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Antoine-Henri Becquerel (1852—
1908) was born and educated in
Paris. His grandfather, father, and
son were also physicists, all of
them in turn professors at the Paris
Museurn of Natural History. Like
his grandfather and father, Bec-
querel specialized in fluorescence
and phosphorescence, phenomena
in which a substance absorbs light
at one frequency and reemits it at
another, lower frequency.

In 1895 Roentgen had detected x-rays by the fluorescence they
cause in an appropriate material. When he leamed of this early in
1896, Becquerel wondered whether the reverse process might not

occur, with intense light stimulating a fluorescent material to give
off x-rays. He placed a fluorescent uranium salt on a photographic
plate covered with black paper, exposed the arrangement to the
sun, and indeed found the plate fogged when he had developed it.
Becquerel then tried to repeat the experiment, but clouds obscured
the sun for several days He developed the plates anyway, expect-
ing them to be clear, but to his surprise they were just as fogged as
before. In a short time he had identified the source of the pene-
trating radiation as the uranium in the fluorescent salt. He was also
able to show that the radiation ionized gases and that part of it con-
sisted of fast charged particles.

Although Becquerels discovery was accidental, he realized
its importance at once and explored various aspects of the ra-
dioactivity of uranium for the rest of his life. He received the
Nobel Prize in physics in 1903.
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Marie Curie-Sklodowska (1867—-1934) and her husband Pierre Curie (1859—
1906). Together they discovered that there were elements besides uranium that
were radioactive (a term introduced by Marie), notably polonium (named after
Marie's country of birth) and radium. Radium, occurring in minute quantities
in pitchblende, actually produces heat (nuclear energy): 1 g of radium can heat
about 1.3 g of water from the melting point to the boiling point in one hour. The
Curies analyzed large amounts of pitchblende, supposedly a worthless residue
from mining operations. Pierre died rather young in a traffic incident, which
caused intense grief to Marie. Her extended work with radioactive materials
was probably part of the cause of her death, 28 years after her husband.

Not only was Marie the first woman to receive the Nobel prize for physics
(in 1903, with Becquerel and her husband Pierre), she was also the first
person to receive a second Nobel prize (chemistry, 1911: for her services
to the advancement of chemistry by the discovery of the elements radium
and polonium, by the isolation of radium and the study of the nature and
compounds of this remarkable element). The only other woman to receive the
physics Nobel prize (1963) is Maria Goeppert-Mayer for her work in nuclear
physics. It has remained something of a scandal that Lise Meitner (1878—-1968)
did not share the 1944 Nobel chemistry prize given to Otto Hahn (1879-1968)
for, in fact, their work on nuclear fission (this initiated atomic reactors and
nuclear bomb research). It was a clear case of male chauvinism that makes
the Swedes blush to this day.

There is also the case of Marietta Blau, see vignette on Powell in Chapter 2.
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James Chadwick, 1891-1974. His discovery
of the neutronin 1932 was a turning point
in nuclear physics. Chadwick was well

aware that the neutron had been predicted
by Rutherfordin 1920.
(Copyright the Nobel Foundation.)

Thefirst evidence for the positron, the
anti-particle of the electron. The cloud
chamber track bends the wrong wayina
magneticfield for it to be caused by an
eiectron, and itis not a proton track.
Anderson's unprecedented discovery was
highly controversial until it was confirmed a
year later. (Courtesy C.D. Anderson.)
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‘| discovery, they won the Nobel

Irene and Frederic
Joliot-Curie
(1897-1956 and

1900-1958, French)

7 =

Iréne Joliot-Curie was the daugh-
ter of Pierre and Marie Curie. She
met her husband, Frédéric Joliot,
when they were both working as
assistants to her mother. After
they were married, they took the
name Joliot-Curie and continued
to work together. They narrowly
missed discovering the neutron

(losing out to Chadwick) and the
positron (losing out to Anderson).

In 1934 they identified the first
man-made radioactive nucleus, an
isotope of phosphorus, which they
created by bombarding aluminum
with alpha particles; and for this

Prize for chemistry in 1935. Iréne

was refused admission to the

| American Chemical Society in ——— —

1954 because of her left-leaning
politics. |
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John Cockcroft (1879-1967) and Ernest Walton (1903-1995), Nobel prize
1951. They constructed the first accelerator useful for doing nuclear physics
experiments; their first observed reaction was the splitting of a lithium nucleus
by means of a proton. The lithium nucleus contains 3 protons and four neu-
trons, and together with the incident proton one obtains a pair of alpha par-
ticles, each alpha particle containing 2 protons and 2 neutrons. it is amusing to
read how they established this reaction. They had to demonstrate that a reac-
tion gave rise to two alpha particles being emitted simultaneously. They did
that using two observers each watching a screen that would light up if hit by
an alpha particle. If they saw such a light flash they would tap a key. Two
coincident keystrokes would indicate a lithium nucleus disintegration.

The machine they used for this experiment accelerated protons to about
700000 Volts (700 keV). By today’s standard this is of course a rather low
energy, but it is already a quite useful energy for the purposes of the study of
atomic nuclei. Optimistically, Walton thought as late as 1951 (see his Nobel
lecture) that this method could be used to acceleration of protons to about
10 GeV (i.e. 10000 MeV or 10000000 keV), but that was certainly a vain
hope. Circular accelerators such as cyclotrons etc. are better suited for proton
acceleration. Interestingly, a Cockcroft-Walton type voltage generator (cascade
generator) can be found in most TV sets, to generate the required voltage of
10-30 keV. Also, Cockcroft-Walton machines are used to this day as an initial
accelerator just following the ionization chamber of large proton accelerators.
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Some important Isotopes Nuclear notation
Symbol o _Elhlv.l_f.ieu.s i ‘ 1 2
H ordinary hydrogen ‘ C

