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1., HISTORICAL REMARKS

As nhas been rccently pointed out by Baldwin (1) the "discovery of
synchrotron radialion is an intereslting case history in the nature
ol scientific discovery"., When the first betatrons were buill
during World War II the role of radiation losses in these macihincs
was considered, In principle, from classical electrodynamics, it
was well known that cach accelerated elecctrically charged particle
"radiates. An expression for the instantaneous total power radialed
by a single, non relativistic electron was given by Larmor (2) at
the end of the last century as

2 2 2
P = _2..2_ . |.d_-\-". = g. « £ . .L..?.E (1_1)
3 CB dt 3 "1203 dt

where e is the electric charge, ¢ is the velocity of light, v oond

P are the velocity and momentum, respectively, of the charged
particle, m is ils rest mass. Liénard (3 developed a generalizalion
of the Larmor equation showing that an electron moving in a circu-
lar orbit would become a source of intense olectromaguct}s radiuation
because ol its strong centripetal acceleralion., Schotl (} has

used this theory in an attempt to explain the discrete nature of
atomic spectra, Ilis result of a continuous radiation loss of 1he
alomic clectrons was in obvious contrast Lo the experimental foots,
The explanation of the discrete atomic spectra lateron came from
Bohr who devcloped the theory of stationary encrgy states ol ilho
atlom.






Since radiation losscs were gencrally expected bul nol experimen-
tally obscerved in Lhe Pirst betatbrons Lhe subjecl was fovpgotten an-
til Ivancuko and Pomevanchvk (5 pointed out that radinlion losses
would cuusce an upper limit or the maxinsum encergy obtalnable with
a betatron. The irsl systomatie search for Lhe radinlion in Lhig
General Eleclric Laborateorics at Schenceludy, N.Y., by Blewett 9
had no clear results. Only o shrinking ol the clectron ovbit at the
hipghest cencrgy of a4 100 MceV betabron was obscrved (6) which was in
uglitative accordance with (he results of TIvancnko and Pomeranchuk
5). However, an allernative explanation could also have been re-
sponsible for thesce observations

Three years later, a new 70 MeV clectron synchrotron was buill in
same laboratory. In this machine, an assistant ol Pollock et al 7
I'loyd Illaber, for Eln)- Tirst Lime wvisually obscrved the radiation as
an intense "are"

)
?
The radiation pgot @ts name "syunchirotron
radiation" (SR) because it was Found experimenlolly Prom an eleebion
synchrotron. Nevertlicless it is sometimes called belatbron=, cyelo-
tron radiation or magnetic broemsstranlang.

The discovery of SR led to systemalic investipations of its
characterislics, bolh from the Ql|<:'i'>|)‘oii|‘;tl. and experimenlbal point of
view. Tvancenko, Sokolov ¢l al (‘— in Moscow have made the Cfirst
and most extensive theorctical, studics, both classically and
quantum mechanically. TIn closolcanlcctinn with the experiments at
General Elcctric, Schwinger =10 independently derived the

theory and came to equations directly applicable for the work at
accelerators. Other theorctical work was done by Olsen V7 and
Neumann (15 . A comparison of the classical and quantum mechanical
approach shows agrecment within error bars, which are negligible Tor
the presently available acceleralors.

Systematic experimental studies have been made by Elder et al (-‘9)
at the Gencral Bleclyice synchrotron. Ado and Cherenkov 2o and
Korolev ¢t al :"]:"3""5 not only dnvestignbed the charncleristics of
SR but also its interaction with the eleectron hean ilscell at Lhe
250 MeV synchrotron of the Lebedewv Zl_u:-i.&‘l,HS,o in Moscow. AL Lhe

300 MceV synceherolron al Cornell, Corson I"-} obacrved the shelnlidng
ol' the e¢leclron ervbil and proved the "B =law". At the same accel=
erator, Touwboulion ot ol (-2 measured the spectral charac-
teristics, and Joos 27) and Bedo et ul (28) the polarisation of
SR. Systemutic studics have also been performed ol the NBS 1850 Moy
synchrotron by Muodden and Codling (:-”"'J’l), iand by Bathov el @l (5)
at the 6 GeV synchrolron in Hamburg.

A
Tomboul iin (hy25) wies Lhe Lirst to point oul (luil SR would be «
very interestingg VUV 1Tighl source beeanse ol Ils outs Laindling
propertics. Unlortunalely he bimscel had no opportunity to usc Llhe

e

Cornecll synchrolron for spectroscopic purposes on a large scale

but his idea was picked up by

number of high cnergy particle accelerators and stora

been partially or exclusively
studies with SR have buen

of
(33-h2

oltliers. In the last 20 ycars a greoat

ge rings have
uscd as SR-sources. Specific aspeecls

covered h¥ a number of revicw papers
. -
confercnce procccedings 3

and a bibliographical

compilation .
Bin QUALITATIVE DESCRIPTION 0)F SR CHARACTERISTICS
2.1 Total power

2.1.1 General ease. The Larmor formula (Bqg. 1.1) gives the
instantancous power, P, radialed by an accelerated non relativistic
electron into the full solid angle. The situation is drastically
changed when the velocity of the electron more and more approaclhies
the velocity of light (@: v/ec = 1). Now the Lorentu-invarianl form

of Eg. 1.1 must be used (18),
and elapsed time, t, transform in the same manner under Lorentz

