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15.04.2015 Preliminary Discussion / Introduction

22.04.2015
29.04.2015
06.05.2015
13.05.2015
20.05.2015

27.05.2015
03.06.2015
10.06.2015

10 17.06.2015
11 24.06.2015
description of many-electron systems, approximate methods)

Experiments (discovery of the positron, formation of antihydrogen, ...)
Experiments (Lamb shift, hyperfine structure, quasimolecules and MO spectra)
Theory (from Schrodinger to Dirac equation, solutions with negative energy)
Theory (bound-state solutions of Dirac equation, quantum numbers)

Theory (bound-state Dirac wavefunctions, QED corrections)

Experiment (photoionization, radiative recombination, ATIl, HHG...)
Theory (single and multiple scattering, energy loss mechanisms, channeling regime)
Experiment (Kamiokande, cancer therapy, ....)

Experiment (Auger decay, dielectronic recombination, double ionization)
Theory (interelectronic interactions, extension of Dirac (and Schrodinger) theory for the

12 01.07.2015 Theory (atomic-physics tests of the Standard Model, search for a new physics)
13 08.07.2015 Experiment (Atomic physics PNC experiments (Cs,...), heavy ion PV research)




Motivation: Laboratory
Astrophysics

Photoionization <& Radiative
Recombination

Experiment: Storage Rings




Highly Charged lons / Strong EM Fields
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"-'Re';'l_at'iv,is_ti‘c'-Iéhergies: Galacfic Cosmic Radiation (GCR)
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Charge State Distributions:

Collisions between Electrons and lons only
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Charge state distribution is determined by the relative strength between the cross sections
for electron impact ionization and recombination !
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Collisional photon-matter interaction processes exhibit distinct
photon polarization features

(Synchrotron Radiation, Bremsstrahlung, Recombination,
Inverse Compton Scattering, Characteristic radiation, etc.)

But: the large Coulomb charge of heavy ions strongly affects the
emission characteristics

Relativistic ion beams Relativistic electron beams Celestial Plasmas

Crab
nebular




Interaction of photons and matter

x-ray and gamma-regime
———

photo-effect / photo-absorption Incident Photon
>

»

Compton-scattering Incident Photon @

N

¥

A~

Pair production Incident Photon @ .
-

9

18-12-2008



Photo-effect / Photo-absorption

Wilhelm
Rontgen

first
X-ray picture
1895




"in recognition of the extraordinary services he has rendered b
dizcovery of the remarkable rays subsequently named after hir

Wilhelm Conrad Rontgen
SFerrmany

Munich University
Munich, Germany

b, 1545
d. 1923

http://www.nobel.se/
physics/laureates/1901/index.html

18-12-2008 http://mww.

slac.stanford.edu/pubs/beamline/beamline.html

Thye New-Jork Times.

T Wednesday
February 5-1806

- AN [ T

PROF. ROENTGEN'S LRAYS

May bie Due, He Says, to Longitudinal
Vibrations of Ether.

HE WRITES OF LIS GREAT DISCUVERY

Diffwrence Between His and the Kathe
wle Rays of Lenard—Some of
thin Snbstances He Hae
Photograptied,

Tha preliminery communication of Erof.
Wihelm Konred Rbatgen to che Wirsbery
Physleo:-Medleal Seclety of his dissovery of
m oew form of redlant enecgy appears this
woek (runslated i full bp seversl of the Eng-
Hsh papsrs, Aws the chie! Interest of men of
wolenbs L cantred 1B the guestion of the
Bkiure of 1ho rays. thees portloms of Frof
FRintgen's paper which daal with this aspect
of the subject are here repromsced in full.

The namg given by Frof, Homigen s the
mawky dlscovered form of radient ensrgy
4 X-rav¥e. The tronslation wppomded wos
made by Arthur Stanton, and eppears in the
wurrgnl mumber of Nasure, Afmer deseribing
Ma experiments in making shadow photc-
graphs of Varlous sunstamces, Frof Koot
Een muye:

T.oAfEr my u:u-lwmui o, lI'I tranaprescy

St the S-aye

ot diecriin
weeded 1o 1'|

dpflacted BV ow
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Wi risirs of wbonlte anpd iy
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http://www.nobel.se/

Photo-effect

Continuum

 Direct absorption of a photon by an atomic electron followed by the
emission of the electron.