24 deuterium (heavy hydrogen)
A nucleus is denoted by the chemical

3H tritium (radioactive hydrogen) symbol of its element along with a
number denoting the sum of the

dHe helium (alpha particle) number of protons and neutrons it
contains. Thus 2C (you read it as
12¢ carbon, commonest isotope carbon-twelve) is a nucleus with 6
protons (the signature of carbon)
= e : d 6 neutrons whereas the isotope
L@ are radioactive isotope, used for datin an
48 actve iSotons: sed for 9 14¢, which also contains 6 protons,
160 . : e has two extra neutrons. Atomic and
oxygen, common Isotope nuclear masses are often given in
£E . . . atomic mass units (amu), where one
Fe iron, common isotope amu (or 1.66 x 10?7 kg) is defined
958 ! . . . : as one twelfth of the mass of the
u uranium, rare isotope o neutral 12C atom. The total number

i of nucleons is known as the atomic
238y uranium, most common isotope : mass number, or just mass number.
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Fig. 11-2 Rutherford’s «
scattering formula (Equation
4-6) is shown by the dashed
line. o particles of increasing
energy incident on the nuclei
of a Pb target scatler as
would be expected by the
Rutherford formula until their
energy reaches about 27 MeV.
At greater energies the a par-
ticles approach the Pb nuclei
closely enough so that the
nucleons of the a and the Pb
interact via the attractive
nuclear force and the scat-
tered intensity falls below
that predicted by the Ruther-
ford equation. [Data from

R. M. Eisberg and

C. E. Porter, Rev. Mod.
Phys., 33, 190 (1961).]
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Waves ‘diffract’ (spread out) when they strike objects or pass through holes or slits in barriers. On the rightis shown how the smaller the object or
the hole relative to the wavelength, the stronger the diffraction, provided the object or hole is not much smaller than the wavelength. To study
nuclei, we need much shorter wavelengths than can be achieved with an electron microscope.

Incident waves

Wide gap

Incident waves

Narrow gap

The narrower the gap,
the greater the diffraction

Robert Hofstadter, 1915-1990, pioneered
the use of electrons for studying the size
and density of nuclei and of the nucleons
they are made of.
(Copyright the Nobel Foundation.)

Measure the charge distribution
fﬁracy/? aiffraction

— Pubicle has  waye prop
4 operly



LA SRR

)

a

v e o it

104 FUNDAMENTALS OF ELEMENTARY PARTICLE PHYSICS

Robert L. Hofstadter. Born 1915 in New York. He received his Ph.D. from
Princeton in 1938. In 1948 Hofstadter showed that sodium iodide, activated
by thallium, made an excellent scintillation counter. In the 1950s at Stanford
University he and his colleagues carried out a series of classic experiments to
investigate the scattering of electrons from nucleons and nuclel.  These led to
a rather detailed knowledge of the charge and magnetic-moment distributions
of protons, neutrons, and nuclet. In 1961 he shared the Nobel Prize with
Rudoll Mossbauer.  (Photograph from the Meggers Gallery of Nobel Laurcates,
American Institute of Physics.)
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® Figure 15-3 For large

enough nuclei (Z > 10, say)
the nuclear density is well

described by the formula

N Po
p(r) {1 + exp[(r = 1‘0)/02}} '

where p, = 0.17 nucleon/fm?,

o = (124" — 0.48) fm, and

a = 0.55 fm. This formula is
obtained from electron-nucleus

collision experiments, on the

assumption that the nuclear
density is the same as the

electric charge density—that is,

that the protons and neutrons
are distributed in the same

way. It is the charge density

that is actually measured by
the electron-scattering

experiments.
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Hideki Yukawa. Born 1907 in Tokyo. He received a D.Sc. from Osaka
University in 1938.  In 1935 he proposed that the force responsible for nuclear
binding was a new type of force, neither clectromagnetic nor gravitational in
origin. To account for the finite range of this force, he postulated that there
nmust be associated with it a new particle with a mass approximately 200 times
that of the clectron. The # meson, whose existence was confirmed in 1047,
proved to be the “Yukawa particle.””  Yukawa was awarded the Nobel Prize
in 1949 for his prediction of the existence of mesons. (Pholograph from the
Niels Bohr Library, American Institule of Physics.)
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Fig. 14.1. Binding energy per particle for nuclei.

2. BjA reaches its maximum in the region of iron (4 = 60). It drops off

slowly toward large A and more steeply toward small 4. This behavior is

crucial for nuclear power production: If a nucleus of, say, A = 240 is
split into two parts with 4 ~ 120, the binding of the two parts is stronger

than that of the original nuclide, and energy is set free. This process is

responsible for energy production in fission. At the other end, if two light

nuclides are fused, the binding of the fused system will be stronger, and
energy will again be set free. This energy release is the base for energy

production in fusion.
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e Figure 15-4 The comparison
of the experimental binding
energy per nucleon, B(A, Z2)/A,
given by the line connecting
the dots, with the value of the
binding energy per nucleon
obtained from the semiem-
pirical mass formula, shown by
the smooth curve. The peaks in
the experimental distribution
signal closed-shell effects not
included in the mass formula.
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°There are no naturally occurring nuclei for which Z = 126, although N = 126 is realized.
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ians Bethe

(Born 1906, German-American)

After postdoctoral work with
Rutherford in Cambridge and
Fermi in Rome, Bethe taught in
Germany for a few years before
coming to the United States in

to atomic and nuclear physics, he
is best known for finding the two
nuclear cycles by which most stars
get their energy. For this discovery,
he won the 1967 Nobel Prize in
physics.

1935. Among many contributions
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The La‘?uz'd-dralb Model
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* Figure 15-7 The sequence of

shapes assumed by a charged

oscillating liquid drop. The last

stage is at the point of fission I
into two smaller drops.
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¢ Figure 15-8 The mass
distribution of fission products
of 25U when the fission is
induced by thermal neutrons.
The result of a theoretical
calculation is drawn as a solid
line.
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Table 8.1 Nuclear properties  not

described by the liquid drop model.

(1) Ground state spins and parities

(2) Excited state spins and parities
(3) Existence of magic numbers

(4) Magnetic moments

(5) Density

(6) Values of coefficients in
semi-empirical mass formula

(apart from Coulomb)

BUREABPUER (I AREERLS



Ulli Secltzer

P. Wigner
¥



o
wi: /5=21
W
__QWLAHCZEUJ
 Wigner -
i,
¥ :
m+ N — N — n+ N, nuclear reaction
J -

B comp ound nuclews

_____ __Za%nged compared. with the
L ime it takes 'to cross the

L huclear diameter
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Figure 13.4 Maria
Mayer studying a chart
of nuclei art the
University of Chicago.
This systemaric study led
her to create a shell
model of the nucleus
that is reminiscent of
Bohr's atomic model and
explains many nuclear
regularities. (Photo
University of Chicago.)

