irene Curie published several papers investigating these 

properties and their relationship to the properties of the rare-earth elements. 

 In these papers, there was even some discussion about using a cloud 

chamber to look at the tracks and energetics of their -decays.   But this 

experimental search was apparently never carried out in 1938. 

 

 

Then, by the middle of December 1938, Hahn and Strassmann were forced to the 

conclusion that they were producing barium, since it separates chemically with the 

barium carrier, whereas radium does not.  But they do not understand "how" and 

find it hard to believe. 

 

Hahn and Strassmann were still in close touch with their former colleague Lise 

Meitner, and it was Meitner and Frisch (her nephew) who, in the following week 

(between Christmas and New Year's Day) finally understood what was going on. 
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In a model in which a nucleus is seen as a “Liquid-Drop”, held together by a  

nuclear force which is strongly attractive (overcoming the internal  Coulomb 

repulsion), the nuclear force must be short ranged compared to the electrostatic 

Coulomb force -   otherwise a nucleus would continue to easily accumulate protons 

and neutrons to form bigger and bigger nuclei - which are not observed. 

Nuclei therefore must get to a size where the nuclear force can no longer overcome 

the Coulomb repulsion and the “liquid-drop” simply comes apart into two or more 

parts. 

 

In this “fission”, lots of energy is given off;  the fission fragments are each  

more tightly bound than the original  U+n.  -  by 1 MeV per nucleon !    

   Expect a total energy release of   250 MeV ! (compared to the 

few MeV seen in  and  decays), which then would be 

clearly seen in a cloud chamber. 
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Fig. G-1 
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1939: 
January 3rd, Frisch went to Bohr - whose immediate reaction was to strike his 

forehead  -  “What idiots we have all been.” 

 

January 13th, Frisch did experiments to find the very energetic fission 

fragments.        Found them immediately! 

 This confirmed everything; the fission model is very obvious and clear! 

 

Meanwhile, Bohr left by boat to travel to the US to talk at an American 

Physical Society conference.   He presented the Frisch/Meitner results at a 

Princeton seminar and then at the APS conference at George Washington 

University on Jan 26th. 

 

Immediately everybody was measuring them and talking about them.   

 X-ray measurements confirmed the “chemistry” identification.   The effect 

of paraffin (thermalizing the neutrons, e.g., Figs- H-1 and H-2) was 

observed, and by Feb.7th, Bohr wrote a short note already laying out the 

probable role of thermal-neutrons in  235U+n  fission (in contrast to 

238U+n). 

 

Then, on March 18th, Joliot-Curie published a short piece in the journal      

Nature, noting the extra neutrons produced in this fission and outlining the     

consequent “chain reaction” possibilities. 

 

  Recognizing the potential for weaponizing fission, the literature almost 

        immediately went silent! 
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[Rhodes, The Making of the Atomic Bomb, pp. 234-236.]: 

Meanwhile Irene Curie had begun looking into uranium with a visiting Yugoslav, Pavel Savitch. 

They described a 3.5-hour activity the Germans had not reported and suggested it might be 

thorium, element 90, with which Curie had years of experience. If true, the Curie-Savitch 

suggestion would mean that a slow neutron somehow acquired the energy to knock an energetic 

alpha particle out of the uranium nucleus. The KWI trio scoffed, looked for the 3.5-hour activity, 

failed to find it and wrote the Radium Institute suggesting a public retraction. The French team 

identified the activity again and discovered they could separate it from their uranium by carrier 

chemistry using lanthanum (element 57, a rare earth). They proposed therefore that it must be 

either actinium, element 89, chemically similar to lanthanum but even harder than thorium to 

explain, or else a new and mysterious element. 

Either way, their findings called the KWI work into doubt. Hahn met Joliot in May at a chemistry 

congress in Rome and told the Frenchman cordially but frankly that he was skeptical of Curie’s 

discovery and intended to repeat her experiment and expose her error.  By then, as Joliot 

undoubtedly knew, his wife had already raised the stakes, had tried to separate the “actinium” 

from its lanthanum carrier and had found it would not separate. No one imagined the substance 

could actually be lanthanum: how could a slow neutron transmute uranium into a much lighter 

rare earth thirty-four places down the periodic table? “It seems,” Curie and Savitch reported 

that May in the Comptes Rendus, “that this substance cannot be anything except a transuranic 

element, possessing very different properties from those of other known transuranics, a 

hypothesis which raises great difficulties for its interpretation” 

In the course of this exotic debate Meitner’s status changed. Adolf Hitler bullied the young 

chancellor of Austria to a meeting at the German dictator’s Berchtesgaden retreat in Bavaria in 

mid-February. “Who knows,” Hitler threatened him, “perhaps I shall be suddenly overnight in 

Vienna: like a spring storm”  On March 14 he was, triumphantly parading; the day before, with 

the raw new German Wehrmacht occupying its capital, Austria had proclaimed itself a province 

of the Third Reich and its most notorious native son had wept for joy. The Anschluss—the 

annexation—made Meitner a German citizen to whom all the ugly anti-Semitic laws applied that 

the Nazi state had been accumulating since 1933. “The years of the Hitler regime . . . were 

naturally very depressing,” she wrote near the end of her life. “But work was a good friend, and 

I have often thought and said how wonderful it is that by work one may be granted a long respite 

of forgetfulness from oppressive political conditions.” After the spring storm of the Anschluss 

her grant was abruptly withdrawn. 

Max von Laue sought her out then. He had heard that Heinrich Himmler, head of the Nazi SS 

and chief of German police, had issued an order forbidding the emigration of any more 

academics. Meitner feared she might be expelled from the KWI and left unemployed and 

exposed. She made contact with Dutch colleagues including Dirk Coster, the physicist who had 

worked in Copenhagen with George de Hevesy in 1922 to discover hafnium. The Dutchmen 

persuaded their government to admit Meitner to Holland without a visa on a passport that was 

nothing more now than a sad souvenir. 

Coster traveled to Berlin on Friday, July 16, arriving in the evening, and went straight to 

Dahlem to the KWI. The editor of Naturwissenschaften, Paul Rosbaud, an old friend, showed up 

as well, and together with Hahn the men spent the night helping Meitner pack. “I gave her a 
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beautiful diamond ring,” Hahn remembers, “that I had inherited from my mother and which I 

had never worn myself but always treasured; I wanted her to be provided for in an emergency.” 

Meitner left with Coster by train on Saturday morning. Nine years later she remembered the 

grim passage as if she had traveled alone: 

“I took a train for Holland on the pretext that I wanted to spend a week’s vacation. At the Dutch 

border, I got the scare of my life when a Nazi military patrol of five men going through the 

coaches picked up my Austrian passport, which had expired long ago. I got so frightened, my 

heart almost stopped beating. I knew that the Nazis had just declared open season on Jews, that 

the hunt was on. For ten minutes I sat there and waited, ten minutes that seemed like so many 

hours. Then one of the Nazi officials returned and handed me back the passport without a word. 

Two minutes later I descended on Dutch territory, where I was met by some of my Holland 

colleagues.” 

She was safe then. She moved on to Copenhagen for the emotional renewal of rest at the 

Carlsberg House of Honor with the Bohrs. Bohr had found a place for her in Sweden at the 

Physical Institute of the Academy of Sciences on the outskirts of Stockholm, a thriving laboratory 

directed by Karl Manne Georg Siegbahn, the 1924 Physics Nobel laureate for work in X-ray 

spectroscopy. The Nobel Foundation provided a grant. She traveled to that far northern exile, to 

a country where she had neither the language nor many friends, as if to prison. 

 

 

Further details of the German fission 

research program during the war can be 

found in the book about the Alsos mission 

by Sam Goudsmit (on left in picture).  He 

recounts rounding up the leading German 

nuclear scientists at the end of the war so 

that they would not fall into Russian or 

French hands. The book about Farm Hall 

by David Cassidy explores the 

conversations between these captive German scientists who were kept there in 

isolation and monitored during the months July ’45 to January ’46, while two 

fission bombs were dropped on Japan.  

 

An interesting sidelight on limiting the German program is the sabotage of the 

Norsk Hydro heavy-water production facility in Nazi-occupied Norway in 

February 1943. The Norsk Hydro website, “1943: The Heroes of Telemark” 

discusses this commando raid in detail.   (The 1965 film “Heroes of Telemark” 

provides a movie theater dramatization this raid.) 
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Fission Energetics: 

 

1  atomic mass unit (amu)  =  1/12 the mass  of a 12C atom. 

(1 amu) × c2  =  931.5 MwV. 
 

 

e.g.,        235U   +   1n       →        94Zr   +   140 Ce   +   2 1n 

 

                  235.043924  amu   93.906315  amu 

                      1.008665  amu 139.905433  amu 

                  236.052589  amu     1.008665  amu  

      1.008665  amu 

 235.829078  amu 

 

 

 Δ m   =   0.223511  amu 

 

 x   931.5     →     208  MeV 

 

 

 

 

0.223511 /  236.052589    →      ~ 0.1 % 

 

 

 For 50 grams of  235U ,     Δ m      0.05 grams  =  5 x 10-5  kg 

 

 Δ E  =  Δ m  x  c2   45 x 1011    Joules 

 

 which then corresponds to   ~ 1000 tons of TNT     “ 1 kiloton ” 

  

 1 k ton  =  2,000,000 lbs   

                  Or the combined mass of ~ 13,000  150-lb students. 
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(H)  Fission and Chain Reactions   

 

 

 
235U + nthermal      fission + 2 neutrons 

 

 

        2 more fissions + 4 neutrons   

 

 

         4 more fissions + 8 neutrons 

 

 

                   8 more fissions  

                   +16 neutrons 

 

                   etc. 

 

 

 

At this point, it is useful to remember the fable of a prince who wishes to thank one 

of his subjects and allows him to suggest his own reward.  The subject points to a 

chess board and asks for one grain of rice on the first square, two on the second, 

and so on, doubling each day until the 64th square.  The prince is pleased by this 

modest request and agrees – only to discover later that by the 64th square he will 

have to reward this subject with 1019  grains, about 30 billion tons, more than his 

land has produced in its entire existence.  Such is the power of “doubling”. 

 

 

 

 
For a chain reaction we will need: 

 (a)  Efficient use of neutrons.   

   Don't let them escape.   

Don't let them get used up in other reactions. 

(b)  To thermalize the emitted neutrons.   ("Moderator") 

(c)  "Control"      [Reactors (yes)   vs.   Bombs (no)] 
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By far the largest contribution to the fission probability (fission cross section) for 

neutrons on "uranium" comes from slow "thermal" neutrons interacting with 235U.    

(Also for the case of a 239Pu target.)    Therefore to make chain reactions easier to 

achieve we need to slow down the neutrons to "thermal" energies (small fraction of 

an eV).          (1/v)        (See Figs. H-1and H-2.) 

 

 What to use as a moderator   -   hydrogen, deuterium, carbon, etc.   ? 

 

 Protons ("light" hydrogen) are most efficient at slowing down the neutrons. 

 They have essentially the same mass therefore share the energy very easily in 

elastic scattering.    

[Note:  Relative abundances of light (99.985%) and heavy (0.015%) hydrogen.] 

 

Neutron thermalization: 

 Light Water (H20) (protons)              26 collisions to thermalize 

 Heavy Water (D2O) (deuterium)       31 collisions to thermalize. 

 Carbon  (Graphite)                        120 collisions to thermalize 

 Uranium                      2200 collisions to thermalize 

 

BUT protons also have a much larger cross section for capture of the neutrons 

0.33 barns   vs.   0.00051 barns (for deuterium) 

 

[See “How the barn was born”, below.] 

 

Other considerations: Design the Geometry to improve efficiency  -    

 to reduce likelihood of neutrons escaping at edges/surfaces.     

 

  Use Control Rods to absorb neutrons. 



 

51 

 

The first nuclear reactor (to test the possibility of criticality) was constructed in the 

squash courts under the football stadium at the University of Chicago in the fall of 

1942.  When it was assembled, the reactor (“pile”)  would contain:  771,000 

pounds of graphite (the neutron moderator), 80,590 pounds of uranium oxide, and 

12,400 pounds of uranium metal.  In the attached “sketch” (Fig. H-3), note the 

“suicide squad” of 3 young physicists in the back corner with jugs of cadmium 

sulfate to dump onto/into the reactor  if something got out of control.   

 

The reactor went critical at about 3:49 p.m. on the afternoon of December 02, 

1942.   See the strip-chart recording of the neutron detector output (Fig. H-4).  

Shortly thereafter the following coded message was phoned to Washington: 

 

“You’ll be interested to know that the Italian navigator has just 

landed in the new world.  The earth was not as large as he had 

estimated, and he arrived at the new world sooner than he had 

expected.” 

“Is that so? Were the natives friendly?” 

“Everyone landed safe and happy.” 

 

However, not all of the physicists were ecstatic.  Rhodes notes at the end of 

Chapter 13 that Slizard reported that he had commented to Fermi, “I thought that 

the day would go down as a black day in the history of mankind.” 
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How the Barn was Born by M.G. Holloway and C.P. Baker 
Note: The report below is the full text of Los Alamos report “Note on the Origin of the Term 

‘barn’,” LAMS 523, submitted by the authors 13 September, 1944, issued 5 March, 1947 and 

declassified 4 August, 1948.  Copied from Physics Today 25, 7, 9 (1972). 

 

 

 

 

Sometime in December of 1942, the authors, 

being hungry and deprived temporarily of 

domestic cooking, were eating dinner in the 

cafeteria of the Union Building of Purdue 

University. With cigarettes and coffee the 

conversation turned to the topic uppermost in 

their minds, namely cross sections. In the course 

of the conversation, it was lamented that there 

was no name for the unit of cross section of 10-24 

cm2. It was natural to try to remedy this 

situation. 

 

The tradition of naming a unit after some great 

man closely associated with the field ran into 

difficulties since no such person could be 

brought to mind. Failing in this, the names 

Oppenheimer and Bethe were tried, since these 

men had suggested and made possible the work on the problem with which the Purdue project 

was concerned. The 'Oppenheimer' was discarded because of its length, although in retrospect an 

'Oppy' or 'Oppie' would seem to be short enough. The 'Bethe' was thought to lend itself to 

confusion because of the widespread use of the Greek letter. Since John Manley was directing 

the work at Purdue, his name was tried, but the 'Manley' was thought to be too long. The 'John' 

was considered, but was discarded because of the use of the term for purposes other than as the 

name of a person. The rural background of one of the authors then led to the bridging of the gap 

between the 'John' and the 'barn.' This immediately seemed good, and further it was pointed out 

that a cross section of 10-24 cm2 for nuclear processes was really as big as a barn. Such was the 

birth of the 'barn.' 

 

To the best knowledge of the authors, the first public (if it may be called that) use of the barn 

was in Report LAMS-2 (28 June, 1943) in which the barn was defined as a cross section of 1 x 

10-24 cm2. 

 

The authors would like to insist that the 'barn' is spelled just that way, that no capital 'b' is 

needed, and that the plural is 'barns' with no letter 'e' involved, and that the symbol be a small 'b.' 

The meanings of 'millibarn' and 'kilobarn' are obvious."  
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Fig. H-1 

Fig. H-2 
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(I)  Criticality   

 

 

 K    
)(#

)(#
earliergenerationonefissions

tfissions  

 

 

For K = 1, the system is said to be “critical” and the number of fissions per  

 sec is constant.    Stable 

For K  1, the number of fissions/sec decays away.    SubCritical 

For K  1, the number of fissions/sec grows exponentially.     SuperCritical. 

 

 

 

Criticality depends on geometry - neutrons should not be able to escape from the 

core of the bomb or the reactor. 

 

 

Weapons: Want  “K”  as large as possible.   

K is dependent on geometry, mass and moderator.     

*  Concept of “critical mass”  *  =  [The amount of fissionable 

material required for the reaction to go critical for a particular 

geometry and moderator.]   (See Section H.) 

 

Reactors: Want  “K”  equal to  1.000000000000 

(1.01)n            2.0     for   n = 70 

 

At Stagg Field (U.Chicago)   (02 Dec. 1942) (Section H) 

    

  (1.0006)n          2.0     for   n = 1200 

 Doubling every 2 minutes!
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"Control"  -  via  "delayed" neutrons: 

    0.65% of neutrons following 235U+n fission 

 

(“Prompt" neutron multiplication factor is kept below 1.0 in a reactor, but close 

enough to 1.0 so that the additional "delayed" neutrons can keep it just 

critical.) 

 

 Time scale of 10+ seconds  =  plenty of time for feedback control. 

 

 e.g.,   235U+n    95Y(z=39)  +  139I(z=53)  +  2 n 

 

    3 
-
 decays 

       4 
-
 decays 

        95Mo(z=42)   

              139La(z=57)   

 

 

 

 

 

 

[In addition to geometric model calculations of the required critical-

mass (criticality), scientists at Los Alamos also carried out dangerous 

experiments (“tickling the tail of the dragon”) to verify their criticality 

calculations for various geometries.  See, for example, the fatal 

accidents during the course of just such measurements involving 

Haroutune Daghlian (8/21/45) (Segre & Hoerlin, p.233) and Louis 

Slotin (5/21/46) ( Jungk, p. 195-6.) ] 
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(J)  Uncontrolled Fission   

 

Weapons: 

 Fission Weapons   235U  or   239Pu 

 SubCritical    SuperCritical  in less than  1sec. 

  Via  "Gun"   vs.   "Spherical Implosion"  designs. 

  (See Figures J-3 and J-4, respectively.) 

 

  80 doublings    280   1024   (Avagadro's #  =  6x1023/mole) 

      2 moles   500 grams of 235U 

 

  

*  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  * 

  

Thermonuclear Bombs  =   "Hydrogen Bombs" 

Fusion weapons. 

  (left-hand side of the  "Binding Energy per Nucleon"  plot)  (Fig. J-1) 

  4 (1H)    4He + 2e+ + 2e  +  26 MeV 

 ( 6 ½  MeV/mass unit)fusion  vs.  (1  MeV/mass unit)fission 

 

    e.g.,    2D+3T    4He+n   +  17.6 MeV 

 

Triggered by fission bomb to achieve the necessary density and 

temperature. 

Main "advantage" is the increased power available   

                100 MegaTons ! 

 

*  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  * 

  

"dirty bombs" or "radiological weapons"  are simply "contamination" devices.    

 Quantities of radioactive material which are dispersed using a 

conventional explosion.   

 More of a psychological weapon!   

 

(See NYTimes stories  26 Sept.'04;  08 Dec. '04;  08 Nov. '05) 
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Binding Energy per nucleon plotted as a function of neutron number in a nucleus. 

Binding energy gain due to fusion is shown on the left-hand side of the plot. 

Binding energy gain due to fission is shown on the right-hand side of the plot. 

 

Fig. J-1 
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   Uranium:  From mining to reactor fuel rods  

   Source: http://web.ead.anl.gov/uranium/guide/uf6/ 

   

Fig. J-2 
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Source: NATO Handbook, FM 8-9 (1996), Part I – Nuclear, Chapter 2. 

