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Abstract. The classical and q u a n t u m theories of 
synchro t ron rad ia t ion (SR) are reviewed. A concise his tory 
of the development and discovery of SR, and its 
fundamenta l proper t ies , are given. The emphasis is placed 
on the q u a n t u m effects: q u a n t u m fluctuat ions of trajec
tories of electrons, and radiat ive polar isa t ion of electrons 
and pos i t rons in s torage rings. The theories of undu la to r 
rad ia t ion and rad ia t ion in a short magnet are discussed in 
brief. Exper imenta l invest igations of synchro t ron rad ia t ion 
and its appl icat ions in physical experiments are reviewed. 

1. Introduction 
In 1947, for the first t ime in history, F loyd H a b e r — a 
y o u n g staff member in the l abora to ry of Professor Po l 
lock—obse rved rad ia t ion emitted by electrons as they 
moved circularly in the magnet ic field of the chamber of an 
accelerator. This occurred dur ing the adjustment of a cyclic 
accelera tor-synchrot ron, which accelerated electrons up to 
100 M e V [1, 2]. The rad ia t ion was observed as a br ight 
luminous pa tch on the b a c k g r o u n d of the chamber of the 
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synchro t ron . It was clearly visible in daylight. In this way 
'electronic l ight ' was experimental ly seen for the first 
t ime — radia t ion emitted by relativistic electrons having a 
large centr ipetal acceleration. The rad ia t ion was called 
synchro t ron rad ia t ion ( S R ) | since it was observed for the 
first t ime in a synchro t ron . 

It is h a r d to overest imate the impor tance of SR in our 
days: interest is growing incessantly since the rad ia t ion 
features a ra re combina t ion of fundamenta l proper t ies and 
impor t an t scientific and technical appl icat ions . 

It was sheer accident tha t the SR was observed: the 
o p a q u e metallised cover of the chamber was removed to 
perform an adjustment and this allowed the light to be seen 
outs ide the chamber . 

The discovery and first observat ions of the synchro t ron 
rad ia t ion were d ramat ic ; its proper t ies seemed myster ious 
and unusua l at the initial stage of investigations. However , 
a number of theoret ical studies on the emission of a 
relativistic accelerating electron had been carried out 
long before the experiment described above. 

The first steps in this direction were t aken by Lienard 
(1898) and Heavis ide (1902) [4]. They extended the familiar 
L a r m o r formula for the p lane power of a nonrelat ivist ic 
electron, 

fThere is another name in the literature — the magnetic breaking 
radia-tion. This term is common in astrophysical problems (see 
Ref. [3]). 
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to a high-velocity part icle. In m o d e r n no ta t ion it takes the 
form 

(p^ is the four-dimensional impulse, dz = dt/y is the 
intrinsic t ime, y = E/mc2, and fi = v/c). Lienard tu rned his 
a t tent ion to the fast g rowth of losses in the energy of an 
electron describing a circle (fi J_ fi) of rad ius R: 

The growth was p ropo r t i ona l to the fourth power of the 
energy. 

Subsequent ly Schott (1907) m a d e an interest ing detailed 
s tudy of the rad ia t ion an electron emits as it follows a 
circular pa th [5]. Schot t ' s objective was to explain the 
discrete na tu re of a tomic spectra. Based on early models of 
the a tom and especially on the Sa turn ian mode l in which 
electrons in an a tom move abou t the posit ive charge in 
circles similar to the rings of Saturn , Schott m a d e an 
a t t empt to calculate the spectrum and the dis t r ibut ion of 
spatial rad ia t ion of electrons in an a tom by the strict 
m e t h o d s of classical e lectrodynamics. H e reckoned the 
spectral theory to be the most impor t an t issue of the 
theory of mat te r since he believed it to be the way to 
the work ing mode l of the a tom. 

The consistency and elegance of the Schott theory are 
admirable . However , his a t t empts to explain the a tomic 
rad ia t ion within the scope of classical physics could no t 
have met with success. F o r this reason Schot t ' s work was 
only of academic interest for 40 years and was virtually 
forgotten. Their re lavance was discovered in new ci rcum
stances 40 years later when the issue of an emit t ing charge 
moving in a macroscopic t rajectory arose. 

Of p r imary interest was the emission of accelerating 
electrons in a magnet ic field. In 1939 I Ya P o m e r a n c h u k 
established the radiat ive 'ceiling' for the energy of electrons 
in his a t tempt to determine the max imal energy the cosmic 
charged part icles could possess at the E a r t h ' s surface due to 
radiat ive losses in the E a r t h ' s magnet ic field [6]. By means 
of this est imation, the max ima l energy was then predicted 
for a be t a t ron — an induct ion accelerator, in which elec
t rons move in a magnet ic field which bui lds up in t ime and 
is virtually h o m o g e n e o u s a long the trajectory of the part icle 
(D D Ivanenko and I Ya P o m e r a n c h u k ) [7]. The existence 
of radiat ive losses in the energy of an electron in the 
magnet ic field of an accelerator was soon verified in 
experiments conducted by Blewett (1946, [8]). H e found 
tha t electrons moved in decreasing orbi ts as their energies 
increased: the part icles moved in a converging spiral and 
ceased to accelerate because of a loss in energy to rad ia t ion 
(note tha t the energy, rad ius of orbit , and magnet ic field 
s trength are related by the equat ion fiE = eHR, see 
Ref. [25]). 

Blewett 's experiments could be considered to be a p r o o f 
of the ac tual existence of rad ia t ion from relativistic charges 
and this rad ia t ion could even be called the be ta t ron 
radia t ion . However , a t t empts to visually — directly — 
observe this rad ia t ion did not meet with success: the search 
for rad ia t ion in the microwave range (dipole rad ia t ion) was 
a to ta l failure. This exceptional s i tuat ion — the energy 
losses of electrons was surely observed while the rad ia t ion 
itself was elusive — dramat ica l ly showed tha t large radia t ive 

losses a lone did not uncover the fundamenta l features of 
this ex t raord inary p h e n o m e n o n . 

H av i n g studied theoretical ly the spectral dis t r ibut ion of 
the rad ia t ion power emitted by a circularly moving 
relativistic electron, L A Arts imovich and I Ya P o m e r a n 
chuk found out tha t the max imal power fell no t on the 
fundamenta l frequency (as would be the case for a dipole 
rad ia t ion) , bu t on its higher ha rmonics : co ~ co0y [see 
E q n (2.1) below]. F o r electrons of energy 8 0 - 1 0 0 MeV, 
the rad ia t ion ought to be observed no t in the microwave 
range bu t in the rad ia t ion range of higher multifields, i.e., in 
the visible range (1945, Ref. [9]; see also Ref. [10]). This was 
revealed in an experiment on the synchro t ron in the 
U S A [1, 2]. 

It was shown in Ref. [9] tha t the angular dis t r ibut ion of 
the power of synchro t ron rad ia t ion is highly anisot ropic — 
it is concent ra ted in a slender cone of angle Si// ~ \/y in the 
orbi ta l p lane of revolut ion of the electron and is directed 
forward in paral lel to its mot ion . The theoret ical s tudy of 
the coherence of rad ia t ion [9] (this is of especial interest for 
the rad ia t ion of a cluster of electrons in a be ta t ron , when 
they fill a lmost all the orbi t) showed tha t the coherence 
could manifest itself at the lowest frequencies only because 
of f luctuat ions of the current density in a beam for y > 1 — 
far from the m a x i m u m of the spectral dis t r ibut ion of the 
power . 

Thus , the quali tat ive descript ion of the proper t ies of 
synchro t ron rad ia t ion were k n o w n before it was observed 
for the first t ime. However , as is no ted above, it was 
discovered by sheer accident. 

The discovery of electronic light in the synchro t ron 
st imulated further invest igations of the SR proper t ies and, 
first of all, analysis of the spectral and angular dis t r ibut ion 
of the rad ia t ion power . This was a complicated p rob lem 
since the Schott formulas [5] were inconvenient for descr ib
ing the rad ia t ion spectrum of a relativistic electron when it 
involved the higher ha rmonics of the frequency of the 
circular revolut ion of the electron. The convent ional 
app roach of expanding the series in te rms of multifields 
was not applicable to the analysis of the rad ia t ion . Then the 
asymptot ic p rob lem in the rad ia t ion spectrum of a rela
tivistic electron arose for a large relativistic factor y > 1. 