Maria Goeppert-Mayer (1906-1972)
was the daughter of the pediatrician
of Max Bornss children, and she stud-
ied at Gottingen under Born. As Born
recalled, “She went through all my
courses with great industry and con-
scientiousness, yet remained at the
same time a gay and witty member of
Gottingen society, fond of parties, of
laughter, dancing, and jokes. .

After she got her doctor’s degree with

a very good thests on a problem of quantum mechanics, she
married a young American, Joseph Mayer, who worked with
me on problems of crystal theory. Both had brilliant careers
in the US.A., always remaining together.” At the University
of Chicago in 1948 Goeppert-Mayer reopened the question
of periodicities in nuclear stability, which had remained a
mystery since their discovery in the early 1930s, and devised
a shell model that agreed with the data. J. H. D. Jensen in
Germany published a similar theory independently at the
same time, and both received the Nobel Prize in 1963 for
their work
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® Figure 15-9 Atomic
ionization potentials as a

function of Z, showing that the

atom has a shell structure

, from

data compiled by C. E. Moore

(1970). (From Subatomic Physics,

2nd ed., by Hans Frauenfelder

and Ernest Henley. Copyright

© 1991 by Prentice-Hall, Inc., ! =

Upper Saddle River, NJ.)

® Figure 15-10 Relative
abundances of even—even
nuclides, from data compiled
by A. G. W. Cameron (1968).
The abundances are measured
relative to that of Si. The
pattern of shell structure,
similar to that shown in

*Fig. 15-9, is manifest. (From
Subatomic Physics, 2nd ed., by
Hans Frauenfelder and Ernest
Henley. Copyright © 1991 by
Prentice-Hall, Inc., Upper
Saddle River, NJ.)
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Multiplicity ~ Total number

2j+1) of nucleons
{cumulative)
oy 14 . 126
Pisn 2 112
P3sz 4 110
Jsr 6 106
o 8 100
tg 2 0. 2 -
hyy/m 12 82
S1/2 2 70
d3/2 4 68
ds/7 6 64
8712 s 58
8as2 10 50
¢ Figure 15-11 The Pis2 2 40
p— : fs/2 6 38
experimental ordering of o
P32 4 - 32
nuclear shells for protons. The "%+ S______ 2
levels are labeled by (¢, j). The for2 [ 28
energy gaps, characterized by
the “magic numbers” 2, 8, 28, 32 4 20
50, 82, and 126, are 5172 2 16
: N ds 3 6 14
impressionistically drawn. The ™27~ 2. %
shell structure for neutrons 2 8
. . Pis2
differs slightly from that for Paja 4 6
protons at the higher levels. We
ignore the difference. 5172 2 2 o .
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Reasonable nuclear

N f

8. 8.6 A schematic representation of the change in single-
)8 l‘f:h;-level ordering in moving from (a) the harmonic oscil-
10r to (b) a reasonable nuclear potential to (c) the same with
W8l Inverted spin-orbit interaction added. On the right of each
Shown the accumulated occupancy numbers. An ordering is
N.1n (c) which gives the magic numbers. Between these
be_rg the residual interactions between nucleons will alter

Reasonable nuclear
plus spin-orbit.

AV

Accumulated Magic
occupancy numbers

the ordering as the levels are filled. The splittings caused by the
spin—orbit interaction which are vital to the explanation of the
observed magic numbers are emphasized by heavy broken
lines: they are Lf-1f,+1f,, lg—lg,,+1g,, lh-lh,,+
lhg,, and 1i— iy, +1i,,. These are the splittings mainly
responsible for the gaps defining the magic numbers.
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The discovery of the conneclion between colleclective
___molion ahd “parlicle motion in atomic hucle and
or the structure of 2he atomic hrucleus based on
this connection. ~earned

Aci?e Bohr

Ben R. Motlleson

L. James Rainwaler

Nobel prize in physics
Fas L7

Ben Mottelson, 1926-, American-born -
physicistliving in Denmark. He was
awarded the Nobel Prize in 1975 with James
Rainwater, 1917-1986, and Aage Bohr,
1922 -, the son of Niels Bohr, for work on
vibrations and rotations of nuclei.
(Copyright the Nobel Foundation.)
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® Figure 15-5 The

experimental distribution of

nuclides as a function of N and _
Z. The data are given by the
round points; the prediction
derived from Eq. (15-19) is —_—
shown as a heavy line. The

experimental distribution

shows the expected excess of S
neutrons above the line N = Z.
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\on drip line Figure 1. The nuclear landscape
LA depicted here is a chart of nuclides
126 in a plane arranged by neufron

and proton number. The black

P squares represent stable nuclei. the

< orange region, measured nuclei;
T-process and ?ie green region, nuclei that
are stable according to caleulation
but otherwise have not been ex-
plored. Red lines indicate magic
numbers. The rapid neutron-
capture (r-process) path, which
describes an important stellar
nucleosynthesis chain, lies almost
entirely in unexplored ferritory.
The insets show nuclear potentials
for protons {red) and neutrons
(blue) in a stable nucleus (top)
and a neutron-rich weakly bound
nucleus (bottom) whose binding
or separation energy E, is rather
small. The energy separating major
nuclear shells is denoted by AS.

Number of protons

HEUREXBYERFIHMAELE



- |

s : Figure 2. New magic number;
FI & are emerging through occurate

; measurements of nuclear masses.
This enlarged view of the low-
mass region of the nuclear land-
scape indicates several nuclei
with unexpected energy gaps be-
® Shell gap larger than expected - tween nuclear shells.

