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A sum m ary of results on synchrotron radiation
is presented along w ith notes on its properties
and applications. Quantum aspects are briey
m entioned. Synchrotron radiation facilities are
described brie®°y w ith a detailed coverage of the
accelerator program m es in India.

Introduction to Synchrotron R adiation

Charged particles when accelrated radiate electrom ag-
netic energy. This hteresting physical phenom enon,
now known by the nam e synchrotron radiation had is
theoretical begihnings, a long tim e ago, at the tine of
clssical electrodynam ics. T hese theoretical studies had
to wait for about half a century till the developm ent
of charged-particle accelerator technolgy for a direct
dbservation and experin ental veri cation. It was ex-
perin entally cbserved for the "rst tine n 1947 in the
70 M €V electron synchrotron and hence the nam e syn-
chrotron radiation. This dbservation generated a re-
newed Interest In synchrotron theory. Synchrotron radi-
ation was an irritant in early electron synchrotrons and
storage rings. But it was soon realized that synchrotron
radiation was a very valuable product In itself for re-
search applications requiring intenge and bright sources
of Iight over a w de range of wavelengths. E lectrons lose
a large am ount of energy 1n the form of synchrotzon radi-
ation putting a lim i on them axinum attainable energy
T a given type of accelkerator. Let us ~rst consider the
case of the betatron. The betatron is a cyclic electon
accelerator w ih a circular orbit of approxin ately con-
stant radius which provides acceleration through m ag-
netic nduction. A s the beam energy rises synchrotron
radiation loses rise and begins to com pete w ith the en-
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Does a charged-
particle under
uniform
acceleration
(hyperbolic motion)
radiate?

ergy gained due to m agnetic lnduction. In practice, the
gynchrotron radiation begins to becom e in portant at
about 100 M eV and lin its beam energies to about 300
M €V . This challenge of the synchrotron radiation stin -
ulated the developm ent of accelerator technology and
further ncreased the energy of the accelerated particles.

Here, twould be relevant and Interesting to m ention the
particular case of the charged-particlkes under uniform

acceleration, ie., a constant force. This constant force
can be produced, for exam ple, by a constant uniform

electrostatic "eld. From the special theory of relhtiv-
ity we know that a particle under a constant force exe-
autes hyperbolic m otion . D oes a charged-particle under
uniform acceleration (hyperbolic m otion) radiate? The
answer to this question is not yet com pletely resolved !
This topic is listed as one of the several surprises n
theoretical physics by Pederls ].

O ne of the characteristics of the synchrotron radiation is
its mtensity (energy em itted perunit tine). Let us "1t
considerthem otion ofa charged -particle of rest m assm o
and charge g In a uniform m agnetic ~eld of strength B

w ith the sin pli cation that there isno com ponent of the
velocity along the "eld direction. W e further decide to
neglect the changes in the trajectory due to the radiation
Josses. In such a con” guration the particke moves h a
cile. The radus R of this cicle is given by equating
centrifiigal force w ith the force (@B °°) on the partick,

o —mec "B
aB caB

1)

where the totalenergy E = °m ¢, ¢ is the velocity of
Ight, ~ = v=c and the rehtivistic factor © = ?ﬁ In
1898 L#¥nard derived the expression for the total radia-
tion Intensity P fora charged-particlem oving in circular
m otion.
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The radiated power depends on the rest m ass of the
radiating particle ke 1=m ;. For protons and electrons
of the sam e total energy E the ratio of the radiated
pow ers is
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Syndhrotron radiation is the dom mant factor in the de-
gign of high energy electron synchrotrons and is an ob-
stacle to exceeding 100 GeV or o 1 this type of ac-
celerator. Only now synchrotron radiation is becom ing
a design consideration for proton synchrotrons. In the
proton case, singleparticle m otion, to a very good ap-
proxin ation, exem pli esa H am iltonian system . Particle
m otion In electron synchrotrons, on the other hand, is
Thherently dissipative.