- Due to the conservation of energy the kinetic energy of the electron is defined by:

E., =7 -0o-1|

* Recoil momentum is absorbed by the atom

* Not possible for free electrons

18-12-2008
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g T
[f_ {E® The Nobel Prize in Physics 1921

“for hiz =ervices to Thearetical Physics, and ezpecially for his
dizcovery of the law of the photoelectric effect”

Albert Einstein

GFermany and Switzerland

Kaizer-Wilhelrn-Institut (now Max-Planck-Institut] fir Phusik
Berlin, Germany

b, 1872
(in Ulm, Sermmany)
d. 1955

18-12-2008



Photo-effect: cross-section
I B 0000

For one electron-shell the photo-ionisation cross-section is highest close
to the threshold, i.e. where the photon-energy equals the ionization-energy |
(resonance or threshold behaviour):

o hoxl ],

The cross-section shows a strong dependence on the photon-
energy and the nuclear charge Z: Z A_5

O-p x (h.a))7/2

At high photon-energies -0 >> |, the ionisation of s-orbitals has the highest
probability and the K-shell-ionization contributes most dominantly:

1 * 1 Gp K-shell cross-section
o =—0, O,=0, > —=12021.0, | PK
Pn 3 K p PK n3 PK
n n=1 N principal quantum
18-12-2008 number




Cross-section for photo-ionization

Ex, E_, Ey... IOnization energies

binding energies

g 100000
. ®
scaling law s
C
— @)
Z4 > § 10000
oC 7p
P (h . a))7/2 g 1000
O 1o

104

! o rrrr
01

Formular of Stobbe (1930):
photo-ionization of the K-shell in the dipole approximation

100

T
10

photon energy (keV)

8 , 2'z-(137)° (E,

O =

T-T

“exp(—4x-arccotx)

E

4
P g 7T Z2 (ha)j 1-exp(— 27

-

»

ho—-E,

18-12-2008



Recombination Processes

The main ionization and recombination processes in
laboratory and astro physical plasmas:

 Electron impact excitation/ionization
e Radiative Recombination
e Dielectronic Recombination




Recombination processes of electrons with ions

Radiative Recombination/Electron Capture

E,.  ——@ continuum / \
eléctron » Electron capture into a bound ionic state by

emission of a photon

states h(D — EB + EKIN
VWS * Time-reversed photionization
ho

* Only possible capture/recombination process
for bare ions colliding with electrons /




U B
Radiative Recombination (RR)

/
Radiative Electron Capture (REC)
at High Energies

REC is the radiative electron capture of quasifree electrons

Quasifree electrons: These electrons are electrons
bound to a target atom with a target binding energy

EB.- much less than the collision energy B
En >> ES

Within the impulse approximation, quasifree
electrons are treated as free electrons.



Relation betweuﬁﬂ] REC and Photoionization

Relation between time reversed processes (detailed balance)

pf2 Jf 1 0f i = pi2 ‘i Ot

ORR

The REC cross sections are
equal to the RR cross section
for electrons times the amount

of target electrons available

4

ERR

Bym,c®

*Op

gﬁnal state, momentum

P:: initial state, momentum

g final state, statistical weight
g Initial state, statistical weight
O;. - CrOSS section

G- - CrOSS section

N



Radiatil\lﬁ Electron Capture

Non Relativistic Dipole Approximation(Stobbe 1930):

GREE: 9.1X10—21 KB e—4arccot;c [sz]
1+x°)1-e°™

v: collision velocity

with E.n=M.V?/2: kinetic
electron energy
V. K-shell orbital velocity
a ) E.: K-shell binding energy
The cross section for radiative \_

recombination does only depend on

orbital and collision velocity
\ /

1 EKIN

Adiabaticity parameter n = — =
K =

Fast collisions: n>1 Slow collisions: n <1




Exeerimenl’fs at the Jet—T?rget

Particle Counter =1
ectron
(MWPC)

transfer from
the target

@ atom into the
HCI

Dipole Magnet

79 1 e”

S 7OV L b+

Gas Jet Total cross sections: Simply measure the amount

9 of down-charged ions for different targets,

R projectiles and energies. The data must be

W\ normalized to the amount of ions stored and the
target density.