Fig. J-3 

Fig. J-4 
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W87 Warhead Illustration Source: 

http://nuclearweaponarchive.org/Usa/Weapons/W87.html 

 

“But a simple neutron source would not do the job, because in this design of 

weapon, neutrons that are injected too early result in an explosion yield reduced 

by a factor of 10 to 20 from the design yield of 20 kt. Accordingly, the polonium 

and beryllium are separated by a thin layer of material (just a bit thicker than the 

range of the alpha particles from polonium), which is disrupted by the shock from 

the conventional explosives that travels through the plutonium core to the initiator 

at its center. The shock mixes the polonium and the beryllium so that the alpha 

particles can suddenly begin to produce neutrons. To be sure of having a neutron 

available in a fraction of a microsecond, many curies of polonium are required, 

and the polonium (usually produced by neutron irradiation of large amounts of 

bismuth in a nuclear reactor) has a half-life of four months and must be replaced 

every six months or so.” 
Garwin & Charpack, Megawatts and Megatons, (2001), p. 61.  

Fig. J-5 
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 (K)  Controlled Fission     (K = 1.0000000000000) 
 

Reactor References: 

Nuclear Choices (Wolfson)  -  Chapters  8, 9, 10 

Megawatts & Megatons (Garwin & Charpak) -  Chapters  5, 7, 9 

Before It's Too Late (Bernard Cohen)  -  Chapter  4 

 

 

At the turn of the century (2000) the role of fission reactors in producing energy - 

electrical power: 

 France  -  80 % 

 U.S.  -  17 % 

 Worldwide  -  18 % 

 

One key aspect favoring nuclear power vs. carbon-based power, is simply the 

contrast in the amount of fuel required for these two sources.  See, for example the 

pictures in Wolfson (Nuclear Choices, pp.16 &17) comparing the 4 truckloads of 

uranium fuel rods required to refuel a nuclear power plant every 18 months vs. the 

110 x 14 x 75 = 115,000 railroad cars to refuel a coal-power plant over the same 18 

months.   But - - -  

 

A key issue that needs to be discussed in this area is the evaluation of  

"risk"  in the operation of these reactors and in their waste disposal. 

 This involves an examination of the hows and whys of society's  

 willingness to accept some risks - but not others. 

 

[If someone wants to pursue this issue as a term paper topic, in addition to 

Cohen’s Chapter 4, they might want to look further at the following 

Stephen Breyer reference: 

 Breaking the Vicious Circle: Toward Effective Risk Regulation 

 Harvard University Press (1993)] 

 
 

Also, the very touchy (Not In My Back Yard, NIMBY) question of how 

and where to deal with the storage/disposal of long-lived radioactive waste 

products. 
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Nuclear Fission Reactions 

 

Nat U is 99.3%  238 U (t1/2= 4.5x109 yrs) and 0.7% 235 U (t1/2= 7.2x108 yrs). 

 ∴ 1.4x109 years ago,  235U would have been 3% of Nat U. 

 

 A light-water reactor will not burn what is  

 currently natural Uranium, but will burn  3%  235U. 

Therefore, it would seem that there *could* have been nuclear 

reactors running “naturally” on the earth, 1.4x109years ago. 

 

 

235U   +  n    →    236U    →    fission products   +    200 MeV   +     2 - 3 neutrons. 

 Radioactive - see Section (I) 

 

 

 

  

Two “take-aways”:         

a) We need to worry about the safe disposal of radioactive “fission products”, 

while also considering the disposal of toxic coal waste and the carbon 

footprint of fossil fuel power plants.  What/where is the balance? 

 

b) Can we learn anything by finding “Natural Reactors” and looking at the 

dispersal of their radioactive waste products?     
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Nuclear Waste Disposal Criteria 

 

Considerations: 
 Demographics 

 Security  

Many small sites  vs. one centralized one ? 

Transportation, Shipment  -  Wolfson, p.232 

 Geology:  

Stability  

Ground Water 

 

 

 

 

 

In 1972 a “Natural Reactor” is discovered in Oklo, Gabon 

 
The Oklo “natural reactor” was discovered in 1972 when a lab tech was doing a 

routine assay of the uranium being delivered from this ore-site and found that the 
235U fraction was only  0.7171 %  compared to the  0.7202 %  measured 

everywhere else in terrestrial deposits.   

 

Was someone diverting some of the weaponizable 235U to some illicit use?? 

No, it was the result of the operation of a natural reactor at this site ~2 

billion years ago! 

 

 

Implications of Oklo to nuclear waste disposal: 

⁕ In this case, nuclear waste resulting from fission had no (!) containers, and 

there was an underground stream (the moderator) running through the site, 

available to wash the waste out. 

⁕ Nevertheless, in the ~2 billion years since then, most of the fission by-

products remained where they were produced, or migrated only a few 

meters. 

⁕ These have to be encouraging observations for proponents for 

burial/containment projects, such as Yucca Mountain. 
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Wolfson, Nuclear Choices, p. 165-166: 

 
Nuclear News: A Natural Reactor 

 

In 1972 a worker at a French nuclear-fuel plant discovered a curious thing: Samples of uranium 

arriving from a mine at Oklo in the West African Gabon Republic contained even less fissile 

uranium-235 than the normally low 0.7 percent. This result was particularly baffling because the 

ratio of U-235 to U-238 is believed to be the same throughout the solar system, as confirmed by 

measurements on meteorites and moon rocks. 

 

What could be the cause of the U-235 depletion? The clue emerged in further analysis of the Oklo 

samples: Not only were they depleted in U-235, but the samples also contained an unusual blend of 

isotopes that would normally be expected among the stable “offspring” formed in the decay of 

nuclear fission products. The conclusion was inescapable: A natural fission chain reaction had 

occurred at Oklo some 2 billion years ago. Humans did not invent the fission reactor. 

 

We have just seen the difficult technological steps required to sustain a chain reaction, including the 

enrichment of uranium or the procurement of heavy water and the construction of carefully 

engineered reactor systems, including a moderator to slow the neutrons. How could random natural 

events put a reactor together? Several circumstances conspired to make the Oklo chain reaction 

possible. First, the ore at Oklo is rich in uranium; that is why it was developed for a mine. Second, 

the ore body at the time of the reaction was saturated with groundwater that could serve as a 

moderator, and the rich uranium vein was thick enough that fission neutrons were unlikely to escape. 

But how could ordinary light water moderate a chain reaction in natural uranium? We have seen 

how the neutron-absorbing properties of light water make that impossible in today’s reactors. But 2 

billion years ago, things were different. The half-life of uranium-235 is 700 million years; that of U-

238 is 4.5 years. U-235 has decayed more rapidly than U-238, and that means there was a greater 

proportion of U-235 in the past. 2 billion years ago, in fact, the proportion of U-235 in natural 

uranium was about 3 percent – its value in today’s enriched light-water reactor fuels. 

 

Eventually six separate natural reactor zones were identified at Oklo. The reactors probably ran for 

several hundred thousand years, with a total power output between 10 and 100 kW. The chain 

reactions were probably kept under control by their need for moderating water: If the reaction ran 

too fast, water boiled away and the reaction slowed. The very low power level in the reactor zones 

precluded meltdown. 

 

The fossil reactors at Oklo are more than scientific curiosities. They have served as natural 

laboratories for studying the long-term behavior of nuclear fission products. Analysis shows very 

modest migration of fission products from uranium-bearing regions into adjacent clay; plutonium 

decay products, on the other hand, show no migration – an indication that plutonium remained fixed 

at the sites where it formed for at least its 24,000-year half-life. These results are encouraging to 

those who advocate underground storage of nuclear wastes. 

 

News source: “A Natural Fission Reactor,” Scientific American, July 1976, p. 36. 

See also:  Garwin and Charpak, Chapter 2, pp. 52-54. 
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Yucca Mountain and W.I.P.P. (Waste Isolation Pilot Project) 

 

 

 

Why Yucca Mountain? (pictured above) 

Deserted, dry (7.5 inches/year, less likely disintegration), very deep water table (less potential for 

water contamination) 

 

Proposed repository zone – 1150 acres (4.7 km2) 

Proposed withdrawal area – 230 square miles (150,000 acres) 

 

Geological facts/concerns 

Extinct volcano, made of tuff (type of rock), some fissures extend all the way to water table, 

seismic activity. 

 

History 

1982 Congress establishes Nuclear Waste Policy 

1983 U.S. Department of Energy selects 9 possible locations, 3 sites approved by President 

1987 DOE only studying Yucca Mountain 

2002 Senate and Bush ok legislation approving development of repository at Yucca. 

Now Yucca Mountain Project is working to get license to construct. 

 

Situational Overview 

 Yucca Mountain is a ridgeline in the Nevada desert on federal lands, within the 

boundaries of the Nevada Test Site (est. 1951) 

 Product of extinct super-volcano 

 Nuclear Waste Policy Act (NWPA) of 1982 started selection process 

 Government research says it is suitable to receive 72,000 metric tons of spent fuel and 

nuclear waste, but there are concerns over geologic stability. 

 Feds say “yes!”; Nevada says “no!” 

 

Fig. K-1 
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In 2017, as part of his energy program, President Donald Trump has directed a 

reopening of the process of licensing of the Yucca Mountain facility. 
Physics Today 70, 10, 32 (2017); https://doi.org/10.1063/PT.3.3724  
 

Nevada and Trump administration face off over Yucca 

Mountain  
 

 

Thirty years ago in December, over Nevada’s objections, the US Congress chose a scrubby ridge 

on federal land about 130 kilometers from the Las Vegas strip as the nation’s underground 

repository for highly radioactive nuclear waste. After the expenditure of more than $10 billion to 

study the Yucca Mountain site’s suitability, develop its design, and prepare for its licensing, the 

project has been moribund for eight years. The spent nuclear fuel that was destined for deposit 

there continues to pile up at the nation’s nuclear power reactors. 

 

The Department of Energy, which by law was to begin accepting the waste in 1998, has now 

paid out more than $6 billion in court-ordered judgments to nuclear plant operators for 

defaulting on its obligation. Those fines, meant to reimburse utilities for the cost of storing the 

spent fuel, continue to accrue, and DOE has estimated that the bill to taxpayers will climb to $29 

billion by 2022. 

 

Now President Trump has proposed undoing President Barack Obama’s 2009 cancellation of 

Yucca Mountain. The White House has requested $150 million in fiscal year 2018 for DOE and 

the Nuclear Regulatory Commission (NRC) to restart the licensing process. Included in the $120 

million DOE portion of the budget request is $10 million to begin planning for one or more 

interim storage sites, where spent fuel would be consolidated until a permanent repository is 

completed. The NRC would receive $30 million to continue the licensing procedure. 

 
Aerial view of Yucca Mountain, Nevada, which the Trump administration has proposed to reinstate as the nation’s 

permanent repository for highly radioactive nuclear waste. The waste would be housed beneath the ridge that runs 

vertically in the center right of the photo.  
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The Nevada government and congressional delegation have relentlessly opposed the repository 

since it was forced on the state. Senator Harry Reid (D), the majority leader in 2009, convinced 

Obama to halt the program. Governor Brian Sandoval (R) of Nevada has vowed to use every 

legal and regulatory tool available to block resumption. Four of the state’s five congressional 

delegation members are unconditionally opposed to the repository; the other calls for the state to 

negotiate for better terms. 

 

The NRC suspended its review of DOE’s construction license application in 2011, after 

appropriations were halted. But a federal appeals court in 2013 ordered the commission to 

resume consideration. In 2015, using leftover appropriations, NRC staff completed their safety 

evaluation report. A year later, they issued a supplemental environmental impact statement on 

groundwater impacts; DOE had declined to prepare that statement. The NRC staff had two 

remaining issues before it could recommend granting a license: The state still needed to issue 

permits for the use of groundwater during construction and operations, and the US Air Force 

and the Bureau of Land Management had to resolve ambiguous land ownership issues with 

DOE. 

 

No path forward 
Following Yucca Mountain’s cancellation, DOE formed an advisory committee at Obama’s 

request to help chart a new path for disposing of nuclear waste. In its 2012 report, the panel, 

known as the Blue Ribbon Commission on America’s Nuclear Future, called for starting from 

scratch with a new siting process that would require the consent of states and other affected 

parties such as American Indian tribes. The commission also urged establishment of one or more 

interim storage facilities to house spent fuel until a repository is built. Two companies have 

applied for NRC licenses to operate such facilities, one site in west Texas and the other in 

southern New Mexico. 

 

But little has come of the panel’s recommendations concerning a new repository. The federal 

government has sole jurisdiction over high-level nuclear waste. Geoffrey Fettus, an attorney at 

the Natural Resources Defense Council, which opposes the Yucca Mountain project, says the 

commission failed to suggest how to obtain states’ consent. The key, he says, is giving states a 

role in regulating the waste, just as they have had with other hazardous wastes. “You won’t get 

consent if you keep federal preemption over the waste,” he says. 

 

If there’s anything certain about Yucca Mountain, it’s that construction is still many years away, 

even if the repository is ultimately approved. Nevada has filed 218 specific objections to the 

NRC’s findings. It joins other parties, including the nuclear industry and environmental groups, 

who have filed their own objections. Each must be adjudicated before the Atomic Safety and 

Licensing Board Panel, made up of independent administrative law judges. In a trial-like 

process, NRC and DOE staff will be deposed and then called as witnesses. That process is 

expected to take two to three years. Only then would the DOE license application go before the 

NRC commissioners, who are political appointees, for an up or down vote. Should the license be 

issued, the state will challenge it in court. 
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Other practical considerations will delay the licensing process. An April report from the 

Government Accountability Office notes that DOE and NRC both will need to reconstitute the 

expertise they lost when the project was halted. Bringing staff members up to speed once they 

are hired or transferred from other duties is likely to take a year, the report says. The 180 

employees who had been working on Yucca Mountain at DOE were laid off in 2010, and 

contracts in support of the project with the national laboratories and other entities also were 

terminated. According to the GAO, years had been required for DOE to recruit and train the 

proper mix of scientists and engineers with the required backgrounds in hydrology, geology, 

mathematics, and other fields. 

 

 
 
The proposed Yucca Mountain repository would be located about 300 meters beneath the surface of a long ridge 

and about 300 meters above the water table. Consisting of 64 kilometers of tunnels (white lines), the facility would 

accommodate highly radioactive wastes from commercial reactors and from federal defense-related activities. 

 

Robert Halstead, executive director of the Nevada governor’s agency for nuclear projects, says 

the state has kept its entire team of experts and lawyers on throughout the licensing hiatus, and 

he expresses confidence that the state will defeat the project on technical grounds. “If Congress 

forces DOE to go forward with the Yucca Mountain repository concept on which the current 

license application is based, I expect Nevada to defeat it. And DOE would be well advised to 

think about withdrawing their application for the purpose of radically changing it to address 

things Nevada has raised in its contentions,” he says. 

 

Groundwater is main issue 
State officials object to the repository proposal on multiple grounds, including DOE’s plans for 

transporting waste by rail and truck to the site, seismicity concerns, and even the possibility of 

fighter jets from the air force’s adjacent Nevada Test and Training Range crashing onto surface 

operations. But Halstead says the issue on which the project ultimately will turn is whether 

potential radiological contamination of groundwater can be kept within regulatory limits for the 

next one million years. 

 

Congress in 1992 instructed the Environmental Protection Agency to draft a groundwater 

radiation protection standard specific to Yucca Mountain. The EPA promulgated a two-part 

regulation that limits the dose received by a hypothetical person consuming two liters of 

groundwater daily at either of two locations downstream of the repository to no more than 15 
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millirems per year for the first 10 000 years, and to no more than 100 millirems per year for the 

subsequent 990 000 years. For comparison, the dose from a mammogram is about 13 millirems, 

and the average US annual background exposure is around 300 millirems. 

 

Nevada has a court challenge, pending since 2009, objecting to the dual EPA standard. That 

suit, says Halstead, hinges on one question: If 15 millirems is the appropriate safety limit for the 

first 10 000 years, how can you increase it sixfold for the rest of the million years? 

 

DOE did not respond to repeated requests for comment for this article. But the Nuclear Energy 

Institute (NEI), the industry’s trade association, strongly supports the revival of Yucca 

Mountain. Rod McCullum, NEI’s senior director for used fuel and decommissioning, maintains 

that Nevada’s opposition is entirely political. The case for safety made by DOE and NRC staff, 

he says, “has a lot of science behind it; the Nevada contentions do not.” Acknowledging that the 

repository “probably will be the most heavily litigated licensing process of all time,” McCullum 

says he suspects nonetheless that Nevada will eventually stop the fight and negotiate with DOE 

to obtain greater economic benefits and a larger state role in ensuring safety during 

construction. 

Representative Mark Amodei (R), who represents the northern portion of Nevada, advocates 

negotiation. He declined an interview request, but his website states his position that it’s “likely 

the repository will eventually come to fruition through a sound scientific process over time.” It 

also argues that Congress should work with DOE to make the location “a bastion of nuclear 

research and reprocessing” that would include a nuclear safety best-practices center, a training 

center, and R&D to address spent fuel. 

 

Congress has sent mixed signals on Yucca Mountain so far this year. The House Appropriations 

Committee approved the full DOE request for FY 2018, but the Senate committee, largely at 

Dean Heller’s (R-NV) behest, included no funding for the repository in its version of the bill. 

McCullum says he is optimistic that a compromise in conference committee later this year will 

include “something more than zero.” 

 

A 49–4 vote by the House Energy and Commerce Committee on 28 June to authorize resumption 

of the licensing process (H.R. 3053) signaled strong bipartisan support for the repository. A 

committee staffer says the lopsided vote indicated the waste issue “isn’t a red state versus blue 

state thing” but reflects the level of constituents’ concern with the growing spent fuel inventories 

at reactor sites nationwide. In addition to the 99 operating reactors at 61 plants, spent fuel is 

located at 20 shut-down reactors at 17 sites. Seven of the closed plants have been fully 

dismantled, and waste casks are all that remain onsite. Altogether, spent fuel is stored at 83 

locations in 34 states. 

 

More capacity needed 
The Yucca Mountain license application covers 70 000 tons, including the equivalent of 7000 

tons of DOE high-level wastes left over from nuclear weapons and other operations. Inventories 

at commercial reactor sites now total about 78 000 tons, according to the NEI. The House bill 

would amend the law to raise Yucca Mountain’s storage cap to 110 000 tons. Room for several 

hundred thousand tons will be required since most of the current fleet of reactors have already 

been, or are expected to be, relicensed to operate for several decades to come. However, current 

economic conditions, mainly the low cost of natural gas, have led to the early closure of several 
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nuclear plants. There’s room for as much as 400 000 tons inside just one ridge, and additional 

capacity can be developed in a second ridge that has very similar geology, McCullum says. 

 
One of two entrance portals to the tunnel drilled into Yucca Mountain to investigate the site’s suitability as a 

nuclear waste repository. More than $10 billion has been spent on the project since 1987. 

 

 

Some $40 billion has been collected in a federally controlled nuclear waste fund to pay for 

construction and operation of the repository. About $36 billion of that money—paid by utilities 

that operate nuclear plants through a surcharge on their customers’ electricity rates— remains 

unspent. 

 

Although contributions to the fund were suspended in 2014, they could resume once a federal 

court is persuaded that progress toward construction is occurring. The NEI says that assuming 

resumption of payments, and interest, the fund should cover the $96.2 billion estimated cost to 

build the repository, transport the waste, and operate the site for the 150 years it will accept 

material. That estimate, prepared by DOE in 2008, is the most recent available. 

