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

Introduction to Synchrotron R adiation

Charged-particleswhen accelerated radiateelectrom ag-
netic energy. This interesting physical phenom enon,
now known by the nam e synchrotron radiation had its
theoreticalbeginnings,a long tim e ago,atthe tim e of
classicalelectrodynam ics.Thesetheoreticalstudieshad
to wait for about halfa century tillthe developm ent
ofcharged-particle accelerator technology for a direct
observation and experim entalverī cation. It was ex-
perim entally observed forthe ¯rsttim e in 1947 in the
70 M eV electron synchrotron and hence thenam e syn-
chrotron radiation. This observation generated a re-
newed interestin synchrotron theory.Synchrotron radi-
ation wasan irritantin early electron synchrotronsand
storagerings.Butitwassoon realized thatsynchrotron
radiation was a very valuable product in itselffor re-
search applicationsrequiring intenseand brightsources
oflightoverawiderangeofwavelengths.Electronslose
alargeam ountofenergyintheform ofsynchrotronradi-
ation puttingalim iton them aximum attainableenergy
in a given typeofaccelerator.Letus¯rstconsiderthe
case ofthe betatron. The betatron isa cyclic electron
acceleratorwith a circularorbitofapproxim ately con-
stantradiuswhich providesacceleration through m ag-
netic induction. Asthe beam energy risessynchrotron
radiation losesriseand beginsto com petewith theen-
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ergy gained dueto m agneticinduction.In practice,the
synchrotron radiation begins to becom e im portant at
about100 M eV and lim itsbeam energiesto about300
M eV.Thischallengeofthesynchrotron radiation stim -
ulated the developm ent ofaccelerator technology and
furtherincreased theenergy oftheaccelerated particles.

Here,itwouldberelevantandinterestingtom entionthe
particular case ofthe charged-particles under uniform
acceleration,i.e.,a constantforce. Thisconstantforce
can be produced,for exam ple,by a constant uniform
electrostatic ¯eld. From the specialtheory ofrelativ-
ity weknow thata particleundera constantforceexe-
cuteshyperbolicm otion.Doesa charged-particleunder
uniform acceleration (hyperbolicm otion)radiate? The
answerto thisquestion isnotyetcom pletely resolved!
This topic is listed as one ofthe severalsurprises in
theoreticalphysicsby Peierls[1].

Oneofthecharacteristicsofthesynchrotronradiationis
itsintensity (energy em itted perunittim e).Letus¯rst
considerthem otionofacharged-particleofrestm assm 0

and charge q in a uniform m agnetic¯eld ofstrength B
withthesim plī cation thatthereisnocom ponentofthe
velocity along the ¯eld direction. W e furtherdecide to
neglectthechangesinthetrajectoryduetotheradiation
losses. In such a con¯guration the particle m ovesin a
circle. The radiusR ofthiscircle isgiven by equating
centrifugalforcewith theforce(qB º°)on theparticle,

R = ¯°
m 0c

qB
=
¯

c

E

qB
; (1)

where the totalenergy E = °m 0c2,c isthe velocity of
light,¯ = v=cand therelativisticfactor° = 1p

1¡ ¯2
.In

1898 Li¶enard derived theexpression forthetotalradia-
tionintensityP foracharged-particlem ovingincircular
m otion.

Does a charged-

particle under

uniform

acceleration

(hyperbolic motion)

radiate?
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P =
2

3

q2c

4¼²0R2¯
4
µ

E

m 0c2

¶4

: (2)

The radiated power depends on the rest m ass ofthe
radiating particle like 1=m 4

0. Forprotonsand electrons
ofthe sam e totalenergy E the ratio ofthe radiated
powersis

Pp
Pe

=

Ã
m e

m p

! 4

= 8:80£ 10¡ 14: (3)

Synchrotron radiation isthedom inantfactorin thede-
sign ofhigh energy electron synchrotronsand isan ob-
stacle to exceeding 100 GeV or so in this type ofac-
celerator. Only now synchrotron radiation isbecom ing
a design consideration forproton synchrotrons. In the
proton case,single-particle m otion,to a very good ap-
proxim ation,exem plī esaHam iltoniansystem .Particle
m otion in electron synchrotrons,on the otherhand,is
inherently dissipative.

Q uantum E®ects in Synchrotron R adiation

Synchrotron radiation wasexperim entally observed in a
period when therewasa very keen interestin analyzing
the quantum correctionsto the prescriptionsbased on
theclassicaltheories.Theneedofsuchstudiesalsoarose
from thedesiretoachievehigherbeam energieswith the
evolving accelerator technology. A quantum m echani-
calexpression fortheradiation intensity wasderived by
Schwingerwhich is

P Q uantum = P Classical

Ã

1¡
55

8
p
3

²

E
+ ¢¢¢

!