V V Vladimirski i [11] successfully applied Airy func
t ions, which h a d been studied tho rough ly by V A F o k , 
to describe the rad ia t ion spectrum of an electron moving in 
a magnet ic field. The asymptot ica l formulas for the spectral 
composi t ion of synchro t ron rad ia t ion were independent ly 
determined in several theoret ical studies [11 - 1 5 ] . They 
opened up a possibili ty for an exper imental verification. 
Exper iments demons t ra ted a good agreement with the 
theory in the visible range [16], the vacuum ultraviolet 
range [17], and the x-ray range [18]. 

The classical theory of SR was then cont r ibuted to by 
invest igations of the polar isa t ion features of SR [19]. It was 
established, for example, tha t SR is elliptically polar ised in 
general and it is linearly polar ised when observed in the 
direction close to the orbi ta l p lane of revolut ion. The first 
observat ions of the linear polar isa t ion were m a d e in the 
initial studies [2] bu t the polar isa t ion features of SR were 
investigated in detail by the staff member s of the Physical 
D e p a r t m e n t of the M S U (Moscow State Universi ty) on the 
synchro t ron in the F I A N (Physical Ins t i tu te of the 
A c a d e m y of Sciences) and showed definite agreement 
with the theory [20] (see also Ref. [21]). 
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N u m e r o u s invest igations shaped the classical theory of 
synchro t ron rad ia t ion to perfection, and the theory was 
included in a variety of m o n o g r a p h s [3, 2 2 - 2 5 ] and courses 
[14, 26, 27]. Synchro t ron rad ia t ion became impor t an t for 
astrophysics , in the analysis of n o n t h e r m a l cosmic rad ia 
t ion. The Swedish scientists Alfven and Herlofson suggested 
in 1950 [28] tha t the n o n t h e r m a l rad ia t ion of our galaxy 
could be explained t h rough the mechanism of SR. In Russ ia 
this p rob lem was addressed at the same t ime by Ginzburg , 
Syrovatskii [29], and Shklovskii [30]. The recognit ion of the 
impor tance of synchro t ron radia t ion , the development of its 
theory, and experiments st ipulated the ou t s t and ing 
advances in r ad ioas t ronomy. 

In the last few years the p rob lem has acquired a new and 
impor t an t feature — synchro t ron rad ia t ion is used exten
sively in scientific research. In paral lel with our widening 
knowledge of the na tu re of the p h e n o m e n o n , the objective 
of accelerators and s torage uni ts of electrons has changed 
recently — they have become a major source of synchro t ron 
rad ia t ion which has t aken up an independent posi t ion in 
exper imental physics. 

The physics of undu la to r rad ia t ion — the rad ia t ion of 
relativistic electrons as they move in a per iodic outer 
field — is of u tmos t impor tance in exper imental appl ica
t ions of SR. U n d u l a t o r rad ia t ion , which G inzburg 
predicted in 1947 [31], has the same origin as SR and is 
similar to it in m a n y aspects. It has a t t rac ted considerable 
a t tent ion lately. 

A l though the theory of SR seemed to be complete , it 
tu rned out tha t the electronic light possessed a variety of 
fine and interest ing proper t ies which the classical theory of 
an accelerating charge did not describe: the physical n a t u r e 
of SR tu rned out to be richer and the q u a n t u m theory had 
to be applied for its comprehensive descript ion [22, 24, 25]. 

The q u a n t u m theory of SR [22, 24] helps to explain the 
discrete na tu re of the rad ia t ion and its influence on the 
trajectory of the part icle (the recoil effect). As the theory 
shows [32, 67], this influence manifests itself in the q u a n t u m 
widening of the trajectory of an electron — the part icle is 
involved in a peculiar Brownian movement and q u a n t u m 
fluctuat ions of the trajectory are macroscopic in na tu re . 
The latter fact tu rned out to be impor t an t in the engineering 
of accelerator design and s torage of electrons. 

The q u a n t u m theory also m a d e it possible to investigate 
the SR emitted by a polar ised electron and to investigate the 
cont r ibut ion of the spin of a part icle to the rad ia t ion power . 
The analysis of the spin evolut ion dur ing synchro t ron 
rad ia t ion revealed the effect of the polar isa t ion of rad ia t ion 
of electrons and pos i t rons in s torage r ings [33]. This effect is 
of special interest in connect ion with the p rob lem of h o w to 
create a beam of relativistic part icles with an oriented spin. 

It should be noted tha t s torage r ings in which there was 
a possibili ty to compensa te for radiat ive energy losses 
became a un ique l abora to ry for s tudying q u a n t u m 
effects, since electrons could circulate for tens of hou r s 
under such condi t ions , with the average energy remain ing 
constant . The q u a n t u m effects in synchro t rons were also 
verified experimental ly [27]. Thus , n o w b o t h classical and 
q u a n t u m theories of SR are complete and reliable. 

v b\p ~ mc /E 

Figure 1. Angular distribution of synchrotron radiation: (a) non-
relativistic motion, ft <̂  1; (b) relativistic motion, >S —> 1. 

2. Review of classical theory 
2.1 Features of the radiation from a relativistic electron. 
Genetic relationship of synchrotron and undulator 
radiation 
First of all, let us consider h o w the angular dis t r ibut ion of 
the radiat ive power and its spectral composi t ion changes in 
the case of a relativistic part icle. As is k n o w n (Larmor) , the 
spatial dis t r ibut ion of the rad ia t ion power of a n o n -
relativistic electron can be described by a toro id (Fig. l a ) 
and, moreover , the rad ia t ion peaks in the direction of the 
outer magnet ic field when the angle xjj' measured from the 
velocity vector of the part icle is close to 2K. 

If the relativistic velocity of the electron is = v/c —> 1, 
i.e. y = E/mc2 1, then the toro id is s trongly deformed 
because of the Dopp le r effect and is elongated in a cone the 
axis of which is directed in paral lel with the velocity of the 
part icle (Fig. lb ) . 

It is convenient to in t roduce the relativistic t r ans fo rma
t ion of angles. Let x//f be the angle in the system of coord i 
na tes in which the electron is at rest. Then the angle \j/ from 
which the rad ia t ion is observed in the l abo ra to ry system of 
coordina tes is found by means of the aber ra t ion formula: 

. , ( l - ^ 2 ) ' / 2 s i n f 
sin \\J = - i -.— . 

Setting xjj' = %/2 for which the dipole rad ia t ion peaks , we 
obta in 

s in 1 A-5«A = ( l - i S 2 ) 1 / 2 = r - > = ^ . 

Thus , synchro t ron rad ia t ion has a p ronounced ' gun ' effect: 
it is directed ahead in paral lel to the mot ion of an electron 
and is concent ra ted in a slender cone of angle 6\J/ ~ y~l 

(Fig. lb ) . 
The peculiar features of the spectral composi t ion of SR 

can also be readily explained. As a consequence of the gun 
effect typical of a single relativistic electron, the observer 
registers the rad ia t ion as a short impulse when the needle-
shaped ray passes t h rough the poin t of observat ion (Fig. 2). 
Let the efficient length of the arc a long which the rad ia t ion 
occurs be / = Rdi/j. The t ime x = l/c for which the electron 
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v p 

Figure 2. Scheme of observation of synchrotron radiation at a point V. 

travels this dis tance is equal to the dura t ion of the burs t of 
rad ia t ion . However the e lectromagnet ic wave is late at the 
poin t V and the dura t ion of the impulse is 

At = (1 -P-II)T ^ t V 1 

in the l abo ra to ry system of coordinates . 
However a shor t - t ime impulse of rad ia t ion is incon

sistent with a n a r r o w spectrum of frequencies (see 
Ref. [117]). As is well k n o w n in radiote legraphy, a short 
signal always has a wide spectrum. 

Thus , a wave packet arrives at the poin t of observat ion; 
and the intervals and Aco which characterise the dura t ion 
of the approx ima te t ransmi t ted signal and frequency 
composi t ion of the spectrum are related by the equat ion 
AcoA^ = 1. The observer will register a bunch of ha rmonics 
of the spectrum, including those of the order of the critical 
frequency coCY w ACQ = cy2/I. 

