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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 Wrzberg), 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, 1896, 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 11 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 20" 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



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.

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*.]

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/l dig!” (Richard Rhodes, p. 37.) ]
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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
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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)



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 labeledas o [3 7y 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

as, Ps, and ys 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 a-particles was established by a very elegant experiment by

Rutherford and Royds in 1908, in which a-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



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.

1868 Solar Eclipse “Helium”
1895 Gas in Terrestrial Uranium Ore
1908 a Particles = Helium

neutral

positively A y

charged

particles

b
= Direction of external magnetic
induction
RS: radioaktive
o negatively
(substance) chatged
/\ S particles
L ]
| Fig.B-1

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.
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Fig. B-2
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The Hydrogen spectrum (Balmer lines, Schalow,1988) show
the UV lines as well as the visible lines.
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Fig. B-3

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.}

= 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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R i e e e i e e e i S e i i I e e e i

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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Fig. C-1

“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.]
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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_27f2cOaa-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 5x10° 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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Fig. D-1

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.
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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?
Avre 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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Commercial Products —3% Other — less than 1%
Natural Internal —10%
Terrestrial — 8%

Nuclear Medicine —4%
X-ray Exams —119%

Cosmic — 8%

Radon —559%

Sources of Radiation Exposure
to an Average American

Data Source:
National Council on Radiation Protection
http://ncrponline.org/




CDC Home |Search |Health Topics A-Z

Weekly

November 01, 1985 / 34(43);657-8

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.
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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

(D).

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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Zone 1 counties have a predicted average indoor radon
screening level greater than 4 pCill. (picocuries per liter)
(red zones)

- Zone 2 counties have a predicted average indoor radon

screening level between 2 and 4 pCilL (orange zones)

Zone 3 counties have a predicted average indoor radon
screening level less than 2 pCilL (yellow zones)

Philadelphia

Highest Potential
Moderate Potential

Low Potenial

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:

30

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 )

d
- AN
dt
—  N() = No x e =4t
or N(t) = No x (2)~ ¢/t




References:

Abraham Pais, Inward Bound, Oxford University Press (1986), Chapter 17.

Richard Wolfson, Nuclear Choices, MIT Press (2000), Chapter 3.
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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 | was teaching this seminar, | 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, | 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 %I (t;,=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

Figure 67. A ventilation/ perfusion study. (a) This ventilation scan shows normal
distribution of gamma-emitting xenon gas throughout the lung. (b) Dark regions
in the lung perfusion study with Tc-MAA, however, reveal that blood (containing
the radiopharmaceutical) is not getting to some tissues. Courtesy of Picker
International, Inc.

[ Wolbarst, Looking Within, Univ. of California Press (1999) p. 115.]



(G) The Discovery of Fission

e The discovery of the neutron :

e February 1932, by Chadwick at Rutherford's Cavendish Laboratory.
e By the reaction °Be +*He = 2C +n.

e With no electric charge (unlike an a-particle and a proton), the
neutron was almost immediately recognized as a very useful nuclear
probe since it had no Coulomb repulsion.

e 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 23U and looking for subsequent
"daughters" in their decays.

etc.

S

239|:’U145

N

239Np146
28U + N = 29U 147

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 20", It is now the
19.32"9, In a few Centicenturies, provided | send the letter, a man of
Italy will begin experimenting with the neutronic bombardment of
uranium. ... Inthe new reality, the final Reality, the first nuclear
explosion will take place not in the 30" Century but in the 19.45™. ..
and mankind will remain to reach the stars.”

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

e No one could understand how they are apparently making "radium"
(Z=88). Knocking out 2 o—particles ?

e 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 Il 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:

e InJuly 1938, Lise Meitner has to flee from Germany to Denmark and
Sweden in order to escape Nazi persecution.

e As late as November 1938, Hahn & Strassmann publish a paper discussing
the chemical properties of transuranic elements.

e Earlier in 1938, Irene Curie published several papers investigating these
properties and their relationship to the properties of the rare-earth elements.

e In these papers, there was even some discussion about using a cloud
chamber to look at the tracks and energetics of their a-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 a and B decays), which then would be
clearly seen in a cloud chamber.
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1939:
January 3', Frisch went to Bohr - whose immediate reaction was to strike his

forehead - “What idiots we have all been.”

January 13", 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 26™.

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.7", Bohr wrote a short note already laying out the
probable role of thermal-neutrons in 2°U+n fission (in contrast to

28 +n).

Then, on March 18™, 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
| 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; | 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, | 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. | got so frightened, my
heart almost stopped beating. | knew that the Nazis had just declared open season on Jews, that
the hunt was on. For ten minutes | 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 | descended on Dutch territory, where | 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
conversatlons between these captlve 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 2C atom.
(1 amu) x ¢ = 931.5 MwV.

e.g., 25 + In — %7 4 Wce 4+ 21
235.043924 amu 93.906315 amu

1.008665 amu 139.905433 amu

236.052589 amu 1.008665 amu

1.008665 amu
235.829078 amu

Am = 0.223511 amu

x 9315 — 208 MeV

0.223511/ 236.052589 — ~0.1%

For 50 grams of 2°U, Am = 0.05grams = 5x 10° kg
AE = Am x ¢ 45x 10" Joules
which then corresponds to ~ 1000 tons of TNT ~ “ 1 kiloton ”

1 k ton = 2,000,000 Ibs
Or the combined mass of ~ 13,000 150-Ib students.
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(H) Fission and Chain Reactions

25U + Nipermat = fission + 2 neutrons
H_/

\

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 64" square. The prince is pleased by this
modest request and agrees — only to discover later that by the 64" square he will
have to reward this subject with 10'° 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 2°U.
(Also for the case of a 2Pu target.) Therefore to make chain reactions easier to
achieve we need to slow down the neutrons to "thermal” energies (small fraction of

an eV). c ~ (1) (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 (H,0) (protons) ~ 26 collisions to thermalize
Heavy Water (D,0) (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.
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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 102 ——
cm?. It was natural to try to remedy this il e A
situation. IR R . - |

The tradition of naming a unit after some great AR B
man closely associated with the field ran into I B e ) (g
difficulties since no such person could be {0 4
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 1024 cm? 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
1024 cm?,

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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Plot of the capture (solid line) and fission (dotted line) cross sections of U-235.

Fig. H-1
Cross sections are in barn and neutron energies ineV.
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(I) Criticality

K = # fissions (‘W

# fissions (one generation earlier)

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)" = 20 for n=70

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

(1.0006)" = 2.0 for n=1200
Doubling every 2 minutes!
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"Control" - via "delayed" neutrons:
0.65% of neutrons following 2*U+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., 2U+n = 95Y(z =39) +*°l(z=53),+ 2n

3 B decays \
/ 4 B decays
BMo(z=42) x

139_a(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 23°U or 2¥pu
SubCritical = SuperCritical in less than 1 psec.

Via "Gun" vs. "Spherical Implosion” designs.
(See Figures J-3 and J-4, respectively.)

80 doublings 2% =~10%* (Avagadro's# = 6x10%*/mole)
~2 moles ~500 grams of 2°U

* Kk * k k k Kk Kk Kk )k k Kk k k k k k k k k )k )k k k*k k k* * * * * * * *

Thermonuclear Bombs = "Hydrogen Bombs"
Fusion weapons.
(left-hand side of the "Binding Energy per Nucleon" plot) (Fig. J-1)
4 (*H) = “He +2e" + 2v, + 26 MeV
(~ 6% MeV/mass unit)usion VS. (=1 MeV/mass unit)fission

e.g., 2D+T = “He+n + 17.6 MeV

Triggered by fission bomb to achieve the necessary density and
temperature.
Main "advantage" is the increased power available

— 100 MegaTons !

* k k% * k k k¥ k k* k¥ * * k*k * * k¥ *k * *k *k Kk Kk k k *k k¥ k* kx k* k* k¥ *x %

"dirty bombs" or "radiological weapons™ are simply "contamination” devices.
e Quantities of radioactive material which are dispersed using a
conventional explosion.
e More of a psychological weapon!

(See NYTimes stories 26 Sept.'04; 08 Dec. '04; 08 Nov. '05)
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Average binding energy per nucleon (MeV)

3 H3
He:=
2
1[7H?
o tH*
0 30 60 a0 120 150 180 210 240
MNMumber of nucleons in nucleus
Fig. J-1

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.

62

270



{UF;-:]
Ore Gaseous Diffusion
. » .~ Enrichment /
Enriched
Depleted ;&
UFs Co @ e
N g

Storage =
Fuel Fabrication

Fig. J-2

Uranium: From mining to reactor fuel rods
Source: http://web.ead.anl.gov/uranium/guide/uf6/
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Figure 2-VII. Gun Assembly Principle
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Fig. J-4

Figure 2-VIII. Implosion Assembly Principle

Source: NATO Handbook, FM 8-9 (1996), Part | — Nuclear, Chapter 2.



Fig. J-5

A modern thermonuclear

This W87 thermonuclear warhead is launched on an MX imtercontinental
missile. Packed into a multiple independently targeted re-entry vehicle
(MIRV, shown below), it splits off from the missile to strike its target.

Fission trigger
Chamical explosive

Berylllum Fusion device
Plutonlum-239 g;;nium-zaﬂ or

Lithium deuteride
(fusion fuel)

Uranlum-235

?31")‘?11'"'""'""' Foam Uranlum-238 case

MIRV length: 5.7 feet MIRV base diameter: 1.8 feet
Explosive power: 300,000 tons of TNT

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.
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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 %
US. - 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

Naty is 99.3% 238 U (ty2= 4.5x10° yrs) and 0.7% Z*° U (tyo= 7.2x108 yrs).

'« 1.4x10° years ago, 235U would have been 3% of Nety,

A light-water reactor will not burn what is
currently natural Uranium, but will burn 3% 23%U.

Therefore, it would seem that there *could* have been nuclear
reactors running “naturally” on the earth, 1.4x10%ears ago.

2%y +n — Y — fissionproducts + 200 MeV + 2 -3 neutrons.
A

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:
e Demographics
e Security
Many small sites vs. one centralized one ?
Transportation, Shipment - Wolfson, p.232
e Geology:
Stability
Ground Water

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

The OKklo “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
2354 fraction was only 0.7171 % compared to the 0.7202 % measured
everywhere else in terrestrial deposits.

Was someone diverting some of the weaponizable 2°U 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:

* |n 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.I1.P.P. (Waste Isolation Pilot Project)

Fig. K-1

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 km?)
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

e Yucca Mountain is a ridgeline in the Nevada desert on federal lands, within the
boundaries of the Nevada Test Site (est. 1951)

e Product of extinct super-volcano

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

e 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.

e Feds say “yes!”; Nevada says “no!”
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In 2017, as part of his enerqy 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.

B

=

construction

North ~ Pportal
portal

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, | 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, groundwarter 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
theyre 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.

\\ La Plata Cedar Hill  Lumberta ~L___chama fos Finos Rators
. iprack & 1 " Dea Mali
- - ‘Van Houten - — Al L 2
Fig. K-2 e “F‘H’a‘é?rrﬁ_éﬁ\“‘—’fm"emm"ai—x oy e 7‘;-

El vado » TApSSki Vallay = Granvile
CanjlhA- it o }ﬁf—rr\r‘r" Mawrell S e
i Tacs -AngeII;‘urE I Springer /f‘f;ﬁ‘-h
| Mageezis Taa) " .Pilar il ABBA_% e ttmting
“Foungeville s o aClcate
\ Naschit - e DETED Mils TS sedans
«Hualman
\ Cubg e idore » Wagon héa:;n-d Buayeros-  Haydens
Los Alamos “\Nan'he i
« Wexican Springs Jemez Springs. | San Ignacio sMosguero
! « Crawngaint . Santa Fe Sanchez
=Finadale ochii = -
San Yeido . -Ball Ranch Cibar
Santa Ana Pueble » Corazons Conchas 1 |
& = San Mateo Bernalil Senas . / |
LEwatar Rio Rancho g o |
Gran —_ (a4} _— TUCUMC Slas— —
«Black Rock N3 Ve ik F |
LClines Commers
ad,"Bosque Farms Crady .
Estancia -
«Fance Lake Bale J/.—w ncina, . =hlcAlister
Bosque Wil
| I.'\m.lmzllnyy/‘I . Plassant Hill=
i ) Contrersgfe—— > el W —Slds, |
| .—-—-E Town i
| /r_,,—/ g Gran Quivies « Cnrnna.ff Raman
[ Datil % Magdalen Claunchs J
; Socoma (s =)
| %%gnam /
Cnynte
=S5an Marcial
Milnesand «
= oL Epitan
Oecurs Cressroads =
Maonticello, San Pt —Faproe
Chloride= “Crocker  Threg Rivers | Ruidoss, BT at 'l aproch ~—
(B4} o
Truth or Consequenceag Vi escalaro B McDonald
Tularosa . |
uderofl «Fiying H |L-Laloe..°.nr|ur Lw/im;mn./
. Ala ordo: G‘a"\y-_"‘ .
s RIS s - SR W ewli
Irnant Hobibs
Eunice «
ogrande
Deesert
Jails
. VevEye —
Animas e Y ?
Columbus « 5 uaﬂﬂEs[ﬁ

0|y, o C} US Highways
. Interstate Highways

= Claverdale

| I
0 50 KM 50 Miles

WIPP
80



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)

converting 28U into fissile material.

Reprocessing of reactor fuel rods - often referred to as Breeder Reactors:

28U+n — 22U — ZNp — 238puy (1) (for power OF weapons)

Converts more non-fissile material to fissile material than the amount of fissile
material that was consumed. Instead of using just the 23U nuclei, via this

conversion, this has the potential of using all the uranium nuclei, and therefore
the fission energy sources (ores) can last ~100x 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

The limited capacity of the repository at Yucca Mountain, Nev. has renewed interest in the recycling of nuclea ste. More than 9(
percent of the waste is recyclable, but there are concerns that along with fuel for reactors, bomb-grade material would be produced
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will run out within 30 years.
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“Scientists Try to Resolve Nuclear Problem With an Old Technology Made New Again”
By Matthew L. Wald ,
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similar to electroplating and is experimental. A new class of

“fast” reactors would be needed to utilize uranium 238, which makes up the bulk of the waste
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Sample student oral report for class introduction n
O
)

82

o~
e

Ti= 235 min °‘;P
2
ree ;
P
T;_= 2.35 days o=b_

Brought to you by Heather Smith \

What: _ 4
- Type of fission reactor that produces — or “breeds” — more fuel than T;T 2 T s

it burns

- Fuel used is a composite of U-238 with 10% Plutonium st enciegr

- Fuel core surrounded by uranium blanket

How:

- Neutrons bombard U-238, creating U-239, which
beta-decays to Pu-239

- Non-fissionable uranium-238 is 140 times more
abundant than the fissionable U-235 and can be
efficiently converted into Pu-239 by the neutrons
from a fission chain reaction.

- Sodium used as heat exchange fluid — liquid at 98°C and
doesn’t boil until 892°C, so very versatile medium.

Breeding ratio: the amount of fissile plutonium-239 | S e B } IR
produced compared to the amount of fissionable fuel | S f
(like U-235) used to produced it. Target ratio about 1.4

! Legoars 238 bariet

Liquid Metal Fast Breeder Reactor (LMFBR): This has been the most popular design for breeder
reactors. Unlike standard light-water reactors, no moderator is used. The moderator is usually used to
absorb stray neutrons/slow down fission. With no moderator, fast neutrons are allowed to bombard the
uranium blanket and trigger faster generation of Pu-239 — hence “fast” breeder reactors.

The Good:
. The Bad:

i Mgre. efficient than “burn- Na is extremely reactive — combusts
up” light-water fission on contact with air or water
reactors 3

. L. - No moderator, so requires three

- Energy from 1mtla.ll.ﬁss10n is energy-transfer loops to ensure
captured, and additional fuel containment
;3 creatzd . - Technical problems have plagued

- No need to pressurize core experimental models such as
(unlike water-steam coolant SuperPhenix
system)

Superphénix: Fast neutron reactor in France, opened in 1985 and shut down in 1997. It was almost
constantly malfunctioning, suffering from structural vibrations and other technical difficulties. At least it
worked well when it worked. Despite its contribution to the research of fast breeder reactors, it has been an
economic nightmare for the French government.

A few other types of breeders are...

Thermal Breeder Reactor: Similar to FBRs, but converts Th-232 into fissionable U-233. Lower-
energy “thermal” neutrons bombard the blanket material.

Gas-Cooled Reactor: uses helium coolant directly to a gas turbine generator to produce electricity and
would be a breeder reactor. The design might be used as a process heat source for the production of
hydrogen.
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Map of repository sites across the United States; courtesy of the Department of Energy
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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.”
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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.
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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 2**Pu 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.”
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This place Is not a place of honor.
No highly esteemed deed Is commemorated
here.
Nothing valued is here.
This place i1s 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%20t0%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 1l and Level I1l messages (cautionary and basic
information, respectively). The preliminary texts read:

Level IlI:

P
DANGER 7N
POISONOUS RADIOACTIVE %* WASTE BURIED HERE

DO NOT DIG OR DRILL HERE BEFORE A.D. 12,000 N /

Level I11;

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,
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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 1I: Cautionary Information: "Something man-made is here and it is dangerous”

Level IlI: 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 | components (e.g. earthworks) would be able to convey both
Level I and Level 11 messages. Second, we decided to have a fifth level that lays between Givens'
Level 11l and Level IV. The new Level IV would have more detail than Level I11 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:

e The site must be marked.

o All levels of message complexity should be located on-site. Thus, communication vehicles
for information at Levels 1, 11, 111, and 1V 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.

o 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 | and portions (faces showing horror
and sickness) of Level Il. 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 Il
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



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 1V of information might be placed
at the center. But because a Level IV message may be gibberish to some intruders, while
a Level Il 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 11 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 11 message, or even of no value at all, even if seen. Thus,
Level 1V 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 11l 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.