Number of protons

& Shell gap smaller than expected i
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5 8 Number of neutrons
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Fiﬁ::he 3. Nucleon—nucleon scattering phase shifts are well predicted by
effective field theories. The plots show experimental data [-Hir;d and un-
filled points) and caleulated values (curves) for the phase shifts of several
scattering channels as @ function of energy. The dotted lines represent
second-order EFT calculations; dashed lines, third order; solid lines,
fourth order. Increasing the order allows for o more complete and accu-
rate description of the phase shifts. (Adapted from ref. 10.)
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Figure 4. Green’s function
Monte Carlo techniques have
been applied to a number of
light nuclei, ranging from
helium-4 to carbon-12. The
Argonne v, (AV18) calculo-
tion includes only two-body
forces. The lllinois-2 {1L2)
calculation adds three-body
forces. Once those attractive
interactions are included,
theory and experiment are in
beautiful agreement. The yel-
low and lighter blue rectan-
gles indicate theoretical error;
light green rectangles indicate
resonance widths. (Courtesy
of Steven Pieper, Argonne
National Laboratory.)
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Figure 6. A single energy-density func-
_tional predicts the energies needed to
separate two neutrons from 1553 differ-

ent bound nuclei, The results shown here
include nuclei with even numbers of both

protons and neutrons and allow for nu-
clear deformations. Clearly visible are
neutron shell closures at N = 82, 126,
and 184. (Courtesy of Mario Stoitsov,
University of Tennessee.
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« Figure 15-12 Decgy series
Jeading from **U to*"Pb by
steps involving alpha decay (a

o

%3

W

drop in Z and N by two units

each) and beta decay (a drop in

N by one and an increase inZ

a2 84 86 8 9% 92 9% Z by one).
Ny(0)
0.8N;(01) _P 1
» g = o
R:'.
—— e
0.6N7(01) - (a)
0.4N;(01) - NylH)
e Figure 15-13 (a) Schematic Nyt
picture of the nuclear decay . 0.2N;(01) - '
sequence N; — N, — Nj with )
rates R;, and R,3, respectively. )
(b) Plot of Eq. (15-27) in
arbitrary time units for the 0 : ' - —
0 1 2 3 4 5 Rt

parameters Ry = 2R;,.
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George Gamow, 1904-1968, whose work in 1928 showed that alpha particles can behave as waves. In so doing, he solved the long-standing puzzle
about the half-life of alpha decay. This demonstrated for the first time that quantum mechanics applies to nuclei. (AIP Emilio Segre Visual Archives.)
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Wolfgang Pauli, 1900-1958, and Niels
Bohr, 1885-1962. One of Pauli's many
contributions to quantum physics

concerned the spin of elementary
particles such as electrons. The spin

of much larger objects like this top was
clearly also of greatinterest.

(AIP Emilio Segre Visual Archives.)
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Torico Fermi. Born 1901 in Rome; died 1954. His early work included
discovery of the so—alled Fermi-Dirac statistics for particles with half-integer
spin (fermions). While at the University of Rome, he and his group carried
out a series of classic experiments to study artificial radioactivity induced by
neutron bombardment for which he later received the Nobel Prize.  The theory
of 6 decay that he proposed in 1934 was the basis for the current theory of weak
interactions. In 1939 he cmigrated to the United States. His contributions
to the development of the first chain-reacting pile during the war are well
known. After the war he and his group at the University of Chicago started a
series of experiments to study pion-nucleon scattering with pion beams from the
Chicago cyclotron. Fermi also made gignificant contributions to astrophysics.
He was one of the very few physicists who have done outstanding work in both
theory and experiment. He was a superb teacher and writer; his books and
papers are noted for their clarity. Element 100 in the periodic table is named
in his honor. (Photograph from the Nicls Bohr Library, American Institute of
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Flg. 10.6 Energy spectrum of B rays ejected by the radioactive decay
of a sample of 21°Bi. [After G. J. Neary, Proc. Roy. Soc. (London) A175,
71 (1940).]
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61 Estimate the probability of a neutrino’s passing directly
o through the earth without interacting. Take the neutrino
total cross section to be ~10-14 of that for high-energy
neutrons. (The radius of the earth is ~6.4 X 10° m; its mass
is ~6 X 102 kg.) Repeat for a high-energy neutron. The
earth is constantly being bombarded by a flux of neutrinos
~4 X 101 em™%/sec from the sun. Make a rough estimate
of the number of neutrino-induced reactions in our bodies per
dav. )
Oy 2 O : o
2N em” at [ Gewvle iacideal momentiyn
/
1 = -——'!—"—-
WA P Ty
N = ny .
u ons per ua ¢ volume
&
M, ~ (000 Mev/c
Strong interaction
-/ -
Ttp —> KA al | Gev/e ines
7 V/ic t(nect a’é‘/?t z

/name/n‘um

T~ | mb =10°7 em?
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Figure 12.8 Chien Shiung Wu (right) and W. Pauli. Wu, who did fundamental
studies on weak interactions, is photographed here with the inventor of the

neutrino hypothesis. The peutrino plays an important role i weak interactions.

Reines takes notes while Cowan reads dial

settings.

Some of the researchers:
left to right, Lt. P. Powell,
USN, Dr. F. N. Hayes,
Mr. K. Perkins,
Dr. F. Reines, Dr. E. C.
Anderson, and Dr. C. L.

Cowan. -
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Potential energy

Deformation Break-up Separation

{ Fig. 6.7 The fission barrier. The expected form of the potential energy curve as a
' nucleus deforms, breaks up, and the products separate during the process of fission.
| The abscissa is not well defined until the fission products are well separated, when we
| can expect it to vary Coulomb-wise. At zero abscissa the nucleus has an energy
$_greater than that at infinite separation of the products at rest, by the energy released
n fission. There is a barrier to fission which is probably about 6-8 MeV higher than
‘the undeformed energy in nuclei near uranium. This height is the activation energy
and it decreases as Z?/4 increases and may reach zero near Z=115. (The heaviest
nucleus so far observed has Z=106.) This barrier determines the spontaneous fission
Efansi!ion rate. (T S A e e e T e B

-
.'.’-
ibi i
&

Flg. 10.14 Fission of a drop of nu-
clear fluid. [After D. L. Hill and J. A.
Wheeler, Phys. Rev. 89, 1102 (1953).]