The two frequency spectra are realisable, depending on 
the na tu re of the mo t ion of a part icle in the magnet ic field. 

(a) Synchrotron radiation. Since the length of the arc 
a long which the rad ia t ion is emitted is equal to 
/ = Rh\\i = Ry~l in this case, the critical frequency 
coCY w ACQ = cy /R = co0y . Thus , the spectrum involves 
the higher ha rmonics of the fundamenta l frequency p r o p o r 
t ional to y3 (see Ref. [9]). 

(b) Undulator radiation. Ano the r m o d e of rad ia t ion of a 
relativistic part icle is admissable when the rad ia t ion is 
observed immediate ly from a long the whole trajectory 
(see Fig. 3). In this case, ACQ = cy2/l0—the m a x i m u m falls 
on the fundamenta l and tu rns out to be p ropo r t i ona l to y 2 , 
as a result of the relativistic mult ipl icat ion of frequency (see 
Ref. [10]); l0 is the length of the characteris t ic per iod of the 
undu la to r . 

(c) Radiation in a short magnet. Of interest is the mo t ion 
of an electron in an arc of a circle when 8i/f <̂  y~l. In this 
case, the rad ia t ion of an electron beam in a short magne t is 
'white noise ' [34] ranging from zero up to the frequency 
coCY = ficy2/l0. The spectral proper t ies of this rad ia t ion 

hv 

Figure 3. Pattern of emission of an electron: (a) linear undulator; 
(b) spiral undulator. 

differ greatly from those of synchro t ron radia t ion , espe
cially in the low-frequency range . N o t e tha t the angular 
dis t r ibut ion of rad ia t ion power is the same for synchro t ron 
rad ia t ion as well as for undu la to r rad ia t ion , and also for the 
mo t ion in an arc of a circle in a short magne t . 

Thus , the above analysis shows tha t all of the three 
k inds of rad ia t ion an electron emits as it moves in a 
magnet ic field are in the form of genetic relat ions. 

2.2 Schott's formula, polarisation, and the angular 
distribution of radiation power 
As is no ted above, the p rob lem of rad ia t ion from a 
relativistic charge moving in a circular orbit was solved for 
the first t ime by Schott . H e derived a familiar formula for 
the s p e c t r a l - a n g u l a r dis t r ibut ion of rad ia t ion power 

W = -— = ^odQW(v, 0) , 
v=l ^ 

where the differential rad ia t ion power is 

W(v, 0) = e ^ R l [cot 2 6J2

v(vP sin 0) + £ 2 / v

, 2 ( v £ sin 0 ) ] . 

(2.1) 

Here , v is the number of the h a r m o n i c of rad ia t ion , co = vco0, 
COQ = e0cH/E, e = —e0, e0 > 0 is the charge of an electron, 
and Jv and j ' v are the Bessel function and its derivative with 
respect to [v/?(sin 9)]. Scho t t ' s formula is the exact solut ion to 
the equa t ions of classical e lectrodynamics for the rad ia t ion of 
a nonrelat ivist ic electron moving in a circle of rad ius R. 

In appl icat ions of the theory of SR the polar isa t ion 
proper t ies of the rad ia t ion are of extreme impor tance . 
Therefore, first of all I shall dwell on the extended Schott 
formula, which accounts for the polar ised rad ia t ion [19]. In 
order to describe a linearly polar ised radia t ion , two 
perpendicular uni t vectors ea and e% are in t roduced. 
They are o r thogona l to the wave vector n° 

n°xj 
=n° x e„ (2.2) 

where j = H/H is the vector paral lel to the outer field. The 
componen t s a and n of the linear polar isa t ion are 
characterised by the direction of the vector of the electric 
rad ia t ion field (Fig. lb ) : Ea lies in the orbi ta l p lane of 
revolut ion and is directed a long the rad ius to the centre, 
and the vector En is near ly paral lel to the outer magnet ic 
field since n° is near ly perpendicular to H in the relativistic 
case. 

Then the extended Schott formula (2.1) is [19, 24] 

W , , „ ( v , 0 ) : 
e2cp2v2 

2%R2 
[lapjl(vPsin 9) + ln cot 9Jv(vpsin 0 ) ] 2 . 

(2.3) 

In this case the power of the cr-component of the linear 
polar isa t ion of rad ia t ion is obta ined by pu t t ing la = 1, 
ln = 0 (la and ln are in t roduced to simplify the no ta t ion ) 
and the choice la = 0, l% = \ cor responds to the n-
componen t . Final ly, by in t roducing the vector 

1 

to describe the circulation polar isa t ion , we obta in tha t the 
choice of la = ln = \/y/2 cor responds to the clockwise 
circular polar isa t ion and la = —l% = l/y/2 to the counte r 
clockwise polar isa t ion. The to ta l rad ia t ion power is a sum 
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of polar isa t ions : W = Wa + Wn = W\-\- W _\. I d r aw the 
r eade r ' s a t tent ion to the fact tha t SR is fully polar ised in 
the orbi ta l p lane of revolut ion of an electron since Wn 

vanishes for 9 = K / 2 . In the general case of observat ion, 
the synchro t ron rad ia t ion has an elliptic polar i sa t ion the 
sign of which changes in going th rough the orbi ta l p lane of 
revolut ion of the part icle. 

The p ronounced linear polar i sa t ion of SR becomes 
especially clear when one considers the to ta l power of SR: 

OO /> 
, = £ j > d f i w , ( v , e ) = (6 + p 2 ) 

v=l J 

, = ^ J ) d O W , ( v , 9) = (2-p2) 
v=1 J 

w 

w 
(2.4) 

where W = 2e2cfi4y4/3R2. In addi t ion, Wa = 7W/S and 
Wn = W/S in the ultrarelat ivist ic case (fi —> 1). 

The polar isa t ion of synchro t ron rad ia t ion is of especial 
interest no t only in connect ion with appl icat ions in the 
physical experiment under l abora to ry condi t ions , bu t also 
in as t rophysical observat ions: the polar isa t ion effect could 
be used as a decisive test for determining the na tu re of the 
rad ia t ion coming from extraterrestr ial sources [ 2 8 - 3 0 ] . In 
par t icular , the s tudy of e lectromagnet ic rad ia t ion coming 
from the crab-like nebula — the gaseous envelope left after 
an exploded supernova — met with ou t s t and ing success. 
The synchro t ron origin of the rad ia t ion of the crab-like 
nebula was established reliably on the basis of measure 
ment s of polar isa t ion over the entire range of frequencies — 
from the rf to the optical , x-ray, and g a m m a rad ia t ion 
(from 10 7 to 1 0 2 3 Hz) [ 3 7 - 3 9 ] (see Ref. [10]). 

Then it was found tha t the crab-like nebula was no t 
un ique — there was a wide class of crab-like analogs , being 
r e m n a n t s of supernovas , which were called pler ions [40]. In 
line with the studies of polar isa t ion, the rad ia t ion of 
pler ions, the major sources of which are pulsa t ing neu t ron 
stars or pulsars , was also established to be of synchro t ron 
origin. Thus , synchro t ron rad ia t ion holds a firm place in 
astrophysics , and the impor tance of its polar isa t ion p r o p e r 
ties is quite obvious . 

N o t e also tha t , as applied to astrophysics , it is 
wor thwhi le to extend Schot t ' s formula (2.1) to an electron 
moving in an helical line, i.e. there is a componen t of the 
velocity vector not only in the direction perpendicular to the 
magnet ic field Uj_ = cP±, bu t also a long the field i>|| = cP\\. 
Since the synchro t ron rad ia t ion power is invariant , it m a y 
be derived from the Schott formula (2.3) by means of the 
Loren tz t ransform tha t 

W 

where 

2 2 
e co 

v=l J ( 

s i n 0 d 0 

o ( l £ | | C O S 0 ) 3 

COS 
+ sin 

1-P\\ (2.5) 

vB\ sin 9 x — 
1 — c o s # 

(see Refs [24, 3]) | . 

fRadiat ion intensity [quantity of energy an observer registers in unit 
time t: dl/dQ — dS/dQdt)] should be distinguished from radiation 
power (energy a particle emits in a unit time tr), dW/ dQ — dS/ dQdtr, 
where S is the energy of an electromagnetic wave; and the time 
intervals dt and dtr are related by the equation dt — dtr(\ — /?•«) 
(see [3, 43]). 