SPIKE FIELD

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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SPIKES BURSTING
THROUGH GRID

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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MENACING EARTHWORKS

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.

—e o - e

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 111 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.

106



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, | 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, | 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. 16", Thurs. Oct. 18",
and Tues. Oct. 23" 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. 30™.



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:

(@) Richard Wolfson, Nuclear Choices, MIT Press (2000), Chapter 11. p. 243

Is nuclear power safe? There is no simple answer to that question,
except for the certainty that no technology can be 100 percent safe.
The question then becomes “Is nuclear power acceptably safe?” The
answer, ultimately, is a personal judgment. Technical know-how
can help you with that judgment, but vigorous disagreement even
among nuclear experts indicates that technical considerations alone
cannot decide the issue. |

But one factor that can help you in your personal decision
about nuclear power is how it stacks up against its alternatives. You
may not like nuclear power, and you may not think it particularly
safe. But if you want electricity and if you find the alternatives less
safe, then you may have to judge nuclear power acceptable. Or
you may conclude that existing alternatives are preferable, or that
new energy sources should be developed. Finally, contemplation of
nuclear power and its alternatives might lead you to a basic recon-
sideration of your appetite for energy.

In this chapter we will consider alternatives to nuclear power,
weighing such factors as safety, economics, environmental effects,
and availability to meet our short-term and long-term energy needs.
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@ Current Energy Consumption

(Megawatts and Megatons. Chapter 8, Table 8.1) (2001)

World = 375 Ql/year

1996
US = 100 Q/year (27%)
Fossil and Nuclear Reserves (ibid, Chapter 8, Figure 8.1
Fig. M-1 I "Thousands of quads (1quad = 1.055 x 10'® joules) - Proven reserve
160 T
.| Addilional resources
140 | gmem - Hypothetical resources
120
100 - f
80 %
60
40 o = s —
20
|
Coal Oil and Natural Uranium  Breeders  Bituminous Tar Assorted
Liquified Gas Schists Sands Gases
Natural Gas

Fig. 8.1. Fuel reserves for energy production [Source: Robert Dautray, “Cinquante ans
de nucléaire dans le monde,” La Vie des sciences, No. 4 (1993), pp. 359—411].

UNITS:
“1 Quad” (Q) = 10 BTU — 108 Joules

[Billion (10°), Trillion (10'2), Quadrillion (10'%)]

“Mtoe” — “Millions of tonnes of oil equivalent”
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(c) Megawatts and Megatons. Chapter 8, Table 8.3
Fossil and Nuclear Reserves (ibid, Chapter 8, Figure 8.1)

Nonnuclear, nonfossil (that is, renewable) forms of energy that had been
ignored earlier merit an intense research etfort, because they are more promis-
ing, with respect to cost and pollution, than they appeared to be when the
breeder was the only essentially unlimited energy resource within our techni-
cal grasp. And cleaner approaches to the use of fossil fuels may help over the
next century to satisfy energy needs at acceptable cost and environmental
impact, before a greatly expanded nuclear sector can be afforded or built.

The supplies of primary energy in 1995 for the United States and the world
are as shown in Table 8.3.7

TABLE 8.3. WORLD AND U.S. ENERGY SUPPLY, 1995;
PERCENT FROM EACH SOURCE SHOWN

NATURAL BIOMASS

REGION OIL COAL GAS | FUEL™ HYDROPOWER NUCLEAR OTHER'
U.S. 38 22 24 3 4 8 0.4
World 33 22 20 13 6 6 <o.5

*“Biomass” fuels are wood, charcoal, crop wastes, and manure.
Y“Other” in this table are wind, solar, and geothermal.

216
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@ THE COST OF A KILOWATT-HOUR
Solar power will remain expensive for

some time, as shown in a comparison of

energy prices calculated for new plants

coming online in 2013. But the cost of

solar should fall as technology improves.

R T L LT IETTETT b

Fig. M-2

200 1. . ... EEE R R RN

i Sol

< T s

5 i ot g
e ?"‘?k_ TRRE T\‘;‘;pﬂ%
Y D P
e r./;.\é,yé‘(&&:ﬁn i

Cost per kilowatt-hour

@

0] .... R~ )
! .

=

ot

‘ ’ : : ;;:':
5¢ . ;-- s -_
0¢ - I

NATIONAL GEOGRAPHIC * AUGUST 2005

114



Renewable Energy (History Channel DVD) ISBN: 1-4229-1581-6

Chapter List:

ocoakhwnE

Technology Revolution
Solar

Wind

Geothermal

Biofuels

Tidal (and waves, etc.)

~vm— e

HISTORY L
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Comparing Hazards of Nuclear
Power and Other Energy

RISKS OF ELECTRICITY FROM COAL

MoOST OF THE WORLD’S electrical energy, consumed in the motors, lights,
and heaters of industry, commerce, and our homes, and in transportation and
other activities, comes from fossil fuels—that is to say, from coal, oil, or gas. It
is possible that there also exist important reserves of primordial gas or oil. Pro-
fessor Thomas Gold of Cornell University holds this view, but it has not yet
been demonstrated unambiguously. There are surely vast additional amounts
of carbon-containing fuel i@leé\and in forms of methane below the
seabed. The cycle of fossil fuel use begins with the extraction of raw material
from mines and wells and includes transport and refining, followed by com-
bustion that produces heat and carbon dioxide and other waste products. The
carbon dioxide escapes into the atmosphere, and the ashes resulting from
burning coal must be disposed of. Combustion also liberates oxides of sulfur
and nitrogen into the air, and the burning of coal releases natural radioactive
materials as well. The mechanisms of combustion of fossil fuels are complex,
but, in contrast to the potentially catastrophic effects of error in nuclear reac-
tor operation, their understanding and control have been obtained somewhat
less rigorously and most of the time without immediate serious consequences
if things go wrong. Nevertheless, mining coal used to be one of the most haz-
ardous occupations; there have also been cases where our ignorance has led to
local catastrophes, such as devastating fires fed by stored liquefied natural gas.

In recent decades, constraints have been imposed on where and how coal
is burned, making the deadly fogs of London a picturesque if murderous
memory. But it is well to recall that in December 1952, a four-day temperature
inversion there retained the combustion products from the high-sulfur coal
used for home heating, and day turned into night. Buses crawled forward only
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MEGAWATTS AND MEGATONS

with a person leading the way. The killer fog was responsible for 4,000 to 7,00¢
premature deaths.

Considerable sums have been spent to limit pollutants other than carbor
dioxide (which is not directly hazardous to health and cannot readily be lim
ited—it is part of the burning process), such as sulfur oxides, nitrogen oxides
and particulate emissions (fly ash). There is also now an international effort tc
reduce carbon dioxide emissions in order to minimize the extent of global
warming.

Itis well within society’s technical ability to collect carbon dioxide from fos
silfueled power plants and, as mentioned in Chapter 8, to dispose of it by
injection into exhausted natural gas fields or even into the deep ocean waters.
The costs would be substantial —as much as 30% of the cost of electrical
energy—but this disposal is technically feasible. One promising approach is to
convert coal (and water) to hydrogen and carbon dioxide, inject the CO, into
unminable coal beds nearby to flush methane gas (CH,) to collection wells,
convert that methane to hydrogen and CO, as well, and export hydrogen and
electrical power." In this approach, only about one-third as much CO, is
rejected to the atmosphere as in the normal use of coal for producing electrical
energy, and the hydrogen can be used remotely for powering vehicles or for
local electrical generation.

Although the dangers in modern coal mines have substantially diminished
and the era has passed in which miners suffered black-lung disease and fre-
quent fatal accidents, large quantities of coal must be mined to fuel a power
plant. A coal-fired plant, producing as much energy as a typical one-million-
kilowatt (1000 MWe or 1 GWe) electric nuclear plant, burns a ton of coal every
12 seconds, which corresponds to 2.2 million tons per year. A nuclear facility of
the same power uses less than a ton of uranium-235 per year, which corre-
sponds to about 200 tons of natural uranium contained in 100,000 tons of
mined uranium ore.

% Exposure to Nuclear Radiation from Coal Combustion

Consideration of the adverse effects on health from the production of energy
must take into account, in the pollution resulting from the use of coal and oil,
the chemical substances that can cause cancer and other diseases. Hospitals
fll up quickly during heavy smog in some cities. The vast fires in Indonesia in
1997, which affected that entire region as far as Malaysia, are an unfortunate
case in point. Whole cities were rendered all but uninhabitable for months.
The harmful effects of coal deserve special attention because of its impor-
tance in industrialized countries and in developing nations with large popula-
tions like India or China. In the United States, 52% of the electricity is



Comparing Hazards of Nuclear Power and Other Energy

produced by coal. The quantity of radioactive material liberated by the burn-
ing of coal is considerable, since on average it contains a few parts per million
of uranium and thorium. Modern coal-fired electric plants are designed and
operated to reduce the emission of particulates from the stack, and also to
decrease the emission of sulfur oxide and nitrogen oxide. Older plants, such as
the majority of those in China, are far from meeting these standards for fly ash
and gaseous emissions. When coal is burned, all the uranium daughters accu-
mulated by disintegration — radium, radon, polonium—are also released, The
United Nations Scientific Committee on the Effects of Atomic Radiation eval-
uates the radiation exposure to the population from this source.? Per gigawatt-
year (GWe-yr) of electrical energy produced by coal, using the current mix of
technology throughout the world, the population exposure is estimated to be
about 0.8 lethal cancers per plant-year distributed over the affected population.
Table 7.2 summarizes these data. With 400 GWe of coal-fired power plants in
the world, this amounts to some 320 deaths per year; in the world at large, some
plants have better filters and cause less harm, while others have little stack-gas
cleanup and cause far more,

In addition, there is a major exposure to the radioactivity of coal that arises
from the use of ash to make concrete. With about 5% of power-plant ash being
incorporated into housing, the population dose for the 400 GWe of coal plant
leads to an estimated 2000 cancer deaths per year. But if most of the ash went
into concrete for dwellings, the annual death toll from radiation from this
source would rise to about 40,000.

Some see in accidents a reason to abandon nuclear power in favor of alter-
nate ways—so-called soft-energy paths—that they propose to help arrive at a
harmonious development of industrial societies, There is much merit in both
the more efficient use of energy and in its supply from renewable sources. The
world used 375 quads of energy in 1996; the United States used 75. We have
noted in Table 8.4 that solar electric power conceivably could amount to about
50 quads per year worldwide; fuel from biomass, 20 quads; and g quads from
exploiting the temperature difference between the warm surface water of the
oceans and the colder water at depth, Biomass, in particular, may develop
beyond the 3% of U.S. energy needs that it now meets, as the revolution in
biotechnology enables the production of alcohol from cellulose rather than
from sugars. It is highly desirable to have small-scale energy sources if they can
be achieved at affordable cost and with acceptable environmental impact. It
will be necessary, however, to carefully compare these alternatives—including
their harmful side effects—to the more traditional ways of producing energy—

e.g., fossil-fueled plants burning coal, gas, or oil; hydropower; and nuclear
power stations. ’
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MEGAWATTS AND MEGATONS P VAT - 2R

A MATURE PROGRAM: THE CASE OF FRANCE

As we have seen in Chapter 2, before the Second World War, France was a
: leader in research in radioactivity and fission. At the end of the war in Europe,
'France, which had been defeated and occupied by the Nazis, had the task of
 rebuilding its society, its economy, and its spirit. After the Atomic Energy Com-
\"‘Amission of France (Commissariat a I’ Energie Atomique — CEA) was formed in

1945, France’s support for nuclear energy was driven not only by its desire to
_produce plutonium for nuclear weapons and by the technological challenge,

ﬁ
-but also by its lack of indigenous energy resources and a recognition of the
_uncertainty of alliances and even of territorial possessions that might provide
* fuel. '
- The first French nuclear reactor, or “pile,” began its operation on Decem-
—_ ber 15, 1948. Its name, Zoé, derives from its characteristics, zéro/oxyde/eau,

A ‘meaning zero (power), (natural uranium) oxide, and (heavy) water. We have
.seen that there is the choice between heavy water and purified graphite for
“such an experimental pile using natural uranium, and the French had experi-
ence with heavy water before the war. Zoé was the first of a line of heavy water
(eau lourde) reactors and thus was given a second name, EL1. A second heavy-
“water moderated, natural-uranium reactor, ELz2, began operation on October
21,1952; this reactor was maintained at room temperature by the circulation of
F hlgh-pressure carbon dioxide gas. On July 4, 1957, a third reactor, EL;, began
to operate.

~ At the same time, the CEA began to build reactors named G1, Gz, and G3
(“G” for gaz or gas-cooled) for the express purpose of producing plutonium for
‘nuclear weapons. G1 began to operate on January 7, 1956, Gz in June 1958, and
G3 in June 1959, producing both plutonium and electrical power.

" The French Pressurized Water Reactor (PWR) program started with a com-
pany formed in 1960 owned equally by the public utility for electricity in
‘France, Electricité de France (EDF), and a consortium of Belgian electric
‘Utllltles A 305-MWe power plant was built in France, based on the Yankee
Rowe (Massachusetts) plant; this plant had been constructed by Westinghouse
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and had begun its operation in 1961. This first PWR in France was put into sere'%iﬁ
vice in 1967. Additional PWRs were built in France, under license from West-'3
inghouse, by Framatome (Société Franco-Américaine de Construction’
Atomique). By 1981, Framatome and Westinghouse replaced the license;;
arrangement with an agreement for cooperation that allows Framatome to |
build reactors independently. In 1982, EDF launched the construction on a.|
new (N4) series of PWRs, of 1450-MWe capacity; the first, at Ghooz on the bor-%
der between France and Belgium, began operation in August 1996. G |
With its commitment to nuclear power arising from the oil shocks of the: *3
1970s, France has created a highly centralized industry for the supply of ¢
nuclear fuel. Electricité de France owns and operates the reactors; COGEMA
(General Company for Nuclear Materials—COmpagnie GEnérale desi i
MAtieres nucléaires) is responsible for all aspects of the nuclear fuel cycle; and: ‘i
ANDRA (National Agency for the Management of Radioactive Waste— ! i
Agence Nationale pour la gestion des Déchets RAdioactifs) has managed
radioactive wastes since 1991. EDF, COGEMA, and CEA generate 95% of theA'
radioactive waste. CEA oversees the development and manufacture of nuc]eaxyf‘;-l
weapons, as well as much research and design of commercial nuclear reactors;
Framatome collaborates with other technical companies of the Europcan,;;‘
community; and .France builds power reactors in other countries. France "
employs a highly standardized design in all 58 reactors currently operatlng 1
there and producing electricity for EDF. 3
We shall describe now another type of reactor—the “breeder” reactor, *
which produces more nuclear fuel than it burns. The fuel for this reactor is a
~ composite of uranium-238 with about 10% plutonium. There is no moderator
such as graphite or water in the core, so that fast neutrons that do not cause fis-:
sion in plutonium are largely captured in U-238 to yield more plutonium-239:
The French breeder program was designed at the time of the oil shocks in the -
1970s, when a shortage of uranium fuel at low prices was envisaged. The i
United States had built experimental fast-neutron reactors, and a single such: ¢
commercial power reactor (Fermi I) that operated in Michigan for a few years
beginning in 1969. S
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(N) Nuclear Fusion: Magnetic Confinement

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.)

4(*H) = “He +2B*+2v +26 MeV
~ 6 MeV/amu
(vs. =~ 1 MeV/amu for fission)

6

Still only ~ 1000 = 0.6% of mass is converted to energy via E= mc?.
[ Lots of hydrogen fuel available via H,O
BUT = Actuallyutilize 2H+*H ™ n + “He +17.6 MeV

~ 108 x larger cross section (rate)

Therefore need to
(a) Separate deuterium (only 0.015% in nature)

(b) Produce tritiumvia °Li+ n = t+a
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e Key Issue = Control and Confinement

Refs: T.K.Fowler, The Fusion Quest, Johns Hopkins University Press (Baltimore, 1997)
http://www.jet.efda.org/
http://www.pppl.gov/fusion_basics/
htto://www.iter.ora/

Temperatures ~ 5 - 10 keV corresponding to 107 to 108 °K.

This corresponds to the center of the sun,
not the 6,000 °K at the surface of the sun.

e Sun = Confiined by Gravity (!)

e 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.

Multi-Billion $$$ Facilities

e "Inertial" Confinement (Very different approach. See “Section O”)
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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 (*H) [which can be produced from 30 grams of °Li (400
grams of "Li)] 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 = (AM) ¢?
For (D+T) Fusion :
(AM)c?/ Mc?2 = (17.6 MeV)/(5%x951.5MeV ) = 3.78 x 103

AM = (3.78x10%)(10+15) grams
= = 9.45x10°kgm
E = (AM)c? = 8.5 x 10'? Joules

Over a lifetime of 100 years (= 3 x 10%sec ) this corresponds to an
average power of

3 x 10% Joules/sec
3 kWatts.  (Does this sound reasonable to you?)

o
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Fig. N-1
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Fig. 1.2. Binding energy (BE) per nucleon as a function of mass number.
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Fig. N-2 §G P
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Fig. 3.1 Average binding energy B/A in Mev per nucleon for the naturally occurring

nuclides (and Be8), as a function of mass number A. Note the change of magnifi-

cation in the A4 scale at A = 30. The Pauli four-shells in the lightest nuclei are

evident. For A > 16, B/A is roughly constant; hence, to a first approximation,

B is proportional to A.

Evans, The Atomic Nucleus, Chapter 9.3, p- 299.
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Fig. N-4 Schematic Diagram of a Tokamack Device
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Fig. N-5
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JET, the Joint European Torus, is located at
Culham, near Oxford in the UK. Deuterium
and tritiumions, held in place by strong
magneticfields, are made to collide and
fuse within the donut-shaped vacuum
chamber. The cut-away shows the huge
magnetic pole-pieces around the vacuum
vessel. The heightinside the vacuum
vessel is more than 4 metres and the whole
apparatus is 12 metres high. JET is just part
of the long and difficultinternational effort
to harness fusion energy for peaceful
purposes on Earth.

