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It 1s an exciting time to be a physicist !
T ~ FHERRS | BT |

Exclusive: We may have detected a

new kind of gravitational wave




L. ALY ,)(n
..‘rs "5 E=215L0 , 0i- _’5
an’\m-&’ [vrx S LAY (6-0)*

W oo . ‘oooo

o V1 0O . 4 00,0 - =

o o\3 (v):| OVZ 0 ©
oo\r':O

o 0 0 6Vn 00 o\t

j o aeje- N 0

L

Gl <a18>= (3 )c%% -
e[ (4 ] Il a3 34

phfE

<P > ¥ ——-j P (") _? (’)Jg z= Asin (-ml 0‘()

f-") W{r,/)--LAW(F','/)1V(r,£YP(r,l) ('

K-
Ao LY &R 6'/9 % SN‘(V ‘X‘Jf 4

P L
0> « Ml @S > N 4 + Xe <t o A

PRI

la.ﬂ‘, a‘)” 0‘

O<eld A

w '
(» KFB qu ?J j+ &_—\
d'r v oalae

)-——" B>

Jw Ay dv L

. ( " dw
d,l /’ lJ A?ZJ
= ~-W GHﬁL?W'E dw o Y =
l':.”.’,,".o 14"5“? c / P .\é—
; X~ Vé

c L
Cx “""T' o ( _\’/( )

-

7= -wi Ao ()1 ) He
(r‘)., . A'.a E'(A-v'/l"\v\

ve w;“( ‘

y‘p o,(w I\ E‘ P ?, 4. ﬂc E: (‘71('4 n’c‘) v

([ Mo ot ) 3 c‘[u h%;\l"z §€.=CI'

E~ M %r’vt

Q(ZA“:--.-(A-(XE_YAQ. e.e\
4




< Home R & s

SoftBank Group Corp

SoftBank shareholders push for answers on ‘Nasdaq whale’
bets

Japanese group urged to reveal who is running unit at centre of large US equity options trades
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Investors have unsuccessfully quizzed SoftBank for details on its new asset management unit since founder Masayoshi Son, pictured,
disclosed it last month © Bloomberg

ve®

YESTERDAY by Leo Lewis and Kana Inagaki in Tokyo, and Robert Smith and Katie Martin in London [

LoftBan shareholders are calling on the technology conglomerate to reveal who is runnin
the unit at the centre of its large US equity options trades, with nerves over an unexplained

strategic shift stoking a 10 per cent decline in its share price.

Investors have unsuccessfully quizzed SoftBank — famed for big bets on unlisted tech start-
ups — for details on its new asset management unit since founder Masayoshi Son disclosed

it last month, according to people briefed on the discussions.
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“THE DEFINITIVE BIOGRAPHY. . . . OPPENHEIMER’S LIFE

DOES NOT INFLUENCE US. IT HAUNTS US.” —NEWSWEEK
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THE WORLD FOREVER CHANGES




q:%:l:: 2 =5 —;-FE,;\; ? Albert Einstein

Albert Einstein in 1921

Born 14 March 1879
Ulm, Kingdom of
Wiirttemberg, German Empire

Died 18 April 1955 (aged 76)
Princeton, New Jersey, US

Residence Germany, ltaly, Switzerland,
Austria (present-day Czech
Republic), Belgium, United

s EBAEREA o

Citizenship Subiject of the Kingdom of
Wirttemberg during the

German Empire (1879-
1896)[no’te 1]

Stateless (1896-1901)
Citizen of Switzerland (1901-
1955)
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8. Zur Elektrodynamir: bewegter KEorper;
von 4. FPinstein

.