 

Other nations, including Finland, France, and Sweden, are developing repository sites, but 

Yucca Mountain is unique: It is the only one located above the water table. The region’s sparse 

rainfall—which could grow with a changing climate—could seep into the 64 kilometers of 

tunnels where the waste is to be housed, and potentially leach radioactive materials into 

groundwater over time. McCullum, however, cites one advantage: Emplacements above the 

water table will ease the retrieval of waste should the repository be found unsuitable in the 

future. 

Halstead argues that constructing the repository in a shale formation, such as at France’s 

designated facility, would cost $20 billion less than Yucca Mountain, even after accounting for 

the billions of dollars that have already been sunk into studying the site. 
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Engineering questions 
The less-than-ideal geology of the Nevada site—an oxidizing environment in fractured rock with 

a complex geologic and tectonic history—necessitated the addition of some engineered features 

to the repository design. For one, DOE’s design calls for creating thermal zones in the pillars 

between the tunnels to channel away some of the heat generated by the waste while keeping the 

surrounding rock near 100 °C to stave off water intrusion. 

 

Fettus, the NRDC lawyer, says the Yucca Mountain project “went off the rails” within a few 

years after the site’s 1987 selection, when geological analyses turned up problems. After that, “it 

became an exercise of adjusting standards to make it work.” 

 

McCullum says the design recognizes that the engineered barriers will degrade over time. “You 

have this footrace between geologic processes and the radiological decay process, where the 

winner is the slowest. The geologic processes are slower than the decay, so by the time the 

[materials] break down over hundreds of thousands to a million years, no harmful radiation is 

released.” 

 

The most expensive, and arguably the most controversial, components of the repository are the 

titanium drip guards that would be installed to keep the waste casks dry. DOE estimates their 

cost at $7.8 billion. McCullum contends they are an unnecessary expense; Halstead questions 

whether a minimum of 11 500 shields weighing nearly 5 tons apiece could be installed remotely 

in the high-temperature, high-radiation environment in the tunnels. “Will NRC make DOE 

install them a century from now?” he says. “Can DOE actually fabricate and install the drip 

shields as proposed? Will they actually work?” 

 

Absent the shields, groundwater contamination could exceed the 10 000-year standard in fewer 

than 900 years, and the million-year limit would be breached in fewer than 2000 years, Halstead 

maintains. The state also contends that DOE has underestimated the shields’ cost by a factor of 

two. 

 

Halstead notes that many Nevadans have a deep distrust of DOE, dating to the years of 

atmospheric nuclear tests that were carried out in the state by DOE’s predecessor, the Atomic 

Energy Commission. At an April House hearing, Nevada Representative Dina Titus (D) recalled 

mushroom clouds visible from Las Vegas, less than 161 kilometers away. Since atmospheric 

testing ended in 1963, she said, billions of dollars have been paid out in settlements to residents 

of Arizona, Nevada, Utah, and other nearby states who contracted illnesses from exposure to 

radioactive fallout. “I give this history lesson not only to highlight the contributions that Nevada 

made to atomic development but also to remind you that they told us we were safe then, and 

they’re telling us we’re safe now,” she testified. 
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W.I.P.P. (Waste Isolation Pilot Project) 

Located in SE New Mexico, 2,150’ below the surface: 16 square miles of a 2,000’ thick Salt Bed 

from 225 million years ago. Stable for at least that many years. 

 

Specifically set aside for “Defense Related Trans-Uranic Waste”, typically from weapons 

laboratories, generally consisting of protective clothing, tools, glassware and other equipment 

contaminated with radioactive materials. And specifically excludes high-level waste and spent 

nuclear fuel. 

 

 

  

 

WIPP  

Fig. K-2 
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What if the Yucca Mountain site is not opened/licensed? 

 

Some reactor fuel rod alternatives (?):  (Wolfson: Chapters  5, 8, 10) 

a) Simple and already in place:  Local storage in dry casks at power-reactor sites.  

These facilities already exist at 24 sites (with plans for 21 more); see the 

attached map.  These sites are currently used for the “temporary” storage of 

spent fuel rods.  The casks are estimated to be safe for least 100 years. 

 

b) Reprocessing of reactor fuel rods  -  often referred to as Breeder Reactors:    

converting 238U into fissile material. 

 
238U +n   →   239U   →   239Np   →   238Pu (!)   (for power or weapons) 

 

Converts more non-fissile material to fissile material than the amount of fissile 

material that was consumed.  Instead of using just the 235U nuclei, via this 

conversion, this has the potential of using all the uranium nuclei, and therefore 

the fission energy sources (ores) can last  100× longer(!) 

 

BUT → A major danger in the development of an energy-system based on such 

breeder reactors is the fact that the resulting Pu could be more readily available 

for weapons. 

  

“Scientists Try to Resolve Nuclear Problem With an Old Technology Made New Again” 

By Matthew L. Wald ,   December 27, 2005, New York Times 

 

Fig. K-3 
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Sample student oral report for class introduction 
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Map of repository sites across the United States; courtesy of the Department of Energy 

Fig. K-4 

http://www.energy.gov/
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On Nuclear Waste, Finland Shows U.S. How It Can Be Done 

By Henry Fountain, June 13, 2017, New York Times 

 

OLKILUOTO ISLAND, Finland — Beneath a forested patch of land on the Gulf of Bothnia, at 

the bottom of a steep tunnel that winds for three miles through granite bedrock, Finland is 

getting ready to entomb its nuclear waste. If all goes well, sometime early in the next decade the 

first of what will be nearly 3,000 sealed copper canisters, each up to 17 feet long and containing 

about two tons of spent reactor fuel from Finland’s nuclear power industry, will be lowered into 

a vertical borehole in a side tunnel about 1,400 feet underground. As more canisters are buried, 

the holes and tunnels — up to 20 miles of them — will be packed with clay and eventually 

abandoned. 

The fuel, which contains plutonium and other products of nuclear fission, will remain 

radioactive for tens of thousands of years — time enough for a new ice age and other epochal 

events. But between the two-inch-thick copper, the clay and the surrounding ancient granite, 

officials say, there should be no risk of contamination to future generations. “We are pretty 

confident we have done our business right,” said Timo Aikas, a former executive with Posiva, the 

company that runs the project. “It seems the Olkiluoto bedrock is good for safe disposal.” 

  

The repository, called Onkalo and estimated to cost about 3.5 billion euros (currently about $3.9 

billion) over the century or so that it will take to fill it, will be the world’s first permanent 

disposal site for commercial reactor fuel. With the support of the local municipality and the 

national government, the project has progressed relatively smoothly for years. 

 

That is a marked contrast to similar efforts in other countries, most notably those in the United 

States to create a deep repository in Nevada. The Yucca Mountain project, which would handle 

spent fuel that is currently stored at 75 reactor sites around the country, faced political 

opposition from Nevada lawmakers for years and was defunded by the Obama administration in 

2012. Now, with the backing of the nuclear power industry — and with the retirement of Yucca 

Mountain’s chief nemesis, Senator Harry Reid of Nevada — the Trump administration wants to 

take the project out of mothballs. But its fate remains uncertain. 

 

Experts in nuclear waste management say the success of the Finnish project is due in part to how 

it was presented to the people who would be most affected by it. Each community under 

consideration as a repository location was consulted and promised veto power should it be 

selected. 

In the United States, Congress in 1987 pre-emptively directed that only Yucca Mountain be 

studied as a potential site, effectively overruling opponents in Nevada who were worried that the 

project might affect water supplies or otherwise contaminate the region. “When you look at the 

Finnish repository, it’s natural to admire the technical accomplishment,” said Rodney C. Ewing, 

a professor at Stanford and former chairman of the Nuclear Waste Technical Review Board, an 

independent federal agency that reviews Energy Department programs, including Yucca 

Mountain. “But of equal importance has been the social accomplishment.” 

 

 

http://www.posiva.fi/frontpage
https://www.gao.gov/key_issues/disposal_of_highlevel_nuclear_waste/issue_summary
http://cisac.fsi.stanford.edu/people/rodney_c_ewing
http://www.nwtrb.gov/
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Long-Term Parking for Radioactive Waste  

Granite bedrock in Western Finland will be the final resting place for the country’s spent 

nuclear reactor fuel. A spiraling vehicle tunnel as well as access and ventilation shafts lead 

1,400 feet underground, where the fuel will be stored in about 20 miles of tunnels for thousands 

of years.  

 

Mr. Aikas, who was involved in the Finnish site selection process beginning in the 1980s, said he 

and his colleagues learned early lessons about the need to consult with local residents. “We ran 

into difficulties because we tried to behave as industry did back then — we’d decide and 

announce,” he said. Invariably, he said, by presenting decisions as unreviewable, they ran into 

local opposition. “Very soon we learned that we had to be very open,” Mr. Aikas added. “This 

openness and transparency creates trust.” When five sites were selected for further study in 

1987, offices were opened in each community to provide information. The approach proved so 

successful that when it came time for the national government to make a final decision on a 

repository in 2000, officials in Eurajoki, the municipality that includes Olkiluoto Island, agreed 

to host it on one condition: that Posiva not present the government an option to choose any other 

site. Eurajoki officials had concerns early in the process, Mr. Aikas said, but eventually came to 

see that the repository would provide property tax revenue and jobs. 

 

The municipality also had experience with nuclear power: Two of the country’s four operating 

nuclear power reactors are on Olkiluoto, less than two miles from the repository, and a third 

plant is under construction nearby. 

“You have a community that is familiar with nuclear issues,” said Dr. Ewing at Stanford. 

Nevada, by contrast, has no nuclear power plants. What it does have is  both in the air and 

underground, for four decades until the 1990s. “You have to expect that a community with that 

experience will be a little skeptical,” Dr. Ewing said. Finland’s success also has its roots in an 

early decision by the national government. In 1983, it established the principle that the 

companies creating the waste — TVO, which owns the reactors at Olkiluoto, and Fortum Power 

and Heat, which owns the other two — are responsible for disposing of it. The government had 

only approval and regulatory roles. 

“It has always been important to resolve this spent-fuel issue and keep it in the hands of the 

power company,” Mr. Aikas said. Posiva, the company developing the repository, is a joint 

venture of the two utilities. 

  

STORING THE FUEL 

Because of radiation hazards, copper fuel canisters will be handled remotely and placed in 

vertical boreholes every 30 feet. Holes are located away from rock fractures that could expose 

canisters to water and lead to corrosion. If water did intrude, absorbent clay packed in the holes 

and tunnels should keep it away. In the United States, spent fuel became the responsibility of the 

federal government, specifically the Energy Department, subjecting the issue to more political 

pressures. At the Onkalo site, workers drill into the bedrock down near the 1,400-foot level, 

taking cores to study the characteristics of the granite. Above ground, near the curving entrance 

to the tunnel, construction has begun on a building where the spent fuel, currently cooling in 

pools at the Olkiluoto reactors, will be readied for burial, handled by remote-controlled 
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machinery since radiation levels will be high. Spent fuel will also eventually be shipped here 

from Fortum’s reactors, on the country’s southeastern coast. 

 

Kimmo Kemppainen, research manager for the project, said that in characterizing and mapping 

the rock, it was important to locate, and avoid, fractures where water could flow, since the 

disposal site was below the water table. But even if water gets near a canister, he said, the clay 

should form a barrier and keep corrosion of the copper — which could result in a radiation leak 

— to a minimum, even over tens of thousands of years. Mr. Kemppainen has worked on the 

project for 14 years. “My personal opinion is that for this generation that has used nuclear 

power, at least we should do something about the waste,” he said. “It’s not safe to store it on the 

surface.” 

In the United States, more than 80,000 tons of spent fuel are currently stored on the surface, in 

pools or dry steel-and-concrete casks, at operating nuclear reactors and at other sites near now-

closed plants. The original deadline to have a repository operating by 1998 is long past. 

 

The project at Yucca Mountain, in the Mojave Desert about 100 miles northwest of Las Vegas, 

has been studied for years at a cost of more than $13 billion. In 2008, the Energy Department 

began the process of obtaining a construction license from the Nuclear Regulatory Commission. 

But the Obama administration moved to withdraw the license application two years later. With 

the election of President Trump, advocates for Yucca Mountain saw a chance to revive it. “This 

is a very important national project,” said Rod McCullum, a senior director at the Nuclear 

Energy Institute, an industry group. “If we can do this safely, we would be ashamed of ourselves 

if we didn’t do it.” The Trump administration is seeking $120 million to reopen the licensing 

process. And in a symbolic gesture, in his first official trip as energy secretary, Rick Perry 

toured the site, where little exists beyond a five-mile-long exploratory tunnel. Congress rejected 

the licensing funds in its deliberations on the 2017 budget, and the 2018 budget process is just 

starting. Even if the $120 million is allocated, it could take a half-decade or longer, and much 

more money, to complete the licensing, which would involve a lengthy hearing before 

administrative judges on hundreds of environmental and safety issues raised by opponents. 

 

Even without Mr. Reid, most members of Nevada’s congressional delegation are still vowing to 

fight the project, arguing that there are concerns about the long-term safety of drinking water 

supplies — unlike the Finnish repository, the Nevada site sits above the water table — and that 

above all, Nevadans do not want it. 

 

The decision to put the repository there “was based on bad politics, not good science,” said 

Representative Dina Titus, a Democrat who represents a Las Vegas district. “The main issue is 

consent,” she said. She and other members of the delegation have introduced a bill that would 

require the host state’s approval before the repository could be built. In a 2012 report, an expert 

panel established by the Obama administration to develop a new strategy for managing spent 

fuel recommended a similar consent-based process. It had another Finland-like recommendation 

as well: that responsibility for nuclear waste be taken from the Energy Department and put in 

the hands of an organization created solely for that purpose. 

https://www.nrc.gov/waste/hlw-disposal/yucca-lic-app.html
https://www.nei.org/
https://www.nei.org/
https://energy.gov/articles/secretary-perry-statement-nevada-yucca-visit
https://titus.house.gov/
https://titus.house.gov/
https://energy.gov/sites/prod/files/2013/04/f0/brc_finalreport_jan2012.pdf
https://energy.gov/sites/prod/files/2013/04/f0/brc_finalreport_jan2012.pdf
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Those recommendations have not been acted upon. But it is also unclear whether Yucca 

Mountain, if revived by the Trump administration, would succeed under the current approach. 

“It could be that the federal government could prevail and after some decades we would have a 

repository,” Dr. Ewing said. “It could be that after several decades the federal government 

could fail and we would be where we are at today.” There’s a lot to be said for how Finland 

handled its situation, Dr. Ewing added. “If you treat people fairly and present them the 

information, if the repository is safe, you should be able to get some communities to respond 

positively,” he said. 
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(L)  Marking Disposal Sites 

 

Given the long 24,000 year half-life of  239Pu in fission-reactor waste, Sandia 

National Laboratories created a panel to design and look into the efficiency for a 

wide variety of various types of markers.  The following pages are excerpts from 

the report of that panel.  Then full report can be found at: 

 

Expert Judgement on Markers to Deter Inadvertent Human Intrusion into 

the Waste Isolation Pilot Plant, Sandia National Laboratories report 

SAND92-1382/UC721, p. F-49. 

 

Note well a most sensible judgement as presented in Paragraph 5.3 (Personal 

Thoughts of Woodruff Sullivan) towards to the end of this report. 

 

 

Amusingly, the following page cannot help but call to mind the futility of such 

markers  -  as emblazoned by Percy Bysshe Shelley’s poem, Ozymandias. 

 
 

 

Ozymandias 

by Percy Bysshe Shelley 

 

I met a traveller from an antique land,  

Who said—“Two vast and trunkless legs of stone  

Stand in the desert. . . . Near them, on the sand,  

Half sunk a shattered visage lies, whose frown,  

And wrinkled lip, and sneer of cold command,  

Tell that its sculptor well those passions read  

Which yet survive, stamped on these lifeless things,  

The hand that mocked them, and the heart that fed;  

And on the pedestal, these words appear:  

My name is Ozymandias, King of Kings;  

Look on my Works, ye Mighty, and despair!  

Nothing beside remains. Round the decay  

Of that colossal Wreck, boundless and bare  

The lone and level sands stretch far away.” 



90 

 

This place is not a place of honor. 

No highly esteemed deed is commemorated 

here. 

Nothing valued is here. 

This place is a message and part of a system 

of messages. 

Pay attention to it! 

Sending this message was important to us. 

We considered ourselves to be a powerful 

culture. 
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Excerpts from Expert Judgment on Markers to Deter Inadvertent Human Intrusion into 

the Waste Isolation Pilot Plant, Sandia National Laboratories report SAND92-1382 / UC-721, 

p. F-49 

Team A:   

Dieter G. Ast (Cornell University), Michael Brill (Buffalo Organization for Social and 

Technological Innovation, Inc.), Ward Goodenough (University of Pennsylvania) , Maureen 

Kaplan (Eastern Research Group, Inc.), Frederick Newmeyer (University of Washington), 

Woodruff Sullivan (University of Washington) 

Team B:  

Victor R. Baker (University of Arizona), Frank R. Drake (University of California at Santa 

Cruz), Ben R. Finney (University of Hawaii at Manoa), David B. Givens (American 

Anthropological Association), Jon Lomberg (independent artist, designer, and writer), Louis 

Narens (University of California at Irvine), Wendell Williams (Case Western Reserve 

University) 

 http://www.wipp.energy.gov/picsprog/articles/wipp%20exhibit%20message%20to%2012,000%

20a_d.htm  

 

 EXECUTIVE SUMMARY 

Sandia National Laboratories charged a panel of outside experts with the task to design a 

10,000-year marking system for the WIPP (Waste Isolation Pilot Plant) site, and estimate the 

efficacy of the system against various types of intrusion. The goal of the marking system is to 

deter inadvertent human interference with the site. The panel of experts was divided into two 

teams. This is the report of the A Team; a multidisciplinary group with an anthropologist (who is 

at home with different, but contemporary, cultures), an astronomer (who searches for extra-

terrestrial intelligence), an archaeologist (who is at home with cultures that differ in both time 

and space from our own), an environmental designer (who studies how people perceive and 

react to a landscape and the buildings within them), a linguist (who studies how languages 

change with time), and a materials scientist (who knows the options available to us for 

implementing our marking system concepts). The report is a team effort. There is much 

consensus on the design criteria and necessary components of the marking system. 

Understandably, there is some diversity of opinion on some matters, and this is evident in the 

text. 

We developed the following criteria for the marking system: 

The site must be marked. Aside from the legal requirement, the site will be indelibly imprinted by 

the human activity associated with waste disposal. We must complete the process by explaining 

what has been done and why. 
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The site must be marked in such a manner that its purpose cannot be mistaken. 

Other nuclear waste disposal sites must be marked in a similar manner within the U.S. and 

preferably world-wide. 

A marking system must be utilized. By this we mean that components of the marking system 

relate to one another is such a way that the whole is more than the sum of its parts. 

Redundancy must play a preeminent role in the marking system design. The designs considered 

here have redundancy in terms of message levels, marking system components, materials, and 

modes of communication. 

Each component of the marking system should be made of material(s) with little intrinsic value. 

The destructive (or recycling) nature of people will pose a serious threat to the marking system. 

The components of the marking system should be tested during the next few decades while the 

WIPP is in operation, not only for the longevity of the materials but for the pan-cultural nature 

of the message. In other words, as with the repository design itself, the team was comfortable 

with the thought of designing a marking system that would last 10,000 years if left undisturbed. 