; (4)

where the criticalenergy ofthe radiated photon ² =
¹h!c =

3
2°

3¹hc
R . For an electron the quantum contribu-

tions becom e e®ective only at about 104 GeV.There
have been also studies to assess the e®ect ofspin and

Synchrotron

radiation is the

dominant factor in

the design of high
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synchrotrons.
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The radiation  self-

polarization is

currently the only

method of
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relativistic beams

with an oriented

spin.

the anom alous m agnetic m om ent on the radiation in-
tensity. These e®ects are also noticeable only at very
high energies. Asfarasthe radiation intensity iscon-
cerned thequantum contributionsareofnoconsequence
in any realizableaccelerator.However,thereareseveral
otherwaysby which quantum e®ectsm anifestatener-
giesrealizable in m any ofthe accelerators. The quan-
tum radiation °uctuations start having an appreciable
e®ecton them otion oftheparticlesatenergiesexceed-

ingEc = m 0c2
³
m 0cR
¹h

´1=5
;which foran electron isabout

500M eV.Quantum °uctuationsoftheradiation haveto
betaken into accountin theengineering calculationsof
theparticlem otion.In passingitistobenoted thatthe
quantum correctionstothebeam opticsarerelatedtothe
powersofthedeBrogliewavelength ofthecharged par-
ticle.Hencethequantum correctionstothebeam optics
arem orenoticeableatlowerenergies.Onepracticalap-
plication ofthe quantum form alism ofcharged-particle
beam opticswould beto geta deeperunderstanding of
thepolarized beam s.

Ithasbeen con¯rm ed thatthesynchrotron radiation is
responsible forthe directionalorientation ofthe parti-
clespin i.e.,itleadsto radiation self-polarization ofthe
beam . As a result ofthe quantum °uctuationsofthe
synchrotron radiation,theparticlespin achievesa state
whose orientation direction is opposite to that ofthe
m agnetic¯eld. Theparticlebeam becom es92% polar-
ized in abouta few hoursin m any accelerators.

Hence it is possible to observe (and utilize) radiation
self-polarization in num erous storage rings. The radi-
ation self-polarization is currently the only m ethod of
obtaining relativisticbeam swith an oriented spin.

Som eofthem anyim portantpropertiesofthesynchrotron
radiation aresum m arized below:

1.The angulardistribution ofthe synchrotron radi-
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ation is very sharply peaked in the direction of
the particle's velocity vector within an angular
width of1=°.Theradiation isplane-polarized on
the plane ofthe particle'sorbit,and elliptically-
polarized outsidethisplane.

2.The radiation spansa continuousspectrum . The
power spectrum produced by a high energy par-
ticle extendsto a criticalfrequency !c =

3
2°

3!R ,

wherethecyclotron frequency !R =
c
R = qB

°m 0
:

Theseresultsim plythatthesynchrotron radiationisex-
trem ely intenseovera broad rangeofwavelengthsfrom
the infrared through the visible and ultraviolet range
and into the vacuum ultravioletand softand hard X-
ray. The high intensity over a very broad spectrum
range and certain otherproperties(including,collim a-
tion,polarization,pulsed-tim e structure,partialcoher-
ence,high-vacuum environm ent,etc.)m akesynchrotron
radiation a very powerfultoolfora variety ofapplica-
tions in basic and applied research and technology. It
isparticularly im portantin those parts ofthe electro-
m agnetic spectrum where laser sourcesare (presently)
not available such as the vacuum ultraviolet,softand
hard X-rays,partsoftheinfrared,etc.Theapplications
ofthe synchrotron lightspan a wide range ofdom ains
in fundam entalscience,applied research and industrial
technology.

N um ericalEstim ates

Using (2)letusestim atetheenergy radiated byasingle
particlein onerevolution.Thetim e,T ofonerevolution
is2¼R =̄ cand theenergy E lostis

E = P £ T

=
1

3

q2

²0R
¯3°4 : (5)

Them axim um energy aparticlecan loseby radiation is
allitskineticenergy,K = (°¡ 1)m 0c2.Thiscan happen
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onlyatultrarelativisticenergies(° À 1and¯ ¼ 1).The
required ° isfound by equating E to K .Then onegets

° =
1

¯

"

3m 0c
2²0R

q2

#1
3

: (6)

In the particularcasesofan electron and a proton one
gets

K e = 20R
1
3G eV ;

K p = 5£ 105R
1
3G eV ; (7)

where R is in m eters. In any realizable accelerator R
is severalkm which lim its the energy to hundreds of
GeV foran electron-synchrotron and to abouta thou-
sand TeV for a proton-synchrotron. So one needs to
explore othertypesofm achines. Forhigh-energy e+ e¡

colliders, linear accelerators becom e a very attractive
option. Thisiswhy allp¹p collidersarecircularand all
futurehigh-energye+ e¡ colliderswilllikelybelinear.In
thehigh-energym achinesseveralm egawattsofpoweris
dissipated in the form ofsynchrotron radiation around
the ring. This power loss is com parable to the power
requirem entsofa sm alltown.