DaB die Elektrodynamik Maxw
wirtig aufgefaBt zu werd
hewegle Korper za Asym
icht avzahaften scheipe
die elektrodynamische Wec
uten und einem Leiter,

Lir nur ab von der Relat
wend nach der ubliche,
€ine oder der andere

ells — wie dieselbe gegen-
en pflegt — jin ihrer Anwendung suf
roetrien fithrt, welche den Phiinomenen

i Man denke z. B. an
wischen einem Mag-
are Phinomen hiingt
n Leiter und Magnet,
die beiden Fille, daug

bselwirkung 2
Das beobachth
ivbewegung ¥oi
n Auffassung
dieser Korper

L

d
oD gewissem Energiewerte, welches an
rten, wo sich Teile des Leiters befinden, einen Strom
cut. Rubt aber ger Magnet ung bewegt sich der Leiter,

steht in der Umgebung des Magneten kein elektrisches
lagegen im Leiter eine elektromotorische Kraft
keine Energie entspricht, die

iele #hnlicher Art, sowie die miBlungenen Versueh
#cgung der Erde relativ zum »lichtmedium® zu kop
fibren zu der Vermutung, das dem Begrifie de
tube nicht nur jn der Mechanik, sondern auch in
odynamik keine Eigenschaften der Erscheinungen ent-
sondern Qg8 vielmehr fir alle Koordinatensystemc,
die mechanischen Gleiphuugen gelten, auch dje
trodynamischen ‘und optischen Gesctzo gelten, wie
réBen erster Ordnung’ bereits erwiesen ist. Wir
Vermutung (deren Inbalt im folgenden »Prinzip
 genannt werden wird) zur Voraussctzung er-
‘erdem die mit ihm nur scheinbar unvertriigliche




THE FOUNDATION OF THE GENERAL THEORY
OF RELATIVITY

By A. EINSTEIN

A. FuNDAMENTAL CONSIDERATIONS ON THE POSTULATE OF
Revamivity

§ 1. Observations on the Special Theory of Relativity

THE special theory of relativity is based on the
following postulate, which is also satisfied by the
mechanics of Galileo and Newton.

It a system of co-ordinates K is chosen so that, in re-
lation to it, physical laws hold good in their simplest form,
the same laws also hold good in relation to any other system
of co-ordinates K moving in uniform translation relatively
to K. This postulate we call the * special principle of
relativity.” The word * special ” is meant to intimate
that the principle is restricted to the case when K’ has a
motion of uniform translation relatively to K, but that the
equivalence of K’ and K does not extend to the case of non-
uniform motion of K’ relatively to K.
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Fizeau-Foucault apparatus

& second.

In 184849, Hippolyte Fizeau determined the speed of
light between an intense light source and a mirror
about 8 km distant. The light source was interrupted
by a rotating cogwheel with 720 notches that could be
rotated at a variable speed of up to hundreds of times a

Fizeau was able to calculate a value of
315000 km/s for the speed of light, about 5% too high.

A view of the mile-long vacuum tube, thl_’vg- ff:cl in
diameter, lying in a California valley. This is the
main feature of the apparatus used by Dr. Michelson.

At right, the drawing shows the giant tube
which Michelson is using, with the arrange-
ment of mirrors which reflect the light ray
up and down the tube until it has traveled
ten miles. Inset shows how speed of
ligcht is calculated from the known angle.

EIGHT-SIDED .~
SPINNING MIRROR

SMALL MIRROR REFLECTS BEAM
BACK ON ITSELF TO RETRACE ITS
COURSE TO ROTATING MIRROR

RF, y "
2 / BEA
Disi ARC LIGHT SOURCE
\ EAM

GOING AND RETURNING BEAMS OF LIGHT
ALLOWS CALCULATING OF SPEED OF LIGHT

One of the last and most accurate time of flight measurements, Michelson, Pease and

Pearson's 193035 experiment used a rotating mirror and a one-mile (1.6 km) long vacuum

chamber which the light beam traversed 10 times. It achieved accuracy of 11 km/s
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James Clerk Maxwell (1831-1879)
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HEEEFERE | Michelson and Morley 4%

Luminiferous Ether

1 1 1 1 1 1 1 1 v 1 1 1 ' Michelson and Morley (1887)
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Interference pattern Path lengths to P and Q
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ART. XXXVIL—0On the Relative Motion of the Earth and the
Lumintferous Flher ; by Arsgrr A. MIcHELSON and
Epwairp W. MorreY.*

