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�fÔnÆ 1− 104 eV
ØÔnÆ MeVþ?
âfÔnÆ GeV±þ
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và�-�p�^þfõNXÚ£Hubbard�.9U�¤
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16V§Ö=�úºû<§Zacharias Janssen

��V�§=Ig,óÆ[!ïÓÆ[!ÆÔÆ
[Robert Hookeé1Æw�º�
XÚ�ïÄ§¿�

��Ö��5�*ãÌ(Micrographia)6
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J. J. ThomsonÚ¦¦^�Ò4��+
>f�Ö�'µe/m = 1.758× 1011 c/kg
>f��þµ9.1× 10−31 kg= 0.511 MeV§ù´
�K>f-E�«�)1f�Uþ
J. J. ThomsonÏuy>f¼�1906c�ì�
�ÔnÆø:)



�©{¤

��)

�f©fÔn

þ�SN

�©{¤
)0ÖÚ©Ù4

À����

|þfz

þfN�

Æ�A^

ë�©z

�f�Øª�.�!αâfÑ�¢�

Û¢ÿþº÷*ÿþ£�±Ã�ÿþ§<�ú«w.§X1
¡¤§�*ÿþ£���U´/k�0ÿþ§Xâf&�§
þf���¶J92012cì��ÔnÆøS HarocheÚD
Wineland¶J9k�ÿþ3�Æ�¡�A^§X3lf
þ��Æµ�IGSI!F�!{I!¥I=²¤"

Figure : αâfÑ�¢��C
�ãÚ

Ernest
Rutherford(1871-

1937)§1908c¼ì�
�zÆø§�)���
{ ì��ø�Ì"
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XJ´)0Ö�.£�?s�.¤
Ø�ÄÙ¦>f�K�£�þ!áÚ¤§K��>fa
É��>Ö�¥ÕáÚå�

Fc =
2e

4πε0r2 ·
Ze · r3

R3 =
2Ze2r

4πε0R3 (1)

¤±§r���§å�r"�âe¡Àþ½nÚUÄþ'
X

∆p = p · θ = F ·∆t

∆t ∼ R
v
, R ∼ 10−10m

E =
1
2

mv2, p = mv

(2)
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�±��Ñ��Ý

θ =
F ·∆t

p
=

2Ze2R
4πε0R3 ·

R
v
· 1

mv
=

Ze2

4πε0RE
(3)

XJE = 5MeV§É�fZ = 78§Kkθ = 0.01◦§Ñ��
�~��"¤±§)0Ö�f�.´ØU)º©Ù4Ñ
�¢���

©Ù4Øª�.
���fff¥¥¥������>>>ÖÖÖ888¥¥¥333���fff¥¥¥%%%ééé������«««���SSS§§§¿¿¿���AAA
������fff������ÜÜÜ���þþþ888¥¥¥333ùùù���«««���§§§>>>fffKKK©©©ÙÙÙ333ùùù���
«««���			¡¡¡"""

1 αâf��þ'>f��õ§Ú>f�p�^A�éÙ$
ÄvkK�§Ïd�6Ø�Ä¶
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2 �f¥��>Ö8¥3é��«�S§αâf?\�f
�§§Ä�þo´3�fØ	§ÏdÉ��Ü�>Ö�
�^§§��Éér�^�Å¬Ø�§¤±�Ü©´�
�ÝÑ�¶

3 αâf�U��>Ö�ålé�§ù��>Öé§�¥Õ
�^å�±é�§Ïk�Uu)��ÝÑ�

©Ù4Ñ�úª
ü�q�fé\�αâf
�Ñ��µ�f�
þM§>ÖZe¶αâf�
þm§UþE§�k2e�
>Ö§±�Ýv��q�
f§�Ñ>f�¶-�
^£ù«�Ñ>f��
.´Øî��§3��
Ý¬Ñy¯K¤¶
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q´�f§m� M§�±@��fØÄ�ØÄ§¤±
´¥%å|§�ÄþÅð

L = r× p = mv0b

F⊥ = F · sinϕ =
1

4πε0
· 2Ze2

r2 sinϕ

F⊥dt = mdv⊥ (4)

⇒ dv⊥ =
F⊥dt

m
=

1
4πε0m

· 2Ze2

r2 sinϕdt

�â�ÄþÅð§
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�f�Øª�.n!©Ù4Øª�. V

L = mr2 dϕ
dt

= mv0b

⇒ 1
r2 =

1
v0b

dϕ
dt

(5)