(Photographs courtesy EFDA-JET.)

Mackintosk, Nucleus, Chapter 9, p. 121.



e JET (Joint European Torus)
1978 - Project Start

1983 - Operation Start
1991 - 2 MW of fusion power
1997 - Fusion-Power/ Input-Power — 65%

e 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

France Will Get Fusion Reactor
To Seek a Future Energy Source

By CRAIG S. SMITH

PARIS, June 28 — An international
consortium announced Tuesday that
France would be the site of the
world’s first large-scale, sustainable
nuclear fusion reactor, an estimated
$10 billion project that many scien-
tists see as crucial to solving the
world’s future energy needs.

“It is a great success for France,
for Europe and for all the partners in
ITER,” President Jacques Chirac
said in a statement released after the
six-member consortium of the Unit-
ed States, Russia, China, Japan,
South Korea and the European Union
chose the country as the site for the
International Thermonuclear Ex-
perimental Reactor.

Japan, which had lobbied hard for
the project, dropped out of the bid-
ding in the last few days and ceded to
France. The consortium agreed in
Moscow to build the project at Cad-
arache in southern France.

Nuclear fusion is the process by
which atomic nuclei are forced to-
gether, releasing huge amounts of

energy, as with the sun or a hydrogen
bomb. The process has long been
studied as a potential energy source
that would be far cleaner than burn-
ing fossil fuels or even nuclear fis-
sion, which is used in nuclear re-
actors today but produces dangerous
radioactive waste.

While the physics of nuclear fusion
have long been understood, the engi-
neering required to control the pro-
cess remains difficult.

The logistics of coordinating con-
struction in a six-member consor-
tium has presented an even bigger
challenge. The project was started in
1988 but bogged down in bickering
over where the reactor’s design
team would be based. A compromise
split the team between Japan, Ger-
many and the United States, but the
consortium struggled over where the
reactor would be built.

Canada, Spain, France and Japan
were originally in contention for the

Continued on Page A10




Site of Fusion Reactor to Test Future Energy

F rance Wi

ins

Continued From Page Al

reactor site, but a December 2003

. ‘ministerial meeting to pick a winner

ended in a deadlock, with the United
States, Japan and Souith Korea back-
ing the Japanese site and the other
three consortium members pushing
for the site in France.

Recently, Japan agreed to relin-
quish its bid in return for the consor-
tium’s commitment to build a $1 bil-

- lion materials testing center there.

The consortium also promised that
any subsequent fusion reactor built
by the consortium would be built in
Japan. It is a significant concession,
because the first reactor is only a
demonstration plant meant to prove
that fusion can be harnessed as an
economically viable energy source.
A second reactor would probably be
a prototype meant for commercial
power generation.

With the agreement, the consor-

. tium can now proceed with the draft-
* ing of a deal on the construction and
" operation of the reactor. ITER offi-
- cials said they hoped that the accord

would be signed by the end of the
year, allowing work on the reactor to
begin next year and ground to be bro-
ken at the Cadarache site in 2008.
Current plans foresee the reactor op-
eratingin 2016.

Construction of the reactor is esti-
mated to cost $5 billion, with its oper-

 ation costing another estimated $5
. billion over 20 years, according to
. ITER. The host country is expected

to cover half of those costs, with the
other five partners each paying 10

. percent. Those numbers are based
. on current dollars, however, mean-
: ing the actual cost of the reactor will
. be much higher by the time it is com-
. pleted. :

Many experts also. predict that

. construction could take much longer
. than now foreseen given the difficul-
‘- ty of coordinating multiple suppliers
. of costly and highly technical compo-
. nents in many countries. The agree-
- ment leaves open the possibility that
+still more countries may take part in
. the project. India, for example, has
© . expressed interest. o 8

The final agreement is expected to
include provisions that would require

© consortium members that cause de-

lays to pay compensation.
The fusion project has stirred con-
troversy since it was first proposed

¢ inthe 1980’s, with many scientists ar-

guing that such “big science” will rob
. financing from the “little science” of

#

individual researchers who have

Kenneth Chang contributed report-

. ing from New York for this article.

Claude ris/Asoiated Press

The model of the site of the International Thermonculear Experimental
Reactor (ITER) that is to be built at Cadarache in southern France.

Comparing Fuels

As a source of energy, fusion, if a viable plant can be built, would have
many advantages over coal and nuclear fission power plants.

DAILY-FUEL CONSUMPTION AND WASTE PRODUCTION FOR 1,000 MEGAWATTS

COAL NUCLEAR FISSION
PLANT . PLANT
FUEL 9,000 tons coal 147 Ibs. uranium

6.6 Ibs. highly
radioactive material

WASTE 30,000 tons carbon dioxide
600 tons sulfur dioxide
80 tons nitric oxide

Sources: Princeton Plasma Physics Laboratory, Energy Information Administration

often produced the world’s most
striking scientific breakthroughs.

But criticism has been drowned
out by the growing recognition of fu-
sion’s potential as a solution to the
world’s looming energy crisis. -

“We all know oil and gas depletion
will start in 2030 or 2035,” said Peter
Haug, secretary general of the Euro-
pean Nuclear Society.

He said most experts agreed that
because of technical difficulties, re-
newable energy sources like wind or
solar power would never provide
more than 15 or 20 percent of the
world’s energy needs. There is
enough coal in the earth to keep the
world running for centuries, but at
an unacceptable environmental cost.
As oil and gas fields peter out, Mr.
Haug and others say, the world will
be forced to turn to nuclear energy.

“We don’t think fusion will remove

fission from the production scheme,”
Mr. Haug said. “But it will probably
be used along with fission because of
the growing energy needs of man.”

Still, few scientists expect a fusion
reactor to generate commercially vi-
able electricity before mid-century,
if by then.

In principle, using fusion to
produce energy is easy: take hy-
drogen atoms and press them togeth-
er to form helium. The helium is a bit
lighter than its constituent hydrogen
pieces, and by Einstein’s E=mc?
equation, that tiny change in mass
results in a large release of energy.

* At the center of the sun, where
temperatures reach nearly 30 mil-
lion degrees Fahrenheit.and hydro-
gen atoms are pushed together at ul-
tra-high pressures, fusion generates
light and heat. But turning fusion into
a viable source of energy requires
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figuring out how to recreate on Earth
the conditions at the sun’s heart.

Instead of ordinary hydrogen, fu-
sion reactors use heavier versions,
known as deuterium and tritium,
that fuse together more easily. Ex-
perimental fusion reactors have
been able to heat gases to tempera-
tures of hundreds of millions of de-
grees. The harder task, however, is
confining the hot gas.

ITER follows the same approach
used by most large-scale fusion ex-
periments since the 1970’s, using
doughnut-shaped magnetic fields to
confine the gas, but it will be the first
large enough to explore how well fu-
sion reactions can be sustained.

In order to succeed, the ITER
project must demonstrate that it can
create a fuel cycle in the reactor that
will produce excess tritium, the re-
actor’s fuel, from a “blanket” of lithi-

um lining the reactor chamber. As -

neutrons thrown off from the fusion
reaction strike lithium atoms, they
produce tritium. But in order for the
reactor to be viable, consortium offi-
cials say, the reactor must produce
more tritium than it consumes.

Even fusion proponents concede
that the process is decades away
from practical use. A timeline pub-
lished on ITER’s Web site foresees a
larger demonstration project that
would begin operating around 2030. A
commercial fusion reactor would fol-
low around 2050.

ITER’s interim leader, Yasuo Shi-
momura, said the project’s next step
would be to appoint a director gen-
eral who could start the complicated
procurement process.

The consortium has already spent
$700 million on scale models of the
reactor’s major components, and “in
this sense, there is no fundamental
technical problem,” Dr. Shimomura
said in a phone call from ITER’s of-
fices in Garching, Germany. “But the
machine is very complicated, and
the procurement will be done be-
tween six parties, and this is not a
small experimental device, it is a
real nuclear device, so quality con-
trol will be very important.” '

In the meantime, the fusion
project means money for the indus-
tries and scientific sectors contribut-

_ing to it. Prime Minister Dominique

de Villepin of France said it would
create 4,000 jobs and bolster re-
search and development there.

“It’s brings us great joy and great
pride,” said Pascale Amenc Antoni,
director of the French Atomic Ener-
gy Commission’s Cadarache Center,
where the reactor will be built. She
said it also recognized the work the
center has already carried out at its
nuclear fusion research facility.
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(O) Nuclear Fusion: Inertial Confinement

“National Ignition Facility”, Lawrence Livermore Nat’l Lab

<http://www.lInl.gov/nif>

D+T confined in glass spheres,

volume = 1 mm?®, 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 = 10712 sec).

The resulting implosion - compresses and heats up the pellet
= (103 x Density) @ 108 °K

Burnsvia D+ T — n+%He reaction = 10* TeraWatts
foratime scale ~100psec. = 10% x 101° = 10°

~ 10Y DT molecules in target X 18 MeV X 1.6 X 10 ~ 10°)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. (1)

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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ysics

From Nuclear Structure to Cosmology

7.4 Inertial confinement by lasers

The principle of inertial confinement by lasers is to adiabatically compress a
small (~ 1lmg) sphere containing deuterium and tritivn in order to increase
its density by ~ 10%, and to obtain temperatures of ~ 10keV. The core of
the sphere ignites during a time of the order of 1071° s and then explodes
(see Fig. 7.9).

One calls ignition the regime where the temperature and density condi-
tions of the core allow the burning of the d-t mixture. :

Initially, this method was classified, because of its military applications.
Since 1993 civilian-physicists have worked in the field.

The principle is simpler than in tokamaks. Additionally, research on this ~

method has been fundeq pgtr_tlly_O\ving to its importance for the understanding

- of thermonuclear explosions.

Principle of the method. The radiation of a set of laser beams delivering a
very large power (TW) for a short time (ns) is directed toward a sphere of the
order of a mm?® of a solid deuterium -tritium mixture. There is an ablation,

or sudden vaporization, of the periphery of the sphere and the formation of
a corona of plasma.



compressed core absorpiion zone

laser beam laser beam

Fig. 7.9. Sketch of laser induced fusion. The d-¢ sphere interacts with the laser
beams and it is vaporized superficially. By reaction, the corona compresses the
central core.

The electrons of the medium whick oscillate in the laser field transfer
energy to the plaswa by colliding with the ions. The energy is transfered
to the cold regions of the center of the target by thermal conduction, by
fast electrons and by UV and X radiation. A shock wave is created which
compresses and heats the central region of the deuterium-tritium sphere,
called the core.

Under that implosion, the core is compressed by a factor of 1000 to 16000,
‘ie. densities of ~ 10% m™®, and its temperature reaches ~ 10keV. Under
these conditions, the fusion of the d-t nuclei occurs abundantly. The core
‘burns for about 10 !s. Tts cohesion is maintained by inertia, it explodes
‘because of the thermonuclear energy release.

The laser energy goes mainly into the compression of the d-t mixture. The
energy necessary to heat the plasina comes mainly from the fusion energy
release. This results in a reduction of the laser energy which is necessary to
make the target burn. )

In 1992, in the United States, the Lawrence Livermore National Labora-
tory (LLLNL) declassified the principle of inertial confinement fusion. At Ann
Arbor, the KMS laboratery (named after its creator, K.M. Siegel) was the
first, around 1973, to achieve the implosion of glass “micro-balloons” con-
taining gaseous denterium-tritium. The experiment was then performed hy
other laboratories. The 100 kJ Nova laser of LLNL reached a production of
10 neutrons per laser pulse.

Such experiments led to rapid development of computer-simulated cxplo-
gions. The experimental inputs to these calculations involved the observation
of X-rays and neutrons emitted by the target, the spectroscopy of tracers
incorporated in the d-t mixturc, such as argon and neon, and pictures of
the o particles produced in the fusion reactions. Such mecasurements were
compared with the results of computer simulations, in order to validate the

assumptions entering the codes, in particular the fact that neutron emission

is of thermonnclear origin.
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The following four pages are outdated, but provide an early overview to the National Ignitior_l
Facility at Lawrence Livermore National Laboratory. Current information is available on their

website, https://lasers.lInl.gov/.

‘urpose
The National Ignition Facility (NIF) will use the world’s
largest laser to compress and heat BB-sized capsules of
fusion fuel to thermonuclear ignition. NIF experiments
will produce temperatures and densities like those in
the Sun or in an exploding nuclear weapon. The experi-

- Concrete poured: 73,000 cubic yards.
— Steel and rebar erected: 12,700 tons.
- Earth moved: 210,000 cubic yards.

The Laser System
* The 192 laser beams of NIF will generate

ments will help scientists sustain confidence in the
nuclear weapon stockpile without nuclear tests as a
unique element of the National Nuclear Security
Administration’s Stockpile Stewardship Program and
will produce additional benefits in basic science and
fusion energy.

The Buildings
* NIF is 704 feet long, 403 feet wide, and 85 feet
tall—about the size of a football stadium—and
consists of three connected buildings:

- Optics Assembly Building (OAB)

- Laser Building (LB)

- Target Area Building (TAB)

* The $260 million, 7-acre NIF building com-
plex was completed on schedule and within
its allocated budget on September 30, 2001.
The OAB is undergoing commissioning of
laser component assembly workstations.

CRL-MI-140126

Ignition Facility » Lawrence Livermore National Laboratory * 7000 East Avenue, Livermore, CA » 94550-9234 « http:/iwww.lInl.gov/nif

- A peak power of 500 trillion watts, 1000
" times the electric generating power of the
United States.

- A pulse energy of 1.8 million joules of
ultraviolet light.

— A pulse length of three to twenty billionths
of a second.

¢ Optical components:

- 7500 large optics including 3072 laser glass
slabs as well as large lenses, mirrors,
and crystals.

- More than 15,000 small optical components.

¢ Precision optics: total area of 33,000 square feet
(3/4 of an acre). More than 40 times the total pre-
cision optical surface in the world's largest tele-
scope (Keck Observatory, Hawaii).

* Laser beams: 16-inch by 16-inch beams of infrared
laser light (1-micron wavelength). The infrared
beams are converted to ultraviolet beams (0.35-
micron wavelength) at the target chamber.

* Laser pulse amplification:

- In the master oscillator room, the initial 1
billionth of a joule pulse is amplified 10,000
times, then split into 48 separate laser pulses.

- In the preamplifier module, each of the 48
pulses is further amplified 20 billion times,
then split 4 ways to create 192 pulses.

- In the main laser system, each propagated
pulse is amplified another 15,000 times.

- Total amplification = 3 quadrillion
(3 million billion).

‘Laser and Optical System Cleanliness

¢ The high optical intensities of the NIF laser beams
requires the laser beampath and optics to have a pre-
cision-cleaned environment for reliable operation.

* NIF cleanliness requirements for optics assembly
areas are similar to those required for semicon-
ductor fabrication. '

* There are 400,000 square feet of structural surfaces
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NIF Facts

size when the thermonuclear ignition
process begins.

in the NIF laser and beampath that require
precision cleaning.

The NIF High Energy Density and
Ignition Physics Program
* NIF experiments in support of the

The Target Experimental System
¢ Experiments consisting of laser targets
and supporting systems are contained

inside a 33-foot-diameter, 1 million-
pound aluminum target chamber. The
walls of the target chamber are 4-inches
thick and coated with an-additional 16

inches of concrete for radiation shielding.

NIF scientists will conduct approximately
700 experiments each year where target
materials will typically reach temperatures
of 100 million degrees and densities up to
20 times that of lead.

NIF ignition targets consist of a BB-sized
plastic sphere containing frozen and
gaseous fusion fuel, surrounded by a
gold cylinder called a hohlraum, about
the size of a cold capsule.

NIF’s 192 laser beams will be focused
into 48 spots on the inner walls of the
hohlraum, creating x-rays that drive the
implosion of the fusion capsule, com-
pressing it to one-thirtieth of its original

Stockpile Stewardship Program measure
properties of materials and phenomena
that occur at extreme temperatures and
pressures, and under highly dynamic con-
ditions. Weapons scientists will use the
data generated on NIF to model, predict,
and resolve problems that may be found
in our aging nuclear stockpile without
resorting to full-scale nuclear testing.
Basic scientific experiments will also be
performed on NIF to help astrophysicists-
understand the phenomena occurring
deep within stars or the conditions that
existed in the universe shortly after the
big bang.

Experiments will be fielded on NIF to
study and understand inertial fusion
energy. These experiments will help to
increase the likelihood of full-scale fusion-
energy-based power plants.

The NIF laser target chamber
with hohlraum (inset).

Questions concerning the National Ignition Facility
at TTNT. should he divected to the LI.NIT. Puhlic
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What is stockpile stewardship?
The Stockpile Stewardship Program (SSP) is an initiative
to maintain the nuclear deterrent of the United States in
the post-Cold War era. It is based on the maintenance of
our stockpile through an ongoing process of surveillance,
assessment, refurbishment, and recertification, without
nuclear testing. At the heart of the SSP is an attempt to
bring advanced experimental and computational tools to
bear on the evaluation and certification of the stockpile
itself; these advanced scientific capabilities are necessary
because of the cessation of nuclear testing. This science-
based approach requires new tools: advanced computers
for more detailed 3-D simulations, multi-axis hydrody-
namic facilities and plutonium research facilities for
physics measurements of primaries, and the National
Ignition Facility for fusion burn and high-energy-density
science. The science basis requires summing up the pieces
we can measure and simulate, which cannot be done
without a complete set of tools. Refurbishing weapons
vith confidence, without testing, is a difficult challenge.
nly with high-quality scientists and a complete set of
tools, can the U.S. accomplish this program.