Because electromagnetic energy, Er"ul’

transformations, the instantaneous power is already an invariant
{dE ad = Pdt). The Lorentz invariant right hand side of IBg. 1.1
is ?ound by first replacing the time derivative by the derivative

with respect to the invariant
proper time is defined by

dr =K’ «dt
with

5

proper time, T . The diflerential of

(2.1.1)

(1= ﬁz)-1/2 (2.1.2)

E is the total cnergy of Lhe relativistic cleclron, m its rest

miss.

Secondly, we have to replace
momentum-cnerpgy /i-vector.

2

(4L) == (1)

dT dw

Lthe momentum ol the electron by ils

- %3 -(gg)m (804
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In this way we obtain the following Torm of Bg. 1.1
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Anotheraform of Eq. 2.1.4% can be obtained by writing T =d~m-?,
E ==§mmh. Performing the indicated differentiations we obtain
2 2 i

2 e” 6 av,” v o avyr
P=3 a2 i [(dt ol e til (2.1.5)

There are two important speeial casces which must be considered:

(i) Lincar acceleration (dV/dt parallel to V)

(ii) Circular acceleration (d¥/dt perpendicular to v)

F . 2 R 2 252
2,1.2 Linecar acceleration. From B~ = pcT 4+ (mc )5, we
calculate the relation between'the change in momentum and the
change in energy.

2 d 4
“ep(FE)=8- (55 (2.1.6)
Thereforc, Eq. 2.1.4 is reduced to
; 02 do 2 2 02 dls
P=z 5= (=) =5 = (%) (2.1.7)
3 chj Ce 3 m£c3 dx

(the particle may move in x-direction)

For linear acceleration the radialed power docs not depend on
the total energy of the purticle but only on its cliange.

We compare the instantancous power radiatced by an eleclron and the
rate of change of its total cnergy in the casc of linear acceler

tion:
2
P .2 c2 . (dBR/dx)"
diE/di ~ 3 2 3 v (dE/dx)
m-c
c2 mrz dar
= - == = 2.1,
~3 ) dx (V = C) ( 1 8)

Eq. 2.1.8 shows that radintion losses in linear accelerators will
be neglipgible unless the gain in ¢nergy alonge a dislance ez/mug =
classical eclectron radius is comparable to the rest enerey, meT,
of' the particle. For c¢leelrons, CeTey the energy guin must be of
the order of 1.8 x 101" MeV/m unless the radiation losses get the
limiting factor for the accelerator. Typical values which can be
realized today are ~10 MeV/m (sec, c.g. the numbers of SLAC:
length of the lincar acececlerator 3000 m, final cuergy of the
electrons ~ 20 GeV).

2.1.3 Circular acceleration. In a circular accelerator the
situation is drastically different. As long as the energy loss of the
particle per revolution is small compared to its total energy, the
second term in Eg. 2,1.4 is small compared to the first one and
can be neglected. For a circular motion,

b
ag\c _ 2 2 .
(gg) = w, *p (2.1.9)
With Eq. 2.1.9 and p = f3-8/c, Bq. 2.1.4 changes to
o) I
. 2 ¢ e 4 o)

P =z« ==. - (=) (2.1.10)

3 Rd ' mc2

R is the radius of curvatufc of the circular orbit. The main
message from this very important result is threefold:

(1) Only electrons and positrons are of practical value fTor the
production of SR because of their small rest energy.

(ii) The total instantaneous power incrcases with the 40 power
© of the energy of the particles which is completely
different from the non relativistic case.

(4ii) In contrast to lincar accelerators, the instantancous power
emitted by the partiecles cannot bLe neglected in circular
acceleralors.

The latter point can be illustratled caleculating the energy loss,
$ E, of an elecctron per revoluilion.
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2(MeV = H.85 - a ___L
1 (Mev) = 85 18 R(w)

For a synchrotron of 6 GeV and R 2 30 m, the encrpgy loss per cacli
circulating electron is approximately §18 = 4 MeV/revolution.

(2u1.01)

2.2 Angulnr distributieon

The angular distribution of the instantanceous power radiated by
an accelerated non-rvrelalilvistic clectron shows the well huown
211128 behaviour (48

sin®® behaviour

dap g a¥,* 2 ( )
e i (e —— (_) - sin~ e Blim A,
df2 i 7\-(:3 dt

The upper part of I'ig. 1 illustrates the disbribution. 8 is Lhe
angle measurced Trom the direclion of acceleration. The lenglh of
the arrows is a mcasure [or the instanlancous power cmitted inlo
the unit of solid angle under an angle €. The pattern has rola=
tional symmetry with respect to the dircelion of acceleratlion. An
integration of Eq. 2.2.1 leads Lo the Larmor formula, Eq. L.1.