|
= _Ufj_ potential
= ]‘— barrier

L ! | 1 —

(a) (b) (c) (d) (e) (f deformation

Flg. 10.15 Potential energy as a
function of deformation (the letters
give a rough correspondence with
Fig. 10.14.)
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KINDHEIT UND JUGEND

Der Grofivater viterlicherseits war Weinbauer und Landwirt .
Hofin Gundersheim bei Worms. Er betrieb daneben eine Glase
sterrahmenschreinerei, weil der Grundbesitz durch die dan
Erbteilung bereits so klein geworden war, dafd cine grofiere Fo
allein nicht mehr ausreichend leben konnte. Thm wurde 154
Heinrich Hahn geboren, der wenig Interesse fir die Jandwir
Tatigkeit hatte und deshalb nach den kegeln der Zunft das G
werk erlernte. Dem damaligen Brauch folgend ging Heinric!
Geselle auf Wanderschaft. Obwoh] er von Haus aus noch eine
germaflen versorgt gewesen wire, versuchte erdoch sehrbald, .
zu werden. In der Schweiz arbeitete er als junges, schmichtiy
chen mitstammigen élteren Gesellenim Akkord. Otto Hahnb:
der gekriimmte Riicken den Vater fur den Rest seines Lel:
schwere Arbeit in den Jugendjahren erinnerte. Im Jahre 1868
liefs sich Heinrich Hahn in der Freien Reichsstadt Frankfurt ar.
der und heiratete dort dic junge Witwe Charlotte Stutzman:
Giese, die fiir cinen Sohn Karl aus erster Ehe zu sorgen hatte.
war in Norddeutschland, in der Mark Brandenburg und ¢
beheimatet. Unter ihren Vorfahren finden wir eine Reihe nam:
demiker. Mit ihrer Mutter wohnte sie in der Nachbarschaft

schen Glaserei, in der Heinrich Hahn arbeitete. Beide Frauen fi
Mittagstisch, der vor allem von alleinstehenden, gebildete:
Kaufleuten besucht wurde. Dort war auch Heinrich Hahn st
und lernte auf diesc Weise seine spatere Ehefrau kennen. Sic
1875. Dem Ehepaarwurdenin kurzer Folge drei Sdhne geboren
ner, 1877 Julius und als jingster am 8. Marz 1879 Otto Hahn

vom Vater Hahn adoptiert, und so wuchsen in Frankfurtam M
Gebriider Hahn heran. Strebsamkeit, Treue und Fleifl schaffte:
bald cine gutbiirgerliche Existenz. Mit 26 Jahren ergriffder Vat
lichkeit, die Glaserei von seinem Prinzipal kduflich zuerwerber
auszubauen. Durch eine Reihe von duBeren Ereignissen kon
bescheidene Handwerksbetrieb zu einem gewichtigen Untern
wickeln: Die Annexion der Freien Reichsstadt Frankfurt am

die Preufen und der wirtschaftliche Aufschwungnach dem De
zdsischen Krieg 1870/71 fithrten zu einer lebhatten Bautiit
Handwerker, dicihren Fleifl einsetzten, konnten Vermigen er
urspriinglichen Glaserei wurde ein Spiegel- und Bilderrahr
mit Vergolderei angegliedert. Heute noch besteht die Firm
Heinrich Hahn» als bekanntes Unternehmen in Frankfurt an
Geburtshaus Otto Hahns in der Bockgasse ' wuarde fiir die
sende Familic bald zu klein. In der Tongesgasse 27 2 warein Ha

worden, das sich sowohl als Wohn- wic auch als Geschaftsh

Aus den ersten Kindheitsjahren berichtet Oteo Hahn: Andie §

Geburt erinmere iclomich nir noch vor eiigen spiieren Be
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At Lise Meitier inmn Lobor, Berlin, 1913

“— um (M), is named in her honor.

" skilled nuclear experimentalists in

_and her nephew, Otto Frisch, de-

- Lise Meitner S—
__ (1878-1968, Austrian)

One of the first women to attend

““the University of Vienna, Meitner ———————

was a brilliant student and decided
to enter the new field of nuclear
physics. Despite continuing dis-
crimination, she eventually became
a full professor in Berlin, where she ———
was recognized as one the most

the world. Prior to World War I,
she had a long and fruitful collabo-
ration with the chemist Otto —
Hahn, but she was forced to flee

Nazi Germany in [938. Shortly ~——————
after her exile, Hahn and his col-
league Fritz Strassman, using equip-
ment built by Meitner and with her
continuing guidance, discovered
that the uranium nucleus can split ~———————-
into two much lighter nuclei. With-
in weeks of the discovery, Meitner

veloped a theoretical understand-
ing of this new process, which they ——uv———
named fission. Hahn and Strassman
were awarded the 1944 Nobel —
Prize in physics for the discovery
of fission, but many historians be-

- lieve Meitner should have shared .

the honor. Element 109, Meitneri-
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Meitner and her nephew Otto Robert Frisch, 1904-1979, were thefirst to recognize a certain

Lise Meitner, 1878-1968. Bornin Vienna,
she worked for many years in Berlin
doing research in radioactivity. Element
109, meitnerium, is named after her.
(AIP Emilio Segre Visual Archives.)

|
|
r

phenomenon discovered by Hahn and Strassmann as a signature of nuclearfission, the process
shown above. Their fission model was based on Niels Bohr's ‘liquid drop’ model of nuclei, and
predicted thatfission releases much energy. At that time, in 1939, Meitner was taking refuge
in Sweden. She spent her winter holidays with Frisch in the house on the right.

19538

LISE MEITNER tsrse0
OCH HENNES SYSTERSON

OTTO ROBERT FRISCH tsotm

FORMULERADE HAR
EN FORKLARING TILL
UPPTACKTEN AV URANKARNANS
KLYVNING
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In light nuclei (A <20). the binding encrgy is small.

erg
S and are made [lo fure (nto a vier nucleus

'y when the are_éccz%/zf_@dﬁcr

#gwrclcmcdﬁj_j

__mltm_m%g_w@_ :
B , r—
. Susion. . :

Ln arder to ju..r_c. > two nuelei must be smashed t_‘_gez%er S

at A 5 otherwise thecr Coulomb répulsion

 woula /oui/z. i éhﬁcm_.aiaarj_ _b_:/(am the .rémg_aﬁmc tion

o has a chance lo act.