Our efforts focused on making it understandable while providing minimal incentive to disturb it. 

We also consider a public information effort a necessary part of the marking system design. A 

system that is not understood today has no chance of being understood in the far future. 

Figures 4.3-1 through 4.3-18 provide a basic description of our most developed design and other 

design options 

The central area of interest is surrounded by earthen berms. For the WIPP site, the area of 

interest is where we do not want drilling or excavation to occur. In the design the central area is 

the area of the underground panels plus either (1) a one-fourth-mile buffer zone, or (2) the 

distance to which the radionuclides may migrate during the 10,000-year period, whichever is 

larger. The forms of the earthworks are jagged and rough, suggestive of energy radiating from 

the central area. 

The berms serve several purposes. First, they define the area of interest. Their size is set so that 

sand dunes are unlikely to cover all of them entirely at the same time. Instead, the wind will 

leave dunes streaming behind the berms and create an even larger marker. Second, their shape 

sets the tone for the entire landscape -- non-natural, ominous, and repulsive. Third, the corner 

berms are higher than the others and provide vantage points for viewing the entire site. Fourth, 

the corner berms also include buried rooms with all the message levels recommended for 

inclusion in this marker system. As the berms erode, these rooms will become uncovered at 

various times. 

The investigator will be guided toward the center of the site by the berms. Prior to entering the 

central area, however, he or she will encounter a "message kiosk" (Figure 4.3-18). Each 

message kiosk is composed of a message wall and a protecting wall. In terms if site layout, the 

message kiosks form the only "nurturing" part of the marking system design. The protecting wall 

is of concrete and is meant to protect the message wall from erosion. The message wall is of 

granite or other hard rock and is a vertical, curved form. There are two reasons for a curved 
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form: (1) it makes it very difficult to reuse the piece for another purpose, and (2) it is not an 

honorific form such as an obelisk. The vertical aspect minimizes tensile stress on the 

components. 

The message wall will bear what we call Level II and Level III messages (cautionary and basic 

information, respectively). The preliminary texts read:  

 

Level II: 

 

Level III: 

These standing stones mark an area used to bury radioactive wastes. The area is ... by ... 

kilometers (or ... miles or about ... times the height of an average full-grown male person) and 

the buried waste is ... kilometers down. This place was chosen to put this dangerous material 

far away from people. The rock and water in this area may not look, feel, or smell unusual but 

may be poisoned by radioactive wastes. When radioactive matter decays, it gives off invisible 

energy that can destroy or damage people, animals, and plants.  

Do not drill here. Do not dig here. Do not do anything that will change the rocks or water in 

the area. 

Do not destroy this marker. This marking system has been designed to last 10,000 years. If the 

marker is difficult to read, add new markers in longer-lasting materials in languages that you 

speak. For more information go to the building further inside. The site was known as the 

WIPP (Waste Isolation Pilot Plant) site when it was closed in ... 

2. The Problem of Message 

 
2.1 Message definition 

Modern understanding of the communications enterprise shows that there can be little 

separation of the content of a message from its form, and from its transportation vehicle. They 

affect each other, and all of it is message. McLuhan and Fiore [Ref. 2-1] take that even further, 

arguing that "the medium is the message." Given this, rather than our attempting to first 

articulate messages, then to select their form, and then to design their vehicle, we choose to do 

as much of this simultaneously as is reasonable, attempting to accomplish 

a Gestalt, in which more is received than sent, 



94 

 

a Systems Approach, where the various elements of the communications system are linked to 

each other, act as indexes to each other, are co-presented and reciprocally reinforcing, and 

Redundancy, where some elements of the system can be degraded or lost without substantial 

damage to the system's capacity to communicate. 

Everything on the site is conceived of as part of the message communication...from the very size 

of the whole site-marking down to the design of protected inscribed reading walls and the shapes 

of materials and their joints. In this report, the various levels of message content are described, 

as is the content of each level, the various modes of message delivery, and the most appropriate 

physical form of each. 

We obviously recommend that a very large investment be made in the overall framework of this 

system, in the marking of the entire site, and in a communication mode that is non-linguistic, not 

rooted in any particular culture, and thus not affected by the expected certain transformation of 

cultures. This mode uses species-wide archetypes...of meanings bound to form, such that the 

physical form of the site and its constructions are both message content and mode of 

communication. Thus, the most emphatically delivered message is the meaning-bonded-to-form 

in the site itself. (See Section 4 for the message the site is asked to deliver.) 

As part of a system of message communications, we recommend substantial use of verbal texts 

and graphics, but with little emphasis on constructed, non-natural, non-iconic symbols. These 

texts and graphics act as indexes to each other, and act as indexes across message levels. We 

also suggest the site be marked so it is anomalous to its surroundings in its physical properties 

such as electrical conductivity and magnetism. 

2.2 Message levels and criteria 

2.2.1 Message Levels 

Givens [Ref. 2-2] describes four information levels for the messages: 

Level I: Rudimentary Information: "Something man-made is here"  

Level II: Cautionary Information: "Something man-made is here and it is dangerous" 

Level III: Basic Information: Tells what, why, when, where, who, and how (in terms of 

information relay, not how the site was constructed) 

Level IV: Complex Information: Highly detailed written records, tables, figures, graphs, maps 

and diagrams 

Our discussions led to two expansions of Givens' work. First, we decided that it was possible to 

convey a sense of danger, foreboding, and dread without the use of language or pictures. This 

would be done within the context of site design. Under these circumstances, what would 

generally be considered as Level I components (e.g. earthworks) would be able to convey both 

Level I and Level II messages. Second, we decided to have a fifth level that lays between Givens' 

Level III and Level IV. The new Level IV would have more detail than Level III but still not be a 
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complete rulemaking record. The latter is now called Level V. Specific examples of the different 

level message are given in Section 4.6.2.  

The general approach taken by the team is that the emphasis is on clarity and, where possible, 

brevity. Overly long and complex messages will be too difficult and time-consuming to translate 

to be effective. The message must be straightforward. and neither understate nor overstate the 

hazards of the site. The difficult in formulating the message is that many normal human 

activities, e.g., house building and farming, can occur on the surface without jeopardizing the 

performance of the repository. Problems begin only when deeper drilling and excavation occur. 

We decided against a large radiation symbol prominently displayed on a marker lest the 

potential intruders take a quick reading, find nothing more than background radiation, and 

ignore the rest of the message. We did decide that the incorporation of a radiation symbol was 

appropriate within the larger context of the message. As a symbol, it could provide a link 

between textual and pictorial information. 

We decided against simple "Keep Out" messages with scary faces. Museums and private 

collections abound with such guardian figures removed from burial sites. These earlier warning 

messages did not work because the intruder knew that the burial goods were valuable. We did 

decide to include faces portraying horror and sickness (see Sections 3.3 and 4.5.1). Such faces 

would relate to the potential intruder wishing to protect himself or herself, rather than to protect 

a valued resource from thievery. 

We decided against overstatement of the danger. The "Touch one stone and you will die" 

approach is unacceptable because it is not credible. Inevitably, someone will investigate the site 

in a non-intrusive manner. Nothing will happen to the person, and the rest of the message will 

therefore be ignored. There was consensus, however, on the need to mark the site and on the 

need to convey the dangers to the potential intruder. 

We consider the key to a successful system to be a credible conveyance of the dangers of 

disturbing the repository. We must inform potential intruders what lies below and the 

consequences of disturbing the waste. If they decide that the value of the metal component of the 

waste far outweighs the risks of recovering the metal, the decision is their responsibility, not 

ours. 

The warning information is divided up into  

4. Criteria for a Marking System with Examples  

 
4.1 Site design guidelines for a design of the entire site, so it is a major component of a system 

of messages 

The Design Guidelines herein will be largely performance-based, that is, they describe how the 

design must perform, rather than what it must look like or be made of. These guidelines can, in 

turn, be used as criteria to evaluate designs. Because performance-based design guidelines do 

not describe the design, but rather what the design must do, several alternative designs can be 

developed in response to the guidelines. We have developed designs using the design guidelines, 

both as a test of the utility of the guidelines and as an expression of the team's preferred 
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solutions. Because all the designs cover the entire interment, and then some, we refer to them as 

"site designs." These designs are presented in Section 4.2. 

In this discussion and then later in the descriptions of the designs that test these design 

guidelines we will use the expression "the Keep" to define an area whose size and shape is the 

"footprint" or the vertical projection on the site's surface of the final interment area. Our team's 

analysis suggests that the final footprint may be larger than currently shown because of both 

migration of radionuclides in the salt and future expansion.  

The various site designs may be listed as follows: 

 The site must be marked.  

 All levels of message complexity should be located on-site. Thus, communication vehicles 

for information at Levels I, II, III, and IV should be on the WIPP site and available to 

humans. As well, this team has developed specific message content for each level, 

presented later in Section 4.6.  

 The design of the whole site itself is to be a major source of meaning, acting as a 

framework for other levels of communication, reinforcing and being reinforced by those 

other levels in a system of communication. The message that we believe can be 

communication non-linguistically (through the design of the whole site), using physical 

form as a "natural language," encompasses Level I and portions (faces showing horror 

and sickness) of Level II. Put into words, it would communicate something like the 

following:  

This place is a message...and part of a system of messages...pay attention to it! 

Sending this message was important to us. We considered ourselves to be a powerful culture. 

This place is not a place of honor...no highly esteemed deed is commemorated here...nothing 

valued is here. 

What is here is dangerous and repulsive to us. This message is a warning about danger. 

The danger is in a particular location...it increases toward a center...the center of danger is 

here...of a particular size and shape, and below us. 

The danger is still present, in your time, as it was in ours. 

The danger is to the body, and it can kill. 

The form of the danger is an emanation of energy. 

The danger is unleashed only if you substantially disturb this place physically. This place is best 

shunned and left uninhabited. 

 All physical site interventions and markings must be understood as communicating a 

message. It is not enough to know that this is a place of importance and danger...you 
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must know that the place itself is a message, that it contains messages, and is part of a 

system of messages, and is a system with redundancy.  

         Redundancy of message communication is important to message survivability. 

Redundancy should be achieved through: (a) a high frequency of message locations, 

permitting some to be lost; (b) making direct and physical links among message levels, 

that is "co-presentation" of messages; and (c) multiple and mutually reinforcing modes of 

communication. 

It is expected that the number of presentations of messages will decrease as the message 

complexity (or Level) increases. Thus, there will be many more presentations of Level II 

linguistic messages than of Level IV. 

While the system of marking should strongly embody the principles of redundancy, at the 

same time the methods of achieving redundancy should be carefully designed to maintain 

message clarity. Redundancy should not be achieved at the expense of clarity. 

         The method of site-marking must be very powerful to distinguish this place from all 

other types of places, so that the future must pay attention to this site. The place's 

physical structure should strongly suggest enhanced attention to itself and to its sub-

elements. To achieve this, the volume of human effort used to make and mark this place 

must be understood as massive, emphasizing its importance to us. The site's constructions 

must be seen as an effort at the scale of a grand and committed culture, far beyond what 

a group or sect or organization could do. 

About scale: "Scale" refers to the perceived size relationship between a human and 

something (like a house or a chair or a site). When the size of a thing gets far larger than 

a person, changes in scale are not easily perceived or are experienced as irrelevant. 

Thus, there is little difference to a person at ground level whether an earthwork is 1 mile 

or 2 miles long. These distances are experienced as much the same. What we propose as 

a marking for this site is already at a scale where it could be somewhat smaller or larger 

with no loss of meaning. And further, if the design were to be replicated elsewhere, it 

could be (somewhat) scaled up or down with no loss of meaning. 

 Vertical masonry markers alone are simply not enough to accomplish our purposes. They 

are not large enough, nor frequent enough, nor sufficiently distinguishing from other 

sites already so marked; and their use elsewhere may well make their use here somewhat 

trivial and certainly ambiguous. If only markers are used here, they will be seen as much 

like markers on other sites, which are generally sites of far less import, and also tend to 

be marked because they are honorific or commemorative, the opposite of the message we 

seek to send.  

         Use a system of markings that utilizes the whole site as an enormous mark, and that 

includes: smaller markers; high points to climb from which to view the entire site; walls 

and places to be in that co-locate viewers with messages...an organized environment. 

Consider the possible retention of a currently existing structure for symbolic purposes 

only, as a decaying massiveness. 
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As for use of existing structures, if we assume no active institutional control, the only 

current above-ground site structure that might endure for a substantial portion of the 

10,000 years would be the thick-walled concrete "hot" cell. The other buildings will 

decay, or more probably be stripped of their valuable building materials for re-use. 

The "hot" cell may be put to symbolic use by incorporating it into the site's design, as a 

mute artifact suggesting something "strong" that needed to be contained, although from 

its large door size, a thing that had to be easily accessible and thus was (probably) not 

treasure. And because the "hot" cell's openings are randomly placed, rather than 

symmetrical, it would tend not to be mistaken for an honorific or privileged structure. If 

the "hot" cell is kept, it should not be located in the geometric center of any open space, 

which would symbolically elevate its importance. 

 While this system of markings should represent an enormous effort and investment of 

resources on our part, the construction itself should be of materials of little value, and 

the workmanship should not bestow any value through the elegance of craft or artistry. 

Doing substantial work on materials of little value suggests that the place is not 

commemorative of phenomena highly valued by the culture that made it, but as marking 

something important yet quite unvalued ...not a treasure, but its opposite...a location of 

highly devalued material ("dangerous garbage" or an "un-treasure").  

 The place should not suggest shelter, protection or nurture...it should suggest that it is 

not a place for dwelling, nor for farming or husbandry. This would be most strongly 

communicated if the place obviously tries to deny inhabitation and utilization. It might 

best be designed as a place difficult to be in, and to work in...both actually and 

symbolically. Given this, the center of the place should reject rather than embrace. Any 

attractive focus on/near that center would suggest welcome, and by extension, occupancy 

and utilization.  

 We believe there is no physical barrier we can devise that (some) future technology 

cannot breach, and any attempt to bar entry physically to the Keep can and will be 

breached (by cutting through it, going under it, or coming down from above). Thus, any 

"barrier" placed around the Keep can only be purely symbolic, and should be used to 

enclose it only in a spatial sense rather than to attempt a fortification or a security 

barrier.  

 As to the meaning of "center": physically to mark the WIPP site in any way makes it a 

different place from the surrounding desert, and creates a "figure" against a "ground." It 

makes a center in the desert.  

 For human beginnings, making a center ("here we are") is the first act of marking order 

(Cosmos) out of undifferentiation (Chaos). All further meanings of "center" derive from 

this original positive valence. The meanings of "center" have always been as a highly 

valued place or a gathering place...the holy of holies; the statue centered within the 

temple, itself centered within the settlement; the dancing ground; the sacred place as the 

physical and spiritual center of a people, etc. In this project, we want to invert this 

symbolic meaning, to suggest that the center is not a place of privilege, or honor, or 

value, but its opposite. In symbolic terms, we suggest that the largest portion of the Keep, 

its center, be left open, and few (if any) structures placed there, so that symbolically it is: 

uninhabited, shunned, a void, a hole, a non-place.  

 As for the geometric center, placement of anything at dead-center of the Keep would 

suggest that it is of the utmost importance, occupying the place of greatest privilege. We 
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do not believe there is any one thing that can or should play that role on this site. (For 

example, someone might suggest that the highest Level IV of information might be placed 

at the center. But because a Level IV message may be gibberish to some intruders, while 

a Level II message would be well understood, no level of message is more important than 

any other, and no particular message or level is important enough to occupy the most 

privileged location.)  

 Design of the entire site and its sub-elements should avoid those forms that humans 

regularly tend to use to represent the "ideal," "perfection," or "aspiration." Aspiring 

forms are sky-reaching verticals, the obelisk, for example. Ideal and perfect ones are the 

perfect forms of symmetrical geometry (spheres, pyramids, hexagons) and of regular 

crystalline structures or polyhedrons. If such forms are used, we suggest their perfection 

be undermined through substantial and obviously meant "irregularity," as if its builders 

knew about the ideal and perfection, but asserted that this place is not about them. More 

appropriate types of forms to use are amorphic or jagged and horizontal, a deliberate 

shunning of the values of "perfection" pr "aspiration."  

 A major site-delivered message is that this place is ominous, not to be disturbed. This 

Level II message can be delivered both through site design and through "reading walls," 

discussed later. Message levels will probably be delivered in a sequence, but no level of 

message is more valuable than another. The design should incorporate this parity of 

levels. While Level IV information is certainly the most complete and detailed of all our 

communications at the site, there are certainly plausible future scenarios under which it 

will be of less value than a Level II message, or even of no value at all, even if seen. Thus, 

Level IV is more complex, but not a more valuable message to us (or future people), and 

its location should symbolically bestow no more value or privilege on it than on other 

message levels.  

 The design should provide a general sense of the magnitude, shape, and location of the 

original danger. Because there is no apparent danger at the site's surface, the design 

makes it clear that the danger is below and threatens to escape. The site design should 

also articulate that the dangerous material is bounded, has a substantial footprint that is 

of a certain shape. Going out from this on-surface imprint might be concentric bands 

designed to signify diminishing danger. It is not necessary to mark the Land Withdrawal 

boundary; it is a legal boundary that will be meaningless in a few centuries.  

 The enormity of the site's undertaking and its shape should be visible and 

comprehendible in its entirety, as a panorama. A panorama, the "seeing-all" from an 

altitude, is an ancient human metaphor for knowing, and seeking it is natural. Thus, 

provide elevated points for site viewing (mound, ziggurat, tower...all of which can be 

climbed for viewing).  

         The site-marking system should also function as a locator for multiple concepts of 

location and should: 

locate the site in relation to local centers of population of our time (which may contain 

archives as part of the information system); 

locate this site in relationship to other disposal sites in the world; 

locate the viewer ("you are here") on all three spatial axes in relationship to the entire 

site and its sub-elements, and to the hazard; 
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locate the construction of this site in time; locate all on-site position of Level III and IV 

messages. 

4.2 Design options 

Presented [here] are several alternative designs for the entire site, followed by designs for some 

particular spaces on it. These designs are based on the Design Guidelines just presented and 

thus act as tests of the efficacy of the guidelines. Of the many designs developed and reviewed, 

these are also the design solutions most preferred by the team. The designs utilize archetypical 

images whose physical forms embody and communicate meaning. We have given them names, 

both for identification and as verbal images for each. They are: 

Landscape of Thorns 

Spike Field 

Spikes Bursting Through Grid 

Leaning Stone Spikes 

Menacing Earthworks 

Forbidding Blocks 

Some designs use images of dangerous emanations and wounding of the body. Some are images 

of shunned land...land that is poisoned, destroyed, parched, uninhabitable, unusable. Some 

combine these images. All designs entirely cover or define at least the interment area, called 

here the Keep. 

Shunned land...poisoned, destroyed, unusable: 

"Black Hole": A masonry slab, either of black Basalt rock, or black-dyed concrete, is an image 

of an enormous black hole; an immense nothing; a void; land removed from use with nothing left 

behind; a useless place. It both looks uninhabitable and unfarmable, and it is, for it is 

exceedingly hot part of the year. Its blackness absorbs the desert's high sun-heat load and 

radiates it back. It is a massive effort to make a place that is fearful, ugly, and uncomfortable. 

The heat of this black slab will generate substantial thermal movement. It should have thick 

expansion joints in a pattern that is irregular, like a crazy-quilt, like the cracks in parched land. 