Stored lons (Z=Q)



The Jet-Target
[

I B
The Jet-Target
B LN -Dewar.____ 3000 I/s .
Target species . e N Target densities
NOZZle-f».ﬁ,‘,__”
H, S""“"‘e’-ﬁ;\;},‘.: . 1012 - 104 p/cm?3
CH -~‘~\ | 152 10 -4 mbar
N ~ 10-Tmbar 150005, i
2 — - i 71500 s 109 mbar
Ne P rr— . o
Ar G |} R0 Beam Single collision
Kr E‘\ conditions
C j i 1500 I's 10 -9 mbar
Xe Photomultiplier a % "
10 -8 mbar 1500 Iis E
_| E | 1500 s 107 mbar
L n
10 -6 mbar 1.500|IS_H ! i.r\‘ T TT--——__0.3grad

Supersonic jet, operates in ultra high
vacuum enviroment (101 mbar)

A. Kramer et al, NIM B 174. 205 (2001)



Total cross section for recombination

adiabatisity parameter 1 Data cover the Z range from 6 to 92
1 10 100 (BEVALAC, SIS/FRS/ESR, RHIC, CERN)

S

Highest energy: 33 TeV Pb&*, y=168

C. R. Vane, H. F. Krause, S. Datz, P. Grafstrom, H. Knudsen,
C. Scheidenberger, R. Schuch PRA 62, 010701(R), 2000

3

=
o

Universal scaling law for all ion species and
energies of up to 500 MeV/u, based on the
non-relativistic dipole approximation

Cancellation of retardation
and relativistic kinematics

cross section per target electron  o(barn)

o
(]
-

o011 10
beam energy [GeV/u] (for Au™ ions)

Eqn: Kinetic projectile energy
— dipole complete relativistic

approximation calculations for Au 7°* (Eichler et. al) Ec: K-shell binding energy

J. Eichler and Th. Stohlker, Phys. Rep. 439, 1 (2007)

O e



Multipole expansion

() —
Hamiltonian of the photon—electron interaction: H=e—A
mC

The matrix element for a transition of an electron from the initial state\Pi to the final state‘{*’]c is:

M| = [¥7ipe™w d°r

where p is the momentum of the electron, and k is the momentum of the emitted photon

_ 27
The photon wavelength is: A = —
assumptions: plane wave, -i(kr-ot)
vector potential, wave function: A oC €

2
g 'K :1—ikr+%+...

O e



Multipole expansion

2
g 'K :1—ikr+&+...

dipole approximation higher order multipoles
k-r<<lor<<i k-r=1or k-rx1

There will be higher order multipoles:
Quadrupole, etc.
e.g.: nuclear decay, or atoms with high Z

I.e. the wavelength is much larger than the
size of the atom (orbit radius)

For higher order multipole radiation the following rules apply to the parity 0

7=(-1) electric multipole radiation

7=(-1)" magnetic multipole radiation




Dynamics in Strong Fields: Radiative Processes

E continuum
IN
electron

states

Ao Time-reversed photionization
\ Schnopper et al., PRL 29, 898 (1972) )

Radiative Recombination

(Electron capture into a bound ionic state\
by emission of a photon

hio = Eg + E

&S
~—

angular distribution Polarization
T
=
E‘ 5
g
3 ]
Spindler et al., ST e s 130 1m0 s
42, 832 (1979) observation angle [deg]

O e



Experimental REC-Spectra

Particle Counter
}EK.N (MWPC)

=

\
7% +e”

o ZC L hw ..

U922+ + N, @ 295 MeV/u

Gas Jet

Lya,

Stored lons (Z=Q) %0

T T T T T T T T T T
100 150 200 250 300 350

photon energy (keV)




REC Cross Sections/U%2* == N,

1358 MeViu |

400 - |_y(x2 -
For high-Z ions and high energies REC is the 1 Lyoy
most important charge exchange process for 2007
collisions with low-Z targets |
908_ — T T I | | .
REC populates predominately s-states and in | 220 MeViu
particular the 1s ground state (80%) 000~
300 -
U) J
E O—.J‘W
5 [T T T
g a0 68 MeV/u Lyo, || % o 1
wf  § P C .
X o X

I '
OUULMWJ\_a
600 [-49 MeV/u -
a00 | -_
200 |- _

O-JMMLW '
20 4 60 8 100 120 140 160 180

enerav (keV)