N o w I shall dwell briefly on the angular dis t r ibut ion of 
SR power and to this end sum up E q n (2.3) over the indices 
of ha rmonics v. This sum is calculated exactly [5, 24]: 

oo 2 nA 

W,(e) = £ Wt{v, 9) = ^ Fi(9), i = c,n, 

where 

U 8 ) 

v=l 

4 + 3p2 s i n 2 0 

(1 -P2 s in 2 9) 5/2 U9) 
c o s 2 9(4 + P2 s in 2 9) 

( \ - p 2 s in 2 9) 7/2 

(2.6) 

The needle-shaped character of the synchro t ron rad ia t ion 
(the 'gun effect') becomes perfectly clear when the 
denomina to r s of the above expressions are considered. 
By setting 9 = K/2 + 8i/f, the denomina to r s are t ransformed 
to 

1 - £ 2 s i n 2 0 = 1 - £ 2 c o s 2 5 i A ^ 1 - £ 2 + (5i/02 • 

Then it follows tha t - ( 1 - p2)1/2 = y " 1 (see Fig. l b ) — 
the angle of the rad ia t ion cone is a very small quant i ty . 

It is interest ing to consider the angular dis t r ibut ion of 
rad ia t ion power in case of an ultrarelativist ic electron when 
1 -p2 < 1. If we in t roduce the var iable 

£ c o s 0 
= ycos t 

( 1 - / ? 2 ) 1 / 2 

and use Eqns (2.3) and (2.6), we get [24]J 

' 32nR2 

where 

2^5/2 2 \ 7 / 2 

64x1/ 

W 3 ( l + ^2f 
(2.7) 

The index / t akes the values i = o (la = 1, ln = 0), i = K 
(Z, = 0, ^ = 1), and i = ± l ( ^ = /f f = l / V 2 , = 
l/y/2). The p lo ts of the f u n c t i o n s / } ^ ) are presented in 
Fig. 4. It is very clear from the plots tha t there is a 
singularity in the angular dis t r ibut ion of the 7i-component 
of the linear polar isa t ion: the componen t vanishes in the 
orbi ta l p lane of revolut ion of the electron (x// = 0). Of 

Figure 4. Linear (a) and circular (b) polarisations of synchrotron 
radiation as functions of the angle of radiation; f 0 is the sum of two 
components. 

j T h e simplest way to take the integral is to use Schott 's formulaes in 
the ultrarelativistic approximation [see Eqn (2.14)]. 
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Figure 5. Instantaneous power distribution of the 7C-component of 
synchrotron radiation (the fourth peak is not shown). 

Figure 6. (a) Comparison of experimental (dots) and theoretical (lines) 
data for the angular distribution of SR power (A = 408 nm, 
E — 250 MeV); (b) components of linear polarisation. 

interest here are the angular dis t r ibut ions of polar isa t ion 
componen t s of rad ia t ion [35, 36]. Omi t t ing the details of 
calculat ion, I wish to d r aw the reader ' s a t tent ion to the 
p lo ts of the componen t s of polar isa t ion . The spatial 
dis t r ibut ion of the Tt-component presents most interesting 
and unexpected features (Fig. 5): it is characterist ic of the 
Tt-component tha t four beams are symmetr ic abou t the 
velocity vector. The angular dis t r ibut ion of the power is 
averaged over the per iod of revolut ion of a mov ing 
electron, and two max ima are observed instead of four 
(Fig. 6) [36]. 

2.3 Spectral distribution of the power of synchrotron 
radiation. Ultrarelativistic approximation of Schott's 
formulas 
The subject of this subsection is the spectral dis t r ibut ion of 
synchro t ron rad ia t ion power . To this end E q n (2.1) is 
integrated with respect to angles [5, 24, 25]. In this case 

T 
J o 

W(v) = s i n 0 d 0 W ( v , 9) 

e2cpv r f2vj8 i 
[ 2 £ 2 ^ v ( 2 v / 0 - (1 - j?) j J2v(x) dx\ . (2.8) 

This formula was also obta ined by Schott [5]. However , 
difficult p rob lems arose in applying his results to 
synchro t ron radia t ion . 

The poin t is tha t Schott considered the spectral 
dis t r ibut ion of rad ia t ion power in the context of the 
a tomic model , i.e. as applied to mic romot ions , in which 
the rad ius of the orbit of an electron is of the order of the 
rad ius of the Bohr orbit . Synchro t ron rad ia t ion manifests 
itself in macroscopic mot ions when the electron possesses 
an ultrarelativist ic velocity 1— /?2 <̂  1. Therefore, m a n y 
features of synchro t ron radia t ion , especially its spectral 
composi t ion , could no t be explained directly from the 
Schott formulas . But it is impor t an t tha t the formulas 
are exact. This m a d e it possible to reveal their contents as 
applied to macroscopic mot ion . It should be stressed tha t 
they could no t be applied directly to the theory of SR: the 
index of ha rmonics v, which is very large in the case of 
macroscopic mo t ions of an ultrarelativist ic part icle (v ~ y ) , 
appears in the index as well as in the a rgument of Bessel 
functions. 

The real progress in studies of synchro t ron rad ia t ion 
was achieved once the ultrarelativist ic app rox ima t ions of 
Schot t ' s formulas were obta ined — the formulas were 
approx imated by means of the Airy functions and their 
related modified Bessel functions or M c D o n a l d functions. 

V V Vladimirski i was the first to describe the s p e c t r a l -
angular dis t r ibut ion of rad ia t ion power by means of the 
Airy functions [11]. The general idea of this descript ion 
consists in approx ima t ing the Bessel functions of large 
index and a rgument n > 1, and 0 < x < 1 (see Ref. [14]). 
It could be seen from the integral representa t ion of the 
Bessel function, 

1 [ n 

Jn(x) =^r~ e x P \Kn(P ~ x s m dq> 

tha t the in tegrand is a rapidly oscillating function for 
n > 1 and, therefore, only small values of the integrat ion 
var iable m a k e not iceable cont r ibu t ions to the integral . By 
expanding the exponent in the in tegrand, in te rms of 
powers of cp, and extending the limits of integrat ion from 
—oo to oo, we obta in 

1 

' 2TC r j-r ( A lb 
J e x p | i ncp — x\ cp——J > dcp 

-(-
1/3 

0 

ncp — x yep • 

a , 

since the integral converges rapidly. He re e = 1 
and the Airy function is defined by the integral 

1 
dt . 

(2.9) 

•x2/n2, 

(2.10) 

Fol lowing the ideas cited above, Vladimirski i ob ta ined 
an ultrarelativist ic approx ima t ion for the s p e c t r a l - a n g u l a r 
dis t r ibut ion of the synchro t ron rad ia t ion power [11]. His 
result can be presented in the form: 

dW ='-
2e2co 

ny 
T- dco d r ' ™ 
2 v 2coc 

1/3 

' ^ 2 / 3 ^ 2 ( z ) + ^ ( z ) 

(2.11) 

where 

coc 

: ^oy , T = yxjj, i/f = y c o s # , z-
CO 

2coc 

2/3 
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Figure 7. Universal curves for the spectral distribution of synchrotron radiation power [Eqn (2.16)] (a), and for the spectral radiation of a black 
body [Eqn (2.18)] (b). 

(see also Refs [14, 43]). H e r e I have in t roduced other 
symbols for Airy functions and m a d e a trivial t r ans fo rma
t ion of variables. 