And the surface of the slab should undulate so as to shed sand in patterns in the direction of the 

wind. 

"Rubble Landscape": A square outer rim of the caliche layer of stone is dynamited and 

bulldozed into a crude square pile over the entire Keep. This makes a rubble-stone landscape at 

a level above the surrounding desert, an anomaly both topographic and in roughness of 

material. The outer rim from which rubble was pushed inward fills with sand, becoming a soft 

moat, probably with an anomalous pattern of vegetation. This all makes for an enormous 
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landscape of large-stone rubble, one that is very inhospitable, being hard to walk on and difficult 

to bring machinery onto. It is a place that feels destroyed, rather than one that has been made. 

 

Figure 4.3-3. Spike Field, view 1 (concept and art by Michael Brill). 

Shapes that hurt the body and shapes that communicate danger: Danger seems to emanate 

from below, and out of the Keep in the form of stone spikes (in Spike Field, Spikes Bursting 

Through Grid, and Leaning Stone Spikes), concrete thorns (in Landscape of Thorns), and zig-zag 

earthworks emanating from the Keep (in Menacing Earthworks). The shapes suggest danger to 

the body...wounding forms, like thorns and spikes, even lightning. They seem active, in motion 

out and up, moving in various directions. They are irregular or non-repetitive in their shape, 

location and direction. They seem not controlled, somewhat chaotic. In the three designs that use 

"fields" of spikes or thorns, these spikes or thorns come out of, and define the Keep, so the whole 

area that is dangerous to drill down into is so marked. 
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Figure 4.3-4. Spike Field, view 2 (concept by Michael Brill and art by Safdar Abidi). 

 

Figure 4.3-5. Spikes Bursting Through Grid, view 1 (concept and art by Michael Brill). 
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Figure 4.3-6. Spikes Bursting Through Grid, view 2 (concept by Michael Brill and art by Safdar 

Abidi). 

 

Figure 4.3-1. Landscape of Thorns (concept by Michael Brill and art by Safdar Abidi). 
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Figure 4.3-8. Menacing Earthworks, view 1 (concept and art by Michael Brill). [option 

recommended by Team A] 

"Menacing Earthworks": Immense lightning-shaped earthworks radiating out of an open-

centered Keep. It is very powerful when seen both from the air and from the vantage points on 

the tops of the four highest earthworks, the ones just off the corners of the square Keep. Walking 

through it, at ground level, the massive earthworks crowd in on you, dwarfing you, cutting off 

your sight to the horizon, a loss of connection to any sense of place. 

 

Figure 4.3-9. Menacing Earthworks, view 2 (concept by Michael Brill and art by Safdar Abidi). 

[option recommended by Team A] 
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The large expanse of center is left open, with only two elements in it: the WIPP's existing thick-

walled concrete hot cell, left to ruin; a walk-on world map showing locations of all the 

repositories of radioactive waste on earth and a 50-foot wide map of New Mexico with the WIPP 

site in the geometric center of the Keep. The entire map is domed in order to shed sand blown by 

the wind. Underneath the slightly domed map a Level 4 room is buried. Four other rooms are 

located under the four tallest earthworks. Reading walls are strewn between the earthworks, 

encountered before the Keep is entered. 

 

Figure 4.5-7. A perspective view of the repository for Level III messages showing waste panels, 

shafts, marker features, and the reader's present location on the surface (arrow). 
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Figure 4.3-14. Forbidding Blocks, view 1 (concept and art by Michael Brill).  

"Forbidding Blocks": Stone from the outer rim of an enormous square is dynamited and then 

cast into large concrete/stone blocks, dyed black. Each is about 25 feet on a side. They are 

deliberately irregular and distorted cubes. The cubic blocks are set in a grid, defining a square, 

with 5-foot wide "streets" running both ways. You can even get "in" it, but the streets lead 

nowhere, and they are too narrow to live in, farm in, or even meet in. It is a massive effort to 

deny use. At certain seasons it is very, very hot inside because of the black masonry's absorption 

of the desert's high sun-heat load. It is an ordered place, but crude in form, forbidding, and 

uncomfortable. 

Some blocks can be of granite, or faced with it, and carry inscriptions. Their closeness to other 

blocks reduces their exposure and increases their durability. 

Note our use of irregular geometries and denial of craftsmanship. None of our designs uses any 

of the regular or "ideal" geometric forms, and only crude craftsmanship is sought, except for the 

precision of engraved messages. Why? the geometry of ideal forms, like squares and cubes, 

circles and spheres, triangles and pyramids is a fundamental human invention, a seeking of 

perfection in an imperfect world. Historically, people have used these ideal forms in places that 

embody their aspirations and ideals. In our designs, there is much irregularity both of forms and 

in their locations and directions, yet done by people with obvious knowledge of pure geometry. 

This shows as understanding of the ideal, but at the same time a deliberate shunning of 

it...suggesting we do not value this place, that it is not one that embodies our ideals. 

The same is true of craft and workmanship. Historically, people use good workmanship to 

bestow value on things they value. In most of our schemes, the structures that cover or define the 

Keep's "cover" are made crudely, or of materials that prohibit workmanship (such as rubble, or 

earthworks, or a large slab). At the same time, we make an enormous investment of labor in 

these rude materials. It speaks of a massive investment, but one not tinged with pride or honored 

with value-through-workmanship. 

About durability: All the designs, except one, have a high probability of lasting 10,000 years. 

This is because of their conformity with the guidelines for materials durability in Section 4.4. 

The concrete structures of the Landscape of Thorns have projecting, cantilevered elements that 

will have tension in their upper surfaces, causing minute cracks. These cracks will accelerate 

local decay. Until new materials are available, or new methods for tensioning concrete members 

[are found], we cannot "guarantee" the durability of this design. However, we present it here 

because of its strong emotive character. 
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5.2 The enormity of marking the WIPP site (FN) 

If the WIPP is ever operational, the site may pose a greater hazard than is officially 

acknowledged. Yet the problems involved in marking the site to deter inadvertent intrusion for 

the next 10,000 years are enormous. Even if knowledge exists that would allow translation of the 

message on the markers, there might be little motivation to solicit such knowledge. Pictorial 

messages, however, are unreliable and may even convey the opposite of what is intended. 

This panel member therefore recommends that the markers and the structures associated with 

them be conceived along truly gargantuan lines. To put their size into perspective, a simple 

berm, say 35-m wide and 15-m high, surrounding the proposed land-withdrawal boundary, 

would involve excavation, transport, and placement of around 12 million cubic meters of earth. 

What is proposed, of course, is on a much greater scale than that. By contrast, in the 

construction of the Panama Canal, 72.6 million cubic meters were excavated, and the Great 

Pyramid occupies 2.4 million cubic meters. In short, to ensure the probability of success, the 

WIPP marker undertaking will have to be one of the greatest public works ventures in history. 

5.3 Personal thoughts (WS) (Woodruff Sullivan, Physics and Astronomy, Astrobiology, UW) 

Working on this panel, always fascinating and usually enlightening too, has led to the following 

personal thoughts: 

(a) We have all become very marker-prone, but shouldn't we nevertheless admit that, in the end, 

despite all we try to do, the most effective "marker" for any intruders will be a relatively limited 

amount of sickness and death caused by the radioactive waste? In other words, it is largely a 

self-correcting process if anyone intrudes without appropriate precautions, and it seems unlikely 
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that intrusion on such buried waste would lead to large-scale disasters. An analysis of the likely 

number of deaths over 10,000 years due to inadvertent intrusion should be conducted. This cost 

should be weighted against that of the marker system. 

(b) The design and testing of markers and messages must involve a broad spectrum of societies 

and people within those societies. So-called "experts" can of course make important 

contributions, but they must listen carefully to all other people who represent those who might 

encounter the markers. In the course of working on this project, I received excellent ideas from a 

wide range of undergraduates, colleagues, friends, and relatives. 

(c) The very exercise of designing, building, and viewing the markers creates a powerful 

testimony addressed to today's society about the full environmental, social, and economic costs 

of using nuclear materials. We can never know if we indeed have successfully communicated 

with our descendants 400 generations removed, but we can, in any case, perhaps convey an 

important message to ourselves.  

5.6 "Beauty is conserved, ugliness discarded" (DGA) 

To design a marker system that, left alone, will survive for 10,000 years is not a difficult 

engineering task. 

It is quite another matter to design a marker system that will for the next 400 generations resist 

attempts by individuals, organized groups, and societies to destroy or remove the markers. While 

this report discusses some strategies to discourage vandalism and recycling of materials, we 

cannot anticipate what people, groups, societies may do with the markers many millennia from 

now. 

A marker system should be chosen that instills awe, pride, and admiration, as it is these feelings 

that motivate people to maintain ancient markers, monuments, and buildings. 
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(M)  Mid-Term Paper:  Alternative Energy Sources 

 

At this point in the course, I would frequently have assigned a mid-term project, 

including (in groups of 2) a 15-minute presentation to the rest of the class, 

followed by an individual mid-term paper typically on the topic of alternate energy 

sources or sometimes on some aspect of medical radiology. 

 

The alternate energy sources ranged from the usual suspects to as far afield as 

students might be interested in wandering  -  including aspects of nuclear fission 

that we had not focused on. 

 

Usual suspects  - 

 Clean Coal 

 Solar Energy  (thermal, electric; Several technologies) 

 Bio-Mass 

 Wind 

 GeoThermal 

 Hydro  (dams, tidal, waves) 

 Oceans 

 and others. 
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Sample Guidelines for Physics 095 Mid-Term Paper 

 
 Pick a topic from the list of alternative energy sources.  (Not Fission or 

Fusion.) 

Coal;  Solar;  Wind;  Hydro (rivers and/or tidal);  Ocean (waves 

and/or thermal);  GeoThermal;  BioMass (e.g., ethanol, etc.);  

Hydrogen;  Conservation;  etc. 

 

 Research the pluses and minuses associated with “your” energy source. 

 

 Prepare to write a 7 - 9 page paper on your energy source. 

[Organize an outline of your key points and arguments, including your 

reference list and maybe tables and charts.] 

 

 Organize as groups on each alternative. On Tues. Oct. 16th, Thurs. Oct. 18th, 

and Tues. Oct. 23rd we will have a round-table discussion of all the various 

alternatives, with each group making a 20-minute presentation (based on 

your research) - with questions and interruptions from everyone else. 

 

 Over the Fall Break, with all the discussion in mind, each of you should then 

write up your topic into your 7 - 9 page paper which will be due on Tuesday, 

Oct. 30th.
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The following sections (a) – (d) provide some general comments and 

background materials on various alternative energy sources, relevant to 

your comparisons of various sources in your mid-term papers: 

 
 

            (a)     Richard Wolfson, Nuclear Choices, MIT Press (2000), Chapter 11. p. 243 
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(a)       Current Energy Consumption 

 

(Megawatts and Megatons. Chapter 8, Table 8.1) (2001) 

 

World ≈ 375 Q/year 

US ≈ 100 Q/year (27%) 

 

 

Fossil and Nuclear Reserves (ibid, Chapter 8, Figure 8.1 

 
  

1996 

  UNITS: 

       “1 Quad” (Q) ≡ 1015 BTU → 1018 Joules 

 

         [Billion (109), Trillion (1012), Quadrillion (1015)] 

 

       “Mtoe” → “Millions of tonnes of oil equivalent” 

Fig. M-1 
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(c)      Megawatts and Megatons. Chapter 8, Table 8.3 
Fossil and Nuclear Reserves (ibid, Chapter 8, Figure 8.1) 
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Fig. M-2 

 

(d) 
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Renewable Energy (History Channel DVD) ISBN: 1-4229-1581-6 
 
Chapter List: 

1. Technology Revolution 
2. Solar 
3. Wind 
4. Geothermal 
5. Biofuels 
6. Tidal (and waves, etc.) 
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(N)  Nuclear Fusion:  Magnetic Confinement  

 

 
 

 

 

 

4 (1H)    4He + 2  + 2   + 26 MeV 

 

    6 MeV/amu 

 

   (vs.   1 MeV/amu for fission) 

 

 Still only   
1000

6
  =  0.6% of mass is converted to energy via  E= mc2. 

 

 

 Lots of hydrogen fuel available via    H2O 

 

 

 BUT        Actually utilize       2H + 3H         n   +   4He   + 17.6 MeV 

    1018  larger cross section (rate) 

 
   Therefore need to  

    (a) Separate deuterium  (only 0.015% in nature) 

    (b) Produce tritium via   6Li +   n      t + 


 

Compared to fission, a second way to extract nuclear energy 

is via the fusion of hydrogen into helium  -  (via the left-hand 

side vs. the right-hand side) of the Binding -Energy plot.  

(Figs. J-1, N-1 and N-2.) 
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 Key Issue      Control  and  Confinement 

 
  

 

  

  

 Temperatures    5 - 10 keV corresponding to 107 to 108 K. 

  
 

 

 

 Sun    Confiined by Gravity (!) 

 

 

 
 Magnetic Confinement:   Magnetic Fields used to keep high 

temperature plasma from touching the walls. 
 
Tokamak  =  a "Torus" configuration. 
Its simplicity has made it the currently dominant approach to 
controlled-fusion research:  Princeton-Penn-Plasma- Lab, (PPPL),   
Joint-European-Torus (JET), and International-Thermonuclear-
Experimental-Reactor (ITER). 
 
Making progress, but not yet at the "Break Even" condition which 
is defined as more energy produced than was used to produce it. 

 
 
 "Inertial" Confinement     (Very different approach.  See “Section O” ) 
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Refs: T.K.Fowler, The Fusion Quest, Johns Hopkins University Press (Baltimore, 1997) 

 http://www.jet.efda.org/ 

 http://www.pppl.gov/fusion_basics/ 

 http://www.iter.org/ 

This corresponds to the center of the sun, 

not the 6,000 K at the surface of the sun. 
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 Check the numbers: 
 

The  JET (Joint European Torus) web-site tells us that 10 grams of 
deuterium (2H) [which can be extracted from 500 liters of water] and 15 
grams of tritium (3H) [which can be produced from 30 grams of  6Li  (400 
grams of  natLi)]  can be combined to generate a lifetime of electricity for an 
average person in an industrialized country. 
 
Do the algebra, and see how much energy (in Joules) this corresponds to. 
 
For a lifetime of 100 years, what level of power usage (Joules/sec) does this 
correspond to? 
 
Is the JET estimate reasonable?   (See below.) 

 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
 
E = (M) c2    

 

For (D+T)  Fusion : 

 (M)c2 / Mc2    ≈    ( 17.6 MeV) / ( 5 × 951.5 MeV )  =  3.78 × 10-3  

 ∴      ≈    ( 3.78 × 10-3 ) ( 10 + 15 ) grams 

    ≈     9.45 × 10-5 kgm 

∴  E = ()c2   ≈   8.5 × 1012  Joules  

  

 

Over a lifetime of 100 years ( ≈ 3 × 109 sec )  this corresponds to an 

average power of 

  ≈   3 × 103  Joules/sec 

  ≈   3  kWatts.     (Does this sound reasonable to you?)  
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Fig. N-2 

 

Fig. N-1 
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Schematic Diagram of a Tokamack Device Fig. N-4 
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http://www-jt60.naka.qst.go.jp/english/jt60/rf/html/rf2.html 
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Fig. N-5 
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 JET     (Joint European Torus) 

1978 -  Project Start 

1983  -  Operation Start 

1991 -  2 MW of fusion power 

1997  -  Fusion-Power/ Input-Power     →    65%   

 

 

 Next Step    ITER  (International Thermonuclear Experimental Reactor)    
    (China, Europe, Japan, Korea, Russia, U.S.) 

 

    

 
"Projected" Time Scales for ITER:    http://www.iter.org/ 

[See also Basdevant, Fundamentals in Nuclear Physics,  

     (2005)  Chapter 7,  pp 344-345.] 

 

 June 2005  -  Site Selection = France 

 2006  -  Begin Site Construction 

 2017  -  Currently under Construction 

 2035  -  DEMO Operational 

 2050  -  Commercial Power Plant Construction  *Start* 
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New York Times, 29 June 2005 
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(O)  Nuclear Fusion:  Inertial Confinement   

 

“National Ignition Facility”, Lawrence Livermore Nat’l Lab  

http://www.llnl.gov/nif 

 

                        D+T    confined in glass spheres,   
 volume  ≈  1 mm3,  and then compressed by 192 laser beams. 

delivering kiloJoules (kJ) of energy to the surface of a target pellet 

on a time scale of 10–100 picoseconds (psec = 10-12 sec). 

 

  The resulting implosion  -  compresses and heats up the pellet   

   (103  Density)  @  108 K 

 Burns via   D + T → n + 4 He    reaction    104 TeraWatts     

  for a time scale   ~ 100 psec.      1016  ×  10-10  =  106 J    

 

   ~ 1017 DT molecules in target  × 18 MeV × 1.6 × 10-19    106 J   

 

 

  Averaged over 1 shot every second,   

   this would correspond to  ~ 1 MW. 

 

  But currently (2012) NIF is capable of   ~ 1 shot per day,  

   so this averages out to only just a few Watts. (!) 

 

 
 

At this stage, one of the most important questions has to be  - 

Can repetition rate get to 1000/sec?     
         The answers will have to come in technological developments. 
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  Simplified sketch of an Inertial Confinement System 

  Fig. O-1     
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Fig. O-3 
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The following four pages are outdated, but provide an early overview to the National Ignition 

Facility at Lawrence Livermore National Laboratory. Current information is available on their 

website, https://lasers.llnl.gov/. 
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National Ignition Facility Prepares for Fusion Test 

Next year scientists hope to trigger a fusion reaction with its 192 lasers 

By Jenny Mandel 

Scientific  

Scientific American, August 20, 2009  

https://wwtificamerican.com/article/national-ignition-facility-fusion-reaction-

test-lasers/  

 

PEA-SIZE POWER: Within this cylinder lies the pea-size NIF fusion 

capsule. - Courtesy of Lawrence Livermore National Laboratory 

Federal researchers are slowly testing 192 lasers that they hope will set off the world's first 

controlled nuclear fusion reaction. 

The lasers are housed at the National Ignition Facility (NIF), a $4 billion complex the size of 

three football fields that is part of the Lawrence Livermore National Laboratory in Livermore, 

Calif. 

The facility's construction was completed this spring with tests directing more than a megajoule 

of energy at a target (a megajoule is the energy consumed by 10,000 100-watt light bulbs in a 

second). Now researchers are preparing for a first use of its full capabilities next year, when the 

battery of lasers will be trained on a small pellet of fuel in hopes of igniting it to trigger a brief 

but powerful fusion reaction. 

While commercially operating nuclear fission reactors provide power -- and a host of 

controversy over weapons use and waste disposal -- nuclear fusion is a different process. A 

sustained string of uncontrolled fusion reactions can be used for military purposes such as a 

hydrogen bomb, and since the 1950s, scientists have chased controlled fusion reactions for 

potential civilian purposes. 

NIF will offer them new opportunities to study the process in a laboratory setting. 

Preparation for the big experiment next year involves gradually running the lasers at higher 

intensities. The team is wary of moving too fast for fear of seeing a dramatic flop like the one 

that happened with a similar project in Switzerland in September 2008. 