∴ dv⊥ =
1

4πε0mv0b
· 2Ze2 · sinϕdϕ

∵ M � m§@��fØ3Ñ�L§¥ØÄ§KαâfÑ
�3Ã¡�?�Äþ�mv0§Ñ���θ§k
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�f�Øª�.n!©Ù4Øª�. VI

v⊥∞ = v0 sin θ

v⊥ =

∫ π−θ

0

1
4πε0mv0b

· 2Ze2 · sinϕdϕ

=
2Ze2

4πε0mv0b
(1 + cos θ) = v0 sin θ

⇒ 1 + cos θ
sin θ

=
4πε0mv2

0b
2Ze2 = ctg

θ

2

�D = 1
4πε0
· 4Ze2

mv2
0
§Kk§

ctg
θ

2
=

2b
D

(6)

b��¤Oål§b ↑, θ ↓; E ↑, D ↓, θ ↓ .
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¢�ØUÿþü�q�fÑ�ü�αâf�¤Oål§¤
±ØU����θ§�±�âõgÿþ�ÚO(J§��
Ñ��αâfêÚÑ���'X"
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b, b + db��S�âf7�Ñ��θ, θ − dθ§αâf�
3db��¥�AÇ�'uÙ¡È

dσ = 2πb|db|

¤±§dctg θ2 = 2b
D��

db = −D
4

1
sin2 θ

2 dθ

⇒ dσ = 2πb
D
4

1
sin2 θ

2 dθ
=
πD2 cos θ2
4 sin3 θ

2 dθ
(7)
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(θ, θ + dθ)éA�áN���´

dΩ =
2πr2 sin θdθ

r2 = 2π sin θdθ

= 4π sin
θ

2
cos

θ

2
dθ

∴ dσ =
D2

16
1

sin4 θ
2

dΩ (8)

dσ�Lαâf���q�fÑ��θ����áN�dΩS
�AÇ¶dσ(θ)

dΩ �LÑ��θ ��þü áN�S�A
Ç¶§��ü ´¡È"
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dσ(θ)
dΩ ´�fÔn¥�N-EA5����Ônþ£�
*.¥�L§¤§���©Ñ��¡£Differential
Cross Section, DCS¤¶Ùü n(b)§1
b=10−24 cm2§1 Mb=10−18 cm2"∫

dσ =
∫ D2

16
1

sin4 θ
2
dΩ�LA½Uþ\��αâf����

fÑ��o�¡§½ö`���q�fÑ��V
Ç"D ∝ ZÚD ∝ 1

E§¤±\�Uþ�p§Ñ��VÇÒ
��"0◦��¹"
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�Iª�<Ô"

¦�´�ä'X§)0Ö´©Ù4�P�"

¦��U?êx�Æk©&N¢�¿�Ì?§¿�rT
¢�¿��ÆMEUåí�
���º¸"

¦�ü��Ñ�=I�¿Ç�ù "

�-<íÂ�´§¦�Ñ;o÷Ue")0Ö���
Æ)¥k7 ±þ¼�ì��ø§©Ù4�k10 3f¼
ì��ø"ù
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J. C. Maxwell(1871-1879); L. Rayleigh(1879-1884)
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Sir J. J. Thomson(1884-1919); Lord Rutherford(1919-1937)
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Sir L. Bragg(1938-1953); Sir N. Mott(1954-1971)
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Sir B. Pippard(1971-1984); Sir S. Edwards(1984-1995)



�©{¤

��)

�f©fÔn

þ�SN

�©{¤
)0ÖÚ©Ù4

À����

|þfz

þfN�

Æ�A^

ë�©z

�Æ�<P



�©{¤

��)

�f©fÔn

þ�SN

�©{¤
)0ÖÚ©Ù4

À����

|þfz

þfN�

Æ�A^

ë�©z

�Æ�<P



�©{¤

��)

�f©fÔn

þ�SN

�©{¤
)0ÖÚ©Ù4

À����

|þfz

þfN�

Æ�A^

ë�©z

�Æ�<P



�©{¤

��)

�f©fÔn

þ�SN

�©{¤
)0ÖÚ©Ù4

À����

|þfz

þfN�

Æ�A^

ë�©z

�Æ�<P



�©{¤

��)

�f©fÔn

þ�SN

�©{¤
)0ÖÚ©Ù4

À����

|þfz

þfN�

Æ�A^

ë�©z

�Æ�<P

nÆ��Ç�¬§�¬�¯K==>�ï��ê5�<
�d¯Kµ�þ�¶i!´I==>��Öþ�¶i



�©{¤

��)

�f©fÔn

þ�SN

�©{¤
)0ÖÚ©Ù4

À����

|þfz

þfN�

Æ�A^

ë�©z

À����ÚþfåÆíÄe��f©fÔnÆ

©Ù4�f�.→1(;�
?¿UþEÒ�±r�f-u��A�1(;�þ�
¯¢¿�Xd§Electric discharge experiment
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1 Øª�.+½�b�

The electrons can only travel in certain orbits (called by
Bohr as the "stationary orbits"): at a certain discrete set
of distances from the nucleus with specific energies

2 ªÇ^�

The electrons of an atom revolve around the nucleus in
orbits. These orbits are associated with definite
energies and are also called energy shells or energy
levels. Thus, the electrons do not continuously lose
energy as they travel in a particular orbit.
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À��f�. II

They can only gain and lose energy by jumping from
one allowed orbit to another, absorbing or emitting
electromagnetic radiation with a frequency ν
determined by the energy difference of the levels
according to the Planck relation:

E1 − E2 = hν
where h is Planck’s constant.

3 �Äþþfz
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L = n h
2π = n~, nλ = 2πr

Louis de Broglie, λ = h/p

E = Ei − Ef = R
(

1
n2 −

1
m2

)
Rydberg Physics, Blockade, Many-Body physics
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1900c§�
)ºçNË�/b	/J0§Max Planck
Ú\ÊK�~ê

Planck@�==´/ªþÚ\h5)ºáÂÚË�

1905c§Albert Einstein^ÊK�b�)º
1>�A
Niels Bohr, Werner Heisenberg, Max Planck, Louis de
Broglie, Albert Einstein, Erwin Schrödinger, Max Born,
John von Neumann, Paul Dirac, Wolfgang Pauli, David
Hilbert, and others
õg�Ø§Í¶�EPR�¸→Bell’s Inequality
1927c§5th Solvay Conference§þfåÆ�2��É
�{�)º
��®*ÿ����f1Ì
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EPR�¸
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'|�§Solvay Insitute§1911c1�3
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Photograph of the first conference in 1911 at the Hotel
Metropole.

Seated (L-R): W. Nernst, M. Brillouin, E. Solvay, H. Lorentz,
E. Warburg, J. Perrin, W. Wien, M. Skłodowska-Curie, and
H. Poincaré
Standing (L-R): R. Goldschmidt, M. Planck, H. Rubens, A.
Sommerfeld, F. Lindemann, M. de Broglie, M. Knudsen, F.
Hasenöhrl, G. Hostelet, E. Herzen, J.H. Jeans, E.
Rutherford, H. Kamerlingh Onnes, A. Einstein and P.
Langevin.
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Photograph of the fifth conference in 1927

A. Piccard, E. Henriot, P. Ehrenfest, E. Herzen, Th. De
Donder, E. Schrödinger, J.E. Verschaffelt, W. Pauli, W.
Heisenberg, R.H. Fowler, L. Brillouin; P. Debye, M. Knudsen,
W.L. Bragg, H.A. Kramers, P.A.M. Dirac, A.H. Compton, L.
de Broglie, M. Born, N. Bohr; I. Langmuir, M. Planck, M.
Skłodowska-Curie, H.A. Lorentz, A. Einstein, P. Langevin,
Ch. E. Guye, C.T.R. Wilson, O.W. Richardson
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No Year Title Chair
1 1911 The theory of Hendrik Lorentz

radiation and quanta (Leiden)
2 1913 The structure of matter
3 1921 Atoms and electrons
4 1924 Electric conductivity of

metals and related problems
5 1927 Electrons and photons
6 1930 Magnetism Paul Langevin
7 1933 Structure properties of (Paris)

the atomic nucleus
8 1948 Elementary particles William Lawrence
9 1951 The solid state Bragg (Cambridge)
10 1954 Electrons in metals
11 1958 The structure and

evolution of the universe
12 1961 Quantum field theory
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13 1964 The Structure and J. Oppenheimer
Evolution of Galaxies (Princeton)

14 1967 Fundamental Problems in R. Møller
Elementary Particle Physics (Copenhagen)

15 1970 Symmetry Properties of Nuclei Edoardo Amaldi
16 1973 Astrophysics and Gravitation (Rome)
17 1978 Order and Fluctuations in Léon van