REC Photon Energy: Compton Profiles

I i
T T I ' !
225 U9%2* => Ar,358 MeV/u E...—
e KIN
+ D
M1 x
0 190- N2
= .
3
| \;_Z\/WV‘
(€))
O ~

T T T T T T
100 200 300 400
photon energy [keV]

fiogec =Eg + mecz(y—1)+y(vipz - ET)

E, : binding energy in the projectile

E’.: binding energy in the target
p: electron momentum in the target
V,. projectile velocity

mecz(y- 1): kinetic energy



Radiative Electron Capture
Capture of Quasifree Targetelectrons

L | T
225 U2t => Ar,358 MeV/u ] 'EK|N—°
Lyo<2
+ 0
M1 o
¢ 150- N2 i
c
5 VWWH
O Ao
0

100 | 200 | 300 r
photon energy [keV]
REC photon energy

Nwgee =Eg + meCZ(y—l)+y(VipZ - ET)

[
o

counts [arb. units]

[=Y
TTTT

0.1

Shape and width of REC
lines are determined by

U%" => Ar, 358 MeV/u

the momentum distribution O T 1;0 160 k17o 180
of the target electrons photon energy [kev]




K-REC Distribution for Xe>4* (200 MeV/u)

R. Anholt et al., PRL 53, 234 (1984)

K-REC angular distribution .
— BEVALAC experiment

8- ) .
' ' do
s : ‘2
| : 0 xsin? g
— 6 | ab
QS 54
2, ] ]
% 4- . T T T T asomevie
= 1 1 — 220 MeV/u
34 . ] ——50MeViu |

O 30 60 90 120 150 180
observation angle [deg]

do/dQ [arb. units]

Lab. angular distribution

of an isotropic transition =)
Using non-relativistic wave functions, complete cancellation between
retardation and Lorentz transformation occurs (verified by Anholt for

197 MeV/u Xe>**= Be)




Recombination and Photoionisation of s-States

photoionization

(retardation)

0

Pl

P
<&

[non-relativistic theory]

recombination
(projectile frame)

Op = TE_OREC‘

>

photon

0

REC

R
-

electron




Effects of retardation and Lorentz transformation

emitter frame

laboratory frame
-c A
=
Lho \ m
7 REC
projectile projectile

do :
—|  «csin®$,,
dQ x

don’‘t forget: relativistic angle and solid angle




Photon Angular Distribution for REC into the K-shell (1s-state)

(U92+, 310 MeV/u)

radiative capture into U2+

1
i) k
> S,

>

- A
= o
2 5
O, 2
% = At high-Z, the coupling
B 2 of the magnetic moment
© — of the electron to the

¢ radiation field leads to

00 30 60 90 130 150 180 spin-flip transitions

observation angle 6 [deg] . 0 ded emiccinn
observation at O deg allows for a kinematical identification

of spin-flip transitions



Production of high charge states and ion storage rings




Why high velocities?

Bohr criteria: Largest ionization cross section at V = V

Uranium
v /c=0.67 Beam energy ???

Low charged
ions

Bare ions

5

w
o
Il

Cupper foil

Yield (%)

=
o
L

o

T o1 90 89

charge state

88




Storage Rings /Synchrotrons/ Charge State

E _ Slit - 92 91 90 89 83 87 86
sl I, Greswn charge state Q
Every element in arbitrary charge state up to the
heaviest bare elements are available for

experiments



Production of Highly Charged Heavy lons

EBIT: Trapped,
stationary ions;
charge state
production by
electron
bombardment

200 keV electron
energy (ion at rest)

Yield [%

INJECTOR e-COOLER

IONS. [ ACCEL HSTRIBIACCEL ___-_

STORAGE
RING

Charge State Distributions for Uranium

Accelerator: Fast moving
ions, charge state
production by
penetration through
stripper targets

— T VU171 T 71T T "7 771

| Super-EBIT | . SIS

[
Charge siate

(59°0

~ ¢) n/ASIN 00€




Magnetic Charge Separation

Lorentz force

£ —qlixB)

L
INAC g the charge of the ions
v the ion velocity
B the magnetic field
s
\/ /V
initial foil or gas jet
charge

state e.g. U%

/ U28+

slit towards further
acceleration




lons In storage rings — some basics

 To store ions, a set of magnetic elements
such as dipole, quadrupole, ... magnets is
needed which form the lattice of the
ring

e Storage rings have a limited acceptance
with respect to the size, angular
divergence, and momentum spread

« The ions move on periodic orbits around
the ideal trajectory (“Sollbahn™),
performing betatron oszillations. The
ratio of the ring circumference to the
betatron wavelength is called tune Q
should not be an algebraic number such
as 1, 2, ... or ¥2, %1 in order to avoid
beam losses.