TaE discovery of the aberration of light was soon followed
by an explanation according to the emission theory. The effect
was attributed to a simple compaosition of the velocity of light
with the velocity of the earth in its orbit. The difficulties in
this apparently sufficient explanation were overlooked until
after an explanation on she undulatory theory of light was
pro his new explanation was at first almost as simple
as the former. But it failed to account for the fact proved by
experiment that the aberration waé unchanged when observa-
tions were made with a telescope filled with water. For if the
tangent of the angle of aberration is the ratio of the velocity
of the earth to the velocity of light, then, since the latter
velocity in water is three-fourths its veloeity in a vacaum, the
aberration observed with a water telescope should be four-
thirds of its true value.t

* This resesroh was carried oot with the ald of the Bache Fund.

+1t way be noticed that most writers sdmit the suliciency of tae explavation
» to the emissiou theory of light; while in fact the difSeulty is oven
alorky of \ght mse bo qreier 18, (g water iolooceye, 2nd. Chemeions oo ey
ka‘&m be ; bence, in ordﬂm i 0 its Lree nTuo,mﬁ

must make the absurd hypotbesis that the motion of e water in the talescope
carriea the ray of light in the opposits direction |

Ax, Jouw. g«.—m» Szries, Vo XXXIV, No, 203.—Nov., 1887,

displacement should be 2D%',,=2Dx10-°. The distance D was

about eleven meters, or 2x 107 wave-lengths of yellow light;
hence the displacement to be expected was 04 fringe. The
actaal displacement was certainly less than the twengieth pars
of this, and probably less than the fortieth part. Bat since the
displacement is proportional to the square of the velocity, the
relative velocity of the earth and the ether is probably less than
one sixth the earth's orbital velocity, and certainly less than
one-fourth. g

In what precedes, only the orbital motion of the earth 1s con-
sidered, If this is combined with the motion of the solar sys-
tem, concerning which but little is known with certainty, the
result would have to be modified ; and it is just possible that
the resultant velocity at the time of the observations was small
though the chances are much against it. The experiment will
therefore be repeated at intervals of three months, and thus all
. 0l will be avoided. . .

It a&)enrl. from all that precedes, reasonably certain that if
here be any relative motion between the earth and the laminif-
srous ether, it must be small; quite small enough entirely to

theory of aberration which assumes the ether at the earth’s sur-
face to be at rest with rd to the latter, and only requires
in addition that the relative velocity have a potential; but
Lorentz shows that these conditions are incompatible. Lorentz
then a modification which combines some ideas of
Stokes and Fresnel, and assames the existence of a potential,
together with Fresnel's coefficient. If now it were legitimate
to conclude from the present work that the ether is at rest with
regard to the earth's surface, according to Lorentz there could

not be & velocity potential, and his own theory also fails.

B T A ZHE R B BT LURHYZREE - (E AN 2 -
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Albert Einstein, 1905

Annus Mirabilis (Miracle Year)
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Mileva Maric and Albert Einstein lived at 49 Kramgasse (second apartment from the left)
in Berne. Switzerland. At the end of the street is Berne's famous clock tower.
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3. Zur Elektrodynamik bewegter Korper;
: von A. Einstein. o

DaB die Elektrodynamik Maxwells — wie dieselbe gegen-
wartig aufgefaBt zu werden pflegt — in ihrer Anwendung auf
bewegte Korper zu Asymmetrien fiihrt, welche den Phinomenen
nicht anzuhaften scheinen, ist bekannt. Man denke z. B.-an
die elektrodynamische Wechselwirkung zwischen einem Mag-
neten und einem Leiter. ‘Das beobachtbare Phinomen hangt
hier nur ab von der Relativbewegung von Leiter und Magnet,
wahrend nach der iiblichen Auffassung die beiden Fille, daB
der eine oder der andere dieser Korper der bewegte sel, streng