Quantum E®ects in Synchrotron R adiation

Synchrotron radiation was experin entally cbserved 11 a
period when there was a very keen nterest n analyzing
the quantum corrections to the prescriptions based on
the classicaltheories. Theneed of such studiesalso arose
from the desire to achieve higherbeam energiesw ih the
evolving accelerator technology. A quantum m echani-
calexpression for the radiation ntensiy was derived by
Schw inger which is

A !
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P Q uantum C lassical
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where the critical energy of the radiated photon 2 =
Blc = 2°°2¢ For an elctron the quantum contribu-
tions becom e ePective only at about 10° GeV . There

have been alo studies to assess the e®Pect of spin and

Synchrotron
radiation is the
dominant factor in
the design of high
energy electron
synchrotrons.
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The radiation self-
polarization is
currently the only
method of
obtaining
relativistic beams
with an oriented
spin.

the anom alous m agnetic m om ent on the radiation mn-
tensity. These e®Pects are also noticeable only at very
high energies. A s far as the radiation intensity is con-
cemed the quantum contributions are of no conssquence
n any realizable accelerator. However, there are several
other ways by which quantum e®ects m anifest at ener-
gies ralizable In many of the accelerators. The quan-
tum radiation °uctuations start having an appreciable
ePect on the m otion of the particles at energies exaeed-

NgEc=mo& ™= = ;which foran electron is about
500 M €V .Quantum °uctuations ofthe radiation have to
be taken into account in the engheering caloulations of
the particle m otion. In passing it is to be noted that the
quantum correctionsto thelbeam optics are related to the
pow ers of the de B roglie wavelength of the charged par-
ticle. H ence the quantum corrections to thebeam optics
are m ore noticeable at Iower energies. O ne practicalap-
plication of the quantum form alism of charged-particlke
beam optics would be to get a desper understanding of
the polarized beam s.

Tt hasbeen con™m ed that the syndhrotron radiation is
responsible for the directional orientation of the parti-
cke som ie., it Jeads to radiation selfpolarization of the
beam . A s a resuk of the quantum °uctuations of the
synchrotron radiation, the particle soin achieves a state
whose orientation direction is opposite to that of the
m agnetic “eld. The particle beam becom es 92% polar-
ized In about a few hours In m any accekrators.

Hence it is possble to dbserve (@nd utilize) radiation
selfpolarization In num erous storage rngs. The radi-
ation selfpolarization is currently the only m ethod of
cbtaining relativistic beam sw ih an oriented spin.

Som e ofthem any in portant properties of the synchrotton
radiation are sum m arized below :

1. The angulr disrbution of the syndhrotron radi-
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ation is very charply pesked in the direction of
the partick's velocity vector wihin an angular
width of 1=°. The radiation is plane-polarized on
the plane of the particle's orbit, and elljptically-
polarized outside thisplane.

2. The radiation spans a continuocus soectrum . The
power specttum produced by a high energy par-
ticle extends to a critical frequency . = §°3!R ,
where the cycbtron frequency !k = ¢ = :qf—o:
T hese results in ply that the synchrotron radiation isex-
trem ely Intense over a broad range of wavelengths from
the nfrarad through the visbl and ulraviolet range
and nto the vacuum ulraviokt and soft and hard X -
ray. The high intensity over a very broad spectzum
range and certamn other properties (cliding, collim a-
tion, polarization, pulsed-tin e structure, partial coher-
ence, high-vacuum environm ent, etc.) m ake synchrotron
radiation a very powerfiil tool for a variety of applica-
tions In basic and applied regearch and technology. It
is particularly Inportant in those parts of the electro-
m agnetic goecttum where laser sources are (presently)
not availlble such as the vacuum ultraviolet, soft and
hard X -rays, parts of the nfrared, etc. The applications
of the synchrotron light span a w de range of dom ains
In findam ental science, applied research and industrial
technology.

N um erical E stin ates

Using (2) let usestim ate the energy radiated by a singke
particke in cne revolution. The tin e, T of one revolution
is2YR = c and the energy E lost is

E = PE£T

1o 5

= : (5)
3 3R

Themaximum energy a particle can lose by radiation is

allitskneticenergy, K = (° i 1)m oc¢”. Thiscan happen

The applications of
the synchrotron
light span a wide
range of domains
in fundamental
science, applied
research and
industrial
technology.
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only at ulrarelativisticenergies ° A 1and~ % 1). The
required °© is found by equating E to K . Then one gets
" #1
3m OC220_R
0

In the particular cases of an electron and a proton one
gets

1
o =

©)

Ke = 20R3GEV ;
Kp = 5f£ 10R?Gé€V ; (7)

where R is In meters. In any realizable accelerator R
is several km which lin its the energy to hundreds of
G eV for an electron-synchrotron and to about a thou-
sand TeV for a proton-synchrotton. So one needs to
explore other types of m achines. For high-energy €' e
oolliders, Inear accekrators becom e a very attractive
option. This is why all pp colliders are circular and all
future high-energy € e’ colldersw i1l likely be Inear. In
the high-energy m achnes severalm ega watts of pow er is
dissipated In the form of synchrotron radiation around
the ring. This power loss is com parabk to the power
requirem entsof a am all town.