What is NIF’s role in stockpile
stewardship?

NIF is a unique element of the Stockpile Stewardshlp
Program because it is the only facility that will allow the
experimental study of thermonuclear burn and impor-

tant regimes of high-energy-density science.
Understanding these phenomena is
critical to understanding how
modern nuclear
weapons work. NIF
supports the

Stockpile Stewardship Program in three essential ways:

1. It permits the study of issues that can affect an aging
or refurbished stockpile.

2. It permits advancement of the critical elements of the
underlying science of nuclear weapons.

3. It will attract and help train the exceptional scientific
and technical talent required to sustain Stockpile
Stewardship over the long term.

Is NIF essential to stockpile
stewardship?

Yes. NIF is a unique facility for experimental study
of thermonuclear burn and high-energy-density phe-
nomena that occur in modern nuclear weapons.

“ Thermonuclear burn is at the very heart of how our

stockpile works, and the inability to experimentally
study physical phenomena in this physical regime
would lead to reduced confidence in the U.S: nuclear
weapons stockpile.

How would a delay in NIF affect
stockpile stewardship?

Stockpile stewardship is a race against time. The old-
est nuclear weapon in the stockpile was added to the
stockpile in 1970. That makes the weapon 30 years old.
Few people own a car or refrigerator of that vintage.

Efforts to maintain and refurbish aging nuclear
weapons over the coming decade will raise questions
that will require data from NIF to answer. If NIF is not
on line when these questions arise, the nation will have
to accept the risk of incomplete certifications or employ
expensive risk mitigation strategies until the questions
can be adequately answered.

Each year, the National Laboratories must evaluate
the surveillance information available on each weapon
system in the stockpile and recertify that the weapon
system is still safe, secure, and reliable. This is the
annual certification process. When surveillance data

 raise questions about a particular weapon’s perform-

ance, the Laboratories analyze the problem/issue, con-
duct experiments to access the significance of the prob-
lem/issue, run complex simulations, and finally make
a judgement as to their continuing confidence in the
weapon system. NIF is designed to fill a critical role as
a tool to use in these assessments, and its absence will
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reduce our ability to have high confidence in the
stockpile. Although not all questions that arise will
require data from NIF, many past issues would have
required NIF if we had not tested, and it is inevitable
‘hat future ones will as well.

The weapons life-extension programs that are
scheduled to be completed before NIF is fully opera-
tional will benefit-later in the decade from NIF when
their status is reviewed through the annual certifica-
tion process. Post-deployment evaluations of U.S.
nuclear weapons systems using newly available tools
have historically been important elements of main-
taining stockpile integrity and have led to a number
of refurbishment actions.

Are there any NIF success stories?

Five Major Technological Breakthroughs. NIF will be
60 times more powerful than its predecessor, Nova, at
one-sixth the cost per unit of energy generated. This
advancement has required six major breakthroughs in
technology: faster, less expensive laser glass production,
large-aperture optical switches, stable high-gain pream-
plifiers, servo-controlled large-aperture deformable mir-
rors, large rapid-growth frequency-conversion crystals,
and long-life final-stage optics.

Livermore Laboratory in collaboration with industry
has now successfully developed five of these break-
through technologies, and we are making good progress
on the sixth— the final-stage optics. We recently grew
the world’s largest rapid-growth crystal, weighing 701
pounds, in 2 months. In the past, growing a crystal of
this size and quality would have taken 2 years. The
Livermore Lab crystals will produce twice the number
of planned frequency-conversion components, decreas-
ing the number of required crystals for NIF.

In addition, our recent pilot-production run at
Schott Glass Technologies in Duryea, PA was particu-
larly successful. The initial run yielded 200 glass slabs
or 5% of the total glass required. These glass slabs
meet all technical specifications. We anticipate similar
success later this year with our other vendor, Hoya
Optics in Fremont, CA. Before the manufacturers’ tech-
nological breakthroughs, high-quality glass had not
been produced in a bulk process. Previously, each
piece of glass had to be individually manufactured, an
expensive and lengthy process.

The Conventional Facilities Are on Schedule and
.Meet the Demanding Requirements of NIF. The conven-
tional facilities were completed September 2001 on
schedule and budget. The conventional facilities include
the Optics Assembly Building, the Laser Building, and
the Target Area Building. The demanding requirements
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of the NIF laser and target systems led to unusual fea-
tures in these buildings. For instance, the 25,000-
square-ft Optics Assembly Building has a large receiv-
ing area and three connected clean rooms. This facility
receives optics and laser components, and then stores
and assembles the components in rooms with stringent
cleanliness controls. This building is complete, it is
clean, and it has been transferred to Lawrence
Livermore for outfitting of special equipment.

The Laser Building is approximately 600 ft long and
400 ft wide. It houses two laser bays that each contain
96 of the 192 beams of the NIF laser. The lasers must be
pointed very precisely. This pointing requirement is
equivalent to using the point of a needle to touch a sin-
gle human hair from 100 yards away. This pointing pre-
cision contributes to a number of unusual requirements
relating to stability and vibration for the Laser Building.
For stability, the laser system is supported on concrete
pedestals that are mounted on 400-ft-long by 80-ft-wide
by 3-ft-thick single-pour concrete slabs. The laser build-
ing will be temperature-controlled to one-half degree
Fahrenheit to maintain laser positioning. This in turn
requires 15 full air changes per hour and sophisticated
air-handling systems that have very low vibration. The
Laser Building is now very close to completion and will

‘start accepting large steel laser vessels later this year.

The Target Area Building contains ten-story steel struc-
tures that hold the large turning mirrors that direct the
laser beams toward the target. Again, these structures
must be very stable and resistant to vibration. '
Consequently, the steel structures are robust, and in addi-
tion, are anchored into the building, resulting in the
stiffest structures of this size ever built. One of the two
switchyards is now complete; the second is nearing com-
pletion. At the center of the Target Area Building is the
33-ft-diameter target chamber. For stability reasons, the
target chamber is an integral part of the Target Area
Building concrete structure. This concrete structure
includes 6-ft-thick walls surrounding the chamber for
radiation protection. The Target Area Building is com-
plete, and the one-million pound target chamber has been
set and precision-aligned to better then 1/4 millimeter.

Questions concerning the National Ignition Facility at LLNL
should be directed to the LLNL Public Affairs Office,
(925) 422-9919.




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.
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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

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+0, — CO,, etc.

Distance to the Sun:

19" Century - Transits of Venus
Modern Measurements: Radar Reflections and Space Probes

Result = 1.496 x 101! meters

Aqge of the Solar System:

4N (#2Th), 4N+1(®'Np), 4N+2(Z8u), 4N+3(®°u)  Decay Chains
Still find the progenitors for the 4N, 4N+2, and 4N+3 chains in
terrestrial ores, but NO 4N+1 progenitor (*3'Np). 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 (**'Np), 2.2x10°
years.

Ratio of Uranium-to-Helium in ores.
235U/%8U abundance ratio. ~ 5%10° years
Ratio of Uranium-to-Lead in ores.

(Leighton, Principles of Modern Physics, Chapter 15)

Result = 4.55 x 10° years

At this point we could pick the sun’s energy source as Nuclear Fusion Reactions,
but only by default. See comparisons on next page.
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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 H nuclei to form one *He nucleus can be written as

4 (*H) = *He + 2 B* + 2 ve + 26.7 MeV

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: vonWeizsédcker (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 °K), 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 ( ve) .

See Section Q for more information on neutrinos.

155



AN Evans, The Atomic Nucleus, p. 518

Fig. P-1
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AN+1 Evans, The Atomic Nucleus, p. 520

Fig. P-2
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Fig. P-3

4AN+2

Evans, The Atomic Nucleus, p. 521
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4AN+3

Evans, The Atomic Nucleus, p. 522

Fig. P-4
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(U 22U ) Estimation of the Age of the Solar System:

(3°U®/ 28U ) = 1/140 = [235,]/[238,]{(1/2) /7108 [ (1/2) t/4&a0 }

I the initial ratio of [ 235,]/[238,] were =1, then

= 140 = (1/2)(V45909) [ (1))t T08)
— (1/2)(-1.2x10"-9xt)

— _
~

— @7 = @UFOD Lt~ 6x10°yrs.

If the initial [ 235, ]/ [ 238, ] ratio were somewhat smaller, e.g. =0.2 ,
= 28 = (1/2)(t/4510%9) [ (1/2)(t/7x10%8)
— (1/2)(-1.2x10’\-9xt)

— _
~

— (2% = (22 St~ 4x10°%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~ 5x10°%yrs.
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Fig. P-5

Orion Nebula

Gas clouds undergoing gravitational
collapse to form stars.
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Pleiades

Fig. P-6

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.
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Fig. P-7

Nuclear Fusion \ a
>

The proton-proton chain

J v '
/ %/ LLL'"".,\‘Y AAAAAASTY  gamma ray
. \ ——> v neutrino

0 N ~ positron
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The CNO Cycle

4. He y

Fig. P-8 Nuclear Fusion via
CNO Cycle

164



References:

H.A. Bethe, Physical Review 55 (1939) 434.

H.A. Bethe and C.L. Critchfield, Physical Review 54 (1938) 248.

Robley Evans, The Atomic Nucleus, McGraw-Hill (1955), Chapter 16.

Robert Leighton, Principles of Modern Physics, McGraw-Hill (1959), Chapter 15.
C.F. vonWeizsécker, Physik.Z. 38 (1937) 176.

C.F. vonWeizsécker, Physik.Z. 39 (1938) 663.

165






(Q) Neutrinos

December 1930: Hypothesis by Wolfgang Pauli at a meeting in Tubingen.

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.

Consider nuclear beta decay:
e.g., 4Cu — %Zn +e + 7,

OR, n—p+te+v;

Conservation Laws: [Written to describe observations!]

Conservation of charge

nucleon number

lepton number
[e and v, 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 ve must also be
emitted.

Conservation of Energy:

[Compare energy spectra from [—decay vs. o—decay]
(See Fig. Q-1 vs. Fig. Q-2)
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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 (~10-2°) 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 108 neutrinos/cm?/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,
Vet p > n+ e’

/ then e* + & = 7y-rays
n + Cd = vy-rays

These coincident gamma-rays — separated by the 20 - 100 psec 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™ cm?
compared to the cross section of ~10 to 100 x102* cm? 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 [3* decay. Their detection is discussed in Section (R).
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Conservation of Energy:

Fig. Q-1

Fig. Q-2

Comparison of [ —decay vs. o — decay
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Ph.D. thesis, University of California Radiation Laboratory Report UCRL-3877
(1957)]. The subscripts on the alpha peaks indicate the excitation energies of the
corresponding levels in the daughter nucleus Ra?23.

169



170

PHYSICAL REVIEW

VOLUME 113, NUMBER 1

_Free Antineutrino Absorption Cross Section. I. Measurement of the Free

Antineutrino Absorption Cross Section by Protons*

FreEDERICK REINES AND CrypE L. Cowax, Jr.{
Los Alamos Scientific Laboralory, University of California, Los Alamos, New Mexico

(Received September 8, 1958)

The cross section for-the seaction p(,8')n was measured using antineutrinos () from a powerful fission
reactor at the of the United States Atomic Energy Commission. Target protons were
provided by a 1.2 10° liter Tiqutd scintillation detector in which the scintillator solution (triethylbenzene,
terphyenyl, and POPOP) was loaded with a cadmium compound (cadmium octoate) to allow the detection
of the reaction by means of the delayed coincidence technique. The first pulse of the pair was caused by the
slowing down and annihilation of the positron (8*), the second by the capture of the neutron () in cadmium
following its moderation by the scintillator protons. A second giant scintillation detector without cadmium
loading was used above the first to provide an anticoincidence signal azainst events induced by cosmic rays.
The antineutrino signal was related to the reactor by means of runs taken while the reactor was on and off.
Reactor radiations other than antineutrinos were ruled out as the cause of the signal by a differential
shielding experiment. The signal rate was 363-4 events/hr and the signal-to-noise ratio was %, where half
the noise was correlated and cosmic-ray associated and about half was due to non-reactor-associated
accidental coincidences. The cross section per fission ¥ (assuming 6.1 7 per fission) for the inverse beta decay
of the proton was measured to be (114:2.6) X 10~ cm?*/5 or (6.72:1.5) X 10~% cm*/fission. These values are

JANUARY 1,

1959

consistent with prediction based on the two-component theory of the neutrino.

I. INTRODUCTION

- DETERMINATION of the cross section for the
reaction: antineutrino (#) on a proton (p*) to
yield a positron (8*) and a neutron (#),

it pr—optta, 1)

permits a check to be made on the combination of
fundamental parameters on which the cross section
depends. Implicit in a theoretical prediction of the
cross section are (1) the principle of microscopic
reversibility, (2) the spin of the #, (3) the particular
neutrino theory employed: e.g., two- or four-component,
(4) the neutron half-life and its decay electron spectrum,
and (35) the spectrum of the incident #s.

An experiment which was performed to identify
anlineutrinos from a fission reactor! yielded an approxi-
mate value for this cross section. Following this work,
however (and prior to the parity developments involved
in point 3), the equipment was modified in order to
obtain a better value of the cross section. The modifica-
tion consisted in the addition of a cadmium salt of
2-ethylhexanoic acid to the scintillator solution? of one
of the detectors of reference 1, utilizing the protons of
the solution as targets for antineutrinos, and making
the necessary changes in circuitry to observe both
positrons and neutron captures in the detector resulting
from antineutrino-induced beta decay in the detector,
In addition, a second detector used in the experiment

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

tNow at the Department of Physics, George Washington
University, Washington, D. C.

! Cowan, Reinés, Harrison, Kruse, and McGuire, Science 124,
103 (1956).

? Ronzio, Cowan, and Reines, Rev. Sci. Instr. 29, 146 (1958),
describe the preparation and handling of liquid scintillators
developed for the Los Alamos neutrino program.

of reference 1 was now used as an anticoincidence
shield against cosmic-ray-induced backgrounds, and
static shielding was increased by provision of a water
tank about 12-inches thick below the target detector.
The delayed-coincidence count rate resulting from the
positron pulse followed by the capture of the neutron
was observed as a function of reactor power, and an
analysis of the reactor-associated signal yielded, in
addition to an independent identification of the free
antineutrino, a measure of the cross section for the
reaction and a spectrum of first-pulse (or 7) energies.
Since the antineutrino spectrum is simply related to
the Bt spectrum, the measurement yields an anti-
neutrino spectrum above the 1.8-Mev reaction thresh-
old. The spectrum is, however, seriously degraded by
edge effects in the detector.

This experiment was identical in principle with that
performed at Hanford in 19332 It was, however,
definitive from the point of view of antineutrino
identification (whereas the Hanford experiment was
not) because of a series of technical improvements,
coupled with the better shielding against cosmic rays
achieved by going underground. The improvements
consisted in the use of an isolated power supply to
diminish electrical noise from nearby machinery, better
shielding from the reactor gamma-ray and neutron
background, a more complete anticoincidence shield
against charged cosmic rays through the use of a liquid
scintillation detector, and use of a large detector
containing 6.5 times as many proton targets.* In
addition, oscilloscopic presentation and photographic
recording of the data assisted materially in analyzing
the signals and rejecting electrical noise.

3F. Reines and C. L. Cowan, Jr., Phys. Rev. 90, 492 (1953).

4 The gain, times 6.5, due to the increase in target protons was

largely balanced by a decrease in the neutron detection efficiency,
times §, made necessary by other experimental considerations.
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Detection of the F reé Antineutrino™®

F. Reses,f C. L. Cowan, Jr.,} F. B. HarrisoN, A. D. McGuirg, Axp H. W. Kruse

- Los Alamos Scieniific Laboralory, Universily of California, Los Alamos, New Mexico

(Received July 27, 1959)

The antineutrino absorption reaction p(#,6*)n was observed in two 200-liter water targets each placed
between large liquid scintillation detectors and located near a powerful production fission reactor in an
antineutrino flux of 1.2X 10" cm™? sec1, The signal, a delayed-coincidence event consisting of the annihilation
of the positron followed by the capture of the neutron in cadmium which was dissolved in the water target,
was subjected to a variety of tests. These tests demonstrated that reactor-associated events occurred at
the rate of 3.0 hr™? for both targets taken together, consistent with expectations; the first pulse of the pair -
was due to a positron; the second to a neutron; the signal dependended on the presence of protons in the
target; and the signal was not duc to neutrons or gamma rays from the reactor.

INTRODUCTION

HE importance of a direct verification of the
Pauli-Fermi neutrino hypothesis' has long been
recognized.  The experiment reported in -this paper
was designed to show that the neutrino has an independ-
ent existence, i.e., that it can be detected away from
the site of its creation, by means of the effect it produces
on a counter. In this work, carried out at the Savannah
River Plant of the U. S. Atomic Energy Commission,
we investigated the reaction®

7+p—B*+n, ¢}

which is the antineutrino-induced inversion of neutron
decay.

The detection scheme is shown schematically in
Fig. 1. An antineutrino (7) from the fission products in
a powerful production reactor is incident on a water
target in which CdCl; has been dissolved. By reaction
(1), the incident 7 produces a positron (8*) and a
neutron (1). The positron slows down and annihilates
with an electron in a time short compared with the
0.2-usec resolving time characteristic of our system,
and the resulting two 0.5-Mev annihilation gamma rays
penetrate the target and are detected in prompt
coincidence by the two large scintillation detectors
placed on opposite sides of the target. The neutron is
moderated by the water and then captured by cadmium
in a time dependent on the cadmium concentration
(in our experiments practically all neutrons are captured
within 10 psec of their production). The multiple

* Work performed under the auspices of the U. S. Atomic
Energy Commission. A preliminary account of the present work
appeared in Science 124, 103 (1956). The antineutrino is generally
understood to be associated with negative beta decay.

t Now at the Department of Physics, Case Institutc of Tech-
nolo%y, Cleveland, Ohio.

t Now at the lSepartment of Physics, Catholic University of
America, Washington, D. C.