ON THE ELECTRODYNAMICS OF MOVING
B RE R BODIES
By A. EINSTEIN

June 30. 1905

It 1s known that Maxwell’s electrodynamics—as usually understood at the
present time—when applied to moving bodies, leads to asymmetries which do
not appear to be inherent in the phenomena. Take, for example, the recipro-
cal electrodynamic action of a magnet and a conductor. The observable phe-
nomenon here depends only on the relative motion of the conductor and the
magnet, whereas the customary view draws a sharp distinction between the two
cases 1n which either the one or the other of these bodies is in motion. For if the
magnet 1s in motion and the conductor at rest, there arises in the neighbour-
hood of the magnet an electric field with a certain definite energy, producing
a current at the places where parts of the conductor are situated. But if the
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Stationar

1977 Hafele and Keating flew four atomic clocks twice around the globe. Time

lost by moving clocks ~ 190 ns.

A few years later, another team flew round and round above Chesapeake bay for
15H. For a sonic jet, the dilation is about 10%s. Predictions are good within 1%.



Einstein's "Time Dilation" Prediction Verified

Experiments at a particle accelerator have confirmed the "time dilation" effect predicted by Albert Einstein's special theory of relativity

nature

Sep 22, 2014 | By Alexandra Witze and Nature magazine |

Physicists have verified a key prediction of Albert Einstein’s special theory of
relativity with unprecedented accuracy. Experiments at a particle accelerator in
Germany confirm that time moves slower for a moving clock than for a stationary
one.

The work is the most stringent test yet of this ‘time-dilation’ effect, which Einstein
predicted. One of the consequences of this effect is that a person travelling in a high-
speed rocket would age more slowly than people back on Earth.

Few scientists doubt that Einstein was right. But the mathematics describing the
time-dilation effect are “fundamental to all physical theories”, says Thomas Udem, a
physicist at the Max Planck Institute for Quantum Optics in Garching, Germany,
who was not involved in the research. “It is of utmost importance to verify it with the
best possible accuracy.”

To test the time-dilation effect, physicists need to
compare two clocks — one that is stationary and one
that moves.



week ending

PRL 113, 120405 (2014) PHYSICAL REVIEW LETTERS 19 SEPTEMBER 2014

Test of Time Dilation Using Stored Li" Ions as Clocks at Relativistic Speed

Benjamin Botermann,' Dennis Bing,” Christopher Geppert,'** Gerald Gwinner,” Theodor W. Hinsch,® Gerhard Huber,’
Sergei Karpuk,7 Andreas Kn'eger,l Thomas Kiihl,> Wilfried Nortershiuser, ”* Christian Novotny,4 Sascha Reinhardt,’
Rodolfo Sénchez,' Dirk Schwalm,” Thomas Stohlker,” Andreas Wolf,” and Guido Saathoff®
'Johannes Gutenberg-Universitidt Mainz, Institut fiir Kernchemie, 55128 Mainz, Germany
*Max-Planck-Institut fiir Kernphysik, 69117 Heidelberg, Germany
GSI Helmholtzzentrum fiir Schwerionenforschung, 64291 Darmstadt, Germany
*Helmholtzinstitut Mainz, 55128 Mainz, Germany
5Depa rtment of Physics and Astronomy, University of Manitoba, Winnipeg, Manitoba R3 T 2N2, Canada
*Max-Planck-Institut fiir Quantenoptik, 85748 Garching, Germany
"Johannes Gutenberg-Universitidt Mainz, Institut fiir Physik, 55128 Mainz, Germany
STU Darmstadt, Institut fiir Kernphysik, 64289 Darmstadt, Germany
(Received 30 May 2014; published 16 September 2014)

We present the concluding result from an Ives-Stilwell-type time dilation experiment using 'Li* ions
confined at a velocity of f = v/c = 0.338 in the storage ring ESR at Darmstadt. A A-type three-level
system within the hyperfine structure of the "Li*3S, — 3P, line is driven by two laser beams aligned
parallel and antiparallel relative to the ion beagPIE lasersoppler shifted frequencies required for
resonance are measured with an accuracy 'ng optical-optical double resonance
spectroscopy. This allows us to verify the specT™wiglg ation between the time dilation factor y
and the velocity f, 7/ 1 — > = 1 to within £2.3 x 1077 at this velocity. The result, which is singled out by
a high boost velocity f, is also interpreted within Lorentz invariance violating test theories.