Synchrotron Facilities

A synchrotron radiation facility isbased on thetechnol-
ogyofcharged-particleaccelerators.Bunchesofcharged-
particles (usually,electrons) are m ade to circulate for
severalhoursinsidearing-shaped,longtubeunderhigh
vacuum . These ringshave severalbeam lineswith ex-
perim entalstations and serve severalsets ofusers si-
multaneously. Contrary to expectationsthere are only
a few synchrotron facilitiesto m eetthedem andsofnu-
m erous users. This is due to the high cost (about a
hundred m illion US $) and the specialised technologi-
calexpertiserequired to build synchrotrons.Currently,
around the world there are about¯fty storage ringsin
operation as synchrotron radiation sources,located in
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twenty-three countries. Abouta dozen are undercon-
struction and anotherdozen orsoarebeingplanned.In
Asiathereareabouttwentysynchrotronslaboratoriesin
nine countries: Arm enia,China,India,Japan,Jordan,
Korea,Singapore,Taiwan and Thailand.Thissm alllist
leaves out not only m any countries but m any regions
(such asthecontinentsofAfricaand Australia)without
asinglesynchrotron facility.Indiahastheexpertiseand
the experience of indigenously building synchrotrons.
Two have been builtatthe Centre ofAdvanced Tech-
nology (C AT ) in Indore. Indus-I is a 450 M eV syn-
chrotron and Indus-IIisa higherenergy 2.0 GeV syn-
chrotron.

The M ost PowerfulSynchrotrons

The 8.0 GeV SPring-8 synchrotron isthe largestsyn-
chrotron radiation source in the world and was com -
pleted in 1997 in Hyogo prefecture ofJapan. Japan is
oneoftheleadingcountriesalongwiththeUnitedStates
and theEuropean Union in accelerator-based sciencere-
search. TheSPring-8belongstothecategoryofhardX-
raysm achines,alongwiththe7.0GeV AdvancedPhoton

India has the

expertise and the

experience of

indigenously

building

synchrotrons.

Figure 1.  Booster synchrotron under
disassembly.

Figure 2. Bessy* - I in Berlin-Wilmorsdorf.

* BESSY – Berliner Elektronen–spiecherring fuer Synchrotronstrahlung – is a 800 MeV
synchrotron.
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Source(A PS)in Argonne,USA and the6.0GeV Euro-
pean Synchrotron Radiation Facility (ESR F)in Greno-
ble,France.Owingtotheirextrem ely high energythese
synchrotronshavespecialproblem s,and haveforced the
developm entofnew techniquesand new devicesin the
¯eld ofopticsand detectorsto ensuretherequired high
stability oftheelectron beam .

A ccelerator P rogram m es in India

The acceleratorprogram m esin India have a very long
history.Ithad an early beginning in 1940 when M egh-
nad Saha developed a 37 inch cyclotron attheCalcutta
based Institute ofNuclearPhysics,which isnow called
Saha Institute ofNuclear Physics (SIN P). In 1950,
a 1.0 M eV cyclotron wascom m issioned attheTata In-
stitute ofFundam entalResearch (TIFR ) in M umbai.
In 1960, a 5.5 M eV Van-de-Gra® accelerator was in-
stalledattheBhabhaAtom icResearchCentre(B A R C )
in M um bai.In 1978,an indigenously designed and built
224 cm diam eterVariable Energy Cyclotron wasm ade
operationalat the Variable Energy Cyclotron Centre
(V EC C )in Calcutta.Now,thereareseveralPelletrons
suchasthe6.0M eV PelletronattheInstituteofPhysics
(IO P) in Bhubaneshwar and the 14.0 M eV Pelletron
at TIFR.The Nuclear Science Centre (N SC ) in New
Delhihas a very energetic 150 M eV Pelletron,which
can accelerate very heavy ions to high energies. Very
recently a beam ofthe radioactive isotope beryllium -7
wasproduced attheNSC.Thism arksIndia'sentryinto
an elitegroup ofnationswhich aredoing research with
radioactive-ion beam s.
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