1'W. Pauli, Jr., address to Group on Radicactivity of Tiibingen,
December 4, 1930 (unpublished); E. Fermi, Z. Physik 88, 161
(1934). A discussion of the historical development of the neutrino
concept and some pictures of the apparatus used in the present
experiment may be found in an article by F. Reines and C. L.
Cowan, Jr., Phys. Teday 10, 12 (1957).

2 A first attempt to study this reaction was made at the Hanford
Engineering Works in 1953; F. Reines and C. L. Cowan, Jr.,
Phys. Rev. 92, 830 (1953).

cadmium-capture gammas are detected in prompt
coincidence by the two scintillation detectors, yielding
a characteristic delayed-coincidence count with the
preceding B+ gammas. The experiment consisted in
showing that: ’ -

1. Reactor-associated delayed coincidences of the
kind described above were observable at a rate con-
sistent with that calculated from the # flux and the
detector efficiency, on the:basis of the two-component
neutrino theory.

2. The first prompt-coincidence pulse of the delayed-
coincidence pair was due to positron-annihilation
radiation.

3. The second prompt-coincidence pulse of the
delayed-coincidence pair was due to cadmium capture
of a neutron.

4. The signal was a function of the number of
target protons.

5. The reactor-associated signal was not caused by
gamma rays or neutrons from the reactor.

Throughout the experiment an effort was made to
provide redundant checks of these several points. Since
it may not be easy to repeat the experiment because of
the elaborate equipment required, the results are given
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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 cm? at the earth’s orbit?

4 (*H) = ‘He+ 2B+ 2 v, +26.7 MeV
Solar Luminosity =
3.9x10% Joules/sec = 2.4x10% eV/sec = 2.4x10%*° MeV/sec

= 1.8x10% v./sec

At the earth’s orbit, i.e., @ 1.5x10%cm Area = 2.8x10%cm?

=  6.4x10% v./cm?/sec

Example of Solar Neutrino Detection:
( 3"Ar decay) , JAr+e = ¥Cl+v, + 0.8 MeV

The inverse reaction,

SCl+ve + 0.8 MeV = YAr+¢
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 C2Cls in which the
radioactive 3’Ar (as a noble gas atom) could be extracted from the liquid C,Cl,
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 ’Ar, 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.
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Sudbury Neutrino Observatory:
1000 metric tonnes of D,0, 6800 feet deep in the Creighton nickel mine in
Ontario, Canada, detecting neutrinos via the reactions

Ve + 2D - p+p + €
vz + 2D - vz + p + n
vz + & — VvV + ¢

[The latter two reactions are sensitive to neutrinos of all 3 lepton

families (ve, vu, V:) and thereby measure the neutrino flux
independent of neutrino oscillations between the various families.]

SuperKamiokande:
50,000 m? of H,0, 1000 meters deep in the Kamiokande tin mine in Japan,
e 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.

174



199} 0009 1IN0 01 UMOp paydeal Ajjenuans yotym uebaq Buljsuuny ay) a108q ‘dasp 1884 005
1noge ‘uonelado Buruiw feniul ayy Jo 1d uado ayl ‘@s ‘pea] ul aulw pjob axeIsswWoH syl JO als ayL

175



Fig. R-2

Ray Davis (top) providing a comparison scale
for his detector (~100’ long x 50’ in diameter).
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Sudbury Neutrino Detector
http://www.sno.phy.queensu.ca

Fig. R-5
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Fig. R-6

Schematic view of the SNO detector. The PMT support structure (PSUP)

shown inside the SNQO cavity, surrounding the acrylic vessel, with light- and heavy-water
volumes located as indicated.

Schematic View of the SNO Detector
Karsten M. Heeger — PhD Thesis (Univ. Wash.)
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Plot of the angle of incidence of the neutrinos detected at
SuperK, showing the peak at 0° (the direction of the sun),
and the uniform background due to all others sources
distributed randomly on the sky.
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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”.

Fig. S-1 apparent
Earth in July star position @

in January
parallax angle -
background
0 stars
Nearby
star
©
. apparent
Earth in January star position g
inJuly

Parallax of nearby star

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)
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We can make a scatter plot of these stars on the basis of :
“Absolute Magnitude” vs. Color (temperature)

H

“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 ~ 6000° 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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Internal structure:

core
radiative zone Subsurface flows

convection zone

Photosphere

SR
N
-y
5
k

Prominence

Coronal Hole
Chromosphere

Fig. S-2

Cutaway View of a Stellar Interior

https://www.nasa.gov/mission_pages/sunearth/science/plasma-flow.html
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Fig. S-4

Mt, Wilson
XXVI—TuE Garaxy NGC 4594, THE ‘SOMBRERO HAT

This galaxy possesses hundreds of associated globular clusters. They can be distinguished

by a softness of outline from the hard circular star unages. The latter are of course just

local stars of the Milky Way. The globular clusters each contain perhaps 100,000 separate

stars, while NGC 4504 itselfl probably contains upwards of 100,000,000,000 stars. Lts

distance must be approaching 10 million parsecs. The dark band of the ‘Sombrero’ is due
to the obscuring effect of huge dust clouds.

md Palomar Observato

XXVII—THE GrLoBuLAr GaLaxy M 87, A MonsTER MEMBER
ofF THE Virco CLouD
This galaxy has three outstanding peculiarities: it possesses about a thousand associated
globular clusters; it contains near its centre a blue jet of gas (not visible in this picture) ;
and it is an intensely powerful transmitter of radio-waves.
Mt. Wison and Palomar Observatories

Fig. S-5
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Fig. S-6 Globular Clusters Associated with the Milky Way Galaxy
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TABLE 27.8
SELECTED GLOBULAR CLUSTERS
Galactic Representative ) . Radial
Cluster coordinates diameter Dis- | Visual Visual |Observed | yejocity Mo
INGC ‘ tance | magnitude | absorption| 1O- &f in
I™ | b" |angular| linear variables | kmj/sec
psc | kpsc |10* Ao
47Tuc | 104 1306 | —45| 76 | 10 | 46| 401 0.2 11
' 2419 | 180 " +25 1.9 32 58 10.7 0.3 - 36 + 14
wCen | 5139 | 309 | +15 14.2 20 4.8 3.57 1.1 164 .
@I M3 [5272| a2 |+79| 34| 13 |13 '6.38 0.2 187 ~150 21
M5 5904 4 | +47 4.5 12 9.2 5.93 0.0 97 + 45 6
M4 6121 | 351 +16 | 9.8 9 3.0 5.91 1.3 43 6
M 13 6205 59 | +41 4.8 11 8.2 5.87 0.2 10 —228 30
M 19 6273 | 357 | +10 3.5 7 7.3 6.88 1.3 4 +102
M 22 6656 10 | — 8 10 9 3.1 5.09 1.3 24 — 148 700
A 295 6752 | 336 | —26 | 15 24 5.6 6.2 0.6 1 - 3
7006 64 | —19 1.2 17 48 10.68 0.3 40 —348
M-15 7078 65 | —27 2.8 11 13 6.36 0.2 93 —-114 600
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Absolute photographic magnitude

s 5 1 i
O .
45 = -
Main sequence
+10 -
White dwarfs i
+15 ! | L | L
0] B A F G K M Spectral class
25,000 10,000 - 5000 3000 Temperature (°K)
—0.6 0.0 +0.6 +2.0 Color index

FIG. 23-3 Hertzsprung-Russell diagram for stars of known distance.

“Absolute Magnitude” is defined as the magnitude @ 10 parsecs (32.5 light years)

Note: @ magnitude change of -5 corresponds to a luminosity change of 100x

Note that stars of the same color (i.e., the same surface temperature) can
vary by many factors of 10 in their luminosity — which then must correspond
to many factors of 10" in their radius.

Hence, the designations dwarfs and giants and even supergiants.

Some examples:

Mags Muis mass (mp) radius(Rg) Ty (°K)
Rigel -7.0 B9  +0.14 18. x 78. x 11,000
Betelgeuse 55 M2 +041 8. x 1,200. x 3,500
Sirius +14 Al -1.4 2.0 x 1.7 x 9,900
Sun +4.7 G2 1.0 x 1.0 x 5,800
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Fig. S-8

|
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I'tG. 17, The starg of the globular cluster M 3 ( HOyle, 1955 )

Fig. S-9 The globular cluster, M3.
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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. ©

Fig. S-10

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
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Approximate solar neighborhood

Fig. S-11 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-13390)
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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 EO (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. 5-13 XXVII—Tue GLoBuLAR C.—\L:—\XY M\ 87, A MonsTER MEMBER
ofF THE Virco CLoun

This galaxy has three outstanding peculiarities: it possesses about a thousand associated
globular clusters; 1t contains near its centre a blue jet of gas (not visible in this picture) :
and it is an intensely powerful transmitter of radio-waves.

Mt. Wison and Palomar Observatories
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Fig. S-14

FIG. 32-9 NGC 4565, a spiral galaxy in
Coma Berenices, seen edge on. Photographed
in red light with the 200-inch telescope.
(Mount Wilson and Palomar Observatories.)

NGC 5194 (M51)
3 panion, NGC 5195,
‘_te!esaope. (Mount Wilson and
alomear Observatories.)

FIG. 32-12 NGC 3031 (M81), spiral galaxy
in Ursa Major. Photographed with the
200-inch telescope. (Mount Wilson and
Palomar Observatories.)

FIG. 32-13 NGC 1300, barred spiral galaxy in
Eridanus, photographed with the 200-inch telescope.
(Mount Wilson and Palomar Observatories.)
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(central region).
| Group and the
wodulus is 24.5 according to
— 1.5 can be detected. The
letely resolved into bright stars,

In addition there are in the spiral arms,
en clusters, novae, irregular variables, HII
d supergiants of My
Globular clusters are

Spiral galaxy in Triangulum
is is a member of our Loca
nearest Sc galaxy. Its distance n
Stars down to My

Fi6. 309 (a)

spiral arms are comp
are blue supergiants.

Cepheid variables, op
and at least 3 000 re
to those in the open cluster h and y Persei.
ed color index is 0.40.

photagraph from Mount Wilson and Palomar Observatories)

Fic. 309 (b) NGC 598 Spiral nebula in Triangulum.
Messier 33. Photographed in red light. (48-inch Schmidt
photograph from Mount Wilson and Palomar Obscrvatorics.
Caption material reprinted froni The Hubble Atlas of Galaxies,
by Alan Sandage (1961), by permission of the Carnegic
Institution of Washington and the California Institute of
Technology.)



Fig. S-16

© Australian Astronomical Observatory

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
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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 ®Tc which has a ty, =
2x10° years. (The Tc isotope with the longest ty, is
BTc with ty, = 4x10° 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 =10° 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 2°*Cf 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).
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We see in Fig. T-4, ( Z vs. N for stable isotopes), the slow cooking and B-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
B-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 B-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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RELATIVE ABUNDANCE (Si=10P)

Fig. T-5
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Fig. T-6
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Fig. T-7

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
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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) atotal energy outburst equivalent to 10° xL¢ for a few seconds.
¢) ahighly condensed remnant in the form of a black hole, or a neutron
star which can be observed as a rapidly spinning pulsar.
d) aburst of neutrinos that has been detected from as far as 169,000 light-
years (ly) away in the Large Magellanic Cloud (LMC).
e) agamma-ray flux from decaying radioactivities that has been detected
from as far as 169,000 ly away in the LMC.
f)  aset 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 4™ (corrected to the modern calendar)
in the year 1054. It became as bright as the planet VVenus, 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 1C-4182 in 1937 (Walter Baade).

Then in the late 19" 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
x10° sec to 3 x1072 sec.

TABLE 5

CHINESE OBSERVATIONS ON THE CRAB NEBULA*

(9.5 mag — 12 half-lives in 627 days. “Half-life” ~ 52 days)
App. mag.  Abs. mag e
r ©
— o
First observed July 4,1054 [“Guest star visible -5 -16.5 <
by day like Venus” S
—
Daylight visibility | July 27, 1054 23 days -3.5 -15 5
Visible until Apr. 17,1056 | 650 days 6.0 - 55 %
L

*Duyvendak, Publ. Astro.SocPacific54(1942(,p.91. Mayall and Oort, ibid p.95

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 5" SN-1054 would have appeared just 2° 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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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 **Co
(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 ~ 10
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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From: Mark vagins <vagins @markie.ps.uci.edus> : . o
To: Peter Parker <peter@mirage.physics.yale.edus
Subject: Re: 1987a ??

On Mon, 22 Aug 2005, Peter Parker wrote:

Mark - : ,
There has been an "urban legend" circulating for some time (and | thought that maybe I should
check it out before | repeat it one more time) that just prior to 1987a, Kamiokande Il had been
down for maintenance(?) and recalibration, etc. and that it had just come back on line half and hour
before the famous burst of neutrinos arrived.

Fact or fiction 7?7 Is this story actually written down anywhere or just transmitted by word of
mouth?

Thanks - Peter

Hey Peter,

Well, as it happens you have asked the right person...

As with many Urban Legend-like stories, this one has been transmitted by word of mouth for
many years. As far as | know there is nothing officially written down anywhere which is publicly
available, at least not in English!

However, | can tell you authoritatively that this particular story is absolutely, 100% true. No urban
(or subterranean) legend, this. How can | be so sure?

I had also heard many stories about SN1987A, so in 1998, shortly before all of the old
Kamiokande stuff was removed from the Kamioka mine (in order to make room for the KamLAND
experiment), | walked down the tunnel from Super-Kamiokande, went into the Kamiokande counting
house, and read through the original logbooks. Indeed, on the fateful date there had been hardware
servicing and calibration work performed - it had concluded and the detector was restarted less than
an hour before the neutrino wave swept past. As there was no GPS timing or Simple Network Time
Protocol (SNTP) in those days, the times in the book were based upon the watch worn by that day's
shiftworker, and hence are not accurate to the second or even to the minute.

At the same moment, on the other side of the world, the IMB detector had a faulty high voltage
power supply, and hence one entire side of that cube-shaped detector was turned off. Luckily, they
were still running with what was left, and so were able to observe the neutrino burst as well. That
power supply was later, and with considerable ceremony (as part of a collaboration meeting),
heaved over the side. of a ship and into the depths of the ocean. .

So, needless to say, | am always very, very uneasy whenever | need to turn off Super-
Kamiokande's data-taking for any reason. At any given moment there are approximately 1,000
"local" supernova neutrino waves propagating through our galaxy, getting closer and closer each
and every second. We must do everything we can to be ready when the next one arrivesl!

Later,
-Mark
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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 **Ni (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 *°Co (847-keV and 1238-keV) were detected in Nal 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 *°Co, these gamma rays would
have been 2*=16 x 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 Mg of *Ni,

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 10x 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 100x 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 “Ti. Given the 60-year half-life of *Ti, this peak
would have been 42x more intense if Flamsteed had had COMPTEL at his disposal

to study his supernova 320 years ago. ©

SN generated Al 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 2°Al coming from the interstellar medium (Fig. U-12). Since
26Al has a half-life of only 720,000 years, this indicates that this 2°Al 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 y-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 -69° 202)
[ 7:36 a.m. UT, 23 February 1987 ]

11 million years ago: (M= 18xMg) H = He L ~=40,000 x Lo

1 Million years ago:  Switched to Helium burning

Compare to our sun which will burn its H = He for 10 to 20 billion years.

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 4x107 °K to 4x10°
°K, and its central density had risen to about 5x107 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 (=10 grams/cc) forming a “neutron star” with a radius of only =20 miles,
whereas it had earlier had a radius of =200x10° 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 10%° xLe . 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!
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Fig. U-1 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.
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Fig. U-4

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.
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Fig. U-5

Crab Nebula optical pulsar

Pulsar in
“on” state

Pulsar in
“off"” state




Fic. 14. The supernova in 1C 4182, photographed (top) September 10,
1937, at maximum brightness—exposure 20 minutes; (middle) November
24, 1938, about 400 days after maximum—exposure 45 minutes; (bottom)
January 19, 1942, about 1,600 days after maximum, when the supernova
was too faint to be detected—exposure 85 minutes. Note that the time
intervals of the three exposures are different. The galaxy in which the super-
nova occurred is clearly seen in the bottom photograph. It is not apparent
in the two top photographs for which the exposure time was too short.
(Mount Wilson and Palomar Observatories.)

Fowler (1967) p. 62
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SN 1987 a
-(23 February 1987, LMC)
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Fig. U-10
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Cas-A SN-1680
Chandra satellite x-ray image of Cas-A
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GRO-Comptel

26Al (1809 keV) map of our Galaxy

Fig. U-13

*Inner Galaxy®
Cygnus (West)
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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 19" to the
20" century. [From the discovery of x-rays and radioactivity and photons, to E =
mc?, 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 = Rp) 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 | 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

Diagram 3.3
Deflection of a ray of light by a star (greatly exaggerated).

o =(4GMY(c*r,)

Fig. V-3
e 18 | mmemmaa Expected Einstein effect
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A test of the relation between the angle of deflection and the distance between
the light ray and the centre of the Sun (theoretically a~v1fr,).
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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|/c? <<1.)

A sketch of the paradigm of a lensed system is below: ).