For noun=-rc¢ l-lL.LVLHtJ.(‘ electrons, LEq. 2.2.1 lLolds Cor linear acoelurda=-

tion (v I ¥) as well as circulur acceleration (\, o 18 v). The radintb.ion
pattern c]z'.l.lu_,:-h completely when the electron is moving with v x c.

The angular distribution of radialion is tipped Torword iulo
narrow conec. The width of the cone can e esl iu:._u.cnl Lron L.
For synchrolron radiabion only Lhe casce ol T LY Iy releviit.
Therefore we trinsloem the angle o /2 = @ (sec Tipg. 1) Crow

Lo Lthe Jaboratory system by

2aldelds

CMS
Hu-)runt Crame ol the woving parlbicle
9

(e

sin

{5, Y
Bfi B, = b F e (2.2.2)

L 6‘- rj, + CLJ:‘-L‘)(,’[‘lH

A iranstormalion of ®.. . = K72 yiclds Lan 6 = \,/t" ( Bel). The
radiation pattern of a4 oroelativistie electron wilh b-:;:,- It e

narrowed inlo & cone wilhh an vpening angle ol

& o
= 1
e WET - o
OL =5 = B\- ._..‘.._j)

For 5 GeV clectrons, @, is about lU—“ rad.

For rclativistic clectrons moving on a circle the radiation pattern
not only depends on the transformation lfrom the rest Lframe to the
1aborutory sSYys LCTJETL also from the specific spatinl relationship
between ¥ and vV For ulira relativistic particles the relu=-
tivistic effects arising from the transformation dominate the whole
angular distribution.

The correcct expression for the anpular distribution of L]? ‘501..11.
power of circulaling relativistic clectrons is given by

S . 02 . l:-z']'? . [1 _ 51,12‘.3 cos'?_(f.‘ ] (2.2.4)
Rl b e (A--f&-co:‘s@))J B‘z(l— [3::056)

Here the ceoordinates are the following: ¥ is in x-direction,

¥ in z-dircction (the orbit of the cleclron is therelfore in the xf#
plunc). 8 and ¢ are the customary polar angles defining Lhe
direction of observation. TFor 5> 1 (which is the case in most
storage rings and synchrc-t'ron:-e), Eg. 2.2.4% reduces to

ap 2 e* 6 bl 2o say c’;
ap _ 2 e | @ 2.2.5
e 7'!'(:3 8' (1+ aue")-j [ (l+ b,_e ) ] ( 3)

Thc h1 ,5']1 du'rm. of cnlllxrmt.x.on is dcscrihcd by the Tactowr

(1+ er-- (‘6'9)_ for @ 3 ~5—

From Eg. 2.2.5 we expect that part of the instanlancous power
radliated to thie epposile ol the radiation cene. This pari of
radiantion is only -~ ( ’5(*?:1' times the inslantancous power radialed
under © = 0. With § = 104 (COTI\‘HL’L’IJCTJL[U to an enerpy of 5 GeV),
the "backward power" is only ~ 107 ol the "lforwoard power".

is

The circulating clectron radinles at any point ol Lhe orbit.
fore the whole orbit is dressced by radintion. The Liigh

There-
depres ol
collimation of Lhis radiation is only observabloe in the vertical
dircction.



245 3. Fregueney distribulion

Intuitively we expeet that the lrequency distribulion of SR extends
from the fundimental requency, w = v/R of the civculating
electrons, to very hipgh harmonics. The order of magnitude of Lhe
high frequency limit can be obtained from caleunluting the lenglh of

a light pulse which is measurcd by a fixed obscrver in the laboratory.

8 may be the angle of collimation of radintion cmitted fromm a
distinet point of the orbit. IFrom Fig. 2 it is obvious that the
observer receives light from all points of the orbit between A and
B 50). The length of the light pulsc measured by the obucerver is
cqual to the dilTerence between the transit time ol the cleetron,
and light from point A to point H.

L L lee k-
a8 = =2 = =
= l—v » R-8 (7. 3v1)
With © o E‘-l:.,V/R = W '(I'undamcntnl frequency) and (;L-ﬂ} =
(1"'!3)-1 4 K'—r- = 4/(2-3-") we obtain
SRR I . B [ " "
At T2 : wo 3'3 ,_,3.,_)

A Fourier analysis of a light pulse of the length At shows that
the light pulse must contain frequencices up to 1/ At. Neglecling
factors of 2 we obtain from 2.3.2 for ihe high frequency cut

of'f Wc

wc
w

=~ K‘B (2.3.3)

o

!
For a synchrotron like DESY (o = 1 Milz, 8‘-9&10';)1 the high
frequency cut off is of the order of wagmi bude ol 10z, This
corresponds Lo a wave=leugth, }.C ~ 1077%, >\c is called the
"eritical wavelenglh",

Now the question ariscs whether the high Trequency harmonics cuan
be resolved or not. Apart from the experimental problem, there

arc argumcnts thal we have a continuous spectram at high hormonics.
Our assumplion up Lo now was an eleclron truvel Ling alony o cirele
with an cexacl radius, R. In general, vie have a small spread in

the radius of the orbit Lecouse thie electrons in an accelerator
undergo betatron-oscillalions. The spread in R ds bypically of

the order ol magnitude ol AR/R =+ 10-t.