Synchrotron Facilities

A gsynchrotron radiation facility isbased on the technol-
ogy of charged particle accelerators. Bunchesofcharged-
partickes (usually, electrons) are m ade to cirmulate for
several hours nside a ring-chaped, Iong tube under high
vacuum . These rings have several beam Ines w ith ex-
perin ental stations and serve several sets of users si-
m ultanecusly. Contrary to expectations there are only
a few synchrotron facilities to m eet the dem ands of nu-
m erous users. This is due to the high cost @bout a
hundred m illion US $) and the specialised tedhnologi-
cal expertise required to build synchrotrons. Currently,
around the world there are about ~fiy storage rings
operation as synchrotron radiation sources, Jocated
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Figure 1. Booster synchrotron under Figure 2. Bessy'" - | in Berlin-Wilmorsdorf.
disassembly.

" BESSY - Berliner Elektronen—spiecherring fuer Synchrotronstrahlung — is a 800 MeV
synchrotron.

twenty-three countries. About a dozen are under con-
struction and another dozen or so are belng planned. In
A sia there are about twenty synchrotrons laboratories in
nine countres: Am enia, Cha, India, Japan, Jordan,
K orea, Slngapore, Taiwan and Thailbnd. Thisan all list
leaves out not only m any countries but m any regions
(such as the continents of A frica and A ustralia) w ithout
a sngk synchrotron facility. India has the expertise and
the experience of digenously buiding synchrotrons.
Two have been built at the Centre of Advanced Tech-
nology (CAT) n Indore. Indus-I isa 450 M €V gyn-
chrotron and Indus-IT is a higher energy 2.0 GEV syn-
chrotron.

The M ost Powerfill Synchrotrons

The 8.0 GV SP ring-8 syndhrotron is the largest syn-

chrotron radiation source ;n the world and was com - India has the
pleted 11 1997 1 Hyogo prefecture of Japan. Japan is expertise and the
one of the lading countries along w ith the United States experience of
and the European Union in acceleratorbased science re- indigenously
search. T he SPring-8 belongs to the category ofhard X - building

raysm achines, alongw ith the 7.0 G €V A dvanced Photon synchrotrons.
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Soure A PS) m Argonne, USA and the 6.0 GeV Euro-
pean Synchrotron R adiation Facility (ESR F) In G reno-
ble, France. O w Ing to their extrem ely high energy these
synchrotrons have special problem s, and have forced the
developm ent of new technigues and new devices in the
~eld of optics and detectors to ensure the required high
stability of the electron beam .

A ccelerator P rogram m es In India

The accelerator program m es 1 Indi have a very long
history. It had an early begihning in 1940 when M egh-
nad Saha developed a 37 inch cycbtron at the Calcutta
based Tstitute of Nuclkar Physics, which isnow called
Saha Institute of Nuckar Physics (SINP). In 1950,
alOMeV cycbtron was comm issioned at the Tata In-
stitute of Fundam ental Research (T IFR ) In M umbai.
In 1960, a 55 M &V Van-deGra® accelerator was In-
stalled at theBhabha A tom icResearch Centie BARC)
In M umbai. In 1978, an indigenously designed and built
224 an diam eter Variable Energy Cyclotron was m ade
operational at the Variable Energy Cycltron Centre
(VECC) in Caloutta. Now , there are several Pelletrons
such asthe 6 0M €V Pelletron at the nstiite of Physics
(I0 P) In Bhubaneswar and the 140 M €V Pelletron
at TTFR . The Nuclear Science Centre (N SC ) In New
Dehi has a very energetic 150 M €V Pelletton, which
can accekrate very heavy ions to high energies. Very
recently a beam of the radicactive isotope beryTlium -7
was produced at the N SC . Thism arks India's entry Into
an elite group of nations which are dong research w ith
radioactive-ion beam s.
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