Equilibrium and Nonequilibrium Hove (CERN)
Statistical Mechanics

18 1982 Higher Energy Physics
19 1987 Surface Science F. W. de Wette

(Austin)
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20 1991 Quantum Optics Paul Mandel )
21 1998 Dynamical Systems Ioannis Antoniou

and Irreversibility (Brussels)
22 2001 The Physics of Communication
23 2005 The Quantum Structure David Gross

of Space and Time (Santa Barbara)
24 2008 Quantum Theory of Bertrand Halperin

Condensed Matter (Harvard)
25 2011 The theory of

the quantum world David Gross
26 2014 Astrophysics and Cosmology Roger Blandford

(Stanford)
27 2017 The physics of living matter: Boris Shraiman

Space, time and information (Santa Barbara)
in biology
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Lamb Shift Casmir Effect
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@31920cm©§Paul Dirac, Wolfgang Pauli, Eugene
Wigner, Pascual Jordan, Werner Heisenberg, Enrico
FermiÒm©
>^|Ú>Ö�þfzïÄ"�¤õ�
)º
�
y�"

�´Ù�§quy{ü�?1>^|þfz¿ØU¦^
u?¿NX§XpUÔn¥�I��p��O��"

Hans Bethe, Sin-Itiro Tomonaga, Julian Schwinger,
Richard Feynman, Freeman Dyson�znØ�ïÄ"
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��N§BCS-theory,
Bardeen, Cooper, Schrieffer

John Bardeen
(1957-Shockley Transistor,
1972-BCS)

He-3�6,Douglas D.
Osheroff (1945- )

1996 Nobel Prize, D. Lee and
R. C. Richardson

"It is my great pleasure for sharing the same tree with you!"
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�e�fEâ§BECÀÚ-OÏd"và
üâfN�£1f§�f§lf¤

EITú1
Optical Lattice1¬�
Attosecond LaserC¦-1
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�°[1ÌÚ-1Eâ

-1e%Eâ�u²

�ue%�þfÄ�§1��BEC
E. Cornell (JILA), C. Wieman (JILA), Wolfgang Ketterle (MIT)

{¿¤�íN*

©fBEC *
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David E Pritchard

David E. Pritchard
is physics professor at the Massachusetts Institute of Technology
(MIT). Professor Pritchard carried out pioneering experiments on the
interaction of atoms with light that led to the creation of the field of
atom optics. His demonstration of the diffraction of a beam of atoms
by a grating made of light waves opened the way to studies of the
diffraction, reflection, and focusing of matter waves, similar to those
with light waves. He has applied atom optics to basic studies of
quantum theory, to new methods for studying the properties of
atoms, and to the creation of devices such as the atom interferometer
and atom wave gyroscope.

In 1990, he brought Wolfgang Ketterle to MIT as a postdoctoral
researcher to work on atom cooling, and stepped aside from that
field to allow Ketterle to be appointed to the faculty in 1992. Ketterle
pursued atom cooling to achieve Bose-Einstein condensation in
1995, a discovery for which Ketterle was awarded the Nobel Prize in
Physics in 2001, along with Eric Cornell and Carl Wieman of JILA,
Boulder, CO. Professor Pritchard also mentored Eric Cornell, who
was his graduate student.
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EITú1

Lene Vestergaard Hau, S. E. Harris, Zachary Dutton, Cyrus H. Behroozi
Light speed reduction to 17 metres per second in an ultracold atomic gas,
Nature 397, 594-598 (18 February 1999).

|g>

|s>

|t >

We have already argued that for EIT to be effective in
eliminating dissipation, the light pulse spectrum should
be contained within a relatively narrow transparency
window [Fig. 1(b)]. A vanishing control beam intensity
implies that the transparency window would become in-
finitely narrow and eventually disappear. How can one
avoid loss in such a case? The essence of adiabatic fol-
lowing in polaritons is that a dynamic reduction in group
velocity is accompanied by narrowing of the polariton
frequency spectrum, such that it is not destroyed even if
vg50. To see why it happens, we note that during the
process of adiabatic slowing the spatial profile and, in
particular, the spatial width of the wave packet remains
unaffected (see Fig. 3), as long as the group velocity
vg(t) is only a function of time (Fleischhauer and Lukin,
2002). At the same time, the amplitude of the electric
field gets reduced and its temporal profile is stretched
due to the reduction of the group velocity.

The spectrum of the signal field is reduced in propor-
tion to vg /c;uVu2, i.e., by exactly the same factor as the
transparency bandwidth Dn. Therefore, the conditions
for adiabatic following are very simple: the entire pulse
should be within the medium at the beginning of the
trapping procedure, and its spectrum should be con-
tained within the original transparency window. Once
again, these conditions are satisfied only if an optically
dense medium (12) is used. It is also worth noting that
the rate at which the group velocity is turned to zero can
be quite fast, especially if the initial group velocity of the
light pulse is much smaller than c . The adiabaticity con-
ditions have been analyzed in detail by Matsko et al.
(2001a), and by Fleischhauer and Lukin (2002).