Fig. V-5

In a system where lensing occurs there is a

e source: where the light comes from, can be a quasar, the cosmic microwave background,
a galaxy, etc.
o lens(es): which deflect(s) the light by an amount related to its quantity of mass/energy,
can be anything with mass/energy
o observer: who sees a different amount of light than otherwise because the lens has bent
spacetime and thus the travel paths of the light
e 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.)
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Gravitational Lensing

Imagine a bright object such as a star, a galaxy, or a quasar, that is very far away from Earth
(say...10 billion light years). For our discussion, let us imagine we have a quasar. If there is
nothing between it and us, we see one image of the quasar. Yet, if a massive galaxy (or
cluster of galaxies) is blocking the direct view to the quasar, the light will be bent by the
gravitational field around the galaxy [see figure below]. This is called "gravitational lensing,"
since the gravity of the intervening galaxy acts like a lens to redirect the light rays. But rather
than creating a single image of the quasar, the gravitational lens creates multiple images. \We
follow the light rays from the Earth to the apparent locations of the quasar. If the galaxy were
perfectly symmetric with respect to the line between the quasar and the Earth, then we would

see a ring of quasars!

— RActual Quasar Light

— Image Light - ""\
il Image of
Quasar

Quasar

Earth

Fig. V-6
R R
Quasar

Now, if the massive galaxy is off-center (as might be expected) with respect to the line between
the quasar and the Earth, then the two light paths would be different distances around the
galaxy. This makes the twin images be formed at different distances away from the actual

quasar.

—— Actual Quasar Light
= image Light )
o ¥ Image of
» Quasar

Quasar
Earth R
Flg- V-7 Massive Galany Image of
(ofr-axis) Quasar

Finally, since the distances between each of the objects is so great, the radius of the galaxy
and the mass distribution of the galaxy are well approximated by point masses (the error is
small). Thus, one can use simple geometry (knowing the mass of the galaxy, the distance of
the galaxy and the two images) to estimate the distance to the actual quasar.

http://imagine.gsfc.nasa.gov/docs/features/news/grav lens.html 11/18/2008
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fect could allow galaxy

T lr 4 am | :'i-

Fritz Zwicky posited in 1937 that the e
clusters to act as gravitational lenses. It was not until 1979 that this
effect was confirmed by observation of the so-called "Twin Quasar”
Q0957+561.

Gravitationul Lensg G22374+0305

In the formation known as Einstein's Cross
four images of the same distant quasar
appears around a foreground galaxy due to
strong gravitational lensing

ational Lens in Abell 2218  HST - WFPC2
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Dark Matter Map in Galaxy Cluster Abell 1689 HST ACS/WFC

NASA, ESA, E. Jullo (Jet Propulsion Laboratory), P. Natarajan (Yale University), STScl-PRC10-26
and J.-P. Kneib (Laboratoire d’Astrophysique de Marseille, CNRS, France)

Fig. V-12 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.)
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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-2

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 | (near-
infrared; 600 sec) filters with FORSL1 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/
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This is a story of why and how Kent
Ford and I studied the orbital velocities
of stars in the Andromeda galaxy
40 years ago. Our study was influential
in the later conclusion that most of the
matter in the universe is dark.

In January 1965 I walked into the De-
partment of Terrestrial Magnetism (af-
fectionately known as DTM), and asked
for ajob. I had been working at George-
town University since obtaining my
PhD there a decade earlier. But teach-
ing, doing research, and traveling to ob-
servatories complicated a busy family
life that included a physicist husband
and four active children.

It was typical of DTM’s unconven-
tional ways that I was not handed a job
application. Instead, I was handed a
new 2 in. X 2 in. glass plate containing
a spectrum of a star, and asked if I could
measure its velocity. Back at George-
town I measured it, and I got the job.

Kent Ford, a DTM physicist, had re-
cently built an image tube spectro-
graph. It incorporated a two-stage mag-
netically focused RCA cascaded image
tube at the focus of a Cassegrain
Schmidt camera. Baked II-aO plates
photographed the image tube’s final
phosphor screen. Using this device on a
telescope reduced the exposure time to
1/10th that of an unaided photographic
plate. It was a major step forward in tel-
escope instrumentation.

The next year Kent and I embarked
on a program to measure rotation ve-
locities in the Andromeda galaxy, M31.
We hoped to determine the rotation
curve—the velocity relative to the M31
nucleus as a function of nuclear dis-
tance—as far out as possible, and thus
deduce M31’s mass. In our solar system,
the orbital velocity of each planet is de-
termined by its distance from the Sun.
In a disk galaxy, the disk stars all orbit
in the same direction; each star’s veloc-
ity is determined by the total mass in-
terior to its orbit.

In M31 we hoped to detect the Her
spectral line emitted by hydrogen gas
clouds that had been ionized by nearby
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hot stars. Spectral lines shift blueward
(redward) as the star’s orbit carries it to-
ward (away from) the observer. I had
long been interested in orbital motions
of stars at the outer parts of galaxies, a
subject little studied. Kent was inter-
ested in using the spectrograph at the
limits of its capabilities.

It was not simple to work at Lowell
Observatory in the 1960s. Iwould arrive
several days before the allotted nights to
cut photographic plates into 2 in. X 2 in.
squares in total darkness. Baking a plate
in an oven for 72 hours magically in-
creased its sensitivity. At the telescope,
Kent and I would each guide an expo-
sure in turn, making tiny adjustments
to the telescope to keep the guide star
exactly on the cross wires. I thought I
guided best, and would not relinquish
my turn; Kent behaved the same way.
We worked in almost total darkness, for
a light leak in the telescope or spectro-
graph could ruin the exposure. I devel-
oped the plates.

At the telescope

In December 1967 we took our first
spectrum. It was one of 688 Ha regions
in M31 that Carnegie astronomer Wal-
ter Baade photographed and identified'
in the 1940s, using the Mt. Wilson
100-in. telescope. The regions were too
faint to be visible at the 72-in. Lowell or
the 84-in. Kitt Peak telescopes, so we set
the telescope by “blind offsets” using
exact distances calculated from bright
stars on Baade’s charts. We also had to
account for any slight rotation of the tel-
escope field. A hard task in a cold dark
dome with freezing fingers inside
heavy gloves.

After completing our first 70-minute
exposure, Kent and I and a visiting as-
tronomer (observers love to visit other
observers at a telescope) went to the
darkroom. I developed the plate and
turned on the lights while the plate was
washing. We were excited to see a
lovely spectrum, and knew then that
the program could succeed. Our guest
offered to finish the washing so we
could start offsetting for the next re-

Seeing dark matter in the
Andromeda galaxy

Vera Rubin is an observational astronomer who has studied motions of stars
and gas in galaxies for 75% of her life. She is at the Department of Terrestrial
Magnetism, Carnegie Institution of Washington in Washington, DC.

gion. In a few minutes he returned to
the dome, leaving the plate washing in
running water. When we returned to
the darkroom after the next exposure,
we found a clear 2 in. X 2 in. piece of
glass washing in a basin of hot water!
Our guest had mistakenly washed the
plate in hot water, causing the emulsion
to slither off. Our logbook reads:
PLATE DESTROYED IN WASHING.
But it didn’t matter. I was euphoric! We
had proved that we could measure ve-
locities of individual regions in M31,
2.5 million light years from our telescope.

During 1968 and 1969, we observed
M31 at Lowell and Kitt Peak whenever
we had telescope time. To observe at Kitt
Peak, we loaded a van with the spectro-
graph, power supply, tools, boxes for
plate baking, and log books, and drove
300 miles from Flagstaff to Kitt Peak.

Once, the crane in the Lowell dome
failed, so Kent and I carried the heavy
spectrograph down the dome stairs and
headed for Kitt Peak. Dirt roads on arid
Native American lands were a visual
contrast to the Japanese flower farms
south of Phoenix. At the observatory
loading dock, three or four Tohono O'od-
ham Native American workmen helped
us unload. I never knew if their com-
ment, “There must be an easier way to
make a living,” referred to them or to us.

Regulations required that a telescope
operator stay at the 84-in. telescope all
night. Operators hated our arrival, for
after setting the telescope on M31 at the
twilight start, they had no duties until
dawn. They even covered the luminous
clock dial, knowing thatI objected to any
lights. Standing at the telescope in a
black dome during a many-hour expo-
sure, guiding by a nearby star, I found
the greenish glow of the M31 nucleus ex-
hilarating and a little spooky. Often I
wondered if an astronomer in M31 was
observing us. Always I wished we could
exchange views.

From 1967 to 1969, Kent and I ob-
tained spectra and derived orbital ve-
locities for 67 regions whose distances
from M31’s center range out to 120 arc-
min (89 light years), the farthest region



identified by Baade. Interior to 16 arc-
min, no regions were found, so we used
a long spectrograph slit placed across
the M31 nucleus, and detected and
measured a weak nitrogen emission
line. Exposures ranged from one to sev-
eral hours. During the long exposures,
I would flash my faint red light period-
ically to identify my surroundings.
After our observing run, we carried the
plates to DTM. Kent, the consummate
instrumentalist, constructed an alu-
minum can to carry wet plates devel-
oped the last night. At DTM, I meas-
ured the spectra on a two-dimensional
measuring microscope, punched cards
manually, and calculated velocities
using an early IBM computer.

In my talk at the American Astro-
nomical Society meeting in Austin,
Texas, in December 1968, I showed our
preliminary rotation curve for M31. The
result attracted attention because it rep-
resented the largest extent of an optical
galaxy rotation curve.? Earlier attempts
to derive extended rotation curves for
galaxies failed® because spectrographs
were not stable over the tens of hours
(3 months for M31 in 1917) for a single
exposure. Even spectra obtained by
others in the 1960s failed to yield veloc-
ities beyond the visibly bright galaxy.

After my talk, the esteemed Rudolph
Minkowski asked when we would pub-
lish the paper. Ireplied, “There are hun-
dreds more regions that we could ob-
serve.” He looked at me sternly and
said, emphatically, “I think you should
publish the paper now.” We did.

Tis a puzzlement

Our 1970 paper included optical obser-
vations out to 120 arcmin® but did not
include the superposed image of M31,
or the 1975 radio observations® shown
in the figure. This composite of the
galaxy and velocities emphasizes the
extent of the optical image and the “flat-
ness” of the velocities. We found it puz-

www.physicstoday.org

zling that stars far from the center trav-
eled as fast as those much closer to the
center. However, we chose not to ex-
tend the curve beyond the final meas-
urement by using a decreasing New-
tonian inverse square velocity, the
common practice at that time. Instead,
we wrote “extrapolation beyond that
point is clearly a matter of taste.”

Isaac Newton showed that the force
on a mass at radius r from the center of
a symmetrical mass distribution is pro-
portional to the mass interior to that .
High-school students learn that in a
gravitationally bound system like our
solar system, a planet moves in a closed
orbit, such that M/G = V? where M is
the mass of the Sun, G is the gravita-
tional constant, and V and r are the ve-
locity of a planet and its distance from
the Sun. In M31, the same relation be-
tween mass, velocity, and distance
holds. A flat rotation curve (V = con-
stant) implies that mass increases lin-
early with distance from the center. (I
leave this as an exercise for the reader.)
Enormous amounts of nonluminous
matter extend far beyond the optical
image of M31.

Although in the 1930s Fritz Zwicky
and Sinclair Smith had suggested that
dark matter stabilizes clusters of galax-
ies,® their ideas were largely ignored.
Our M31 study offered new evidence
for dark matter in the universe. After
our 1970 paper, it would take a decade
of more observations of flat rotation
curves and brilliant theoretical ideas’
for the scientific community to embrace
the concept that most matter in the uni-
verse is dark.?

Early on, I had discussed M31 with
Mort Roberts, a near neighbor at the
National Radio Astronomy Observa-
tory in Charlottesville, Virginia. In 1975
Roberts and Robert Whitehurst pub-
lished their survey of the southern end
of M31, observed with the 300-ft. Green
Bank radio telescope.® They traced the

extent and velocity of neutral hydrogen
gas, using the 21-cm hyperfine transi-
tion (a spin flip in the H atom). To the
limits of their detection, 150 arcmin, the
velocities remain flat. It was Mort who
first showed me a superposition of the
M31 velocities and the optical image.
That composite is a wonderful illustra-
tion of the concept of dark matter. The
figure raises the questions: What's spin-
ning the stars and gas around so fast be-
yond the optical galaxy? What's keep-
ing them from flying out into space?
The current answer is, “Gravity, from
matter that has no light.”

Now, 40 years after Kent and I started
studying M31, astronomers know that
more than 90% of the matter in the uni-
verse is dark, but we only have theories
about its composition. The simplicity of
our M31 optical observing contrasts
with the sophistication of current dark-
matter galaxy models and with the ex-
periments planned by particle physi-
cists. A few brave, smart cosmologists
work to modify Newton's laws to ac-
count for the observations. But no one
can predict the surprises that surely lie
ahead as we attempt to shed light on na-
ture’s dark secret.
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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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Fig. W-3
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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 10'%° 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.
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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.
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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 "MACHQOs". 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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Fig. W-5

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.




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 (STScl) conducts
Hubble science operations. STScl 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
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(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 36X 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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Fig. X-1

| PUERTO RICO

© uCaribbean.com

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.
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Fig. X-2

Arecibo Radio Telescope, Puerto Rico

Spherical Diameter = 305 meters
Bottom to Upper Platform = 150 meters
Towers = 100 meters
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LIGO AND THE DETECTION
OF GRAVITATIONAL WAVES

he idea of gravitational

waves was already implic-
it in the 1905 special theory of
relativity, with its finite limit-
ing speed for information
transfer. The explicit formu-
lation for gravitational waves
in general relativity was put
forward by Einstein** in 1916
and 1918. He showed that the
acceleration of masses gener-
ates time-dependent gravita-
tional fields that propagate
away from their sources at the speed of light as warpages
of spacetime. Such a propagating warpage is called a grav-
itational wave,

The best empirical evidence we have of the existence
of gravitational radiation is indirect. It comes from the
1974 discovery and beautiful observations, by Russell
Hulse ung_Juseph Tnyloxji“ of the first binary pulsar ever
found. ( y December 1993
Exploiting the clockwork pulsar signal from the neutron
star, they were able to monitor the orbital period of the
binary star system with exquisite precision and confirm
that it was indeed gradually speeding up at just the rate
predicted for the general-relativistic emission of gravita-
tional waves,

The direct detection of gravitational waves will mark
the opening of a new window on the near and far reaches
of the cosmos. For physics, its most important promise is
the direct observation of gravitation in highly relativistic
settings, so that one can test general relativity in the
strong-field limit, where it is not merely a small correction
to Newtonian gravity. (See the companion article in this
issue by Clifford Will, on page 38.) In that limit, the strong
curvature of the spacetime geometry should show us fun-
damentally new physics.

By the time they reach us, the gravitational waves
are, of course, only very weak perturbations on our local
flat space. But they will provide information about the
strong-field regions where they began. The detection of the
waves will also allow us to determine the wave properties
of the gravitational radiation—for example, their propa-
gation velocity and polarization states.

For the astrophysicist, the observation of gravitation-
al waves will provide a new and very different view of the
universe. These waves arise from motions of large aggre-
gates of matter, rather than from the particulate sources
that produce electromagnetic waves. Because gravitation-
al waves are not scattered as they propagate between
source and observer, they should provide information
about what's happening in the innermost and densest

- BARRY BARISH is a profesor of physics at the California Instiinté of ||
 Technology in Pasadena and director of the LIGO laboratory. RAINER |
CWEISS is « r of plrysics at the Massachusetts Institute of Technology

e and the LIGO prfectinegrtion sientist *
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Large detectors on opposite sides of the
country are about to start monitoring
the cosmos for the gravitational waves
that general relativity tells us should be
emanating from catastrophic
astrophysical events.

Barry C. Barish and Rainer Weiss

regions of the astrophysical
source. Probing the universe
in this very different way,
gravitational radiation is
likely to bring us exciting
surprises and unanticipated
new astrophysics.

A new generation of
detectors based on suspend-
ed mass interferometry
promises to attain the requi-
site sensitivity for observing
gravitational waves. (See

figure 1.) These new detectors are the fruit of a quarter-
century of worldwide technology development, design, and
construction, The US effort, called LIGO (Laser
Interferometer Gravitational-Wave Observatory), is a
joint Caltech-MIT project, supported by the National
\Science Foundatjon. LIGO is a pair of L-shaped laser
“interferometers: one in Hanford, Washington, the other,

“page 17.)7 some 3000 km away, in Livingston, Louisiana. (See figure

2.) Each evacuated interferometer arm is 4 km long.

The LIGO facilities at both sites have now been com-
pleted, and detector installation is under way. Following a
two-year commissioning program, we expect the first sen-
sitive searches for astrophysical gravitational waves to
begin in 2002. This initial search, sensitive to changes
(strains) as small as a part in 10% in the lengths of the
interferometer arms, will be the first attempt to detect
gravitational waves at a sensitivity that reaches plausible
estimates for astrophysical source strengths. It will mark
a 100- to 1000-fold improvement over previous searches—
both in sensitivity and bandwidth.

The two LIGO interferometers will operate in coinci-
dence, so as to filter out local noise. In fact, to provide
additional coincidence surety, a third independent inter-
ferometer, half as long as the other two, will share the vac-
uum system of the full-size interferometer at Hanford.
Also, one determines the direction and polarization of a
gravitational wave by measuring arrival-time differences
between geographically dispersed detectors. At the
Hanford and Livingston support facilities, efforts will con-
tinue on the development of improved and special-purpose
detectors of increased search and follow-up sensitivity.

Gravitational radiation

The gravitational wave plays a role in gravitation similar
to that of the electromagnetic wave in electricity and mag-
netism. But because mass, unlike charge, comes in only
one sign and the momentum of a free system must be con-
served, the lowest-order source of gravitational radiation
is quadrupolar.

The radiation field causes a strain in space itself,
transverse to the propagation direction. The strain pat-
tern contracts space along one transverse dimension while
expanding it along the orthogonal direction in the trans-
verse plane. One way of imagining this distortion of space

© 1999 Amerscaa Institute of Physics, 5:0031-9228-9910-040-1



Test mass
Test mass

Light storage arm Beam splitter

Laser

is to look at the weave in a piece of cloth when it's pulled
along one dimension. The little squares of the weave dis-
tort in just this way. Furthermore the strain is quite uni-
form, so that the relative motion of points in the cloth
depends linearly on their separation.