DOI: 10.1103/PhysRevLett.113.120405 PACS numbers: 03.30.+p, 41.75.Ak, 42.62.Fi
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FIG. 1 (color online). Left: Experimental setup. Laser system
and data acquisition are inside a laser laboratory from which the
light 1s guided to the ESR via polarization maintaining glass
fibers.
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1 2
= ©

Before

Momentum is conserved according to S
Pefore = mv+ m(—v) =0

Momentum is not conserved according to S’
p'before =_=2mv_
1+ 2/c?

P after — —2mv

Figure 2.1 (a) An inelastic collision between two equal clay lumps as seen by an
observer in frame S. (b) The same collision viewed from a frame S’ that is moving to
the right with speed v with respect to S.
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CMS Experiment at the LHC, CERN
Data recorded: 2012-May-13 20:08:14.621490 GMT
Run/Event: 194108 / 564224000

CMS Experiment at the LHC, CERN
| Data recorded: 2012-May-27 23:35:47.279930 GMT
Run/Event: 195099 / 137440354
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Figure 10.2 Electron energy distribution from neutron beta decay. (Solid line is the
theoretical curve; dots are experimental data.) [Source: C. J. Christensen et al., Phys. Rev.
D5, 1628 (1972), Figure 4.]
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Uranium, ,U

Uranium is weakly radioactive because all
1sotopes of uranium are unstable. Uranium
decays slowly by emitting an a particle.

Urantum-238 (99.2739-99.2752%)),
Uranitum-235 (0.7198-0.7202%)

The half-life of Uranium-238 1s about 4.47 billion years and
that of Uranium-235 1s 704 million years.
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thicknesses revealed the
bust in bas relief. b:
Maltese cross. FIGURE 4
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The experimental apparatus with which Otto Hahn and Fritz
Strassmann discovered first nuclear fission in 1938

935 99

on + “goU — '3iBa + 35Kr + 3n

Otto Hahn
1879 — 1968
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The fission of 2%>U by thermal neutrons can be represented by

(l)n + 23§’U — 23(2‘>U* ——> X + Y + neutrons (14.8)

where 23%U* is an intermediate excited state that lasts for only about 10712 s
before splitting into X and Y. The resulting nuclei X and Y are called fission
fragments. There are many combinations of X and Y that satisfy the require-
ments of conservation of mass—energy, charge, and nucleon number. Figure

on + 23U — 13Ba + 9BKr + 3in (14.9)

Of the 200 MeV or so released in this reaction, most goes into the kinetic
energy of the heavy fragments barium and krypton.
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Table 13.6 Some Atomic Masses

Element

Atomic
Mass (u)

Atomic
Mass (u)

iHe
ILi
iBe

5B

4.002 603

7.016 003

9.012 182
10.012 937
12.000 000
13.003 355
14.003 074
15.000 109
15.003 065
16.999 131
17.999 160
18.000 937
19.992 436
22.989 768
22.994 124

26.981 539
29.978 310
39.962 591
41.958 63
42.958 766
55.934 939
63.929 145
63.929 599
92.906 377
196.966 543
201.970 617
216.001 888
220.011 368
234.043 593
238.050 785




Let us estimate the disintegratioﬁ energy O released in a typical fission
process. From Figure 13.10 we see that the binding energy per nucleon for
heavy nuclei (A = 240) is about 7.6 MeV, whereas in the intermediate mass
range, the binding energy per nucleon is about 8.5 MeV. Taking the mass
number of the mother nucleus to be A = 240, we see that the energy released
per nucleon is estimated to be