As a result of the exact in tegrat ion of E q n (2.11) with 
respect to the angular variable by means of the tables of 
Airy functions composed by V A F o k , in Ref. [11] the 
spectral dis t r ibut ion of SR power was por t r ayed for the 
first t ime as a curve which has a m a x i m u m near co ~ coc 

(Fig. 7). 
Ano the r app roach to the p rob lem of approx ima t ion of 

Bessel functions was p roposed by A A Sokolov [12] and is 
based on the W e n t z e l - K r a m e r s - B r i l l o u i n me thod of 
quasiclassical q u a n t u m mechanics . In this me thod the 
solution is to be sought in the class of Bessel functions 
of an imaginary a rgument with a cons tant index. This 
p rob lem was solved by D D Ivanenko and A A Sokolov in 
Ref. [13], where the Bessel function Jn(x), 0 < x < n is 
expressed in te rms of the M c D o n a l d function Kxj3 in the 
form 

Jn{x)=^=K 
7iv3 

1/3 
« 3/2 
3 8 

8 = 1 (2.12) 

Then the s p e c t r a l - a n g u l a r dis t r ibut ion of the power of 
synchro t ron rad ia t ion is presented in the form 

e2cB2v2 

+ 4 cot 6 y/sK1/3 [v- e3/2 , (2.13) 

where s = 1 — f? s in 2 6. 
Since all the rad ia t ion is concent ra ted mainly near the 

orbi ta l p lane of revolut ion of the electron in the u l t ra 
relativistic case, it is reasonable to in t roduce a small angle xjj 
between the orbi ta l p lane and the direction of rad ia t ion [see 
also E q n (2.7)]: 

/ ? C O S 0 C O S 0 2 1 — = — , So = 1 — p = — , 
y ( 1 _ ^ l / 2 

and then, t ak ing into considerat ion tha t the peak of 
rad ia t ion falls on large ha rmonics for e 0 <̂  1, the sum over v 

can be replaced by the integral (the spectrum is close to a 
con t inuous one in the relativistic case). By in t roducing the 
new variable 

2vs, 3/2 

y 
CO 

COcr 

the to ta l rad ia t ion power can be presented in the form 

27 

where 

Wcl = 

16* 

2 e2c 

POO POO R 

Wa\ y2dy\ ty\la(l+tf)K2/3(t,) 
JO J - O O L 

+ / ^ V / l + ^ i / 3 W ] 2 > (2-14) 

3 R2 

is the to ta l energy of rad ia t ion of an ultrarelat ivist ic 
electron and rj = (y /2) (1 + \p2)3^2. Then the degree of 
linear polar isa t ion is determined by the relat ion 

P = 
wn_K2

2/M-[V/^ + V)]K\,M 
Wa + Wn ^ / 3 ( i y ) + [ ^ / ( l + ^ ) ] ^ / 3 ( i y ) " 

N o t e tha t formula (2.14) is integrated with respect to the 
spectrum of the angular dis t r ibut ion of componen t s of 
polar isa t ion of SR and with respect to angles to the 
spectral composi t ion of rad ia t ion [24, 27]: 

<V3 
K5/3(x)dx + (ll-l2

n)K2/3(y) 

(2.15) 

The spectral dis t r ibut ion of SR power summed up over 
polar i sa t ions takes the form [13, 15] 

W = W d J Q f(y) Ay , f(y) = y J K5/3(x)dx, (2. 16) 

where / is a normal ised function 
o 
fdy = \ . 
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N o t e tha t formulas (2.11) and (2.14) are identical. It can 
readily be established, if one considers the relat ion between 
the Airy and M c D o n a l d function, tha t 

*(z) 
371 J 

1/2 

K 1/3 
2z 3/2 

3 

I shall describe in detail the spectral composi t ion of 
synchro t ron radia t ion . Strictly speaking, its spectrum is 
discrete — this is wha t a t t rac ted Schot t ' s a t tent ion. H o w 
ever, it conta ins a large n u m b e r of separate spectral lines 
very close to each other , so tha t SR possesses a near ly 
con t inuous spectrum in the case of an ultrarelativist ic 
electron. 

Let us consider the behaviour of the universal curve 
[Eqn (2.16)], no t depending on the energy of an electron 
and normal ised to uni ty. Since M c D o n a l d functions possess 
the asymptot ics 

Kp (y) ~ 2"-xr(p)y-", Kp ( y) ~ f " e">' , 

y->0 y^oo \ Z y / 

where T(p) is a g a m m a function, the function f(y) is (see 
Fig. 7a, Refs [24, 25], and also Ref. [12]) given by 

Ay) 
L33v 1/3 

y • 

0.78^/y e" 

0 , 

• oo . 
(2.17) 

The power peaks at y = 1/3, i.e., v m a x = y 3 / 2 . Varying the 
energy of an electron, one can cover the entire scale of 
e lectromagnet ic waves — the spectrum of synchro t ron 
rad ia t ion spans the gap between the infrared and rf 
ranges and the vacuum ultraviolet and x-ray ranges . 
Thus , synchro t ron rad ia t ion is a un ique source of 
e lectromagnet ic waves, impor t an t as regards appl icat ions 
in the physical experiment . 

N o t e also tha t the spectral dis t r ibut ion of SR power 
br ings to mind the familiar Planck formula of the spectrum 
of rad ia t ion of a black b o d y (Fig. 7b): 

3 n2 (kT)3 15 y 

15 ~fi2c3~ ' ^ j t 4 - 1 ' 
(2.18) 

where the function &(y) is normal ised to uni ty 
/•OO 

0dy = l , 
Jo 

and y = CO/COQ, co0 = kT/H. The compar i son of the max ima 
of rad ia t ions , 

black kT 
CO _ — _ j _ — ^ 

n R 
shows tha t the synchro t ron rad ia t ion of electrons of energy 
1 G e V is similar to the rad ia t ion of a black b o d y of the 
efficient (brightness) t empera tu re T ~ 10 7 K . Ano the r 
ear thly source of such rad ia t ion could be a h igh-
t empera tu re p lasma or a nuclear explosion. 

2.4 Experimental research on synchrotron radiation 
Theoret ical studies s t imulated exper imental invest igations 
of synchro t ron rad ia t ion . After the first visual observat ion, 
Po l lock ' s t eam conducted studies into the characterist ics of 
SR in the visible range of wavelengths, which cor responds 
to the energy of electrons in the range 30 to 80 M e V [2]: in 
full accord with theoret ical predict ions, the synchro t ron 
rad ia t ion was concent ra ted in a slender cone in the orbi ta l 

p lane of revolut ion of an electron and was observed as a 
dark red pa tch for electrons of energy 30 M e V and as a 
br ight white-blue pa tch for electrons of energy 80 MeV. 
This luminescence exceeded daylight in te rms of br ightness . 
All experiments showed a good agreement with the theory. 
A d o and Cherenkov investigated the rad ia t ion in the visible 
range for the energies 150 and 200 M e V on the synchro t ron 
in the F I A N and came to the same conclusion [16]. The 
electronic light offered a direct means of detecting a 
part icle: it is emitted by the electron itself, which moves in 
a magnet ic field in vacuum. The electron becomes luminous 
in a literal sense [13]. 

The exper imental research of the proper t ies of SR m a d e 
rapid progress: in 1956 Amer ican physicists m a d e system
atic studies into rad ia t ion in the vacuum ultraviolet range 
on the synchro t ron at Cornel l Univers i ty [17] and the 
rad ia t ion was investigated in the x-ray range for electrons 
of energy 4 - 6 . 3 G e V on the electron synchro t ron D E S Y 
(in G e r m a n y ) [18]. 

I shall describe briefly the exper imental research of the 
polar isa t ion of synchro t ron radia t ion . The highly p r o 
nounced linear polar i sa t ion of SR was revealed in early 
observat ions in 1948 [2]. However , the first quant i ta t ive 
results were obta ined much later. In 1956 a group of 
physicists from M S U performed the first systematic 
research into the linear polar isa t ion of SR on the synchro
t ron in the F I A N [20]. Their results were co r robora ted in 
experiments on the synchro t ron at Cornel l Univers i ty some 
t ime later [21]. At Cornel l the elliptic polar isa t ion was 
observed for the first t ime experimentally. Then the 
exhaustive research of elliptic polar isa t ion was conducted 
on the synchro t ron in the F I A N [41]; the polar isa t ion of SR 
was also investigated in Frasca t i (Italy), in G e r m a n y (on 
D E S Y ) , and at the T o m s k Polytechnical Ins t i tu te on the 
synchro t ron 'Sir ius ' [42] for electrons of energy 1.5 GeV. 