The Large Hadron Collider, a massive European facility that runs similar experiments on 

superheated matter, was sidelined by engineering problems just days after it opened. 

http://large.stanford.edu/publications/coal/references/mandel/images/f1big.jpg
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So the facility's scientists are working cautiously. "We don't want to break the world's biggest 

laser in its first month of operation," NIF researcher Mordecai Rosen said in an interview 

yesterday at the American Chemical Society's annual meeting in Washington, D.C. 

Late next year, Rosen said, the full power of the lasers will be trained on a fuel capsule the size 

of a pea. The resultant implosion is expected to generate 10 times as much energy as was used to 

power the machines. 

Rosen said the facility will provide new opportunities for astrophysicists to study the stars and 

other matter, and for nuclear scientists to run experiments that could eventually lead to fusion 

power production. Some classified work related to the U.S. nuclear stockpile will also be done 

there, according to Tom D'Agostino, administrator of the Energy Department's National Nuclear 

Security Administration, which runs the lab. 

One unique element of the Livermore facility is that it provides a view into the behavior of hot, 

highly pressurized matter, whereas the Large Hadron Collider works with heat but not high 

density. 

Rosen likens the NIF apparatus to a giant microwave with a baked potato inside. 

Next year, the microwave will be heated to 3 million degrees. What happens to the potato 

remains to be seen. 
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(P)  Solar Energy Generation 

 

 

Distance to the Sun: 

 
  19th Century  -  Transits of Venus 

  Modern Measurements:  Radar Reflections and Space Probes 

 

 

 

Age of the Solar System: 

 

 4N (232Th),   4N+1(237Np),   4N+2(238U),   4N+3(235U)       Decay Chains 

 Still find the progenitors for the  4N, 4N+2, and 4N+3  chains in 

terrestrial ores, but NO  4N+1 progenitor (237Np).    Therefore we can 

conclude the solar system is not infinitely old but is at least several 

times older than the half-life of the 4N+1 progenitor (237Np),  2.2×106 

years.   

Ratio of  Uranium-to-Helium  in ores. 
235U/238U  abundance ratio.                           ~ 5×109

 years 

Ratio of  Uranium-to-Lead  in ores.  

 

 (ref: Leighton, Principles of Modern Physics, McGraw-Hill (1959), Chapter 15.) 

 

 

 

 

At this point we could pick the sun’s energy source as Nuclear Fusion Reactions, 

but only by default.  See comparisons on next page. 

 

  

As soon as “we” know the distance to the sun, the age of the solar system, the 

luminosity of the sun, and the mass of the sun, we can then estimate how much 

energy the sun must have radiated thus far over the course of its life, and that can 

be compared to how much would have been available from the gravitational 

condensation of the solar nebula to the current size of the sun or from chemical 

reactions such as  C+O2 → CO2 , etc. 
 

 Result = 1.496 x 1011  meters  

Result = 4.55 × 109  years 

  (Leighton, Principles of Modern Physics, Chapter 15) 
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To go further  (i.e., to search for more direct evidence of nuclear fusion in the sun) 

we will have to detect some of the nuclear reaction products from such fusion.  

 

The overall fusion of  four  1H nuclei to form  one  4He  nucleus can be written as  

 

 

 

where the  26.7 MeV  of energy is initially in the form of high-energy gamma rays 

or the kinetic energy of the particles produced in this fusion reaction.   

 

The specific reactions involved have been put together to form two sequences that 

are known as the Proton-Proton Chain and the Carbon-Nitrogen Cycle; see Figs 

P-7 and P-8. 

[Ref: vonWeizsäcker (1937+1938), Bethe & Critchfield (1938), and Bethe (1939)] 

 

On the basis of our discussions in Sections N and O we can expect this fusion will 

take place at the high temperature (~15 million oK), and high density (~150 g/cc) in 

the  core of the sun.  Under those conditions the mean-free-paths for any of these 

reaction products are orders of magnitude shorter than the size of the sun - except 

for the neutrinos ( e ) .   

 

 

 

See Section Q for more information on neutrinos. 

 

 

  

4 (1H)   4He + 2 + + 2 e + 26.7 MeV 
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4N                            Evans, The Atomic Nucleus, p. 518                                    

Fig. P-1 
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4N+1                        Evans, The Atomic Nucleus, p. 520                                    

Fig. P-2 
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4N+2                        Evans, The Atomic Nucleus, p. 521                                    

Fig. P-3 
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4N+3                        Evans, The Atomic Nucleus, p. 522                                    

Fig. P-4 
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(235U(t)/ 238U(t) ) Estimation of the Age of the Solar System: 

 

(235U(t)/ 238U(t) ) =  1/140  =   [ 235o ] / [ 238o ] {(1/2) t / 7×10^8 /  (1/2) t / 4.5×10^9  } 

  

  If the initial ratio of  [ 235o ] / [ 238o ]  were  ≈ 1 , then 

 140  =  (1/2)( t / 4.5×10^9 )  /  (1/2)( t / 7×10^8 )  

      =   (1/2)( -1.2×10^-9 × t  )      

   

           →  (2) 7   ≈   (2) ( 1.2×10^-9 × t  )            ∴   t  ~   6 × 10 9 yrs. 

 

 

 

 

  

  

 If the initial [ 235o ] / [ 238o ]  ratio were somewhat smaller, e.g.    ≈ 0.2  ,  

 28   =  (1/2)( t / 4.5×10^9 )  /  (1/2)( t / 7×10^8 )  

      =   (1/2)( -1.2×10^-9 × t  )      

   

           →  (2) 4.8   ≈    (2) ( 1.2×10^-9 × t  )            ∴   t  ~   4 × 10 9 yrs. 

 

 

 

 

So that the age of the solar system (depending on the initial uranium isotope ratio 

in the proto-solar nebula) is somewhere around:    

         

t ~   5 × 10 9 yrs. 
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Orion Nebula Fig. P-5 

Gas clouds undergoing gravitational 

collapse to form stars. 
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The Pleiades, a young star cluster  (107  to  108  years old).   The blue nebulosity 

around these stars is due to light from these stars being reflected from the proto-

stellar cloud (like the Orion Nebula) that is now being dispersed by light pressure 

from these stars.  

Pleiades  

Fig. P-6 
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Fig. P-7 
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Nuclear Fusion via 

CNO Cycle 

Fig. P-8 
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(Q)  Neutrinos 

 
December 1930: Hypothesis by Wolfgang Pauli at a meeting in Tubingen. 

  

 

Consider nuclear beta decay: 

  

 e.g.,        64Cu   →  64Zn  + e- + �̅�e    

 

                 OR,         n  →  p + e- + �̅�e    

 

 

Conservation Laws:  [Written to describe observations!] 

 

Conservation of         charge 

        nucleon number 

        lepton number       

[ e-  and  e  are leptons (leptons vs. 

antileptons, which must be created or 

annihilated as a pair so that the net number 

doesn’t change.) Later discover other types of 

leptons, “muons” and “tauons”.] 

∴ in beta decay when an e- is emitted a 

corresponding antineutrino �̅�e must also be 

emitted. 

    

 

 Conservation of Energy:    

[Compare energy spectra from  decay  vs.  decay]

    (See Fig. Q-1 vs. Fig. Q-2)  

  

Pauli hypothesized that a new neutral particle, the neutrino, (“the little 

neutral one”) was needed in order to account for missing energy and 

angular momentum which couldn’t be detected in beta decay,  i.e., were 

apparently being *lost*.  The neutrino was needed in order to still have 

the Law of Conservation of Energy (LCE)  and  the Law of conservation 

of Angular momentum (LCAM), and it was therefore given the specific 

properties (unmeasured) that were needed in order to keep LCE and 

LCAM. 
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Because neutrinos could not be detected/measured in the 1930s, it was asserted that 

their reaction probabilities (cross sections) must be at least 20 orders of magnitude 

times smaller (~10-20 ) than typical nuclear cross sections – and this was then 

labeled the weak interaction.

 

 

1959: It was not until 29 years later that these hypothesized particles were finally 

detected by researchers  (Reines & Cowan, 1959)  utilizing the intense flux 

of 1013  neutrinos/cm2/sec from the Savannah River fission reactor (built as 

part of the nuclear weapons program).   As an indication of how weak the 

neutrino interaction is, we can note that this flux of neutrinos incident on a 

≈1000 liter liquid detector produced a yield of only 36 ±4 events per hour. 

 

Remember [ Section (I) ] that fission reactors produce neutron-rich 

radioactivities so that they decay by  decays which, in order to conserve 

lepton number, are therefore hypothesized to be accompanied by 

antineutrinos. 

 

At Savannah River, 

 

∴     �̅�e  +  p   →   n  +  e+   

      then  e+  +   e-        -rays 

    n   +   Cd        -rays 

These coincident gamma-rays – separated by the 20 - 100 sec that it took 

the neutron to slow down and be captured by the cadmium in the detector – 

were the signature for this antineutrino induced event.   

Their measured cross section for this “neutrino reaction” was  ~10-43 cm2 

compared to the cross section of  ~10 to 100 ×10-24 cm2  for neutron 

capture by the Cd nucleus. 

 

 

 

By contrast, the “neutrinos” produced in fusion  - [ i.e., in the sun in our “default” 

argument in Section (P)]  -  will be neutrinos rather than anti-neutrinos, because 

they accompany   decay.  Their detection is discussed in Section (R). 
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Conservation of Energy:    

 

Comparison of   decay    vs.  decay

 

  

Fig. Q-1 

 

Fig. Q-2 
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(R)  Solar Neutrinos 

 
The direct detection of neutrinos from the core of the sun  (solar neutrinos)  would 

do away with the need for the “default” argument in determining the energy source 

for the sun. 

 

How many solar neutrinos are expected per cm2 at the earth’s orbit? 

     

4 (1H)    4He + 2 + + 2 e  + 26.7 MeV 

 

Solar Luminosity  = 

 3.91026  Joules/sec   =   2.41045  eV/sec   =   2.41039  MeV/sec     

                   1.81038  e/sec 

 

At the earth’s orbit, i.e.,  @  1.51013 cm   Area       2.81027cm2       
 
  
 

 

 

 

Example of Solar Neutrino Detection: 

 ( 37Ar decay)        37Ar + e-    37Cl + e  +  0.8 MeV         

 ∴ The inverse reaction,    
37Cl + e  +  0.8 MeV    37Ar + e-   

can serve as a neutrino detection process for neutrinos as long as  E  

> 800 keV.  (But note that the flux is ≈1000 times smaller than what 

was used by Reines and Cowan at Savannah River, so one would need 

a much larger detector.) 

 

Such a detector was built by Ray Davis  -  390,000 liters of C2Cl4 in which the 
radioactive  37Ar  (as a noble gas atom) could be extracted from the liquid C2Cl4 
and its decay counted as the signature for this neutrino interaction and a direct 

measure of the solar neutrino flux.  To reduce the background from cosmic-ray 

produced 37Ar, the detector was built  4850 feet  below the surface, in the 

Homestake gold mine in South Dakota.   [See: Ray Davis et al. (1968).] 

Other examples of neutrino detectors (all underground) include the Sudbury 

Neutrino Observatory (SNO)  in Canada and Superkamiokande (SuperK) in Japan. 

     6.41010
  e/cm2/sec 
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Sudbury Neutrino Observatory: 

1000 metric tonnes of D2O, 6800 feet deep in the Creighton nickel mine in 

Ontario, Canada, detecting neutrinos via the reactions 

  

 e   +   2D   →   p   +   p     +     e-    

 

   z   +   2D   →  z   +   p   +   n 

  

 z   +    e-    →   z   +    e-      

 

[The latter two reactions are sensitive to neutrinos of all 3 lepton 

families (e ,   ,   )  and thereby measure the neutrino flux 

independent of neutrino oscillations between the various families.] 

 

SuperKamiokande: 

50,000 m3 of H2O, 1000 meters deep in the Kamiokande tin mine in Japan,  

 Detecting neutrinos via elastic scattering of neutrinos by electrons, 

by detecting  the Cherenkov radiation from each recoiling electron.  

 

 

So we now have direct evidence (neutrinos coming from the sun) and that the 

source of solar energy (solar luminosity) is Nuclear Fusion. 
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Fig. R-2 
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Sudbury Neutrino Detector 

http://www.sno.phy.queensu.ca 

Fig. R-5 
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Fig. R-6 
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Technicians on a rubber raft inside the SuperK detector, cleaning 

the surfaces of the 11,000 PMTs (24” diameter) as the tank is 

filled with water. 

Fig. R-9 
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Fig. R-10 
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(S)  Stars and Stellar Evolution 

 
Now that we know the source of solar/stellar energy generation, we can try to 

make sense of observations of the properties of stars.   

 

Observations: Surface Temperature      (color) 

 Brightness, Luminosity  

 depends on - distance,  size,  temperature 

Need to factor out the distance dependence, and then ask if there is 

any correlation. 

 

∴  Need to measure the distance to some of these stars !   

  Measure this distance relative to the size of the earth’s orbit around 

the sun, by measuring ( i.e., Fig. S-1) the change in angle towards a 

nearby star relative to further-away stars (background stars which do 

not appear to move).  This is defined as the star’s “parallax”. 

 

 

 

 

 

 

 

 

 

   

 

 

 

 

Parallax :     Geometry Due to Earth’s Orbit   (and proof of orbit) 

1838 -  First Observation 

          (by the 1980s, several hundred stars) 

1990s  -  Hipparcos satellite (ESA) 

           (More that 100,000 stars) 

 

Fig. S-1 
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We can make a scatter plot of these stars on the basis of :     

                                                       “Absolute Magnitude”  vs. Color (temperature)  

 

                “Luminosity  @  10 parsecs” 

                 (“parsec” is defined as the distance for a parallax of 1 arcsec.) 

Fig. S-7 (Abell, 1969,) shows what such a scatter-plot would look like if the stars 

were all at the same distance from earth. 

          

NOTE:    This scatter plot is not random !   This correlation must mean something 

about the nature of stars! 
 

As stars convert (burn) their initial hydrogen into helium (see Section P), we might 

expect that their luminosity would gradually change.  To investigate this, one can 

make computer models of the internal structure of a star using all the physics we 

know about gravity and thermodynamics and nuclear physics.  Such a model (e.g., 

Fig. S-2) can then be tracked as the hydrogen is converted to helium to determine 

the evolution of the distributions of H and He in the internal regions of the star and 

the resulting changes in the star’s radius and luminosity.   As an example of what 

can be seen in such an evolving model, Fig. S-3 shows a comparison of  the 

hydrogen and helium relative abundances in a model of our initial sun vs. a model 

of the current sun, indicating in yellow the degree to which the hydrogen has been 

consumed in the central core of the sun. 

 

To see how stars evolve, it wold be useful to find and study a “group” of stars of 

the same age  -  i.e., all formed at roughly the same time. Conveniently, nature 

provides such groups in the form of globular clusters (gravitationally bound star 

clusters which can be observed orbiting galaxies  -  e.g., the fuzzy spots visible in 

the attached images of NGC 4594 and M87, Figures S-4 and S-5, respectively.  A 

plot of the location of the globular clusters observed around our own Milky Way 

galaxy is shown in an attached plot (Fig. S-6), together with a table of some of the 

properties of a dozen of the globular clusters orbiting our galaxy. 

 

Compared to the plot Fig. S-7 (Abell, Fig. 23.3), which shows stars at a variety of 

ages, the plot of the stars in any specific globular cluster (e.g., M3, Figs. S-8 and 

S-9) show stars all at the same age, but with a variety of masses.  In the plot for 

M3, we see the stars above ~ 6000º K (M3’s “turn-off point” along the Main 

Sequence) have evolved away from the Main Sequence into the “Giant” region of 

this plot.  For different globular clusters, the turn-off point occurs at different 

temperatures related to the age of the globular cluster. 
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Cutaway View of a Stellar Interior 

https://www.nasa.gov/mission_pages/sunearth/science/plasma-flow.html 
 

Fig. S-2 
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Fig. S-4 

Fig. S-5 



190 

 

 

Globular Clusters Associated with the Milky Way Galaxy Fig. S-6 
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  Fig. S-7 

a magnitude change of  -5  corresponds to a luminosity change of  100× 
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Fig. S-8 

Fig. S-9 
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Our “Milky Way” galaxy was initially (conveniently?) thought to have an Sb 

structure – a “twin” of M31, the Andromeda Galaxy in Fig. S-10) below – but is 

now thought to, in fact, be a barred spiral  SBb  as shown in the image Fig. S-11, 

though still of comparable size to M31.  We do not yet know how to get outside 

our galaxy, so that for the foreseeable future we will not be able to look back and 

get a real image of the Milky Way.   

 

 

 

 

Andromeda Galaxy M31 

 
Andromeda is the nearest major galaxy to our own Milky Way Galaxy. Our Galaxy was thought to look 

much like Andromeda. Together these two galaxies dominate the Local Group of galaxies. The diffuse 

light from Andromeda is caused by the hundreds of billions of stars that compose it. The several distinct 

stars that surround Andromeda's image are actually stars in our Galaxy that are well in front of the 

background object. Andromeda is frequently referred to as M31 since it is the 31st object on Messier's list 

of diffuse sky objects. M31 is so distant it takes about two million years for light to reach us from there. 

Although visible without aid, the above image of M31 was taken with a standard camera through a small 

telescope. Much about M31 remains unknown, including how it acquired its unusual double-peaked 

center. 

 
https://apod.nasa.gov/apod/ap140730.html 

Fig. S-10     

101010101
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Milky Way Image 

ref.: NASA/JPL-Caltech/EOF/R. Hurt  (SSC-Caltech) 

Artist’s concept, based on data from the ESO VISTA Telescope 

 at the Paranal Observatory.  Looking from the inside out,  

 the Milky Way as seen on the next page, Fig. S-12; this is all we can do.     

 (#SSC2008-10a  and #ESO-1339g) 

Approximate solar neighborhood 

Fig. S-5 

Fig. S-11 
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Having introduced pictures of galaxies at the beginning of this section, one should 

add a few words about the range in the structure (types) of galaxies observed in our 

universe.  Elliptical galaxies are mostly featureless and are only classified on the 

basis of the apparent ellipticity of their image [from E0 (spherical, e.g., M87, Fig. 

S-13) to E7 or E8].  Spiral galaxies have a much more complex classification 

system, starting with whether or not they have a “bar” in their central region and 

then an  abc system depending on how dominant their spirals are compared to their 

central region; “c” having very dominant spiral structure.  In addition, Figs. S-14 

and S-15 show a useful comparison of the variety of spiral galaxies. 

 

 

 

 

  

Fig. S-13 
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Fig. S-14 
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Fig. S-15 
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Large Magellanic Cloud 

 

The Large Magellanic Cloud (LMC) is the nearest galaxy to the Milky 

Way but less than one tenth as massive; even so it contains the 

equivalent of over ten billion solar masses of material in the form of 

stars, gas and dust. The LMC is at a distance of 170,000 light years 

and is visible to the unaided eye from southern latitudes, with an 

appearance rather like a detached piece of the Milky Way, in the 

otherwise barren constellation of Dorado. 
 

http://oldweb.aao.gov.au/images/captions/uks014.html 

Fig. S-16 
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(T)  Heavy Element Production 
 

 

In addition to the conversion of hydrogen to helium in stars, by the 1950s, it 

became apparent that still heavier elements were also being produced in stars. 

 

1952:    P.W. Merrill, Science 15 (1952), 484. 