It is this linear increase in the relative motion that
provides the motivation for LIGO's 4 km interferometer
arms. Such ambitious length is intended to provide ade-
quate sensitivity to passing gravitational waves in the
face of inevitable local perturbations. The tensor character
of gravity (the putative graviton is a spin-2 particle)
means that the push/pull pattern of the strain ficld for a
plane gravitational wave has two orthogonal polariza-
tions. If a candidate signal really is a gravitational wave,
and not just noise, the half-length auxiliary interferome-
ter at the Hanford site should see a coincident displace-
ment half as large as that experienced by its full-length
neighbor.

One can also think of the gravitational wave as pro-
ducing a tidal force field such that the relative force
between masses grows as their separation. The field will
pull masses together along one transverse direction while
pushing them apart along the orthogonal direction. How
one chooses to view the wave-matter interaction is really
a matter of taste. But one must be careful to maintain con-
sistency in one’s view and not mix the geometric and tidal
representations.

The strength of the gravitational field is expressed by
the dimensionless strain

@

where the factor in the first pair of brackets is the
Newtonian potential due to a source mass M at a distance
R, divided by the square of the speed of light. On the sur-
face of the Earth, that comes to 10¥, a very weak field.
But, at the surface of a neutron star, it can be as large as
10-". And at the horizon of a black hole, it is close to
unity—the ultrarelativistic limit of a strong gravitational
field. The factor in the second bracket pair—an estimate of
the system’s kinetic energy in asymmetric motion relative
to its rest energy—is a measure of the strength of the rel-
ativistic dynamics.

This expression gives us an immediate estimate of the
geale of the strains we might encounter. Consider, for
example, a solar-mass source at a Galactic distance, mov-
ing at about 10% of the speed of light. In such a case, the
strain we would observe halfway across the Galaxy would
not exceed a part in 10", This simple estimate explains

Photodetector

FIGURE 1. THE LIGO GRAVITATIONAL-
WAVE DETECTORS are equal-arm
Michelson laser interferometers whose
hanging mirrors serve as the gravitational
test masses. An incident gravitational
wave, indicated in red by the stress pat-
tern coming down from above, stretches
one interferometer arm and compresses
the other, causing a difference between
light travel times in the two orthogonal
arms. This time difference is manifested
in the interference pattern when the two
laser beams recombine on the way to the
photodetector, which can measure phase
shifts to a few ten-billionths of an
interference fringe.

Test mass

Light storage arm

why we have to take such heroic measures to detect the
strains. Even over the 4 km span of a LIGO arm, the rela-
tive displacement of two objects would be only a few times
107" ¢m, just about the size of an atomic nucleus! It's even
worse than that. As discussed below, plausible sources typ-
ically lead to strains of only 10!, corresponding to LIGO
displacements a thousand times smaller than the width of
a nucleus,

Candidate sources

There is a large range of processes in the universe that
should produce detectible gravitational waves.* Terrestrial
interferometers like LIGO will search in the frequency
range from 10 Hz to 10 kHz for characteristic signals from
a variety of astrophysical sources for which one might
hope to discern the signatures of gravitational radiation
over the background noise. (See figure 3.)

> Chirp signals. The terminal spiraling of a star into a
“compact” binary partner (a neutron star or a black hole)
will produce radiation that increases in amplitude and fre-
quency as the two move toward final coalescence. This
chirp signal can be well characterized, depending on
parameters such as the mass, separation, and orbital
cccentricity, That makes it possible to formulate efficient
detection templates.

> Burst signals. The collapse of a supernova may pro-
duce gravitational radiation, Type II supernova collapses
can generate strong gravitational radiation, if the core col-
lapse departs sufficiently from axial symmetry. Estimates
suggest that detection might be possible for such collapses
as far out as the Virgo Cluster of galaxies, some 50 million

Initial parameters for the LIGO detectors

Arm length 4000 m

Arm cavity storage time 880 us

Laser type and wavelength Nd:YAG, A=1064 n

Input power at recycling cavity .« 6 W . /

Power recycling gain 30

Mirror mass ¢ 77107 kg

Mirror diameter 25c¢m

Mirror loss Tkixae?

Mirror internal Q 1x10°

Cavity input mirrof transmission - ax10™

Pendulum Q (structure damping) ©x10

Pendulum period (stngle) 7 T T
~110dB at 100 Hz

Seismic isolation system
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light-years away. That would yield type II supernova
observation rates of one or more per year. Another possible
burst source accessible to LIGO is the brief, burplike oscil-
lation of a black hole’s event horizon just after it swallows a
star. The detection of supernova or postprandial black hole
events will require coincident observation of burst signals
in several geographically dispersed interferometers,
P> Periodic signals. Radiation from the nonaxisymmet-
ric motion of a neutron star, or of the nuclear fluid on its
surface might produce periodic signals in the detectors.
Happily, for many known pulsars the frequency of such
periodic signals lies within LIGO’s sensitivity band. The
searches for periodic gravitational signals from identified
neutron stars will be facilitated by the fact that one can
track the system continually over very many cycles, taking
account of the gradual slowing of the pulsar’s spin and the
Doppler shifts and amplitude variation due to the Earth’s
diurnal and annual motions. We expect to perform general
sky searches as well as targeted searches of known pulsars.
D> Stochastic signals. Signals from gravitational waves
emitted in the first instants of the early universe—as far
back as the Planck epoch at 10 seconds—can be detect-
ed by way of correlations of background signals from two
or more detectors. Some models of the early universe pre-
dict detectable signals. Such relic gravitational radiation
would provide us with an exciting new cosmological probe.
The initial parameters for the LIGO interferometers
have been chosen to provide a sensitivity with a reason-
able chance for detecting gravitational waves. (See the
table on page 45.) The anticipated rates for the various
sources, however, are burdened with large uncertainties.
As future advances in detector sensitivity increase the dis-
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FIGURE 2. THE TWO LIGO SITES, 3030 km
apart, in Hanford, Washington and Livingston,
Louisiana, will work in coincidence. The recent
photo of the Hanford site shows the two
orthogonal 4 km vacuum pipes going off into
the distance. The vacuum system also houses a
smaller auxiliary interferometer, with 2 km
arms to help distinguish true gravitational wave
signals from noise.

tance over which one can find sources, the
rate at which events are observed will grow
as the cube of LIGO's reach. That lends par-
ticularly high priority to a vigorous effort to
improve the system’s sensitivity.

Basic idea of the interferometer

A Michelson interferometer operating
between freely suspended masses is ideally
suited to detect the antisymmetric compres-
sion and distension of space induced by grav-
itational waves.® Figure 1 is a schematic
drawing of the LIGO equal-arm Michelson
interferometer. The two interferometer
arms, each 4 km long in the full-length
detectors, have identical light-storage times,
Light sent from the laser light source to the
beam splitter is divided evenly between the
two arms,

Having traversed the arms, the light is
reflected back to the splitter by mirrors at
their far ends. On the return journeys to the
photodetector, the roles of reflection and
transmission in the splitter are inter-
changed for the two beams and, further-
more, the phase of the reflected beam is
inverted by 180°. Therefore the recombined beams head-
ing toward the photodetector interfere destructively, while
the beams heading back to the laser source interfere con-
structively. If the interferometer arms are of precisely
equal length, the photodetector ideally sees no light, all of
it having been diverted, by perfect interference, back to its
source.

One would get this kind of perfect interference if the
beam geometry provides a single phase over the propagat-
ing wavefront. An idealized uniphase plane wave has this
property, as does the Gaussian wavefront in the lowest-
order spatial mode of a laser. Then, provided the arms are
equal in length (or their length difference is a multiple of
half the wavelength of the monochromatic beam), the pho-
todetector sees no light at all. The destructive interference
over the entire beam wavefront is complete,

If, in the absence of any disturbance, the interferome-
ter is carefully balanced so that no light appears at the
photodetector, a sufficiently strong gravitational wave
passing though the interferometer can disturb this bal-
ance and cause light to fall on the detector. That, in
essence, is how LIGO will sense gravitational waves. To
obtain the required sensitivity, we have made the arms 4
km long, and we have included two refinements:

D First, the intensity change at the photodetector due to
a gravitational wave depends on the interaction time of
the wave with the light in the arms. The longer this inter-
action time—up to half the period of the gravitational
wave—the larger is the resulting optical phase shift and
the consequent change of the light intensity at the pho-
todetector. To gain further interaction time, beyond what
one gets simply from the 4 km arm length, the initial
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FIGURE 3. RMS STRAIN SENSITIVITY LIMITS as a function of
signal frequency, for three LIGO generations indicated by the
U-shaped black curves, are compared with signal estimates for
various astrophysical sources. The “enhanced” detector is antic-
ipated for 2006, and the “advanced” detector four years later.
The shaded red region indicates the strain signal expected from
the coalescence of two neutron stars at distances [rom 20 to
1000 megaparsces (1 Mpe = 3x10° light-years), and {rom the
merger of two 10 M black holes at least 100 Mpc away. The
larger and more structured signal expected (rom the merger of
two 20 M, black holes at 100 Mpc is indicated by the purple
dashed curve. The green dashed curve indicates the signal
expected from an asymmetric supernova 15 Mpc away. One
expects a few events per year within the red parallelogram.

LIGO interferometers will also fold the optical beams
within the arms by means of optical cavities. This trick
results in a light-storage time of about 1 millisecond.
That's about 50 times longer than a simple straight tran-
sit through a 4 km arm.

> A second refinement increases the interfering light
intensity by making the entire interferometer a resonant
optical storage cavity. Most of the light interferometrical-
ly diverted from the photodetector direction—when the
arms are unstrained—returns toward the light source.
That makes it possible to achieve a significant gain by
placing another mirror between the laser and the beam
splitter. By properly choosing this extra mirror’s position
and making its transmission equal to the optical losses
inside the interferometer, one can match the losses so that
no light at all is reflected back to the laser. This is equiva-
lent to increasing the laser power by about a factor of 30,
without adversely affecting the frequency response of the
interferometer to a gravitational wave,

Sensitivity limits

The success of the detector will ultimately depend on how
well we can control the noise in the measurement of the

RMS STRAIN NOISE SPECTRAL DENSITY (Hz %)
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FIGURE 4. LIMITING NOISE SOURCES for the initial LIGO
interferometers are shown on a plot of frequency against spec-
tral noise density. The vertical axis denotes the RMS strain
noise in 1 Hz of bandwidth. The noise increases as the square
root of bandwidth, so that the noise in a typical 100 Hz win-
dow would be 10 times that shown on the axis, At the lowest
frequencies, sensitivity is limited by geophysical and man-made
seismic noise; at intermediate frequencies by thermal noise; and
at the highest frequencies by the shot noise of photon statistics.
The green line represents the minimum noise at the present
LIGO facilitics, irrespective of eventual detector upgrades.

exceedingly small strains we have been discussing. That
has been the prime technological challenge in this field for
the past several decades, and it is the central focus of our
development of the technology for LIGO. The noise we
have to contend with is broadly divided into sensing noise,
random force noise and, ultimately, quantum noise.
Sensing noise involves the various phenomena that limit
our ability to sense and register the small motions in ques-
tion. Random force noise, on the other hand, results from
disturbances that cause small motions of the suspended
masses. Eventually one confronts the ultimate quantum
noise limit. This orderly classification presumes that one
is careful enough in the design and exccution of the exper-
iment to reach the fundamental limits. The quantum limit
will not be an issue for the first or second generation of
LIGO detectors. So we do not address it in this article.
There is, however, important ongoing work that seeks to
understand the quantum noise limit and develop tech-
niques to circumvent it in measuring the strain.

In order to approach the fundamental limits, we have
made extensive use of two concepts in experimental
physics promoted by Robert Dicke (1916-97) of Princeton
University. The first is the technique of modulating the
signal to be detected at frequencies far above the 1/f noise
due to the drift and gain experienced by all instruments.
For example, we measure the optical phase to determine
the motion of an interference fringe at radio frequency
rather than near DC.

A second concept is to apply feedback to physical vari-
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FIGURE 5. LIGO’S SEISMIC ISOLATION SYSTEM consisis of four layers of masses
the coil springs seen here is made by lining the inside of a straight metal tube with rubbery damping

and springs. Each of

material and then filling the lined tube with a line of metal slugs strung on a rubber core. The tube is

then coiled and sealed,

ables in the experiment in order to control and damp large
excursions at low frequencies. The variable is measured by
way of the control signal required to hold it stationary, A
good example is the position of the interferometer mirrors.
At low frequencies, we maintain the interferometer fringe
al a fixed phase by holding the mirrors at fixed positions
with coil/magnet actuators.

Sensing noise

Our ability to determine the relative motions of the mir-
rors at the ends of the arms interferometrically is limited
by the smallest change in optical phase that we can meas-
ure. The light emitted by a conventional laser is in a
coherent state in which the photon occupation number 2
obeys a Poisson distribution with variance

An=+n =iz

where is the rate at which photons encounter the beam
splitter and 7 is the integration or observation time.
Because the phase and photon occupation number are con-
Jugate variables obeying an uncertainty relation, one gets

A =1/nr

for the variance in the interferometric measurement of the
relative phase of the recombining beams at the photode-
tector. We expect the optical-phase variance in the initial
LIGO detector to be about 3 x 10-10 radians, correspon-
ding to a strain variance in a 10-millisecond measurement
of about 2 x 10-*. That would be the fundamental Poisson
limit. It is sometimes called the shot-noise limit, because
it can also be derived from the statistics of photon count-
ing in the photodetection. This shot noise determines
LIGOss sensitivity limit for frequencies above 300 Hz. (See
figure 4.)

Before one reaches this limit, however, one has to deal
with a host of practical problems, such as laser frequency
fluctuations, laser amplitude noise, and stabilization of
the beam geometry. We must also reduce additional sens-
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ing noise terms that can occur in the beam propagation—
for example, scattering by residual gas molecules and
scattering ofT the vacuum tube walls driven by seismic and
acoustical noise. We limit these effects by using baflling
and low-scatter optics in the evacuated beam tubes. Bul
even il one controls these noise terms and achieves the
fundamental Poisson noise limit, one cannot ensily reduce
the noise uny further by simply increasing the laser power
to get more photons. That remedy raises problems of opti-
cal heating in the mirrors and contings and, finally, radia-
tion pressure fluctuations.

Random force noise

At lower frequencies, the sensitivity limit is set by how
well the motions of our test masses—the hanging mir-
rors—are controlled. At the lowest frequencies (about
10-100 Hz), the largest disturbances come from “seismic
noise”—the motion of the Earth’s surface driven by wind,
water flow, and human activities, as well as by low-level
earthquakes. At intermediate frequencies (100 Hz), the
principal culprit is thermal noise—that is, Brownian
motion driven by thermal excitations. Less important for
the initial LIGO interferometers, but increasingly signifi-
cant as the detectors are upgraded, will be fluctuations in
the Newtonian gravitational forces on the mirrors result-
ing from density fluctuations in the ground and the atmos-
phere and, ultimately, the radiation pressure fluctuations.

In general, these random forces are not correlated at
the different mirrors, and they are independent of the
length of the interferometer arms. By contrast, displace-
ments due to gravitational waves grow linearly with the
arm length. That’s our principal motivation for going to
the expense and trouble of having 4 km arms.

The LIGO suspended mirrors, which serve as the test
masses, are isolated from motions of the Earth by cascad-
ed stages of vibration isolation. The first level of'isolation,
consisting of four stages of springs and masses, reduces
the seismic motion a millionfold at frequencies around 100



Hz, and progressively more at higher frequencies. (See fig-
ure 5.) This isolation works much like the suspension in a
car. The final stage of the isolation system is the hanging
mirror itself. Each test mass is, in effect, a pendulum sus-
pended by [lexures. The pendulum provides another stage
of vibration isolation. But, more important, it also serves
to reduce the influence of thermal noise,

Mechanical thermal noise enters the system by excil-
ing the pendulum, causing the test mass to move, and by
exciting acoustic waves that disturb the mirror surfuce.
The acoustic noise can be represented as a superposition
of the motions induced in the normal modes of the mass.
The strength of the perturbation is estimated by taking
the overlap of the acoustic-mode shape with the optical
wavefront. The equilibrium thermal excitation of ecach
normal mode at temperature 7'is £7/2, yielding significant
motion at the principal resonant frequencies. Therefore
we choose these frequencies to be outside LIGO's detection
band for gravitational waves.

The thermal noise is a more fundamental and difficult
problem than the seismic noise. Our primary techniques
for reducing the thermal noise are to cool specific modes
and to design systems with low dissipation. The seismic
noise, by contrast, is motion relative to the inertial frame.
So one can use the inertial frame as a reference to reduce
the driving acceleratlions.

Detection strategies and confidence

In developing LIGO’ search techniques, statistical tests,
and detection criteria, we seek to minimize false observa-
tions. Within the statistics associated with the instrument
noise, a viable gravitational wave signal from a distant
astrophysical source must appear in the data streams of
all three LIGO interferometers in the US, and of any other
detectors in a worldwide network of comparably sensitive
instruments.

For gpecific astrophysical searches, we will require
signals consistent with calculated expectations of how the
frequency varies with time. For the terminal in-spiraling
of'a binary system with n neutron star, for example, one
can calculate the wavelorm as a function of the system

FIGURE 6. A LIGO MIRROR, 25 cm
in diameter and 10 cm thick, is made
of ultrapure fused silica. Its purple
coating 1s a highly reflective multilay-
er stack of dielectric materials.
Absorption and scattering losses must
not exceed a few parts per million,

parameters. So we can compare a
candidate chirp signal over thou-
sands of cycles, as it crosses
LIGO's sensitivity band, with
detailed templates of calculated
waveforms.