Therefore we do not have an ideally sharp rundamental Trequency

but a finite band widtl of the order of maprnitude ol

a w /anmlO' '. In other words, from the LO7th harmonic, the speectrum
is snmcared oul to a continuum.

2.4 Polarizution properiics

The polarizalion properties of SK can be qualitatively explaincd

by the pattern of clfpﬁyic lines of force of the radiating
electron in its CMS (2 « Here the electric lines of force follow
the well known pattern of an clectric dipole. In Fig. 3, in the
upper right part, elcctric field vectors of an elecelric dipole arve
shown. The length of the vectors qualitatively indicates the inten-
sity of light cmitted into the corresponding dircction. The pattern
has rotational symmetry relative Lo the directieon ol dv/dt.

An observer looking along a tangent to the circular orbit of the
electron does not measurc the same pattern but its transformation
to the laboratory system. This is scetlched qualitalively in the
lower lefi part of Fig. 3. Due to the forward focusing of rudii-
tion the electric field vectors are nearly lying in the synchrotron
plane. The polarization is complete in the synchrotron plane itlselfl.
It gradually dccrcases with inercasing eclevation angle upwards and
downwards the synchrotron plane. Because of the high degree of
collimation, the angular dependence of pelarization has no L
influence. The angular i?ﬁrrratcd intensity has still a high degrec
of polarization ( ~75%) 34T,

For an observer within the synchrotron plane the source of radia-
tion can be regarded as one single elcetric dipole emitting
lincarly polarized light. Observing tlhie source poiinl from above

or below the synchrotron plane, the source of radialion can bLe
regarded as a superposition of two eleclric dipoles perpendicular
one to each other. Thevelore, the observed radiation above and be-
low the synchrolron plane is clliptically polarized.

2.5 Time sirncture

Whereas the properties of SR discussed so far wre "intrinsie"
properties, the time structure is a properby Corced upon the
radiation by the mode of operation of the dccelerator. It turns
out that time structures can be realized which are wique in the
VUV region,
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2.5.1L Time slructure of SR rom o storase ring.  TUp Lo now

we have discusscd the radiative propeviics of one single electron
in a circular orbit. In a realistiec synchrolron or slovage ring,
however, '~'.L0‘.LO J_O]‘5 eleclruns are storced. The resul ting tiwe
structure of SR can be wderstood in the following way.

a) Ve suppose Lhal the slorage ring is Cilled continuously with
electrons. Then the power wonld be radiated continuously in
time. This mode of operation is not possible Tor the following
reason. Duc to thie radiutlon losses, the cleectrons must be
accelerated again and again by a RPF=cavily. Only such elcclrons
can be accelerated whieh have the proper phase relulion to tle
RI'. All other clectrons are lost in the storapge ringr. The

time struclure therelore is closely relualed Lo the RIS fregquency.

b) We suppose, the RF has the swne requency as the fundamental
frequency of the orbiling clectrons. Then only thore clectrons
which are collected in one single part of the erbit can be in
proeper phase with the RIF. The length of this "buneh" of
clcclrons is roughly a small fraction of the wavelenglh ol the
RE (fgi/l() Al‘l,\)' The time struclure due to such o mode ol
operalion is characterized by light pulses of a length of
e i= £/c with a repetitiof frequency equal to the lundamental
frequency of the orbiting electrons ( W, /27 ).

c) The RF may have a frequency which is a high harmenic (N) ol fhe
fundamental f{requency of the orbiting electrons. Then the
arguments of b) still hold with the Lollowing modifications:
the Lunches are shortencd due to the shorlewing ol )\“]F. Nol
only onc¢ bunch, but N bunches can [ullrill the propoer phasce re=
lation. Realistic valuces ol the storage ring DORIS in ol

are:
RP=frequency = N80 x fundamental frequency
bunech lenglh = 3 ... 5 em 2 0.15 ns.
W
Repelition l'requency = N o+ ﬂ-t" = S0 Mz

This corresponds Lo a time dislunce belbweon

two bunches ol 2 us.

The situntion is illustrated in Pig. Y. Not wall the possible =ilos

along the orbit mmst be Cilled with electirons. L.y a Jdonyer Lime, al

La oy
DORIS only cach AN

occupation number M. Also single bunch operablon (Like al SPhalt)

buneh was veally Pilled. This is ealled buseh

is possible.

@ A =

The single bunch mode of a big storapge ring lilkke DORIS or SPEAR
of'fers an c¢xcellent time s
light pulscs

Lructure for a lol of experiments
with o full width hall maximum of ~ .1 to~,2 ns

and a repetition rate of 10° see=l. Morcover, tLhe repelition rate
has the accuracy ol a quarle clock and the relative intensity
distribution of ithe light pulsce is extremcly stable. These proper-
ties hold for the whole spectral range of SR and are therefore
unique among all sources.