Storage Rings: Magnetic Rigidity

- = mv

—zq(VxB):>—=B-I‘

r g
r the bending radius of the magents also called p
g the charge of the ions
v the ion velocity
m the mass of the ions
B the magnetic field

mv -B d.h. the magnetic rigidity (Bp) is proportional
= B P  tothe ratio momentum to charge
Storage Ring magnetic rigidity Circumference
ESR 11 Tm 108 m
TSR 1.5 Tm 55 m
CRYRING 1.4 Tm 52 m
ASTRID 2 Tm 40 m

New ion storage rings were built/are in planning phase: Lanzhou, FAIR

O e




CRYRING

CRYRING is a small synchrotron and storage ring with
electron cooling, built for research in atomic, molecular and
nuclear physics




Heavy lon Research Facility at Lanzhou (HIRFL)




he ESR: fed by stable and exotic highly charged ions

1]
oy
& &

o

| Circumference 108 m

‘\' Maximum Bending Power 10 T+ m
v

- b

If

Magnets 8 Dipoles, 1.6 Tesla
|| 4 Triplettienses

4 Duplettlenses

8§ Sexitupolelenses

e
t

'
[ T H
g M1 |

Magnet Power Dipoles 3.7 kA at 1.6 kV
Field Ramp max. 1 T/s

I\

RF Acceleration 2 Cavities at 5 kV
Freguency Span 0.8 - 5 MHz =

}-l_:s w{il E—

Vacuum operational 107" Torr
bakable tc 300 °C =

Beam Diagnosis 12 Position Monitors
DC Transformer

2
1
1 fast Transformer
1
1
1

T i
||—IIII4

Profile Harp
Faraday Cup
Beam Scraper

magnetic rigidity: < 10 Tm
circumference: 108 m
maximum velocity: v/c = 0.7
res. gas pressure: 10 (-11) mbar
electron and stochastic cooling
acceleration, deceleration

bakable to 300 C







lons In storage rings — some basics

To accelerate, decelerate, compress and inject the ions
one needs RF-cavities (RF: radio frequency)

To store highly charged ions for a long time (at least
minutes) an excellent vacuum system (UHV: ultra high
vacuum) of about 10-11 mbar is needed. In addition cooling
IS needed, the enhancement of the phase space density for
the ions (Liouville)




Cooling techniques: What is cooling ?

Cooling: Enhancement of the phase space density of

the 1on beam. The beam remittance get’s reduced, i.e. the
beam size and the angular divergence is reduced
simultaneously.

Liouville’s theorem

For a given beam velocity, the emittance € [mm X mrad] —

the product of size (x) and angular divergence (transverse
momentum pl) — is constant if there are only conservative

forces.
P, P, I
[beam size] [beam size]
X X

‘ [beam size] [beam size]

I
O e



Cooling techniques

One can only overcome
Lioville by applying
external forces

e Laser cooling
e electron cooling

e stochastic cooling

O e



The Nobel Prize in Physics 1984

. . . The Hobel Prize in
The Nobel Prize in Physics 1984 Physics 1984
Prezss Releasa
Prezentation Speeach

“far their decizive cortributions ta the large project, which led to the cado Rubbia
dizcovery of the figld particles Wand £, communicators of weak Autobiography
irteraction” Mobel Lecture

Banquet Speach

Simon van der Meer
Autabiography
Mobel Lecturs

[ 13g3 1985 @
The 1984 Prize in:

Physics

Chermistry

Physziaolagy ar Madicine
Carlo Rubbia Simon van der Meer ;':zi‘zt”re
I} 1/2 of the prize i} 1/2 of the prize Economic Sciences
Italy the Metherlandsz Firnd a Laureate:
CERM CERM Marne |
Genewva, Switzerland Geneuva, Switzerland
b, 1934 b, 1925