MeV MeV
0O = (240 nucleons) | 8.5 e ) = 200 MeV

nucleon nucleon

About 85% of this energy appears in the form of kinetic energy in the heavy
fragments. This energy is very large compared to the energy released in chem-
ical processes. For example, the energy released in the combustion of one
molecule of octane used in gasoline engines is about one-millionth the energy
released in a single uranium fission event!
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on + ‘SSU —> lgéBa + ggKr + 3¢n
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Albert Einstein

014 Grove Rd.
Hassau Point
Peconic, Long Island

August 2nd, 1939
¥.D. Roosevelt,
President of the United States,

White House
Vashington, D.C.

Sirs

Some recent work by E.Fermi and L. Szilard, which has been com-
municated to me in manuscript, leads me to expect that the element uran-
ium may be turned into a new and important source of energy in the im-
mediate future. Certain espects of the situation which has arisen seem
to call for watchfulness and, if necessary, quick action en the part
of the Administration. I believe therefore that it is my duty to dbring
to your attention the follovwin3z facts and recommendationss

In the course of the last four months it has been made probable -
through the work of Joliot in Prance as well as Permi and Szilard in
America - that it may become possible to set up a nuclear chain reaction
in a large mass of uranium,by which vast amounts of power and large quant-
ities of new radium-like elemente would be generated. How 1t appears
almost oertain that this could be achieved in the immediate future.

This new phenomenon would also lead to the construction of bombs,
and it is conceivable - though rmuch less certain - that extremely power-
ful bombs of a new type may thus be constructed. A single bomd of this
type, carried by boat and exploded in a port, might very well destroy
the whole port together with some of the surrounding territory. However,
such bombs might very well prove to be too heavy for transportation by

air.

Leo6 Szilard

-2

The United States has only very voor ores of urenium in moderate . .
quantities. There is some good ore in Canada and the former Czechoslovakia,
while the most important source of uranium is Belzian Congo.

In view of this situation you may think it desirable to have some
permanent contact maintained between the Administration and the group
of physicists working on chain reactions in America. One possidle way
of achieving this might be for you to entrust with this task a person
who has your confidence and who coulc perhaps serve in an inofficial
capacity. llis task misht comprise the following:

&) to approach Government Departments, keep them informed of the
further development, and put forward recormendations for Government actionm,
Siving particular attention to the problem of securing a supply of uran-
ium ore for the United States;

b) to speed up the experimental work,which is at present deing car-
ried on within the limits of the budgets of University laboratories, by
proviaing funds, if such funds be required, through his contacts with
private persons who are willing to make contributions for this cause,
and perhaps also by obtaininz the co-operation of incustrial laboratories
which have the necessary ejuipment.

1 understand that Germany has actually stopped the sale of uranium
from the Czechoslovakian mines which she has taken over. That she shéuld
have taken such early action mizit perhaps be understood on the ground
that the son of the German Under-Secretary of State, von Weizsicker, is
attached to the Kaiser-Wilhelm-Institut in Berlin where some of ﬁu
American work on uranium is now being repeated.

Yours very truly,

(Albert Einstein)
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Atomic bomb

“THE DEFINITIVE BIOGRAPHY. . . . OPPENHEIMER’S LIFE
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The most commonly used fissile materials for nuclear weapons applications
have been uranium-235 and plutonium-239 -

Uranium-235 became the basis of the Little Boy bomb design, first used (without
prior testing) in the bombing of Hiroshima; the design used in the Trinity test, and
eventually used in the bombing of Nagasaki (Fat Man), was based on plutonium.

Conventional Sub-critical pieces of
chemical explosive uranium-235 combined

CH |

Gun-type assembly method

An implosion-type nuclear bomb. In the
center is the neutron initiator (red). It is
surrounded by the plutonium hemispheres.
There is a small air gap (white, not in the
original Fat Man design) and then the
uranium tamper. Around that is the
aluminium pusher (purple). This is
encased in the explosive lenses (gold).