Amongs t the variety of recent works , of special interest 
is the first measurement of the Stokes pa rame te r s which 
adequate ly describe the polar isa t ion s t ructure of synchro
t ron rad ia t ion [44]. The Stokes pa rame te r s comprise a 
complete descript ion of polar isa t ion: 

/ 1 \ / / , + / » \ 

P = w 
Pi 
Pi 

w 

32 
fa fn 
o 

V / ± i 

(2.19) 

where the pa ramete r p 3 characterises the average circular 
polar isa t ion, and p x and p 2 are associated with the linear 
polar isa t ion; W is the to ta l rad ia t ion power . The Stokes 
pa rame te r s in E q n (2.19) m a y be chosen as the functions fa, 
f%>f±\ specified by means of formula (2.7). N o t e tha t here 
the Stokes pa ramete r p 2 is zero since the pr incipal axis of 
the ellipsoid of polar isa t ion is assumed to refer to the p lane 
of revolut ion of the electron, which is the p lane of max imal 
linear polar isa t ion . 

Exper imenta l measurements were performed on the 
synchro t ron in the F I A N for electrons of energy 
600 M e V [44]. The polar isa t ion of SR was studied with 
considerat ion for be t a t ron oscillations of an electron, owing 
to which the synchro t ron rad ia t ion in the orbi ta l p lane of 
the electron is no longer fully linearly polarised. 

Thus , the polar isa t ion proper t ies of synchro t ron rad ia 
t ion are well studied b o t h theoretical ly and experimental ly 
by now. 
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2.5 Undulator radiation 
U n d u l a t o r rad ia t ion is a t t rac t ing the a t tent ion of research
ers m o r e and more . This cor responds to the 
electromagnet ic rad ia t ion of charged part icles as they 
move in a per iodic outer field. This rad ia t ion is due to 
the centr ipetal acceleration of part icles when their 
trajectories bend . U n d u l a t o r rad ia t ion ( U R ) is similar in 
na tu re to synchro t ron rad ia t ion — they differ only in the 
effective length of the p a t h over which rad ia t ion is emitted 
(see Figs 2 and 3). Similar to SR, undu la to r rad ia t ion has a 
highly p r o n o u n c e d angular t rend: it is concent ra ted in a 
slender cone abou t the velocity vector of an electron and is 
directed forward in paral lel to the mo t ion of the part icle. 
The polar isa t ion proper t ies of undu la to r rad ia t ion also 
similar to those of synchro t ron rad ia t ion in m a n y respects. 
I wan t to emphasise tha t the part icle is a relativistic one in 
either case: the source of SR is a relativistic electron 
moving in a circular orbit , and U R is coupled tightly with 
the relativistic velocity of t rans la t iona l mot ion of a part icle. 
Thus , undu la to r and synchro t ron rad ia t ion have a close 
genetic re la t ionship. 

In 1947 Ginzburg suggested tha t relativistic electrons 
could rad ia te in per iodic systems [10]. Studying the 
possibili ty of powerful and reliable genera tors in the 
microwave range, he considered the p rob lem of the 
rad ia t ion of a fast charge in an electric field, which induces 
oscillations of the part icle in the direction perpendicular to 
its forward mot ion . 

The term undu la to r appeared for the first t ime in works 
of M o t z [46, 47], who p roposed to let electrons pass t h rough 
a successive series of magnet ic fields of different polar i ty 
(magnet ic undu la to r ) . In 1953 SR was experimental ly 
observed for the first t ime in the U H F range and in the 
optical range with the a p p a r a t u s he created [48]. The 
electromagnet ic rad ia t ion was generated by relativistic 
electrons which were passed t h rough the undu la to r and 
accelerated beforehand by a linear accelerator. 

Since electron b e a m s were accelerated by a linear 
accelerator, the undu la to r had to be opera ted in an impulse 
m o d e ; and since electrons passed th rough the magnet ic field 
of the a p p a r a t u s once only, the exper imental results were 
no t reliable. In 1960 G o d w i n came up with a p roposa l to 
place an undu la to r in a rectilinear gap between the 
synchro t ron and the s torage r ing [49]. W h e n electrons 
pass t h rough the undu la to r repeatedly, the bui ldup of 
the beam over the rectilinear po r t ion of the trajectory of 
part icles significantly affects the spectrum of SR and can be 
used for generat ing intensive and nearly m o n o c h r o m a t i c 
fluxes of x-ray and ultraviolet rad ia t ion . 

F o r the first t ime, the rad ia t ion from the undu la to r built 
in the chamber of an accelerator was observed by a g roup of 
experimental is ts from the Physical D e p a r t m e n t of the M S U 
on the synchro t ron ' P a k h r a ' (1 GeV) in F I A N [50]. 

In recent years , u n d u l a t o r s have assumed an impor t an t 
and independent significance in connect ion with the project 
of a free-electron genera tor of coherent rad ia t ion . This 
stage in the advancement of technology is in essence the 
second bi r th of undu la to r s , as the proper t ies of coherent 
s t imulated rad ia t ion (free-electron laser or F E L ) m a k e 
undu la to r s such an impor t an t source of rad ia t ion tha t 
SR is relegated to the b a c k g r o u n d ! . 

f i t is not possible to review FELs and related problems in this paper. 
For more information on these topics, please refer to the work of 
Bessonov on U R and FEL, which has been published recently [52]. 

I shall n o w discuss briefly the proper t ies of undu la to r 
rad ia t ion . There are two types of undu la to r s : plain and 
spiral. In a plain undu la to r , the trajectories of particles are 
curved lines in a fixed plane , whereas in a spiral undu la to r 
the electrons move in a spiral (a spatial curve) — in b o t h 
cases the rad ia t ion is emitted immediately a long the whole 
trajectory of the part icle. However , this does not hold for a 
wiggler — an undu la to r with a s t rong magnet ic field. 

The spiral undu la to r received wide acceptance in the 
experiment described in Ref. [51]. The magnet ic field in a 
spiral undu la to r varies according to the law 

H=[H0sm^^, - H 0 c o s ^ , 0 
AQ AQ 

(2.20) 

In such a magnet ic field, electrons move in a spiral 

r = (R cosco0t, R sin co0t, P\\ct) ; (2.21) 

the rad ius of the spiral R is related to the t ransverse 
componen t of the velocity of a part icle v± = by the 
equa t ions 

R = 
co0 2nmc y 

2n^C 

AQ 
(2.22) 

The longi tudinal and t ransverse componen t s of the 
velocity of an electron B^c and P±c are related by the 
equat ion ($ = (p2

± + jSy)1 . In wha t follows, the case of 
relativistic electrons when /?|| ~ 1, f}± <̂  1 is of p r imary 
interest. This definition has to be m a d e m o r e precise. On 
in t roducing the so-called undu la to r cons tant 

K yP± 
2%R 

. eHpAp 
2nmc2 

into the expression for the longi tudinal velocity 

* - ' ( - * r - ' [ ' - G ) 
1/2 

(2.23) 

Two types of u n d u l a t o r s are dist inguished depending on 
the value of the undu la to r cons tant K. If K <̂  1, then the 
resul tant m o d e is said to be of the undu la to r type. The case 
of K ^ 1 cor responds to the wiggler m o d e — the m o d e of 
an undu la to r with a large magnet ic field s trength (of order 
of 50 k G ) . The approaches to these two cases are 
somewhat different. 

Since, as follows from the founda t ions of electrody
namics , the rad ia t ion is fully specified when the trajectory 
of the charge is given, the above case of the rad ia t ion of an 
electron moving in a h o m o g e n e o u s magnet ic field (mot ion 
in a spiral) is a good mode l for the p rob lem of the rad ia t ion 
from an electron in a spiral undu la to r . Then the differential 
of the rad ia t ion power of a h a r m o n i c v inside an elementary 
solid angle dQ is wri t ten according to Eqn (2.5) as 

dWv e2co3p2K2 

dQ 

where 
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2ncy2vco0 

;os 9 — 

J8_L sin 0 
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Jv(x) , (2.24) 
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cos 9 y co0 

and la and ln serve to describe the polar isa t ion proper t ies of 
rad ia t ion , as described before. 