The concept of adiabatic passage in multilevel systems
was first introduced by Oreg et al. (1984) and was ex-
perimentally rediscovered by Gaubatz et al. (1990). Its
application for quantum state transfer was first pointed
out by Parkins et al. (1993). Extensions and detailed

analysis of such techniques were considered by Parkins
and Kimble (1999). Recent experimental progress to-
ward implementation of these ideas (Kuhn et al., 2002)
should be especially noted. Csesznegi and Grobe (1997)
pointed out that the spatial profile of an atomic Raman
coherence can be mirrored into the electromagnetic field
by coherent scattering, whereas time-varying fields can
be used to create spatially nonhomogeneous matter ex-
citations. These techniques were reviewed by Bergmann
et al. (1998). There is by now a considerable literature
investigating various aspects of storage in atomic en-
sembles (Juzelinas and Carmichael, 2002; Mewes and
Fleischauer, 2002) as well as nonclassical light genera-
tion (Poulsen and Molmer, 2001) using these techniques.
See also the review by Fleischhauer and Mewes (2001).

Finally, it should be remarked here that the essential
point of this technique is not to store the energy or mo-
mentum carried by photons but their quantum states. In
fact, in practice almost no energy or momentum is actu-
ally stored in the EIT medium. Instead, both are being
transferred into (or borrowed from) the control beam in
such a way that an entire optical pulse is coherently con-
verted into a low-energy spin wave. This is the key fea-
ture that distinguishes the present approach from earlier
studies in optics [involving, e.g., traditional photon echo
techniques (Boyd, 1992) or nuclear physics (Shvydko
et al., 1996)], and that enables potential applications in
quantum information science. A different proposal to
‘‘freeze’’ light pulses in a moving medium was suggested
by Kocharovskaya et al. (2001) and the possibility to ob-
serve phenomena resembling black holes was consid-
ered by Leonhardt (2001).

E. Collective enhancement and stored states

The above considerations indicate that, in principle,
complete storage and retrieval of the input state is pos-

FIG. 3. A dark-state polariton can be stopped
and reaccelerated by ramping the control field
intensity, as shown in (a). The coherent am-
plitudes of the polariton C, the electric field
E , and the spin components s are plotted in
(b)–(d).

462 M. D. Lukin: Colloquium: Trapping and manipulating photon states in atomic ensembles

Rev. Mod. Phys., Vol. 75, No. 2, April 2003
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Nature Physics 2008
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ü1f§¥I��!Univ. Vienna, Univ. Munich, UIUC;

ü�f§MPQ (Garching), Univ Heid, CNRS (Paris);

ülf§Univ. Innsbruck, NIST, Univ. Maryland;

Attosecond-1§MPQ (Garching), Kansas S. Univ.;
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{II[IOÛNIST§JILA (Joint Institute for
Laboratory Astrophysics)
http://www.nist.gov/
http://jila.colorado.edu/
{I�e�f¥%
http://cuaweb.mit.edu/
�IêÊÆ¬þf1ÆïÄ¤
http://www.mpq.mpg.de/
c/|ÏdÙ°��Æ
http://www.uibk.ac.at/exphys/
{IniCNRS¢�¿
http://www.cnrs.fr/

�fÔn��gµ
DÚ�fÔn-ü�f£�fU?9�[rÝ¤→
þf1Æ-�fXn8N�£�f8N�9Ù5�¤→
và�-�p�^þfõNXÚ£Hubbard�.9U�¤
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Ì�ë�Ö8Ú©Ù I

M��§���§�÷�?Í
C��ÔnÆ£12�¤
¥I�ÆEâ�ÆÑ��§2008§ISBN:
978-7-312-01883-1.

B. H. Bransden and C. J. Joachain
Physics of atoms and molecules (2nd Edition)
Pearson Education Limited, 2003, ISBN: 0-582-35692-X.

Christopher J. Foot
Atomic Physics
Oxford University Press, 2005, ISBN:
978-0-19-850695-9.

D. A. Steck
Rubidium 87 D Line Data
http://steck.us/alkalidata/rubidium87numbers.pdf

http://staff.ustc.edu.cn/~yuanzs/teaching/Ref2-BransdenJoachain-Physics-Atoms-Molecules.pdf
http://staff.ustc.edu.cn/~yuanzs/teaching/Ref1-CJ-Foot-Atomic+Physics.pdf
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R. Grimm, M. Weidemüller, and Y. B. Ovchinnikov
Optical Dipole Traps for Neutral Atoms
Advances In Atomic, Molecular, and Optical Physics 42,
95 (2000).

Video
W. Ketterle,����Ultracold atoms,
http://video.mit.edu/watch/bose-einstein-condensates-
the-coldest-matter-in-the-universe-9889/
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