Plutonium core
compressed

*,'//
High-explosive
lenses

Implosion assembly method
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The Trinity test of the Manhattan Project was the first detonation of a nuclear device

Alamogordo, New Mexico on July 16, 1945



J. R. Oppenheimer

Oppenheimer's ID badge from the Los Alamos Laboratory

Manhattan Project
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Sun and fusion fZFl&
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Average binding energy per nucleon (MeV)
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'H+'H-H + '+ 0= 0.42 MeV 'H+ H-=%H+e'+ v (0=0.42 MeV
Y EXxe HQ DH
e'+e=y+y (Q=1.02MeV) e'+e=y+y (Q=1.02MeV) \/ \/

+ + 1%, 1,
H+'H->%He+y (Q=5.49 MeV) H+'H->%He+y (Q=5.49 MeV) l l
Y Y QA PH HQ Qe
; \/ \/

SHe + *He = 'He + 'H+ 'H (Q=12.86 MeV) y/l l\Y
B ARG R E TR G R AR JH\ e J

d+p- °He+y

v
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4p* > 2He + 2p + 2e* + 2v, + Energy

With this Hydrogen Burning, the sun will last for another five billion years.
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Helium Burning or Triple-alpha process

Hydrogen buring at the centre of a star ceases when most of the

hydrogen in the core has been converted into helium. In the absence of

nuclear fusion, the core contracts and gravitational energy is converted
into thermal energy. About half of this energy escapes from the core and
the other half leads to an increase in temperature. The increased
temperature promotes hydrogen burning in a shell surrounding the helium
core, and as moreg ) 3 ¢ _centra s
above, the heliu SRS S ; eTISe S

which normally takes place at temperatqres between 10° and 2 x 10° K
and densities between 10° and 108 kgm °
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Helium Burning

Helium burning 1s hindered by the absence of stable nuclei with masses 5
and 8 to act as stepping stones to the formation of carbon. But the

3He + 3He + He — SHe + Be — 12C

iR T A% — 3R AR TS AR TR AR T -

End of Carbon Burning Phase:

JHe + 12C > 150 +y
3He + 180 > %0Ne + ¢
% BB TR E 2 f BRIV -

We also note that helium burning involves a jump from helium to carbon
It bypasses the stable nuclei between 4 = 6 and 4 = 11, namely L1 Be
198 and !'B. This is consistent with the observed low abundance of these
light nuclei1 in the solar system. These nuclei are not produced in stars, but
are primarily produced by spallation reactions in the interstellar medium,
1.€. collisions between high energy cosmic ray protons and nuclei like e
They were also produced in very small quantities during the big bang.



The main energy production processes during stellar hydrogen burning and helium burning. (Top left) the pp
reaction, which controls the main energy production in low-mass main sequence stars like our sun (neutrino
image, bottom left). (Top center) the first CNO cycle as main energy source in massive main sequence stars
such as Sirius (shown at bottom center). (Top right) the main reactions of stellar helium burning such as the triple
a process and the subsequent a capture on 12 C, which control the energy production for red giant stars such as
Betelgeuse (bottom right). (lllustration: Alan Stonebraker; solar neutrino image courtesy Robert Svoboda,
Louisiana State University; Sirius and Betelgeuse images from NASA/Hubble Space Telescope)



Carbon Burning

As a massive star evolves, there is a sequence of nuclear burning stages as
the temperature and density at the centre of the star progressively increase.

If the mass of a star is large enough, greater than 8+ ¢r thereabouts, it will

evolve beyond helium burning to advanced burning stages involving
heavy nuclei. The following processes are thought to occur:

1. When helium burning at the centre of a star ceases, a core of
carbon and oxygen contracts and the temperature rises. Carbon
burning begins when the temperature approaches 5 X 108K at a
density of about 3 X 10° kg m . Carbon burning produces neon,
sodium and magnesium via reactions of the form

(469) IzC +12C ——*2“NC +4HC.
(4.70) 2C +12C »+3Na +p,

(471) l2(? +12C —-‘23Mg -+ n.