Observation    Technetium: The atomic spectra from the element 

technetium was observed (Fig. T-1) from the surfaces of 

red-giant stars, although there are no stable  isotopes of 

Tc.  The most likely isotope is 99Tc which has a  t1/2 = 

2×105 years.  (The Tc isotope with the longest  t1/2  is 
98Tc with  t1/2 = 4×106 years.   Fig. T-2.) 

 Therefore, we must be seeing evidence for nuclear 

activity to make these Tc atoms in these stars and then 

bring them up to the surface with a time-scale  ≈106 yrs. 

 

 

 

1952:  First Thermonuclear Weapon (Hydrogen Bomb)Test - (nicknamed “Mike”) 

 

A. Ghiorso, et al., Physical Review 99 (1955), 1048(L) 

P.R. Fields, et al., Physical Review 102 (1956), 180. 

Observation     Cf (Z=98),   Es (Z=99),   Fm (Z=100):  Since the 

heaviest element that was initially in the weapon was  U 

(Z=92), these observations indicate the occurrence of 

multiple neutron captures on the time scale of 

approximately a few nanoseconds.  The observation of 

the spontaneous fission of  254Cf  in this debris indicates 

that at least 16 neutrons must have been captured in that 

few nanosecond time scale  (See Fig. T-3.) 

 

 

These two 1952 observations then served to define slow and rapid neutron capture 

(neutrons, because of their lack of a Coulomb barrier):  the s-Process and the r-

Process as discussed in the seminal papers in this field  -  Burbidge, Burbidge, 

Fowler, Hoyle (1957),  (B2FH) and Cameron (1957). 

 



202 

 

We see in Fig. T-4,  ( Z vs. N for stable isotopes), the slow cooking and -decay 

along (right next to) the line of stable isotopes via the s-Process  (since the 

subsequent neutron capture happens on a time scale which is slow compared to the 

-decay lifetime).  This produces many/most of the stable isotopes we find in 

nature.  But there also needs to be the r-Process in an explosive environment (along 

a path well to the right of the stable nuclei), in order to produce the most neutron-

rich stable isotopes – sometimes referred to as “r-only” isotopes.  These latter sites 

are now shown to be in neutron-star mergers (see Section X).    

 

The isotopes formed along each of these two paths will -decay back to the region 

of stable nuclei when the process is terminated.  For example, looking at the N=82 

(more stable and relatively more durable) nuclei, it can be seen in the diagram that 

the -decay for the N=82  s-process nuclei will contribute to higher Z stable nuclei 

than the N=82  r-process nuclei.  The resulting abundance plot (as a function of A) 

through this region would be expected to show two peaks  -  one due to the s-

process nuclei and one, at a somewhat lower A, due to the r-process nuclei.  And 

this is indeed seen in the observed (Seuss and Urey,  1956) abundance plot in Fig. 

T-6. 

 

The heavy elements made in these two processes are scattered into the interstellar 

space by the stellar wind and the planetary nebulae associated with the s-Process 

giant stars and in the debris-nebulae associated with the SN explosions, (e.g., the 

“SN-Remnants” illustrated in the images in Section U) and this enriched (or 

contaminated) material is then available for inclusion in subsequent proto-stellar 

nebulae as they condense into stars, planetary systems, and even humans and their 

environments. 
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  Fig. T-5   

(n,) in r-process 

(n,) in s-process 
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M57: The Ring Nebula 

Except for the rings of Saturn, the Ring Nebula (M57) is probably the most famous celestial band. Its classic 

appearance is understood to be due to our own perspective, though. The recent mapping of the expanding 

nebula's 3-D structure, based in part on this clear Hubble image, indicates that the nebula is a relatively dense, 

donut-like ring wrapped around the middle of a football-shaped cloud of glowing gas. The view from planet 

Earth looks down the long axis of the football, face-on to the ring. Of course, in this well-studied example of a 

planetary nebula, the glowing material does not come from planets. Instead, the gaseous shroud represents outer 

layers expelled from the dying, once sun-like star, now a tiny pinprick of light seen at the nebula's center. Intense 

ultraviolet light from the hot central star ionizes atoms in the gas. In the picture, the blue color in the center is 

ionized helium, the cyan color of the inner ring is the glow of hydrogen and oxygen, and the reddish color of the 

outer ring is from nitrogen and sulfur. The Ring Nebula is about one light-year across and 2,000 light-years 

away. 

https://apod.nasa.gov/apod/ap130605.html 

  Fig. T-7   
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(U)  Supernova Explosions 

 
Supernova (SN) explosions are interesting and dramatic enough to deserve their 

own Section.  A supernova explosive collapse produces:  

a) an optical outburst which, for a SN in our own galaxy, can be visible in 

the daytime for weeks or months. 

b) a total energy outburst equivalent to 1019 ×Lʘ for a few seconds. 

c) a highly condensed remnant in the form of a black hole, or a neutron 

star which can be observed as a rapidly spinning pulsar. 

d) a burst of neutrinos that has been detected from as far as 169,000 light-

years (ly) away in the Large Magellanic Cloud (LMC). 

e) a gamma-ray flux from decaying radioactivities that has been detected 

from as far as 169,000 ly away in the LMC. 

f) a set of “standard candles” that can be used to measure the expansion of 

our universe and led to the discovery of “Dark Energy”. 

 

Supernovae were observed and recorded as “guest stars” and regarded as potent 

portents of good or evil as early as 3000 years ago.  While supernovae  are 

observed to occur in galaxies like our own about once or twice every century, the 

last one observed in our galaxy was over 300 years ago (in 1680 by Flamsteed in 

the constellation Cassiopeia).  However, this is not inconsistent with the statistics 

of small numbers (3 were observed in the period from 1572-1680) and the small 

fraction of the galactic disk that we can observe optically, buried as we are in the 

gas and dust of this disk.  See the wrap-around image of our galaxy, Fig. S-12, in 

Section S.   Also, see the “cartoon” sketch (Fig. U-1) of the location of the 

historical SNe for which we have observed/recorded positions  and/or subsequently 

identified residual nebulae. 

 

Three of the most notable examples are SN-1054,  SN-1987a,  and  SN-1680:  

 

(A)    SN-1054 was recorded by Chinese astrologers, appearing as a ”guest star” in 

the constellation Taurus, on the night of July 4th (corrected to the modern calendar) 

in the year 1054.  It became as bright as the planet Venus, visible in daylight for 

more than 3 weeks and was followed for 650 nights until it was no longer visible to 

the naked eye at night.  See the plot in Fig. U-7 of the decay of the luminosity of 

this and other supernovae.  See also the comparison images (Fig. U-6) of the SN 

observed in the galaxy IC-4182 in 1937 (Walter Baade). 

 

Then in the late 19th century it was recognized that the “Crab Nebula” (in Taurus) 

corresponded to the location of the SN-1054 and was measured to be expanding at 

a rate such that, following it backwards in time, brought it to a point “source” in 
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1054.  Subsequently more detailed observations revealed a star in the nebula which 

was suspiciously like a neutron star and which was then observed (Jan. 1969) to be 

a radio and optical pulsar, rotating with a period of 30 millisec.  Also see the 

optical images obtained by a telescope arranged to store data, blinking on-and-off  

30x  per second in Fig. U-5   This rapid rotation is the result the law of 

conservation of angular momentum (LCAM: the spinning ice-skater effect) when a 

normal star, like the sun (rotating ~ once a month) collapses from a radius of  

500,000 miles to <50 miles.  Such a reduction in its moment of inertia by a factor 

of 108  results in an increase in its rotation rate by 108,  decreasing its period from  3 

x106 sec to 3 x10-2 sec. 

 

An interesting side-light is that although this SN was observed and recorded by 

Chinese and other Asian astronomers, it was NOT observed or recorded by any 

European astronomers; however, it was possibly observed and recorded by native 

Americans inhabiting areas in what is now northern Arizona  -  seen in the 

petroglyph shown in Fig. U-2.  (Running a sky chart backwards shows that on the 

morning of July 5th  SN-1054 would have appeared just 2º below the crescent 

moon.)   Similarly, the sunburst at the foot of the “rabbit in the moon” (Fig. U-3), a 

Native American constellation is in the “right” location and is suggested to 

possibly represent SN-1054 on this piece of Mimbres Indian pottery.   

 

The Crab Nebula (Simon Mitton) is a very thorough historical description of the 

various stages in the observations and interpretations of the SN-1054, from guest 

star to pulsar. 

 

(B)   SN-1987a was first observed (serendipitously) optically in a photograph of 

the Large Magellanic Cloud, (LMC, a dwarf, satellite galaxy orbiting our own 

galaxy, on the night of February 23, 1987.  [See the “life history” of this star on the 

page at the end of the text for this section.]  This SN was subsequently studied in 
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*Duyvendak, Publ. Astro.SocPacific54(1942(,p.91.  Mayall and Oort, ibid p.95 
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numerous optical telescopes but, perhaps most interestingly, was also detected (a)  

“simultaneously” as a neutrino flash passing through terrestrial neutrino detectors  

[i.e., at Kamiokande in Japan (Fig. U-8)  and at the Irvine-Michigan-Brookhaven 

(IMB) underground detector facility in the Morton Salt mine near Lake Erie, Ohio] 

and (b) several months later as an emitter of gamma rays from the decay of 56Co 

(Fig. U-9). [ All of this from the LMC,  ≈169,000 ly away.]    (Note that, of course, 

this SN occurred 169,000 years before anybody on earth was aware of it.) 

 

The neutrino burst in the Kamiokande data shows a net 12 neutrinos arriving in a 

lapse-time interval of 10 to 15 seconds.  Based on the weak interaction of these 

neutrinos with the detector (Section Q) these 12 “events” correspond to ~ 1016 

neutrinos passing through the detector during this time interval.  This weak 

interaction with matter allows these neutrinos to escape from the SN 

“simultaneously” with the collapse-explosion.   

 

In tracking down some urban legends regarding the status of the Kamiokande 

detector at this time, the e-mail exchange below is strong verification. 
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However, we have to wait for the SN-remnant nebula to expand and its density to 

correspondingly decrease before the  gamma rays from the decay of 56Ni (the most 

tightly bound heavy nucleus - e.g., the Binding Energy Plots in Section N)  at the 

core of the SN core can escape and travel to earth.   In December 1987, the gamma 

rays from the decay 56Co  ( 847-keV and 1238-keV) were detected in NaI detectors 

mounted in satellites above the earth’s atmosphere.  This was 10 months after the 

SN explosion, so that given the  78-day half-life of 56Co, these gamma rays would 

have been  24 = 16 × more intense if we could have detected them in February.  

Given the intensity of these gamma rays, this observation measures that the SN-

1987a explosion produced ~ 0.3 Mʘ of  56Ni, 

 

Although SN-1987a occurred in a galaxy which seems far, far away, it is worth 

noting that the next nearest galaxy (other than even smaller dwarf galaxies orbiting 

our galaxy) is more than 10× farther away (e.g., the Andromeda Galaxy), and 

therefore, at this time, detecting supernova neutrinos and gamma rays from the 

Andromeda Galaxy would be more than 100× harder. 

(C)   SN-1680  (Flamsteed) has become better known as CasA (an intense radio 

source) and was the first target (Aug. 26, 1999) looked at by the Chandra X-ray 

Satellite.  (That image of SN-1680 (Fig. U-10) has become an icon for explosive 

nucleosynthesis.)  Because of its location in the disk of our galaxy, the SN-1680 

remnant shows almost no optical image, but it is clearly seen in x-rays and gamma 

rays (Fig. U-10), which are more energetic and therefore more penetrating.  The 

white dot in the middle of this x-ray image is the neutron-star remnant.  

A measurement by the NASA gamma-ray telescope (COMPTEL) of the energy 

spectrum of the gamma rays from CasA shows a clear peak at 1.16 MeV, 

corresponding to the decay of 44Ti.   Given the 60-year half-life of 44Ti, this peak 

would have been 42× more intense if Flamsteed had had COMPTEL at his disposal 

to study his supernova 320 years ago.       

SN generated  26Al Gamma Rays: 

When NASA first put a gamma-ray detector into a satellite ( HEAO-3 ) in 1979, 

Maloney et al. ( Ap.J. 262 (1982) 742 ) discovered the gamma-ray line associated 

with the decay of 26Al coming from the interstellar medium (Fig. U-12).  Since 
26Al has a half-life of only 720,000 years, this indicates that this 26Al is not 

primordial (i.e., not produced in the Big Bang or in the formation of our galaxy or 

the solar system) but must still be being produced in our galaxy.  More recent 

surveys using this 1.8-MeV -ray line to map out an image (Fig. U-13) of our 

galaxy [what our eyes would see as the Milky Way if they were sensitive to these 

energetic gamma rays] shows a concentration in the central region of its disk 

together with a number of identifiable SN remnants. 
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Life History of  SN-1987a  ( Sanduleak -69º 202 ) 

[ 7:36 a.m. UT,  23 February 1987 ] 

 

 

 11 million years ago:    (M ≈ 18×Mʘ)    H    He      L ≈ 40,000 × Lʘ   

 1 Million years ago:     Switched to Helium burning 

  

 45,000 years ago:    Switch to Carbon burning 

 

At this time the successive burning stages had less and less available energy and so 

the sequence proceeded at an ever accelerating pace, until the final, silicon-burning 

stage lasted only about a week. 

 

By that time the central temperature of the star had risen from 4×107 ºK to 4×109 

ºK, and its central density had risen to about  5×107 grams/cc.  But its core had run 

out of nuclear energy to oppose gravity  and support its massive external layers. 

 

The internal structure of this star then went into free-fall, and in a few tenths of a 

second its iron core (formed in the silicon-burning stage) collapsed to nuclear 

density (≈1014 grams/cc) forming a “neutron star” with a radius of only ≈20 miles, 

whereas it had earlier had a radius of ≈200×106 miles as a red giant (~ twice the 

radius of the earth’s orbit around the sun).  And so, like an ice-skating ballerina 

pulling in her arms, this star increased its rotation rate from once a month (like our 

sun) to about once every millisecond – just by having to conserve its angular 

momentum. 

 

In this collapse an enormous amount of gravitational and nuclear energy was 

released, resulting in a burst of neutrinos carrying away energy at a rate which for 

about 10 seconds is more than 1019 ×Lʘ . During that time interval, this neutrino 

burst nearly outshone the visible radiation from the rest of our universe. 

 

The shell of this supernova neutrino burst is only about 10 light-sec thick and 

expands spherically at essentially the velocity of light and (in the case of SN1987a) 

169,000 years later reached the earth, leaving its mark for its “10 seconds of fame”, 

and kept on going! 

  

Compare to our sun which will burn its H  He for 10 to 20 billion years. 
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A “cartoon” sketch of location of the historical supernovae for which 

we have observed/recorded positions and/or subsequently identified 

residual nebulae.  Note the small piece of our galaxy where we can 

observe its supernovae. 

Fig. U-1 
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Crab Nebula 

Remnant of SN-1054 

Of the four stars near the center of this image, one of them (as seen in 

the next figure) is observed to be an optical pulsar. 

Fig. U-4 
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Crab Nebula optical pulsar 

Fig. U-5 
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Fowler (1967) p. 62 



222 

 

 

F
ig

. 
U

-7
 

L
ig

h
t-

C
u
rv

es
 f

o
r 

S
u
p
er

n
o
v
ae

 



 

223 

 

 

Fig. U-8 

Fig. U-9 
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Cas-A SN-1680 

Chandra satellite x-ray image of Cas-A 

Fig. U-10 
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(V)  Gravity and Light 

 

The discovery of the interaction of gravity and light  -  first in Einstein’s theory of 

General Relativity and then in observations of the bending of light by the sun (Fig. 

V-2) in the total solar eclipse of 1919  -  is another of the unexpected and dramatic 

shifts in the study of Physics andAstrophysics at the transition from the 19th to the 

20th century.  [From the discovery of x-rays and radioactivity and photons, to E = 

mc2, to quantum mechanics, to the recognition of nebulae as galaxies of stars, etc.] 

 

Shortly after publishing (1905) his results for what became known as his theory of 

Special Relativity, Einstein was working on the problem of how to expand this 

theory to include gravity.  His initial derivation/calculation predicted a deviation 

angle for light passing close to the sun (at  r = Rʘ) of   ≈ 0.85 seconds of arc, and 

an expedition was planned and mounted to measure such an effect for an eclipse at 

a site which was near the German-Russian frontier in the summer of 1914; 

however, World War I intervened so that the measurement could not be carried 

out.  Subsequently, in November 1915 Einstein was called upon to present a series 

of three lectures on his theoretical results at sessions of the Prussian Academy of 

Sciences.  In his preparation for these lectures he uncovered an error and corrected 

his calculations which now predicted a limiting angle of deviation of 1.75 seconds 

of arc. 

 

During a total solar eclipse May 29, 1919, expeditions at Sobral (Brazil) and on 

Principe Island (off the west coast of Africa) were able to obtain photographs of 

stars surrounding the sun which could then be compared with photographs of the 

same area of sky at a different time of year, when the sun was in a very different 

part of the sky.  When the analysis and comparison was completed at the end of 

September, 1919, the observations: 

  Sobral  - 1.98 ± 0.12 sec of arc 

  Principe -  1.61 ± 0.30 sec of arc  

were in good agreement with Einstein’s prediction of 1.7 sec of arc.  (See the plot 

of the data, compared to Einstein’s theory.  (Fig. V-3)) And, on that same day,  he 

reported this success to his mother on a post card, shown in Fig. V-4. 
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In addition to reporting these data to Einstein, Eddington waxed poetic, expressing 

the results as (The Glass Universe, p.185, Dava Sobel): 

 

 Oh leave the Wise our measures to collate 

 One thing at least is certain, light has weight.  

 One thing is certain and the rest debate  

 Light rays, when near the Sun, do not go straight. 

 

 

In 1922, at Wallal, Australia, Campbell and Trumpler confirmed this result with a 

measurement of  1.72 ± 0.11 sec of arc. 
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Fig. V-2 

Fig. V-3 
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Gravitational Lensing  

 

Once it had been demonstrated that light is bent by the gravitational distortion of 

space, it would follow that large accumulations of mass should behave as a *lens*. 
[ Comments by  jcohn@berkeley.edu  -    last updated Dec. 13, 2010.] 

In general relativity, the presence of matter (energy density) can curve spacetime, and the path 

of a light ray will be deflected as a result. This process is called gravitational lensing and in 

many cases can be described in analogy to the deflection of light by (e.g. glass) lenses in optics. 

Many useful results for cosmology have come out of using this property of matter and light.   For 

many of the cases of interest one does not need to fully solve the general relativistic equations of 

motion for the coupled spacetime and matter, because the bending of spacetime by matter is 

small. (Quantitatively the matter bending space is moving slowly relative to c, the speed of light 

and the "gravitational potential" Phi induced by the matter obeys |Phi|/c2 << 1 .)  

A sketch of the paradigm of a lensed system is below: ).           

 

 

 

 

 

 

 

 

In a system where lensing occurs there is a  

 source: where the light comes from, can be a quasar, the cosmic microwave background, 

a galaxy, etc.  

 lens(es): which deflect(s) the light by an amount related to its quantity of mass/energy, 

can be anything with mass/energy  

 observer: who sees a different amount of light than otherwise because the lens has bent 

spacetime and thus the travel paths of the light  

 image or images: what the observer sees  

The light is not only visible light, but more generally any radiation.  