2.5.2 Time structure of SR rom a synchrolron. The time

structure of SR from a synchrotron is much more complicaled than
with a storage ring. In a synchrotron we start with "low energy"
electrons from a lincar acceleralor (e.p. N0 MeV with Linae T at
DESY). Within the synchrotron, the electrons are accelerated Lo
their final energy. Synchronous lo the increase in encrpy, the
magnetic Lield of the bending magnels must be incerceased. Herelore,
the magnets arce included in oscillatory circuils with an clipen=—
frequency equal Lo the frequency of the clechric mains (u[; NESY
50 Hz). In order to have only one direcction of the magnetic field
in the bending magnets, a constant ficldstrength is superimposcd
to the alternating field. In this way, during halt (L0 ms) of the
period (20 ms £ 50 lz) of the magnetic field elcctrons can be
accelerated. '

The energy of the c¢lectrons fellows the relation
v
E(t) = L+ sin® (70-¢/2T) (2.5.1)
Em means the maximun encrgy, and T the time of acceleralion,

The time stlruclure of SR from a synchrotron therefore contains
periods ot light ( £ 10 ms at DESY) followed by periods of darlness
(~10 ms). The length of light pulses is diffevent Lor diClerent
wavelenglhs. Whercus long wavelengths are already radiated at the
beginning of the acceleration period, Che shorlk wavelengih speclium
around the critical wavelength is only emitted at the end of the
acceleralion period.

The 10 ms Llight pulses of SR of a synchrotlron have an internal
time structure Llike a storage ring for similar reasons as given

in sce. 205010 For technieal reasons, wnol all bunches are oceupicd.
At DESY, ouly 75% of the possible Lunches are Lilled.

)



3. RESULTS OF THE QUANTTUTATIVE THINORY

In the precceding Scetions, the Lasic properties ol SR hiave bheen
discussed qualilatively. T{ Lturns oul thuat the quantitative theory
of SR confirms the qualitative results. In bhis Scclion we rive the
results of the quantitative calculations of Schwinger (14=10),

3.1 Anfular and wavelength distribation of SR

The instantaneous power vadiated by one single electron alony the
whole orbit per revolution in the diveclion b4 (un(j;'l(: measurced From
the synchrotron plane) will wavelength A , P} Y YdA dy , is given
by Schwinger by (3= 1)

2 czc A 4 I
POuy) =2 2 (B - g

\F):]: <
-{}(:3 (§) + XY 2 (3 )} i

Here R, have the same meaning as in Sec. 2. A is the crilical
. . c
wavelength, which differs only |

bk oL k-3 3 € a g
}‘c‘ 3 RO W =% ¥

by a factor of the order of magnitude of 1 from the cxpression
already deduced in Sec. 2.3. The numerical values Tor ;\c are
obtained from

(3.1.2)

A (R) = 5.59 ﬁ(mC\r.Crs) -[I-)(Go\’):I-B (3.1.3)

The K's in Eq. 3.1.1 mean modificd Bessel LTunctions with argunent

O RS K

The quantity P( A, ¥ ) is measured in erg/(sce. & ° sterad » olectran).

As an example we show the angular distribution ol SR (M. 5). In
this case A is used as o paruameler. With Fig. 5 it is dewmonstraled
that the collinmation of Sk depends on the wavelength of SR. IPop
A < }c J.t .l*‘ L‘.ollil(;a[-,g-d into Full;mgjc :.:I.H';! 11‘1(121 UL:"LI1 H-_ ; Lor

it ds read over an angle greule an . .
A S >‘c is spre g o 5

T Polarization of SR

The angular and wavelenptih distribution of SR described by I'g. 3.1.1
contains two contributions in the second Lrackel. The first one
describes the 1lipght polarized parallel to the plane of the clceetron
orbit, the sccond one describes the light polarized perpendicular
to the plane 5V witn = 0, the sccond term vanishes, and the
qualitative result of Sec. 2.4 is verificd:within the plane of the
orbit, SR is completely polarized. Following the definition of tle
degree of polarization

Py —PJ_
= P, *F, (3.2.1)
we obtain
2 ( 2 o
e - bl
2/3 2 1/3
T(ay) = Ll ) - (3-2.2)
1\'5/3+ = 1{1/3

In Fig. 6, the degree of polarjization is shown as a function of the
elevation angle - The wuavelength is used as a parameter. The
calculation has been done for DESY (E = 6 GeV, R = 31.7 meters).

3.3 Spectral distribution of SR

Eq. 3.1.1 can bc integrated over the elevation angle Y . Then we
obtain the instantaneous power, radiated by onc eleciron per wec-
volution into the whole solid angle, as a- function of wavelcenglbh:
P(A)dx  with ’

'35/2 e c 7 }c 37 = #
P (A) = 167r2"ra3 %% (ZJ.S 1\5/3(1{)&17 (3.3.1)
A

P{(A)dA is the spectral distribution of SR. It contains a
universal funclion (Bc A-dependent part). In a double loparithmic
picture, with a variation of the cnergy of the elec Lron, the curve
must be shifted with the third power to the left {duc Lo the
factor )«P/) ~ o =2) and with the seventh power upwasds (duce
to E‘ ). llt, 7 shows the speclral distribultion of SR for dillercnt
energies of the clectrons and for R = 31.7 m (DISY). The spectra
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have their maxima at X = 0.42 A . They fall off cxponentially for
A e 0.42 >‘c and decrease slowly for A =s P

The asymptotic behavior of Eq. 3.3.1 yields for A > >‘c

® [ sec ;Tg.Lcctron] = L [R(mthrs)]hz/3. [>\ (R)] w2
{3.5.2)

The power radinted with X2 >‘c is nearly independent of the
energy ol the electrons.