7o achieve fusion reactions on a ar,ic scale , we rneed

G gas al \extigmeé,v /nyﬁ fm/czea .

B _ Proton- Proton cycle. ™ _ﬁ_exc%o_a_a:_.&far neulrind

. o _provide lhe roy Source jfor the Sun
Sl

_ prp? dretry + 04l Mey

(7%x/0 ?/vear)

d+ p — He txr+ 551 Mev . (4.5)

o e 't He = “He + prtprrti278 Mey (4x /oiyear/

. Carbon C/VC[C

- Corp o Ny t1 9 Mer (104
- N =PC retry ry #1.20 Mev (10 min)
 crps Ny t760 Mev (2x 10% year)
B B e p 20 vy t1.70 Mev  (<3X/07vear)
I BO = BN+ etrvrr rLT MeV ( 2 min)
. SN +p 2" 2ot 499 Mev (0% year)
Bethe 1939

S _._[n__ the ﬁa_ ,_tﬁe_/acgg’_gmmgaf jﬁgiga_/ém_qg.r_{._r the
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approprialte 2o  the conditions tn 1hHe S

central [Lemnera wure N [ 4X 107 K

p+p—fh+e +v+ 041 MeV (7 x 10”yr);
d+p — *He + y + 551 MeV (4s);
3He L 3He — 4He + p -+ p + v -+ 1298 Mev (4 X 105 yr)

- - 4
6p — 2p t+t2€ * He + (,bAata/z,r-f neulrinos

) Carbon cyc le

“C+p— BN+ 1y + 1.93 MeV (10° yr);

BN — BC + ¢ +p+ vy + 1.20MeV (10 min);

:: BC+p — "N+ y + 7.60 MeV (2 X 10°yr);
- UN +p — B0 + y + 7.39 MeV (< 3 % 107 yr); e

- PO - BN +e" +v+y+ 1.71 MeV (2 min);

= . PN + p — 2C + *He + 4.99 MeV (10* yr).

4 . \
- dp - He + 27 * pholons + N eulrLnos
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Hydrogen bomb
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,tcj{u.r.c_thﬁca‘um,_ o o B

| High temperature re guired to trigger M_cij{mﬂi on reaction
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Hans Bethe

(Born 1906, German-American)

After postdoctoral work with
Rutherford in Cambridge and
Fermi in Rome, Bethe taught in
Germany for a few years before
coming to the United States in
1935. Among many contributions
to atomic and nuclear physics, he
is best known for finding the two
nuclear cycles by which most stars
get their energy. For this discovery,
he won the 1967 Nobel Prize in

physics.
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Determine the rock age.

217

w4 g KR and B

o lifetime 14 10" years

2 N 208 o
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thorium

2 206 204
Sample . U and Ph, no "%

4

206 235
Pb OriGLY he decay 3/ ¥

Vo - . 7
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0/1[/v uranium . no lead.
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CHRONOLOGICAL AND GEOLOGICAL APPLICATIONS 20

S

tree ring(C)

0.9

|
0.8+

Tayinat(C)

& redwood(C)

radiocarbon content relative to living matter

0.7~ -
Sesostris(C) “y< Aha-nakht(P)
0.6~ _¢_Sneferu(P);
| s~ Zei(P)
Hemaka(C)
0.5 | ! | |

| ;
0 1000 2000 3000 4000 5000

historical age, years
Figure 5-11 Calibration curve of "C method. Curve calculated from T ;=

5568 yr. Key: Samples of known age; (C), Chicago dates; (P), Pennsylvania

dates (Ralph). [W. F. Libby, in Les Prix Nobel en 1960, Stockholm, 1961.] The
presently accepted half-life of '4C is 5730 = 30 yr.
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Figure 15.21 A fission chain
reaction (schematic diagram). The

reproduction conatant k= 9. the

moderator is not shown.
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Figure 15.23 Schematic diagram of a pressurized-water

reactor.
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Rosalind  Yalow (1921-, United
States). After receiving her Ph.D. in
nuclear physics, she researched the
medical applications of radioactive
isotopes. She developed the tech-
nique of radioimmunoassay, which
uses radioactive tracers to measure
small amounts of substances in the
blood or other fluids. She first applied
this technique to study insulin in the
blood of diabetics. Her development
of this technique was recognized with
the award of the Nobel prize in medi-
cine in 1977.
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Figure 15.31 Energy loss of a high-
energy « particle as a function of
penetration. Note the pronounced
peak {Bragg peak) at the end of the
range.

Figure 15.32 Energy deposited by
95-MeV =~ particles as a function
of penetration. The normal Bragg
peak is further enhanced by the
energy deposited due to capture of
the =~ by a nucleus and the
subsequent nuclear reaction (star).



11-7 THE MOSSBAUER EFFECT

Consider an atomic transition from a state with energy E,
to a state with energy £,. We usually write the energy of
the emitted photon (E ) as

E,om =E, —E,. (11.104)

photon
The foregoing equation is an excellent approximation but
itis not exact because momentum must be conserved. The
atom must recoil with the same magnitude of momentum
as the photon. The recoil momentum (p) of the atom is

E

o (11.105)
C

p:

The kinetic energy of the atom is

g =2 (pe)” 11.106)
“ToOM T aMeY’ -

where M is the atomic mass. The energy scale of a photon
emitted from an electronic transition between outer en-
ergy levels is electronvolts. The mass energy of the atom
is much larger than the photon energy (Mc*>> pc). This
means that even for a light atom like hydrogen, the recoil
kinetic energy of the atom is small because the mass is
large. For an iron atom (Mc? = 50 GeV), the recoil kinetic
energy 1s

(1ev/c)?

=——=10"eV.