Let us consider the frequency of undu la to r rad ia t ion 
given by E q n (2.4). The quasiclassical spectrum of rad ia t ion 
of an undu la to r consists of ha rmon ics co = vcox of the 
fundamenta l frequency cox = c o 0 / ( l — / ? | | C O S 0 ) . The u n d u -
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Figure 8. Pattern of electron radiation in an undulator. 

lator rad ia t ion tu rns out to be coloured in var ious colours , 
which depend on the angle 0: the br ight pa tch has all the 
colours of the r a inbow (in the visible range) — from blue at 
the centre of the pa tch to the dark-red on its per iphery. The 
fundamenta l frequency of rad ia t ion a>i peaks as 9 —> 0, i.e., 
when the rad ia t ion is observed a long the axis of the 
undu la to r (Fig. 8). In this case, owing to the Dopp le r 
mult ipl icat ion of frequencies 

2y2co0 

1 — j5y cos 9 

for small 0 —> 0 and 

\+K2+y292 
(2.24a) 

2y2co0 

\+K2' 2y2 

when the rad ia t ion is observed strictly a long the axis. It can 
be seen from expression (2.24) for the rad ia t ion power tha t 
all ha rmon ics vanish as 9 —> 0: the entire spectrum of U R 
consists of frequencies which are concent ra ted near the 
peak a>i [Eqn (2.24a)] (Fig. 9). In order to est imate the 
efficient wavelength of U R I will assume tha t K = 1, 
^o = l c m > y = 104 (E ~ I GeV). It t u rns out tha t the peak 
of undu la to r rad ia t ion cor responds to the wavelength 
X rsj 1 A. T h u s the macroscopic undu la to r tu rns out to be 
similar to an a tom: it has the capabil i ty of generat ing 
electromagnet ic rad ia t ion in the visible and x-ray ranges of 
e lectromagnet ic waves. 

The angular dis t r ibut ion of the rad ia t ion power of an 
undu la to r will n o w be discussed. The analysis of the angular 
dis t r ibut ion of the power shows tha t a lmost all rad ia t ion of 
a spiral undu la to r is concent ra ted within an angle 
9 = 0 O + 50, where 50 ~ 1/y and sin 0 O = K/y. F o r K < 1 
(undula to r ) the angle of the cone of rad ia t ion is found in the 
same way as in the case of SR. F o r large K ^ 1 (wiggler) the 
angular dis t r ibut ion is somewhat different (Fig. 10). H o w 
ever, the angular dis t r ibut ion of the rad ia t ion power of a 
relativistic charge is generally the same. 

The polar isa t ion proper t ies of rad ia t ion of an electron in 
a spiral undu la to r are similar to the proper t ies of synchro
t ron radia t ion . This similarity of polar isa t ion proper t ies 
follows from the solution to the p rob lem on the polar ised 
rad ia t ion the moving relativistic charges emit in the 
magnet ic field of an arb i t ra ry configurat ion (see Ref. [53]). 

The angle 0 in expression (2.24) is a small quan t i ty when 
the undu la to r rad ia t ion is observed near the axis of the 
undu la to r . Therefore 

dWv ezco"pzK 

dQ 2Tzcy2vcoQ 

2n2\ 2 1 +KZ 

\+K2+y292 
, (2.25) 

K = 0.25 

Figure 9. Spectral composition of undulator radiation for different 
values of the constant K; x — co/2y2co0. 

50 ~ l / y N 

Figure 10. Polar diagram of the angular distribution of undulator 
radiation power for different values of the undulator constant K. 

according to the asymptot ics of Bessel functions of the 
small a rguments . Hence , the polar isa t ion of U R is strictly 
linear for angles 0 = y/\ + K2/y. Only the cr-component is 
emitted; this t u rns to be circularly polar ised in a clockwise 
direction for angles 0 = 0 (the rad ia t ion is viewed a long the 
axis of the undu la to r ) , and la = ln = l/y/2. The sign of the 
circular polar isa t ion changes when the direction of current 
in the windings of a solenoid changes. Thus , a spiral 
undu la to r is a powerful source of circularly polar ised 
rad ia t ion . N o t e tha t a plain undu la to r has distinct 
polar isa t ion proper t ies : the rad ia t ion tu rns out to be 
linearly polarised"}", when it is viewed a long the axis of 
the plain undu la to r . The generat ion of the circularly 
polar ised rad ia t ion in a spiral undu la to r and linearly 
polar ised rad ia t ion in a plain undu la to r opens up 
possibilities for applying U R in the physical experiment , 
since the p rob lem is of polar i sa t ion cont ro l as well as of the 
source of polar ised radia t ion . 

I wish to d r aw the reader ' s a t tent ion to an impor t an t 
fact: an ac tual undu la to r has a finite length. Let the length 
of an undu la to r be L = NA0, where N is the number of 
per iodic elements (see Fig. 8). Then the to ta l energy of 

f A detailed presentation of issues associated with undulators may be 
found in Refs [52, 54]. 
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rad ia t ion of an electron in a finite undu la to r can be wri t ten 
in the form: 

7 U R 

it /y l\ I t I / V / VIM 7 \ _ 

j'v

2(x) 

dW1 

dQdco fcco\ 

x ( / + / i + ^ - y 2 ^ 2 

(2.26) 

where 

CO0 = 27Cj8|| y 
AQ 

Z = Nn ( — — v 

W e come back to Eqn (2.25) as N —> oo, as 

2 

JV^ooV Z N \col 

The rad ia t ion of an electron tu rns out to be strongly 
coll imated in a finite undu la to r : the angular directivity of 
rad ia t ion is greatly amplified by a large number of per iodic 
elements. In fact if one restricts oneself to the peak 
rad ia t ion at the fundamenta l frequency (v = 1), and 
considers the undu la to r cons tant to be a small quan t i ty 
(K <| 1), then 

• Nn 
co(l+y202) 

2y2co0 

2Q2 

whence it follows tha t the rad ia t ion is a lmost concent ra ted 
in a slender cone of angle 0=l/yy/N. This sharp 
directivity of U R is an impor t an t p rope r ty of u n d u l a 
tors , as regards their appl icat ions in physical 
exper imenta t ion. 

The na r rowing of the cone of rad ia t ion emitted by 
electrons in an undu la to r with a large number of per iods 
(N ~ 100) is physically associated with the interference of 
e lectromagnet ic waves. The cone of rad ia t ion of an electron 
which makes one oscillation has the angle 80 = l/y. If the 
electron makes N phase-coherent oscillations, the rad ia t ion 
fields interfere and, as a result, the rad ia t ion is concen
t r a t e d — the radiat ive cone is sharpened. 

U n d u l a t o r rad ia t ion has other advan tages in c o m p a r 
ison with SR when one considers the to ta l energy of 
rad ia t ion . Let us consider the energy of rad ia t ion of an 
electron in an undu la to r when the U R is viewed a long the 
axis of the undu la to r (6 = 0) at the fundamenta l frequency 
(co = (Ox). Then it follows from Eqn (2.26) tha t 

dW UR 

dcodQ 
2N2e2y2 

6=0 

K 

The energy peaks for K = 1 (i.e., the undu la to r is a wiggler) 
and 

dW UR 

dcodQ 
N2e2y2 

2c 

Let us compare the previous expression with the energy 
of the synchro t ron rad ia t ion emitted by an electron in one 
tu rn , as it moves in the p lane of revolut ion. Accord ing to 
E q n (2.14) 

dW SR 3e2y2 

dco dQ 4%2c yK2/3 

"|2 

y = co/cocx, cocx = 3co0y j2. The function yK2/3(y/2) reaches 
a m a x i m u m for y ~ 1. Then the expression for the SR 
power is 

dW SR ,3e2y2 

dcodQ ~ 4n2c 

Thus , if the number of per iods of an undu la to r is N 5> 1 
(N ~ 100), then its rad ia t ion power greatly exceeds the SR 
power . The concent ra t ion of the energy of rad ia t ion by 
means of a wiggler is the most impor t an t p rope r ty of the 
undu la to r — this opens up new possibilities for applying SR 
as a too l in physical and technological research. Therefore 
the functions of the s torage r ing have changed and its 
p r imary objective is to obta in relativistic electrons which 
emit light by means of a wiggler. 

He re we omit q u a n t u m effects in the rad ia t ion of a 
wiggler. 