3.4 Total angular distribution

Wavelength intepgration of Lgq. 3.1.1 leads to the total angular
distribution P(y )dy with
( c® e 5 21 -5/2 [7..5 ¥ )2
P ) = . . [l+( '\r ) ] = . [.——.+_—-— - - ]
2 1610 2
Y R B\ \6\ 1+ Y )
(3.h.2)

The angular distribution contains two contributions in the sccond
bracket. One of them describes the light polarized parallel to Lthe
synchrotron plane. The other one (\y-depcudcut) desceribes the SR
polarized perpendicular to the synchrotron plane o1 . An angnlar
integration of both contribulions scparalely shows that the
integrated intensity has a degrcee of pelarization ol '}'5‘,’2. This
result is independent of the radius of the orbit :J.nd_i,hu eneryy
of the clectrons. As can be seen from Fig. 6, the polarization is
much higher il we restrict oursclves to small elevation angles.
The tolerable angles for o certain degree of polarvivation depend
on the wavelength of SR.

5.5 Total power

Integration ol Lg. 3.1.1 over A and Y leads to the instantuncous
total power radiated by one single electron along one revolulion.

w

W ’
N =L ¢ , (b2

4

The same resull is also obtained f{rom Lqg. 2.1.10 ir P is integratled
over one revolution (multiplication with 27 -R/c¢)

L. MODITTCATION OF Tl THEORY OF SR FOR REALTSTIC SOURCES

The theoretical results discussed in Sec. 3 are only wvalid for one
single monoenergetltic eleciron. In realistic syuchrotrons and storage
rings we mwust take into account:

. 1

(i) Not only one but 10'® to 10"% electrons are stored in Lhe
orbit.

(a4) In synchrofrons, the clectrons are not monoenergetic bul

are accelerated from low te high energics during a period
of accelcration.

(iii) The geometry is dillerent from the assumption in Seec. 3.
In realistic synechrotrons and storage rings, straight parts
arc included in the orbit of the electrons. In the straight
parts the clectrons do not radiate.

4.1 Synchrotron radiation of a proup of clectrons

If many electrons are present in one bunch, apart from the RF=range;
the emitted power is

P(N clectrons) = N + P(single eleciron) (hha1.1)

This is straight forward as long as coherence effects can be
neglected.

McMillan (52), Schirr (53), and Nodvick and Saxon (54) have showi
that SR ol a group of electrons is a superposition oi".ml; incohecvent
and a cohercnl part. Colierence elfceels only oceur if tlie clce bron-
have a stable distribulion within the bLunch. It the anpular co-
ordinate of the k th electron, [ wo + t, dis well defined, than
the contribution of the Ik th electron to the wth harmouic of the
radiation 'ield contains o phase factornr ex]v(-j.u (pl_) which ds ree-e
sponsible Lor colierence effeets. 1t has Leen shown that tlhie coltcrent
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part of SR is independent of the wavelength of SR and can be
neglected completely in Lhe shorter wavelength region of Sit It
gets dmportant only in the very long wavelength region (~ RI'-
frequencies) where the incoherent part of radiation is very suall.
For a uniform distribution of N elcctrons within an angular {nter-
val &, the cohcrent part of the total power is given by 5-15

Py = (N w se?/m) - ((5/00)"/3 (h.1.2)

R is the radius of curvature, W the fundamental frequency. TFor
practical purposcs in the field of spectroscopy with SR, Bgq. 4.1.1
can always be used.

4.2 SR _of elcctrons which are not monocnergelbie

In Sec. 2.5.2 it has been pointed out thatl in synchrotrons the
electrons are accelerated Trom very low to high enerpies. The time-
dependence of the energy ol the electrons at DLSY is given Ly

Eg. 2.5.1. This Eqg. must be put into the results of Schwinger for
monoencrgetic clectrons and the time average must be calculated.
The angular and wavelength distribution P(A ,\r) of Eq. 3.Llel
changes to '

P

BOye,) =5 [ R,y ,E(0)at (h.2.1)
[s]

In a similar way all the results of Sec. ¥ must be modiflied.
More details arc given by Tomboulian and Harfmagn (23) ror E(t) =
E - sin[)rrt/:_!’.[‘) and by Tomboulian and Bedo (:-’(’l) for BE(t) =

Em *sin“(w¥t/2 7). In storage rings, the results ol Schwinger can
be used without this modification. They must only bLe multiplicd with
the total number of eleclrons stored.