11.107
5 100GeV ( )

Since the atom gains this energy, the photon energy is
smaller than E,—F, by an amount E,. We usually can
neglect such a small energy correction! Notice, however,
that because the photon energy is slightly smaller than
E,—FE,, we might expect that the emitted photon could not
be readily reabsorbed by the same type of atom because
the photon energy is a bit too small. The emitted photons
are observed to be reabsorbed, however. This phenom-
enon is called resonance absorption. Resonance absorp-
tion occurs because of the natural width of the photon
energy distribution, corresponding to the finite lifetime of
the atomic state. The natural width and atomic lifetime are
related by the uncertainty principle. The typical lifetime of
an atomic transition is 10~ seconds, corresponding to an

B
%3

;_ w3K

energy width (I ) of
-6 .
7= JEEI0” BVIET 10~ ovi. (1. 108)
T 107" s

The natural width is much larger than the recoil energy:

I'>>FE, . (11.109)

The natural spread in photon energies allows atoms to
reabsorb the radiation.

Now consider the case of photons emitted from an
excited nucleus (gamma transitions). The nuclear life-
times are of the same order of magnitude as the atomic
lifetimes because the same force, electromagnetism, is
responsible for the decays. The photon energies from
nuclear transitions, however, are about 10° times greater
than photons from atomic transitions between outer elec-
tron levels. The recoil energy of the nucleus, again taking
the iron mass, is

(10%ev)’

2
(pe) _ ~107"eV.

_ = (11.110)
100GeV

k

T2 Mc?

In nuclear systems, the kinetic energy of the recoil nuclei
are typically much greater than the width:

E, >>T. (11.111)

This means that photons emitted in nuclear decay ordi-
narily do not have enough energy to be reabsorbed by the
same type of nucleus. Resonance absorption cannot readily
occur in nuclei.

The phenomenon of resonance absorption is illustrated
in Figure 11-18. A transition occurs between two energy
levels causing a photon of energy (£) to be emitted. The
average emitted photon energy is smaller than the energy
difference between the energy levels (£,). but the photon
has an energy width given by the uncertainty principle.
For a photon to be absorbed, it must have an energy to
allow for the recoil. The absorption spectrum has the same
shape as the emission spectrum. The amount of overlap
determines the amount of resonance absorption. For atomic
systems, the overlap is complete. For nuclear systems, the
overlap is zero.

In 1957, Rudolf Mossbauer discovered that nuclear
transitions may occur with negligible nuclear recoil if the
decaying nucleus is embedded in a crystal lattice. In this
case the entire lattice takes up the recoil momentum. Since
the mass of the crystal (M,) can be huge, the crystat as a
whole conserves momentum and gains essentially zero

B RERBMBER (F) B 2 o 8%



kinetic energy. The kinetic energy gained by the recoiling
crystal is

E, =———=0. (11.112)

This means that like the atomic system, there can be
complete overlap between the emission and absorption
energy spectra, and resonance absorption can occur. The
nuclear system first studied by Méssbauer was '*'Ir. The
nuclear energy levels of "*'Irare indicated in Figure 11-19.

EXAMPLE 11-16

Estimate the size of the crystal necessary to cause nuclear
resonance absorption in '*'Ir. The lifetime of the **'Ir" state
is 1.9 x 107"% and the emitted photon has an energy of 129
keV.

SOLUTION:

From the uncertainty principle, the width of the 'Ir" state
1S

-6
] V-
rzﬁ:wuzg,jxlo-ﬁ eV,

T 1.3x107"5s

A significant amount of resonance absorption will occur
when the recoil kinetic energy is

E, ~T.

The recoil kinetic energy may be found from

2

pc
k=( )2=F,

2M_c

so the mass of the crystal is given by

, (pc)

(129keV)*
(2)(35%x10° eV)
=2x10" eV =2x10° GeV.

c” =
’ 2r

The mass energy of 'Ir is about 178 GeV. Therefore, the
number of atoms in the crystal necessary to cause reso-
nance absorption is

_2x10°GeV _ .
178 GeV '

Only a small crystal is necessary. ]

/
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r=E '
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dE
(arb. scale)
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(a) E
I << E,
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(arb. scale)
Ey-£, E, Eq+E,
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FIGURE 11-18 Resonance absorption.

A transition occurs between two energy levels, causing a photon
of energy (E) to be emitted. The photon energy is slightly
different from the difference between the energy levels due to
the recoil energy (E,) and the natural width due to the uncer-
tainty principle. (a) Photon energy distribution for the case I'=
E,. The resonance absorption probability is proportional to the
amount of overlap of the two curves. (b) Photon energy distri-
bution for the case I'<< E\.

B, (15.4 d)
s
Eg+171 keV - P 191
L
Eq+129 keV 7 /19
/ (13x1010s)
¥ 37
Energy v/ 7]
S
rd
Ep [ < 199 (ground state)
3 5l A 9
2 2 2 2

Spin quantum number (;)
FIGURE 11-19 Nuclear energy levels for 'Ir.
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The experimental setup of Madssbauer is shown in
Figure 11-20. The radioactive source is '*'Os, which beta
decays into ''Ir:

POso"'Ir" +e” + v, (11.113)

and the excited iridium decays by gamma emission

It P 4y, (11.114)
The energy of the photon is 129 keV. The half-life of the
PIIr* decay is 1.3 x 107'%, corresponding to a natural
fractional width of

§=4x10“”. (11.115)

Normally, the energy shift due to the motion of the nucleus
will be larger than the natural width by several orders of
magnitude. Mossbauer discovered that if the '*'Osis em-
bedded in a crystal, then a small fraction of the decays
have a negligible nuclear recoil. The recoilless photon
emission produces an extremely narrow photon “line.”
The photons from the decay of "!Ir* were detected by
Mdossbauer by resonance absorption in an iridium ab-
sorber. The process in the absorber is

ey "1, (11.116)
The absorber must also be a crystal for resonance absorp-
tion to occur (see Figure 11-18).

In the Md&ssbauer experiment, the width of the photon
source may be measured by giving the source some
motion so that the line is broadened by the Doppler effect.

+1 -1

ﬂ Photons
Photon detector r U e o
Rotating source,
_ Absorber 61
191, “lr

Lead sheilding

FIGURE 11-20 Experimental arrangement of
Mossbauer.