2. Neon burning occurs after carbon burning if the temperature
reaches 10° K. At this temperature, high energy thermal photons
begin to break up 20Ne nuclei by the photodisintegration reaction

, 20 16 41

The 4He nuclei released can then react with undissociated 2ONe
nuclei to form 24Mg,

(4.73) ‘He +'Ne —**Mg + 7.

3. After neon burning, the core of the star consists mainly of 1og
and 24Mg. The oxygen burning phase begins if the temperature

M > 8Mg



reaches 2 x 10° K, the most important product being 283i which is
produced by the reaction

4.74) '°0+'°0 —"Si +*He.
4. Silicon burning begins if the temperature reaches 3 x 10° K. At

#8i +'He =S + 4,
2g 44He =%¥Ar + 4, Silicon Burning

¥Ar +*He =% Ca + 1,

and so on, until

2Fe +4%He =%°Ni + .

He Burning Core Radius: ~1 R

Shell

C Burning
Shell

Ne Burning
Shell

O Burning
Shell

Si Burning

Shell Envelope Radius: ~ 5 AU



Stage

Hydrogen burning
Helium burning
Carbon burning

Neon burning

Oxygen burning
Silicon burning




We have seen that the Sun’s energy is based, in part, upon a set of reactions
in which hydrogen is converted to helium. Unfortunately, the proton—proton
iteraction 1s not suitable for use 1n a fusion reactor, because this reaction re-
quires very high pressures and densities. The process works in the Sun only be-
cause of the extremely high density of protons in the Sun’s interior.

The fusion reactions that appear most promising for a terrestrial fusion

power reactor involve deuterium (%H) and trittum (?H)
0.82 MeV 2.45 MeV

H+3H—3He + {n Q= 327MeV /@ + 0
*H+3H—3H+H  Q=4.03MeV Heflum - neutron

%H + ?H _ gHe + (l)n Q = 17.59 MeV

Deuterium

3-8
Tritium proton
'““a@ + 0

. S o o 1.01 MeV 3.02 MeV

One of the major problems in obtaining energy from any fusion reaction 1is
the fact that the Coulomb repulsion force between two charged nuclei must
be overcome before they can fuse. The potential energy as a function of parti-

cle separation for two deuterons (each with charge +¢) 1s shown in Figure
14.11. The potential energy is positive in the region r> R, where the
Coulomb repulsive force dominates, and negative in the region r < R, where
the strong nuclear force dominates. The fundamental problem, then, is to
give the two nuclel enough kinetic energy to overcome this repulsive potential
barrier. This can be accomplished by heating the fuel to extremely high tem-
peratures (about 10% K, far greater than the interior temperature of the Sun).
At these high temperatures, the atoms are 1onized and the system consists of a
collection of electrons and nuclei, commonly referred to as a plasma.



Coulomb
repulsion

Nuclear
attraction

Example 14.6 suggests that deuterons must be heated to about 5 X 10% K to
achieve fusion. This estimate of the required temperature is too high, how-
ever, because the particles in the plasma have a Maxwellian speed distribution,
and therefore some fusion reactions are caused by particles in the high-energy
“tail” of this distribution. Furthermore, even the particles without enough
energy to overcome the barrier have some probability of tunneling through
the barrier. When these effects are taken into account, a temperature of “only”
4 X 10® K appears adequate to fuse two deuterons.




Tabletop fusion

—p \acuum pump

0.82 MeV 2.45 MeV

@+O

Hellum neutron

Plastic/liquid
scintillator

Deuterium

8--8

Trmum proton

@+ 0

1.01 MeV 3.02 MeV

Photomultiplier

Neutron source tube

" Microphone

-

Acoustic wave--"""
generator

Chamber filled with test fluid

Pop! Embattled paper suggests deuterium nuclei undergo fusion inside sonoluminescent bubbles.
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