.3 Geometricnl effoects

In realistic synclhirotrons and slovage rings, straight scetions arce
included in the orbit. ThereTore the geometrical vadius of an
accelerator is larger than the "magnetic" vadius of the bending

magnets. In the results of Scc. 3, always the "magnetic" radius must
s s ¥ 4

be used. The tiwme required for onc revolution is longer than Gl
time of radiation by a factor RrL(m/ij . Therefore the results of
i apr
Sec. 3 must be multiplicd by R _S€PR 2
mag’  geom

= 1% =

The influcnce of geometry can be included in the t(heoretical re-
sulls normalizing the raciated power to lhe current in Lhe
accelerator instead of 1lie number of electrous.

h_L Intensity availuble for the experiments

Tor practical purposes it is useful to know the number of photons
of enerpy kW per .energy interval 1 eV per second which are accepted
by the experiment. Therefore, P(A , Y )dA ay  (Bg.3.1.1) must be
changed to P(thw, vf ya( hw )(l'?’ .

In many cases nearly all photons are acecepted within a certain
horizontal angular interval independent from the clevation angle &
Then we start from P(A JdA  (Bg. 3.3.1) which is transformed to
P('kw )d(‘hw ). In both cases, the horizontal angular acceptunce,
de(, is taken into account by a factor of d« /21 (Eq. 3.l1.1 and
3.3.1 hold lor the total horiwzontal angle, 27 ).

The asymptotic behavior of Eq. 3.3.1 for A s> }c- was given by
Eq. 3.3.2. 1t is uselful to change Eg. 3.3.2. We obtain (55)
] -2
M o= Balx 002 o g - Y3 .t 23 (4.4.1)

N denotes the number of photons per sec per eV per mA in an in-
finitely high slice of one mrad horizontal widtlhi. j is the current
(in mA}, R the bending radius (in m) and %W is the pholon energy
(in eV). Eqg. 4.4.1 only holds for Hhw (_f-‘hwc.

To give an impression of realistic numbers of photons, in Fig. 8
some calculalions for DESY and DORIS arc shown. They give the

. . o~ 2
number of photons per ¢V per sec into a window of 2 x 2 cm=, 40 m
away from the source point, as a function of pholon Crnersy .

Acknowl edpement

The authors are grateful to Lhe members of the SR-group al nEsy,
especially to U. Hahn, for helpful discussions.



Refercinces

1.
2,
B
L.

5.
6.
r

lo.
11.
12
13.

1k,
ALi5%

1.6%

17.

18.
19.

20.

G.C. Baldwin, Physics Today 28,°'9 (1975)
J. Larmor, Phil.Mag. lih, 503 (1897)
A. Liénard, L'Eclairuge Elec. 16, 5 (1898)

G.A. Schoti, Aun.Phys. 24, 635 (1907) and
Electromagnetic Radintion, Cambridge Universitly Press,
Cambridge (1912)

D. Iwanenko and J. Pomeranchuk, Phys.Rev. 65, 343 (1944)
J.P. Blewett, Phys.Rev. 69, 87 (194G)

F.R. Elder, A.M. Gurewitsch, R.V. Langmuir, and H.C. Pollock,
Phys.Rev. 71, 829 (1947)

D. Ivanenko and A.A. Sokolov, Doklady Akad. Nauck
59, 1551 (1948)

A.A, Sokolov, N.P. Klepitov and J.M. Ternov, Doklady Naulk
SSSR 89, 665 (1953)

A.A. Sokolov and J.M. Ternov, Sov.Phys. JBETP 1, 227 (1955)

A.A. Sokolov and J.M. Ternov, Sov.Phys. JETP 4, 396 (1957)

A.A. Sokoclov and J.M.‘Ternov, Sov.Ihys. Doklady 8, 12073 (1904)

A;A. Sokolov and J.M. Ternov, Synchrotron Rndintion, Pergamon
Press 1968

J. Schwinger, Phys.Rev. 7a, 798 (1946)
J. Schwinger, Phys.Rev. 75, 1912 (1949)
J. Schwinger, Proc.Nat.Acad.Sci. U.S. ho, 132 (1954)

. Olsen, Det Kgl.Norske Videnskabers Selskabs Skril'ler
Nr. 5 (1952)

M. Neumanu, Phys.Rev. 9o, 682 (1963)

F.R. Eldewr, R.V. Langmuir, and H.C. Pollock, Phys.Rev. Zi,
52 (1948) :

I.M. Ado and P.A. Cherenkov, Sov.Phys. Dollady 1, 517 (1956

I'A. Xoxolev, 0.F. Kulikov, and A.S. Yarov, Sov.Phys. JETP 13
1653 (1953)

F.A. Korolev and 0.F. Kulikov, Opt.sSpectr. 3, L (19Gw)

—r?

D.A. Corson, Phys.Rev. 856, 1loh2 (J‘);’)f?), and Thys.Rev. Do,

748 (1953)

24,
25.
26,
27.
28.

29,
304
31.

32;
33.

34,

35.
36.
37.
38.

39.

Lho.