The absorption fraction is then measured as a function of
the speed of the source. When the photon has the wrong
energy, its absorption probability is reduced. The data of
Mossbauer are shown in Figure 11-21. A speed of only a
few centimeters per second is sufficient to destroy the
absorption.

EXAMPLE 11-17
Calculate the speed of the source necessary to destroy the
resonance absorption in "*!Ir.

SOLUTION:

The natural line width is

-16 .
F=E=M=3.5X104 eV.

T 1.3x107"° s

The fractional width is

I _35x10%ev

= =27x107",
E 129keV

The motion of the decaying '*'Ir* nucleus causes a Dop-
pler broadening of the photon. Consider motion of the
¥'Ir* in the direction of the emitted photon. The Doppler
formula for the Lorentz boosted photon energy (£') is

AE (1073 eV)
-3 -2 -1 0 1 2 3

Absorption

fraction
(103 °f % i

mna

-6 -4 -2 0 2 I 4 6
v (1072 m/s)
FIGURE 11-21 Recoilless gamma emission and absorp-
tion from "'Ir.
From R. L. Méssbauer, Naturwissenschaften 45, 538 (1958).
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E'=E (——==Ey(1+B)=E(L+B).
VI-8
The fractional change in the photon energy is
| E'-E
g P

The resonance absorption is destroyed when fis equal to
! a few times I7E. For = I'/E, we have

B=2=27x10",
C

This corresponds to a speed of

y=(3x10%m/s)(2.7x107"" ) =~ 10 mjs.

Speeds of centimeters per second destroy the resonance
absorption! |

The unprecedented resolution of the Méssbauer tech-
nique has many interesting applications in physics. Per-
| haps the most ingenious of these is contained in the work
: of Robert V. Pound and Glen A. Rebka, Jr. The resolution
: in the original experiment of Méssbauer is limited by the
f natural width of the '*'Ir” state due to its short lifetime.
Pound and Rebka studied the Mossbauer effect in *’Fe,
which has an excited state with a much longer lifetime.
An energy level diagram of *’Fe is shown in Figure
11-22. The 14.4-keV photon originates from the decay
of the ¥'Fe’ state, which has a lifetime of about 1077s.
This lifetime corresponds to a natural width of about
I'=10"% eV. The fractional width is

57
Co
—
K capture // el
Eq+136 keV |- — . STpgi
/.;" ../'
Energy o .,/
Eqt14.4 keV - Sy TR 107 )
Eo = 57Fe (ground state)
1 3 5 7
2 2 2 2

Spin quantum number (j)
FIGURE 11-22 Energy levels of the ¥'Fe nucleus.
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o

=107", (11.117)

s> 0 le!

Pound and Rebka realized that if they could achieve this
resolution, then they could measure the change in energy
ofthe 14.4-keV photon caused by its gravitational interac-
tion with the earth! This experiment provided an impor-
tant fundamental test of the theory of general relativity.

In 1959, Pound and Rebka set out to fabricate a high-
resolution Mdssbauer source appropriate for detection of
the gravitational interaction of the photon. In this section
we shall describe the ¥Fe source; the results of the gravi-
tational experiment will be discussed in Chapter 19. The
key to highresolution is to make a source and absorber that
have identical energy levels. In the case of “’Fe, a shift in
energy levels caused by the intrinsic angular momentum
of the nuclei is enough to cause significant broadening of
the photon line observed by resonant absorption. The
experimenters made an *’Fe source by electroplating *’Co
atoms onto one face of a thin sheet of iron. The source was
then heated to 1220 K for an hour. The heat treatment
caused diffusion of the cobalt into the iron to a mean
distance of about 300 nanometers or about 1000 atomic
distances. The absorber consisted of a thin (about 14 [m)
sheet of iron that was also annealed. The heat treatment
was discovered to be a crucial step for achieving high
resolution. The source was cemented on a moving-coil
magnetic transducer (a “loudspeaker”) that was driven at
10 Hz. The resulting Mdssbauer spectrum obtained by
Pound and Rebka is shown in Figure 11-23. The resonant
absorption is a2 maximum of about 17.5% (compare to
Figure 11-21). The line shape fits that of a Breit-Wigner
with a full width of

I'=16x10"eV, (11.118)

or

L iix1072, (11.119)
E

The contribution to the width of the photon line from finite
lifetime of the $'Fe’ state is twice the natural width, or
about 9 x 10-® eV. Thus, the experimental resolution is
only about a factor of 2 greater than the contribution from
the natural width.

The resolution of the Pound-Rebka apparatus was good
enough to observe hyperfine splitting, as shown in Figure
11-2356. Hyperfine splitting is caused by the interaction of
the magnetic moment of the nucleus with the internal
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magnetic field caused by the electrons. The intrinsic
angular momentum quantum number of *’Fe’ is j = 3/2.
Thus, *'Fe’ is expected to be split into four states by the
nuclear hyperfine interaction. The intrinsic angular mo-
mentum quantum number of *’Fe is j = 1/2. The ground
state, *'Fe, is expected to be split into two states by the
nuclear hyperfine interaction. Thus, six photon transitions
may be expected to be present from

7 Fe' 5V Fe+y. (11.120)
The observed spectrum can be quite complicated because

it depends on how the energy levels in the source and
absorber overlap. The data of Figure 11-235 show that the

AE (10°8eV)

0.15

Absorption 0107
fraction
0.05
0
(a) v (107% m/s)
AE (1077 eV)
o} 1 2 3 4
0.15 _— Breit-Wigner curve =
/-’ from (a)
Absorption 0.10 —
fraction
0.05+ >
o Nt —— st d .
| L ! I |
0 2 4 & 8
) hy {1073 m/s)

FIGURE 11-23 Maéssbauer effect in *'Fe.
(a) Principal line. (b) Satellite lines are observed due to the
interaction of the nuclear magnetic moment with the internal
magnetic field generated by electrons. FromR. V. Pound and G.
A. Rebka Jr., Phys. Rev. Lett. 3, 554 (1959).

splitting between the states is about 1.3 x 1077 eV. This
technique provided unprecedented resolution for the study
of nuclear structure.
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