SITE FEEDBACE COMTAZT TELL A FRIEMD

The Official web Site of The Mobel Foundatian
Last modified June 24, 2003 Copyright@ 2004 The Mobel Foundation




Prinziple of 'stochastic' cooling

Self correction of ion trajectory Using a pick-up probe, the position of the ion beam

can be measured at a fixed position via the induced
electronic signal. A deviation of the beam from the
O ideal orbit can be correctd by the amplification of this

T signal. This amplified signal can now be used as a
correction signal which acts on the beam at a second
\\‘ position via a , kicker”.
; ks This method was invented for the cooling of hot
i T Tk P antiprotons by Van der Meer. He was able to show
I))* ((l that after a cooling time of T oc N/C (N: particle
/ number, C = Bandwidth of the amplifier) a
momentum width of the beam of about Ap/p ~10-3
vacuum fubs can be achieved by stochastic cooling
Bl Fickuo probe I“ I IJfl
B kicker ‘ *l
- | / \ The Nobel Prize in Physics 1984
% e 1 Simon van der Meer 1925%*, CERN,




Electron Cooled lon Beams

electron collector electron gun

’ P2 =N

11

|
high voltage platform

00

electron beam

ion beam

el
\\b \l{r-..‘
NEsm < i, ol &




Electron Cooling
'R [t

I: 5-500 mA
U: 10 - 200 kV

lons interact 10° 1/s with a collinear beam
of cold electrons

Properties of the cold ions

Momentum spread Ap/p :104-10"
Diameter 2 mm

O e



'‘Cooling': narrowing velocity, size

and divergence of the stored ions

Electron cooling: Budker, 1967 Novosibirsk

40

SO0

400
]

00 -
E
C R0 -
o

100

O 1
—40 —a0

XD[IT.LIT.L] EIO 40
momentum exchange

with 'cold’, collinear e- beam. The ions
get the sharp velocity of the electrons,

small size and divergence

O e




Electron cooling provides

before cooling —
after cooling —

ion intensity

M,

0.97 1 1.03

rel. ion velocity viv,

Brilliant ion beams
Constant energy
Long storage times

Small velocity spread
for all ions

Operation of targets
within the ring

Very cold beams

But long cooling times
(10 s)

O e



Coulomb cooling: electron cooling

Cooling by electrons can be treated in analogy to energy loss of ions in matter

€, 7
dx pm V?

e

a) "intra beam scattering"

What acts lon-ion scattering

agalnSt b) Collisions (scattering) of ions with the
coollng ? residual gas atoms

c) Charge exchange losses of the ions in collisions
with the residual gas atoms or cooler electrons

All processes (a, b, c) scale with 72
(Z is the nuclear charge of the stored ions)

O e



Intra beam scattering

ESR: circumference about 10* cm

. g

With 10% ions, the mean distacane amounts to about <d>= 1 cm

. g

At distances of about 1 cm and larger
intra-beam-scattering was not observed

10™ $ String Order 3 & E 1 / 3
~ 3N
o .o 1
o )
= o/. _]
106 . Temperature of
Depe|ndence = the ions
onZz: = dependence on
0 102 104 108 108 intra beam
Number of Stored lons scattering

O e



Recombination Processes

Charge changing collisions of ions with
matter

Electron-lon-Collisions
e Radiative Recombination




Electron Pickup Processes of HCI in Collisions

with Electrons (Dynamic Processes)

Radiative Recombination/Electron Capture

E, . ——@ continuum
S / El i bound ioni b
electron ectron capture into a bouna ionic state by

emission of a photon

states h(l) — EB + EKIN
“WW * Time-reversed photionization
ho

* Only possible capture/recombination process
for bare ions colliding with electrons /

Dielectronic Recombination/Electron Capture

ErN ——§  continuum /-Resonant (non-radiative) capture of an \
© electron into a bound state

] bound

* Time-reversed Auger process

) 4 states
~“VWW> * Important charge exchange process for multi-
electron ions
hio

\_ /




Beam lifetimes at ESR

-3
Recombination rate 10 _ E
] °
Agr € N-p-ogg - o
— 10" .
:ﬂl .
nd
N: number of stored ions (<°:
: elect densit
p: electron density 10_5_: |
10° +——— —
10 100
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Low-energy DR of Be-like Ne®*

CRYRING experiment vs. AUTOSTRUCTURE theory
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