Futhermore, the geographical-
ly dispersed detectors will have to
exhibit consistent waveforms in
proper coincidence. There will also
be anticoincidence vetoes to weed
out environmental effects. The
hardest problem in a burst search
is the elimination of false signals
associated with non-Gaussian
noige in the individual interferom-
eters. By requiring multiple-detector coincidence, we can
reduce the rate of such spurious events to less than one
per decade.

Periodic sources will have to satisfy a very special set
of criteria. The observed signal must exhibit amplitude
modulation and Doppler frequency modulation consistent
with the effects of the Earth's rotation and revolution
around the Sun.

A stochastic background of gravitational waves can be
detected by searching for a common “noise” in a sot of
interferometers. The detection requires the cross-correla-
tion of two or more interferometers, In the LIGO goo-
graphic configuration, the cross correlation will be made
between the Washington and Louisiana interferometers,
with some penalty in bandwidth due to the large separa-
tion. We will also be able to correlate the two interforome-
ters at the Washington site, assuming that their inde-
pendence is not overly compromised by correlated pertur-
bations at the same location.

Plans for the future

AL first, LIGO will carry out a broadband search, because
we do not know what kinds of astrophysical or cosmologi-
cal sources we are most likely to see [irst. The LIGO facil-
ities have been designed for a lifetime of 30 years, during
which time, we expect, there will be a continuing and
active program of detector development. The facilities can
accommodale detectors operating at the quantum limit of
a | ton mass and at the Newtonian limits imposed by the
terrestrial environment. The vacuum and optical systems
have been designed so0 as not Lo compromise eventual oper-
ation at these ultimate limits. It should bhe possible even-
tually to operate improved LIGO detectors that are sever-
al hundred times more sensitive than what we will start
with next year.

Our initial detector design is a compromise between
performance and technical risk. It incorporates some edu-
caled guesses as to what directions we should take to
arrive at a reasonable probability for finding gravitational
waves. It is a broadband system with modest optical power
in the interferometer arms and a low-risk vibration isola-
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tion system, The mirror suspensions have been well test-
ed in prototype interferometers.

We expect to make improvements in the LIGO inter-
ferometers following the first scientific data run, which is
scheduled to end in 2004. These improvements will
include a new suspension system, provided by the collabo-
rating GEO project, to further reduce the thermal noise.
We may also, at that point, change to sapphire test mass-
es, We also expect that significant improvement in the
seismic isolation of the test masses will extend LIGO’s
sensitive observation band down to 10Hz.

We plan to reduce the sensing noise by going to a new
interferometer configuration and by applying higher-
power lasers in conjunction with improved optical materi-
als and techniques to handle the higher power.

We expect that LIGO's sensitivity at 100 Hz will be
improved by about a factor of 15, and that the overall
high-sensitivity band will be expanded significantly to
both lower and higher frequencies. That should expand
the cosmic volume LIGO can search at a given sensitivi-
ty—and hence the discovery rate—by a factor close to
3000.

In the longer run, greater changes in the detector
might use still newer interferometer configurations to
drive the system to the ultimate limits dictated by quan-
tum fluctuations and fluctuations in terrestrial gravity. It
will be particularly interesting to improve LIGO’s sensi-
tivity for detecting periodic sources and possibly even a
stochastic background of primerdial gravitational waves,
Searching for this speculative primordial background at
high frequencies, where stochastic noise is tolerable, can
be accomplished by using interferometers that greatly
reduce the phase noise of the interference fringes at the
cost of reduced bandwidth.

The scientific collaboration

As we enter LIGO's commissioning phase, we have
expanded the scientific community’s involvement by creat-
ing the LIGO Scientific Collaboration. It presently con-
sists of about 30 research groups comprising more than
200 physicists and astrophysicists. We expect the collabo-
ration to continue to grow and become the scientific center
of LIGO as it develops over the next decade.

1t is, of course, difficult to predict how LIGO will real-
ly evolve. But we believe we have set out on a course that
has bright prospects for the early detection of gravitation-
al waves. We plan a flexible approach toward improve-
ments that will either let us follow up sources that have
been detected or, if we find nothing at first, undertake
more sensitive searches.

There are plenty of opportunities for new technical
ideas and search methods. We look forward to developing
an international collaboration with other gravitational-
wave detectors to form a world-wide network. After
LIGO’s first data run, we plan to interleave subsequent
searches with a series of detector upgrades that promise to
lead to ever-enhanced sensitivity, making the direct detec-
tion of gravitational waves a reality within the next
decade.

References

1. A. Einstein, Reports of the Physical-Mathematical Session of
the Royal Prussian Academy of Sciences (1916), p. 688.

2. A. Einstein, Reports of the Physical-Mathematical Session of
the Royal Prussian Academy of Sciences (1918), p. 154.

3. R. A. Hulse, J. H. Taylor, Astrophys. J. 195, L51 (1975).

4. K. S. Thorne, in 300 Years of Gravitation, S. Hawking, W.
Israel, eds., Cambridge U. P, Cambridge, England (1987),

chap. 9.
5. P. R. Saulson, Fundamentals of Interferometric Gravitational
Wave Detectors, World Scientific, Singapore (1994). n

50 OCTOBER 1999 PHYsICS TODAY

(!



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)

b)

d)

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.

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.

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).

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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Observation of Gravitational Waves from a Binary Black Hole Merger

B.P. Abbott ef al.”

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 21 January 2016; published 11 February 2016)

On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave
Observatory simultaneously observed a transient gravitational-wave signal. The signal sweeps upwards in
frequency from 35 to 250 Hz with a peak gravitational-wave strain of 1.0 x 10~2!. It matches the waveform
predicted by general relativity for the inspiral and merger of a pair of black holes and the ringdown of the
resulting single black hole. The signal was observed with a matched-filter signal-to-noise ratio of 24 and a
false alarm rate estimated to be less than 1 event per 203 000 years, equivalent to a significance greater
than 5.1¢. The source lies at a luminosity distance of 410* Mpc corresponding to a redshift z = 0.09:93;.
In the source frame, the initial black hole masses are 367 M, and 29*{ M, and the final black hole mass is
62+{ M, with 3.073: 03 Mo c? radiated in gravitational waves. 'All uncertainties define 90% credible intervals.
These observations demonstrate the existence of binary stellar-mass black hole systems. This is the first direct
detection of gravitational waves and the first observation of a binary black hole merger.

DOI: 10.1103/PhysRevLett.116.061102

L. INTRODUCTION

In 1916, the year after the final formulation of the field
equations of general relativity, Albert Einstein predicted
the existence of gravitational waves. He found that
the linearized weak-field equations had wave solutions:
transverse waves of spatial strain that travel at the speed of
light, generated by time variations of the mass quadrupole
moment of the source {1,2]. Einstein understood that
gravitational-wave amplitudes would be remarkably
small; moreover, until the Chapel Hill conference in
1957 there was significant debate about the physical
reality of gravitational waves [3].

Also in- 1916, Schwarzschild published a solution for thc
field equations [4] that was later understood. to descnbe a
black hole [5,6], and in 1963 Kerr generalized the solution
to rotating black holes [7]. Starting in the 1970s thcoreucal
work led to the understanding of black hole quasmormal
modes [8-10], and in the 1990s higher-order -post-
Newtonian calculations [11] preceded extensive analytical
studies of relativistic two-body dynamics [12,13]. These
advances, together with numerical relativity breakthroughs
in the past decade [14-16], have enabled modeling of
binary black hole mergers and accurate predictions of
their gravitational waveforms. While numerous black hole
candidates have now been identified through electromag-
netic observations [17-19], black hole mergers have not
previously been observed. )

“Full author list given at the end of the article.
Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-

bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.
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The discovery of the binary pulsar system PSR B1913+16
by Hulse and Taylor [20] and subsequent observations of
its energy loss by Taylor and Weisberg [21] demonstrated
the existence of gravitational waves. This discovery,
along with emerging astrophysical understanding [22],
led to the recognition that direct observations of the
amplitude and phase of gravitational waves would enable
studies of additional relativistic systems:and provide new
tests of general relativity, especially in the dynamic
strong-field regime.

Experiments to detect gravitational waves began with
Weber and his resonant mass detectors in the 1960s [23],
followed by an international network of cryogenic reso-
nant detectors [24]. Interferometric detectors were first
suggested in the early 1960s [25] and the 1970s [26]. A
study of the noise and performance of such detectors [27],
and further concepts to improve them [28], led to

- proposals for long-baseline broadband laser interferome-

061102-1

ters with the potential for significantly increased sensi-
tivity [29-32]. By the early 2000s, a set of initial detectors
was completed, including TAMA 300 in Japan, GEO 600
in Germany, the Laser Interferometer Gravitational-Wave
Observatory (LIGO) in the United States, and Virgo in
Italy. Combinations of these detectors made joint obser-
vations from 2002 through 2011, setting upper limits on a
variety of gravitational-wave sources while evolving into
a global network. In 2015, Advanced LIGO became the
first of a significantly more sensitive network of advanced
detectors to begin observations [33-36].

A century after the fundamental predictions of Einstein
and Schwarzschild, we report the first direct detection of
gravitational waves and the first direct observation of a
binary black hole system merging to form a single black
hole. Our observations provide unique access to the

Published by the American Physical Society
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properties of space-time in the strong-field, high-velocity =~ the coincident signal GW150914 shown in Fig. 1. The initial
regime and confirm predictions of general relativity for the  detection was made by low-latency searches for generic
nonlinear dynamics of highly disturbed black holes. gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
i pact binary waveforms [44] recovered GW150914 as the

On September 14, 2015 at 09:50:45 UTC, the LIGO  most significant event from each detector for the observa-
Hanford, WA, and Livingston, LA, observatories detected  tions reported here. Occurring within the 10-ms intersite
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FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
columu panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35-350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9%3 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35-350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [35]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time- frequency representation [42] of the
strain data, showing the signal frequency increasing over time.
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TABLE I Source parameters for GW150914. We report
median values with 90% credible intervals that include statistical
errors, and systematic errors from averaging the results of
different waveform models. Masses are given in the source
frame; to convert to the detector frame multiply by (1+2)
[901. The source redshift assumes standard cosmology [21].

Primary black hole mass 3653 M,
Secondary black hole mass 29T M
Final black hole mass 62 Mg
Final black hole spin 06700
Luminosity distance 4107]8) Mpc
Source redshift z 0.0975%
T T T T
¥ Inspiral Merger Ring-

down
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FIG. 2. Top: Estimated gravitational-wave strain amplitude
from GW150914 projected onto HI1. This shows the full
bandwidth of the waveforms, without the filtering used for Fig. 1.
The inset images show numerical relativity models of the black
hole horizons as the black holes coalesce. Botrom: The Keplerian
effective black hole separation in units of Schwarzschild radii
(Rg = 2GM /c?) and the effective relative velocity given by the
post-Newtonian parameter v/c = (GMzf/c3)'/3, where f is the
gravitational-wave frequency calculated with numerical relativity
and M is the total mass (value from Table I).
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Fig. X-3

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.

Fig. X-4

Frequency (Hz)

-30 -20 -10 0
Time (seconds)

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).
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Commentary

How gravitational waves went

An interesting sidelight of this discovery
is the way in which it was kept under
wraps while its announcement was being
peer-reviewed.

from a whisper to a shout

i

n 11 February 2016, the Laser Interferometer Gravitational-
Wave Observatory (LIGO) and its sister collaboration, Virgo,
announced their earthshaking observation of Albert Einstein’s

ripples in spacetime. LIGO had seen the death dance of a pair of
massive black holes. As the behemoths circled each other faster and
faster, the frequency and amplitude of the spacetime waves they
produced grew into a crescendo as the black holes became one.
Then the new doubly massive black hole began to ring softer and
softer like a quieting bell. The escalating chirp and ringdown is also
a metaphor for public information flow about the discovery. It

could have unfolded differently.

When scientists make a discovery, |

they must choose how to disseminate it.

A big decision they must make is |
whether to reveal the results before or |

after peer review. Reveal before peer re-
view —sometimes even before the paper
is written—and the community can use
the results right away, but there is an in-
creased risk that problems will be found
ina very public way. Reveal after peer re-
view, and the chance of such problems de-
creases, but there is more time for a com-
petitor to announce first or for rumors to
leak. At Physical Review Letters (PRL), where
Iam an editor, we allow authors to choose
when they want to reveal their results.
The LIGO collaborators chose to wait.

Just before LIGO’s experimental run
began in September 2015, the team held
a vote on which journal they would pick
if they made a discovery. They picked
PRL. Five days after the vote, LIGO's de-
tectors seemed to hear the universe sing
out for the first time.

Lettersand commentary are encouraged
and should be sent by email to
ptletters@aip.org (using your surname
as the Subject line), or by standard mail
to Letters, PHYSICS TODAY, American

mDAY Center for Physics, One Physics Ellipse,
College Park, MD 20740-3842. Please

include your name, work affiliation, mailing address, email

CONTACT

address, and daytime phone number on your letter and |

attachments. You can also contact us online at
http://contact.physicstoday.org. We reserve the right to
edit submissions.

10 PHYSICS TODAY | AUGUST 2016

Had LIGO just confirmed a 100-year-
old prediction made by Einstein? Had
they discovered the first black hole bi-
nary? Had they opened a new era of
astrophysics? With the stakes so high,
the collaborators wanted to keep their re-
sults secret while they determined if the
results were real. It was unfortunate that
some onlookers chose to publicize vague
rumors when the internal vetting had
just begun.

By early December the collaboration
was convinced that the results were real,
and LIGO spokesperson Gabriela “Gaby”
Gonzélez let me know that we would be
receiving a paper from the group in mid-
to late January. When she told me that
they had convincingly observed gravita-

tional waves, that it was not a test, and |

that the source was the merger of two
huge black holes, my jaw dropped.
Gaby stressed LIGO's desire for strict
confidentiality, so for a month I told
only one other person in the world: my
fellow editor Abhishek Agarwal. By
mid-January we had to bring others
into the loop to prepare for the paper’s

|

arrival, to review it, and eventually to 3

publish it. To avoid information slip-
ping out from a casual conversation or
a glance at a screen, we used the code
name “Big Paper.” (The code name for
the second LIGO, announced in June,
discovery was “Big Two.”) To the best of
my knowledge no information leaked

from us. Inside the LIGO team, for sim- |

ilar reasons, the discovery was referred
to as “The Event.”

Big Paper on The Event arrived at
PRL on the evening of 21 January 2016,
and we immediately sent it out to experts
for anonymous peer review. The refer-
ees, like everyone involved, were sworn
to secrecy. Informed, unbiased advice is
central to picking which papers are pub-
lished and to improving those that are.
In this case it was clear that the paper
was important and interesting enough
for PRL. As expected, the reviews were
very favorable and conveyed the mes-
sage that the paper would be an inspira-
tion to physicists and astronomers alike.

As the time for the announcement
drew closer, the rumors increased. In one
case, a preprint was spotted on a printer,
then a physicist emailed his whole de-
partment about the results, one tweet
quoted the email, and a science reporter
based an entire story on that tweet. The
information was incomplete, though
correct—except for the journal where the
paper would be published. That reporter
learned at the press conference that PRL
would publish the paper and sheepishly
congratulated me.

Meanwhile, we continued to protect
the information from leaking. My son,
who is abudding science reporter, texted
me a few days before the announcement,
asking if I'd seen the rumors. That led to
an awkward phone call—I still couldn’t
tell him about the discovery. When we
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ordered a celebratory cake for the edi-
torial office, we avoided any mention of
the result on the frosting, lest it lead to
an information leak. It turned out that we
were not being overly cautious: A tweet
containing a picture of a cake at NASA's
Goddard Space Flight Center on the
morning of the announcement did leak
news of the discovery!" Confidentiality
requires vigilance.

Everyone at LIGO’s press conference
was given access to the PRL paper hours
beforehand, on condition that they not
publish their stories until after the an-
nouncement was made and the news
embargo lifted. Actually, it might have
been better in some ways had the press

-had access to the paper a little earlier,

but that also would have increased the

risk of the paper leaking prior to the,

announcement.

We had an agreement with the LIGO
team to publish the paper online on
11 February at 10:45am Eastern Time,
15 minutes after the press conference
was to begin. But I learned that morning
from the reporters around me that the
embargo was being lifted at 10:30am,

-and they planned to publish their stories

then, which would create 15 minutes of
pent-up demand for the PRL paper. So I
found the spokesperson minutes before
she went to the microphones and asked
her if we could publish at 10:30. Gaby
smiled and simply said yes.

After a few frantic emails, all the

plans were changed, and at 10:30 we
published the LIGO paper.” It didn't
help: The demand for the paper was still
so great that our site crashed under a
load of 10 000 hits per minute.” After we
added a slew of servers, our site came
back up, and the paper was downloaded
an unprecedented quarter of a million
times on the first day.

The LIGO researchers had chosen to |
maintain confidentiality because they
wanted their results carefully vetted be-
fore they went public. They also wanted |
the information to come from them, not |
from rumors. Although some of the in-
formation leaked before the announce-
ment; they still did get the glory of pre-
senting the full results to the world. And
the ringdown phase has been impres-

sive, as news of the result continues to |

spread far and wide.

Authors may have good reasons to
announce their results prior to the com-
pletion of peer review—reasons that
include competition from other groups,
hope for informal community feedback,

and desire to control the announcement |

and avoid weeks of rumors. But if au-
thors choose that path, they should con-’
sider the possibility that peer review will
turn up problems they did not think of,
and they should tailor their announce-
ment accordingly. Authors may instead
choose to wait for the completion of peer
review, especially when they have no
concerns about competition. In such
cases it is an even greater pity when

rumors leak, because the leakers provide |

disincentive for such patience.

For LIGO, although much of the |

information leaked before the press con-
ference, the researchers still had much
to announce, probably in part-because
they had emphasized confidentiality.
Announcing early makes sense in some
cases, but the LIGO group made the right
choice to wait.
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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:
e 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:
e 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.
e efc.
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