As a consequence of lensing, light rays that would have otherwise not reached the observer are 

bent from their paths and towards the observer. (Light can also be bent away from an observer 

but that is not the case of interest.) There are different regimes: strong lensing, weak lensing, 

and microlensing. The distinction between these regimes depends on the positions of the source, 

lens and observer, and the mass and shape of the lens (which controls how much light is 

deflected and where.) 

Fig. V-5 

mailto:jcohn@berkeley.edu
http://astron.berkeley.edu/~mwhite/myresearch.html#cmb
http://w.astro.berkeley.edu/~jcohn/lens.html#strong
http://w.astro.berkeley.edu/~jcohn/lens.html#weak
http://w.astro.berkeley.edu/~jcohn/lens.html#micro
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Fig. V-6 

Fig. V-7 

       http://imagine.gsfc.nasa.gov/docs/features/news/grav_lens.html           11/18/2008 

   

http://imagine.gsfc.nasa.gov/docs/features/news/grav_lens.html
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Fig. V-11 

Fig. V-10 
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The blue haze added to this image represents the extracted 

location and density of “dark matter” associated with this 

galactic cluster, based on the observed distortion of the galaxy 

images shining through the cluster to the Hubble Space 

Telescope.  (See the discussion of the Pandora’s Cluster on 

Fig. W-5.) 

Fig. V-12 
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(W)  Missing Mass  →   Dark Matter  

 
In the 1930s, in studying the Coma Cluster of galaxies (Fig. W-1), Fritz Zwicky 

recognized and drew attention to the fact that, based on the integrated light from 

the cluster, there was not enough mass in the cluster to make it stable, given the 

measured velocities of the individual galaxies orbiting in the cluster.  He referred 

to this as the “Missing Mass” problem, which we now refer to it as Dark Matter. 

 

With increasingly better observations of the velocities of stars and gas clouds 

orbiting in galaxies (e.g., M31, the Andromeda Galaxy), it also turned out that the 

same “missing mass” problem existed in trying to account for the stability/binding 

of these objects (with their measured velocities) by the visible mass in these 

galaxies.  (e.g., Rubin and Ford, Ap.J. 159 (1970) 379.) 

 

See Fig. W-3, from Vera Rubin, Seeing Dark Matter in the Andromeda Galaxy in 

Physics Today (Dec. 2006) p. 8 of the orbital motion of stars in M31 compared to 

their positions in the galactic image. 
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Coma Cluster: 1000+ to  10,000 (?) galaxies 

≈ 300 M light years away 

Fig. W-1 
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Color composite image of the galaxy cluster 1ES 0657-558, based on data taken in 

the B (blue; exposure 900 sec), V (green; 600 sec), R (red; 500 sec) and I (near-

infrared; 600 sec) filters with FORS1 in the standard observing mode at the VLT 

UT1. A few of the brighter stars in the field saturated the CCD during the exposure; 

their images have been cleaned in this reproduction. North is up and East is left.   

https://www.eso.org/public/usa/images/eso9920u/  

Fig. W-2 

https://www.eso.org/public/usa/images/eso9920u/
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emphasize a key point. To place this text box anywhere on the page, just drag it.] 
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Dark Energy, Dark Matter 

 

https://science.nasa.gov/astrophysics/focus-areas/what-is-dark-energy 

 
In the early 1990s, one thing was fairly certain about the expansion of the 

universe. It might have enough energy density to stop its expansion and recollapse, 

it might have so little energy density that it would never stop expanding, but 

gravity was certain to slow the expansion as time went on. Granted, the slowing 

had not been observed, but, theoretically, the universe had to slow. The universe is 

full of matter and the attractive force of gravity pulls all matter together. Then 

came 1998 and the Hubble Space Telescope (HST) observations of very distant 

supernovae that showed that, a long time ago, the universe was actually expanding 

more slowly than it is today. So the expansion of the universe has not been slowing 

due to gravity, as everyone thought, it has been accelerating. No one expected this, 

no one knew how to explain it. But something was causing it. 

 

Eventually theorists came up with three sorts of explanations. Maybe it was a 

result of a long-discarded version of Einstein's theory of gravity, one that 

contained what was called a "cosmological constant." Maybe there was some 

strange kind of energy-fluid that filled space. Maybe there is something wrong with 

Einstein's theory of gravity and a new theory could include some kind of field that 

creates this cosmic acceleration. Theorists still don't know what the correct 

explanation is, but they have given the solution a name. It is called dark energy. 

 

 

What Is Dark Energy? 

 

More is unknown than is known. We know how much dark energy there is because 

we know how it affects the universe's expansion. Other than that, it is a complete 

mystery. But it is an important mystery. It turns out that roughly 68% of the 

universe is dark energy. Dark matter makes up about 27%. The rest - everything 

on Earth, everything ever observed with all of our instruments, all normal matter - 

adds up to less than 5% of the universe. Come to think of it, maybe it shouldn't be 

called "normal" matter at all, since it is such a small fraction of the universe. 
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Universe Dark Energy-1 Expanding Universe 

This diagram reveals changes in the rate of expansion since the universe's birth 15 billion years 

ago. The more shallow the curve, the faster the rate of expansion. The curve changes noticeably 

about 7.5 billion years ago, when objects in the universe began flying apart as a faster rate. 

Astronomers theorize that the faster expansion rate is due to a mysterious, dark force that is 

pulling galaxies apart. 

Credit: NASA/STSci/Ann Feild 

 

One explanation for dark energy is that it is a property of space. Albert Einstein 

was the first person to realize that empty space is not nothing. Space has amazing 

properties, many of which are just beginning to be understood. The first property 

that Einstein discovered is that it is possible for more space to come into existence. 

Then one version of Einstein's gravity theory, the version that contains a 

cosmological constant, makes a second prediction: "empty space" can possess its 

own energy. Because this energy is a property of space itself, it would not be 

diluted as space expands. As more space comes into existence, more of this energy-

of-space would appear. As a result, this form of energy would cause the universe to 

expand faster and faster. Unfortunately, no one understands why the cosmological 

constant should even be there, much less why it would have exactly the right value 

to cause the observed acceleration of the universe.  

Another explanation for how space acquires energy comes from the quantum 

theory of matter. In this theory, "empty space" is actually full of temporary 

("virtual") particles that continually form and then disappear. But when physicists 

tried to calculate how much energy this would give empty space, the answer came 

out wrong - wrong by a lot. The number came out 10120 times too big. That's a 1 

with 120 zeros after it. It's hard to get an answer that bad. So the mystery 

continues. 

Fig. W-3 

http://www.nasa.gov/mission_pages/planck/news/planck20130321.html
http://hubblesite.org/newscenter/archive/releases/2001/09/image/g/
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Another explanation for dark energy is that it is a new kind of dynamical energy 

fluid or field, something that fills all of space but something whose effect on the 

expansion of the universe is the opposite of that of matter and normal energy. 

Some theorists have named this "quintessence," after the fifth element of the Greek 

philosophers. But, if quintessence is the answer, we still don't know what it is like, 

what it interacts with, or why it exists. So the mystery continues. 

 

A last possibility is that Einstein's theory of gravity is not correct. That would not 

only affect the expansion of the universe, but it would also affect the way that 

normal matter in galaxies and clusters of galaxies behaved. This fact would 

provide a way to decide if the solution to the dark energy problem is a new gravity 

theory or not: we could observe how galaxies come together in clusters. But if it 

does turn out that a new theory of gravity is needed, what kind of theory would it 

be? How could it correctly describe the motion of the bodies in the Solar System, 

as Einstein's theory is known to do, and still give us the different prediction for the 

universe that we need? There are candidate theories, but none are compelling. So 

the mystery continues. 

 

The thing that is needed to decide between dark energy possibilities - a property of 

space, a new dynamic fluid, or a new theory of gravity - is more data, better data.   

 

 

By fitting a theoretical model of the composition of the universe to the combined 

set of cosmological observations, scientists have come up with the composition that 

we described above,  ~68% dark energy, ~27% dark matter, ~5% normal matter.  

 

 

 

What Is Dark Matter? 

 

 
 

Dark Matter Core Defies Explanation 

This image shows the distribution of dark matter, galaxies, and 

hot gas in the core of the merging galaxy cluster Abell 520. The 

result could present a challenge to basic theories of dark 

matter. 

 

 

 

 

 

http://hubblesite.org/newscenter/archive/releases/2012/10/full/
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We are much more certain what dark matter is not than we are what it is. First, it 

is dark, meaning that it is not in the form of stars and planets that we see. 

Observations show that there is far too little visible matter in the universe to make 

up the 27% required by the observations. Second, it is not in the form of dark 

clouds of normal matter, matter made up of particles called baryons. We know this 

because we would be able to detect baryonic clouds by their absorption of 

radiation passing through them. Third, dark matter is not antimatter, because we 

do not see the unique gamma rays that are produced when antimatter annihilates 

with matter. Finally, we can rule out large galaxy-sized black holes on the basis of 

how many gravitational lenses we see. High concentrations of matter bend light 

passing near them from objects further away, but we do not see enough lensing 

events to suggest that such objects to make up the required 25% dark matter 

contribution. 

 

However, at this point, there are still a few dark matter possibilities that are 

viable. Baryonic matter could still make up the dark matter if it were all tied up in 

brown dwarfs or in small, dense chunks of heavy elements. These possibilities are 

known as massive compact halo objects, or "MACHOs". But the most common 

view is that dark matter is not baryonic at all, but that it is made up of other, more 

exotic particles like axions or WIMPS (Weakly Interacting Massive Particles). 

 

https://science.nasa.gov/astrophysics/focus-areas/what-is-dark-energy 
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Pandora’s Cluster — Clash of the Titans  
https://www.nasa.gov/mission_pages/hubble/science/pandora-cluster.html 
06.22.11 

  

 
 

A team of scientists studying the galaxy cluster Abell 2744, nicknamed Pandora’s Cluster, have 

pieced together the cluster’s complex and violent history using telescopes in space and on the 

ground, including the Hubble Space Telescope, the European Southern Observatory’s Very 

Large Telescope, the Japanese Subaru telescope, and NASA’s Chandra X-ray Observatory. 

The giant galaxy cluster appears to be the result of a simultaneous pile-up of at least four 

separate, smaller galaxy clusters. The crash took place over a span of 350 million years. 

Fig. W-5 
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The galaxies in the cluster make up less than 5 percent of its mass. The gas 

(around 20 percent) is so hot that it shines only in X-rays (colored red in this 

image). The distribution of invisible dark matter (making up around 75 percent of 

the cluster’s mass) is colored here in blue. 

 

Dark matter does not emit, absorb, or reflect light, but it makes itself apparent 

through its gravitational attraction. To pinpoint the location of this elusive 

substance the team exploited a phenomenon known as gravitational lensing. This is 

the bending of light rays from distant galaxies as they pass through the 

gravitational field created by the cluster. The result is a series of telltale 

distortions in the images of galaxies in the background of the Hubble and VLT 

observations. By carefully analyzing the way that these images are distorted, it is 

possible to accurately map where the dark matter lies.  Chandra mapped the 

distribution of hot gas in the cluster. 

 

The data suggest that the complex collision has separated out some of the hot gas 

(which interacts upon collision) and the dark matter (which does not) so that they 

now lie apart from each other, and from the visible galaxies. Near the core of the 

cluster there is a “bullet” shape where the gas of one cluster collided with that of 

another to create a shock wave. The dark matter passed through the collision 

unaffected. 

 

In another part of the cluster, galaxies and dark matter can be found, but no hot 

gas. The gas may have been stripped away during the collision, leaving behind no 

more than a faint trail. 

 

The Hubble Space Telescope is a project of international cooperation between 

NASA and the European Space Agency. NASA's Goddard Space Flight Center 

manages the telescope. The Space Telescope Science Institute (STScI) conducts 

Hubble science operations. STScI is operated for NASA by the Association of 

Universities for Research in Astronomy, Inc., in Washington, D.C. 

 

https://www.nasa.gov/mission_pages/hubble/science/pandora-cluster.html 

 

Related Links: 

http://www.nasa.gov/hubble  

http://hubblesite.org/news/2011/17  

http://www.spacetelescope.org/news/heic1111  



 

253 

 

References: 

 
Dark Energy, Dark Matter  

 https://science.nasa.gov/astrophysics/focus-areas/what-is-dark-energy. 

 

Pandora’s Cluster — Clash of the Titans  

https://www.nasa.gov/mission_pages/hubble/science/pandora-cluster.html.  

 

V.C. Rubin and W.K. Ford, Ap. J.159 (1970), 379. 

 

Vera Rubin, Seeing Dark Matter in the Andromeda Galaxy, Physics Today 

(December 2006), p. 8. 

 

Fritz Zwicky, Helv. Phys. Acta 6 (1933), 110. 

 

 

 

 

https://science.nasa.gov/astrophysics/focus-areas/what-is-dark-energy
https://www.nasa.gov/mission_pages/hubble/science/pandora-cluster.html




 

255 

 

(X)  Gravitational Radiation  -  LIGO 

 

Gravitational radiation (gravity waves and gravitons), first predicted by Einstein’s 

theory of General Relativity in 1916, were detected indirectly in the 1970s in 

observations of the decaying orbit of a binary pulsar (two orbiting neutron stars) 

using the Arecibo Radio Telescope on Puerto Rico  (see Figs. X-1 and X-2) for 

which (Hulse and Taylor, 1975) won the Nobel Prize in 1993.) 

 

At the time that this seminar was most recently held at Yale (fall 2012), the most 

that one could say about the direct detection of gravitational waves was to describe 

the techniques involved in the interferometer, LIGO, that was being built and 

upgraded (and then further upgraded) at that time.  (e.g., Barish and Weiss, 1999) 

 

BUT, three years later on Sept. 14, 2015, along came LIGO’s  direct detection  of 

the pulse of gravity waves from a binary black-hole merger (two black holes with a 

masses of 36× and 29× the mass of the sun, respectively) published in 

Phys.Rev.Letts. in February, 2016 [A Classic Discovery Paper!] .  (Nobel Prize – 

2017.)   This was followed by the subsequent detection of similar events on Dec. 

26, 2015, and on Jan. 04, 2017, etc. The labeling system for these events is 

GW150914, GW151226, GW170104, GW170814.  [GW=Gravity Wave; the 

number correspond to 150914 =  2015 Sept 14;  and so on.]  GW170814 was also 

confirmed by the recently completed interferometer, Virgo, near Pisa, Italy, and the 

additional Virgo data provided a much tighter location for this event as can be seen 

in Fig. X-3. 

 

These first 4 events were each an example of the merger of two large black holes 

(each ~40 solar masses).  Then just 3 days after GW170814, GW170817 provided 

an example of a very different event - the merger of two neutron stars (each ~1.4 

solar masses) with a completely different time pattern for the squeezing and 

stretching of space-time (Fig. X-4).  Not involving black holes,this event produced 

a simultaneous visible signal in the electromagnetic spectrum from gamma-rays 

(Fermi-GRB and INTEGRAL satellites) to radio waves (the VLA, in New Mexico) 

and included dozens of visible-light telescopes, world-wide.  These emissions have 

been interpreted as indicating that such binary-neutron-star merger events are the 

primary sites for the production of r-process heavy elements. (Look back at Section 

T,) 

As the sensitive range for studies of our universe extends further out in distance 

and correspondingly further back in time, it is interesting and important to note 

that we find that the physical laws and constants remain unchanged. 
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Arecibo Observatory 
 

Movies: 

Golden Eye – James Bond Film 

Contact – Starring Jodie Foster (Yale ’85) 

 

Role Reversal: 

1974 – In addition to receiving signals, Arecibo was also used to send out a 

message to anyone who might be listening  -    in the direction of Globular 

Cluster M13, ≈25,000 light-years away.  

  

Fig. X-1 
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Arecibo Radio Telescope, Puerto Rico 

 

Spherical Diameter = 305 meters 

Bottom to Upper Platform ≈ 150 meters 

Towers ≈ 100 meters 

Fig. X-2 
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Comments on excerpts from the “Gravity Wave” discovery paper,  GW150914: 

[B.P. Abbott et al., Phys.Rev.Letts. 116 (2016), 061102]  and  the neutron star 

merger GW170817 papers, Abbott et al., Phys.Rev.Letts. 119 (2017) 161101, as 

well as Frebel and Beers, in Physics Today (January, 2018): 

 

 

a) In the top row of Figure 1, (for the final 150 milliseconds of the orbiting of 

these black-holes before their collision), note the essentially identical signal 

patterns for the Hanford detector (left-hand column) and the Livingston 

detector (right-hand column).  Also note the agreement of these measured 

data with the numerical general-relativistic calculations plotted in the second 

row based on the extracted parameters for this collision in Table 1. 

 

b) In Figure 3, showing the lay-out and location of the LIGO interferometer,  

note that the scale of the interferometer components is not at all the same as 

the scale of the length of the two arms. 

 

c) In Figure 2, the top row shows the orbiting of the black holes as they orbit 

and finally collide, in the same time scale as in Figure 1.  In the same time 

scale, in the bottom row of this figure, are plotted the relative orbital 

velocities of the two black holes (thicker line) and their separation (thinner 

line).   

 

d) In Fig. X-4, compare the time-dependence (~20-30 sec) of the Binary-Neutron-Star 

merger GW 170817 to the time-dependence (~100 msec) for Binary-Black-Hole 

mergers, e.g., GW 150914  (Fig. 1,  of  PRL 116 (2016) 061102).  Frebel & Beers (2018) 

presents more details of the deduction that “The rapid-neutron capture process needed to 

build up many of the elements heavier than iron seems to take place in neutron-star 

mergers, not supernova explosions.” 
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Comparison of the localizability of GW 170814: 

   (yellow) - based on just the two LIGO detectors) 

   (green) - based on the two LIGO detectors plus the Virgo detector. 

The time-dependence (~20-30 sec) of the Binary-Neutron-Star merger 

GW170817.      Compare to the time-dependence (~100 msec) for Binary-

Black-Hole mergers, e.g., GW150914  (Fig. 1,  of  PRL 116 (2016) 061102). 

Fig. X-3 

Fig. X-4 
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An interesting sidelight of this discovery 

is the way in which it was kept under 

wraps while its announcement was being 

peer-reviewed. 
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(Y)  Term Paper 

 

The final exam for this seminar was a term paper (20 – 30 pages) on any subject 

relevant to the “Radiation and the Universe” title of this seminar - quite possibly 

some topic which we had mentioned “in passing” but did not have time to pursue 

in detail. 

 

Topics that have frequently been researched and discussed include the “usual 

suspects” such as:   

 Long-Term Space Travel and Cosmic Rays  

 The Manhattan Project 

 Waste Storage 

 Therapeutic Radiology 

 Chernobyl 

 Low-Level Radiation Effects 

 Ripples in Space Time; Gravitation Waves 

 German Atomic Bomb Program 

 etc. 

 

But also more singular topics have included: 

 Thyroid Cancers in Idaho “Down Winders” 

 Radon Dangers 

 Cellphone Radiation 

 Dark Matter 

 Food Preservation via Irradiation 

 Deinococus Radiodurans – an extremophile listed in the Guinness 

Book of Records as the world’s toughest bacterium - whose most 

impressive feat is its extreme resistance to radiation. 

 etc. 

 