L,

= 19

D.H. Tomboulian, U.S. Atom, En.Comm. NP-58073 (1955)

D.ll. Tomboulian and P.L. Hartman, Phys.Rev. lo2, 1423 (1956)
D.H. Tomboulian and D.E. Bedo, J.Appl.Phys. 29, 8ol (1958)
P. Joos, Phys.Rev. Letters 4, 558 (1960)

D.E. Bedo, D.H. Tomboulian, and J.A. Rigert, J.Appl.Phys. 31,
2289 (1960)

R.P. Madden and XK. Codling, Phys.Rev.Letters 1 516 (1963)

1o,
R.P. Madden and K. Codling, Phys.Rev.Letters 12, lo6 (1964)

R.P. Madden and K. Codling, JOSA 54, 268 (1964)
J.Appl.Phys. 36, 830 (1965)

G. Bathov, E. Freytag and R. Haensel, J.Appl.Phys. 37,
3449 (1966)

R. Haensel and C. Kunz, Z.Angew.Phys. 23, 276 (1967)

R.P. Godwin, in Springer Trncks in Modern Physics 31y 1
(1969), ed. by G. Hohler, Springesr/Berlin, lleidelberg,
New York

W. Hayes, Contemp.Physics 13, Al (1972)
K. Codling, Rep.Progr.Phys. 36, 541 (1973)

F.C. Brown, Solid Stﬁtc Physics Vol. 29, ed. by F. Seitu,
D. Turnbull and H. Ehrenreich, Academic Press, New York 1974

R.P. Madden, in X-ray Spectroscopy, ed. by L.V. Azaroff,
Mc Graw Hill 1974

R. Haensel, in Feslkorperprobleme (Advuncnﬂ in Solid Stale

Physics) XV, ed. by H.J. Queisser (Pergamon Vicweg,

Braunschweig 1975)

C. Kunz, in Optical Propertics of Solids - New Developments,
ed. by DB.0. Seraplhin, North Hollund, Amsterdam (1970)

B. Sonniag, in Rarc Gas Solids 1T, ed. by M.L. Klein
and J.A. Venables, Academic Press (L1976)

E.E. Koch, C. Kunz, and B. Sonntay, Rep.Progr. in Physics
(to Le published)

Proc. First Intern. Conference Vac. UV Rad. Plhys., ed. by
Gole Weissler, J.Quant.Spectrosc. Radiat. Transler 2
313 (1962)

Proc.Intcrn.Symp. for Synchr.Rad.Users, ed. by G.V. Marr and
I.H. Munro, Daresbury Nuclear Phys.lab. DNPL/R26 (1973)



Lé.

b7,

48.

49.

e

51 .
52.
53.
5k.
55

Research Applications of Synchrotron Radiation, ed. Ly
R.I. Watson, M.L. Perluan , Brookhaven National Lalb.

BNL 5o381 (L1973) )

Proc. IVih Intern.Confercnce on VUV Rad.hysies, lamburg
1974, cd. LY L.L. Koch, R. Haenscl, and C. Kunz, Pergamon
Vieweg, Braunschweig 1074

G.V. Marr, I.M. Munro and J.C.C. Sharp, DNPL/R24 (1972) and
Supplement DL/TN 127 (L974)

A detailed discussion of the radiotion of moving charges ine-
cluding clectrons in a synchrotron, is given, c.g. in

J.D. Jackson, Classical Bleebrodyvniunics, Wiley, New Yorlk

This kiud of argumentation has been given by R.P. Godwin,
Ref. 34 -

See; e As Sommerleld, Blektrodvinmmily, Akademisclhie Verlags-
gesellschall Geest & Porlig K.G. Leipzig 1960, p. 239

K.C. Westlold, Astrophys. J. 130, 231 (1959)

E.M. MeMillan, Phys.Rev. 68, 144 (1945)

L.T. Schiff, Rev.Sci.Instr. 17, 6 (1946)

J.S. Nodvick and D.S. Suaxon, Phys.Rev. 96, 180 (195h)

E.E. Koch, in Intcraction of radintion with condensed naticre,
L.A. Selr {cditor), publication ol the Trieste Cenler for
Theoretical Physics Int.Atomic Encrgy Ageney, Wien 1976,
chapter 19 (in press)

Schicnmtic angular distribution of Lhe instantancous
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as a parameter. For'thec calculation, Ig. 2.5.1,
Eq. 3.1.1 and BEq. 4%.2.1 have been used.

Angular dependence of the degree of polarization
of SR for different wavelengths (monoencrgetic
electrons with 6 GeV). .

Time averaged spectral distribution of SR from
an elcctron which is accelerated Lrom 0 Lo Emnx'
R = 31.7 m. Tor the calculation, Egq. 2.5.1 and
Eq. 3.3.1 have been used.
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Fig. 1
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Fig. 3
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Fig. B

Spectral distribution of SR from the synchrotron
DESY and the storage ring DORLS inlo an aperture
of 2 cm x 2 em, 40 m away from the source point.
The cutl-off wavelengths arce indicated Ly arrows.
The luigh current of &6 A has not been realized.
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