2.6 Radiation of an electron in a short magnet. 
Formation of synchrotron radiation 
The rad ia t ion of electrons mov ing in systems of the 'short 
m a g n e t ' type has a number of peculiarit ies which are of 
pract ical impor tance as well as of theoret ical interest. The 
simplest example of the mo t ion of an electron in a short 
magne t is its mo t ion in an arc of a circle, provided tha t the 
arc is small enough. In this example, all impor t an t 
proper t ies of the rad ia t ion emitted by an electron when 
it moves in a short magne t of an a rb i t ra ry s t ructure are 
apparen t (see Refs [55, 56]). 

Assume tha t an electron moves in a straight line with a 
cons tant velocity v = in absolute value up to an instant 
of t ime. Then , under the action of external forces it 
describes an arc of a circle of rad ius R with an angle 
2a, and again proceeds in a straight line (Fig. 11). The angle 
of deviat ion a is assumed to be small and a <̂  l/y = mc2/E. 

Figure 11. Motion of electrons in an arc of a circle. 

Us ing the convent ional m e t h o d s of classical electro
dynamics , we can present the s p e c t r a l - a n g u l a r dis t r ibut ion 
of the to ta l energy S for the mo t ion in quest ion as follows: 

d£=WTF dqdQ, F = Fa + Fn , dQ = sin6d6dcp 

(2.27) 

(see Ref. [56]), where T = 2a /co 0 , co0 = cfi/R, q = co/co0, W 
is the synchro t ron rad ia t ion power specified by means of 
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formula (1.2). The function Fa n is related to the 
polar isa t ion componen t s of rad ia t ion fa and fn by the 
equat ion 

77 - 3 \ \ 2 (2.28) 

where 

r(p+ct 

H 
J(p—a, 

COSX — jH 
exp(—iqi//) dx , 

fn 

r(p+ct 
COS ( 

s m x 
pHx) 

exp(—iqxjj) dx 

and p(x) = 1 — / i c o s x , = x — fi s inx , /i = /?s in#, 
y = £ / m c is a relativistic factor. In these formulas co is 
the rad ia t ion frequency and the angles 0, cp specify the 
direction in which rad ia t ion p ropaga tes . 

The analysis of these formulas [56] shows tha t the 
general rules for the angular dis t r ibut ion of rad ia t ion 
power in a short magne t are the same as those for the 
synchro t ron radia t ion . This m a y be verified by integrat ing 
E q n s (2.27) and (2.28) with respect to the spectrum: the 
rad ia t ion is directed ahead, in paral lel to the mot ion of the 
charge and is concent ra ted in a slender cone of angle 
80 ~ l/y (as is the case for SR). It is interesting to no te 
tha t the formulas coincide with the expressions for the 
ins tan taneous dis t r ibut ion of synchro t ron rad ia t ion power 
as a —> 0. 

The polar isa t ion proper t ies also coincide: Eqn (2.27) 
integrates with respect to angles and frequencies to 

and 

6 + 

dqo dQFa (2.29) 

W, Wn = 
2-P2 

W 

However , there are great dist inctions between synchro
t ron rad ia t ion and the electron rad ia t ion in a short magnet . 
Firs t of all, there is the way in which low-frequency 
rad ia t ion is generated as electrons move in an arc of a 
circle. If an electron moves in an arc of a small angle 
a <̂  l / y , then it follows from E q n (2.28) tha t 

F = -
1 n TT 

3 At fsin \ocqp(cp)] 1 z 

[2nyVMY 

where A a = /?sin 0 — cos cp, A n = cos 0 sin cp. Clearly, the 
rad ia t ion peaks at co = 0 and the s p e c t r a l - a n g u l a r 
dis t r ibut ion decreases progressively to zero (oc co~2) as 
the frequency increases. Moreover , the effective width of 
the spectrum is 

ACQ : 
KCQQ 

I 
(2.31) 

2a ( l - ) S 2 ) 

where / is the length of the arc. Thus , the effective width of 
'white noise ' is Aco in a 'short magne t ' . If / = 10 —100 cm, 
then the spectrum of the white noise extends from zero up 
to the ultraviolet range for an electron of energy 1 GeV. 
N o t e tha t the fundamenta l dist inguishing feature of the 
rad ia t ion in a short magne t is tha t the rad ia t ion peaks at 
the zero frequency — these are the so-called ' s t range 
electromagnet ic waves ' (see Refs [52, 54]). In this respect, 
the rad ia t ion in a short magnet differs from mos t processes 

of rad ia t ion in which the energy of rad ia t ion reduces to 
zero as the frequency of rad ia t ion tends to zero. F o r 
example, in the case of synchro t ron rad ia t ion the power 
tu rns to zero as co —> 0 (see Fig. 7). 

A closer analysis of Ref. [56] shows tha t the relative 
cont r ibut ion of the low frequencies in rad ia t ion decreases 
on an increase in the angle of the arc, and the m a x i m u m in 
the spectrum shifts to short waves as a increases. It is 
interest ing tha t there is no rad ia t ion of the ' zero ' frequency 
when an electron moves in a circle (a = In). 

In connect ion with the peculiar features of the spectral 
composi t ion of the rad ia t ion of a charge moving in an arc 
of a circle, it is wor th no t ing the bend ing or magnet ic drift 
rad ia t ion familiar in the ast rophysical appl icat ions. It is 
emitted by a charge which moves a long the lines of force of 
an inhomogeneous magnet ic field. Omi t t ing the detailed 
analysis of the radia t ion , we should no te tha t , a l though the 
spectral composi t ion of this rad ia t ion is usually though t to 
be ana logous to the spectral composi t ion of SR, it can be 
somewhat different in the low-frequency range since the arc 
in which an electron moves is finite. 

Let us consider the rad ia t ion when an electron makes an 
integral number of tu rns and h o w the synchro t ron rad ia t ion 
occurs. Let n o w a = Nn. In this case, following the 
app roach discussed above [see E q n s (2.27), (2.28)], we have 

dS= WTg N(q)GdqdQ , (2.32) 

where the quant i ty G is associated with the Anger and 
Weber functions Jq(x) and Eq(x), x = g / ? s i n 0 . It is 
essential tha t the number of tu rns N m a d e by the 
electron over a circular p a t h appears only in the factor 

s i n 2 ( 7 t A ^ ) 
8n(<i) 

N s in 2 (jzq) 

The rest of expression (2.32) is independent of N and 
coincides with the s p e c t r a l - a n g u l a r dis t r ibut ion of the 
rad ia t ion of an electron which makes one full tu rn . The full 
expression for function G m a y be found in Ref. [56] and 
also in Ref. [55]. 

Expression (2.32) makes it possible to t race h o w the 
spectrum of SR is formed as N —> oo. On going over to the 
limit 

lim gN(q) = V h(q-n) 
IV—KX> ^ ' 

we find tha t the Schott formula follows from Eqn (2.32) 
for a finite, bu t very large, number of tu rns [34]: 

dW = lim 
c 2 nl oo 

n=\ 

+ c o t 2 0 / 2 ( ^ s i n 0 ) ] . (2.33) 

Anger functions convert into Bessel functions of integer 
indices and the s p e c t r a l - a n g u l a r dis t r ibut ion of rad ia t ion 
power is given by the familiar expressions which are t rue 
for synchro t ron radia t ion . 

2.7 Coherent synchrotron radiation of a cluster of 
electrons 
The classical theory of SR developed as a theory of 
rad ia t ion of one electron moving in an angular t rajectory in 
a h o m o g e n e o u s magnet ic field. A l though 1 0 1 2 —10 1 3 

part icles s imultaneously emit rad ia t ion in accelerators 
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and s torage rings, and either fill the entire orbit (be ta t ron) 
or are clustered in bunches (synchrot ron, s torage rings), the 
conclusions of the theory have been reliably verified in 
experiments . The interference of e lectromagnet ic waves 
emitted by individual electrons can affect the to ta l 
rad ia t ion power — coherent SR can be emitted. 

The first person to consider the p rob lem of coherent 
rad ia t ion was Schott himself in his early studies of the 
Sa turn ian mode l of an a tom. The mode l p resumed tha t a 
large number of electrons move s imultaneously in a closed 
orbit . Studying the rad ia t ion of a cluster of electrons 
uniformly dis tr ibuted a long the circle, Schott came to 
the conclusion tha t the classical mode l of an a tom is 
inconsistent , since the conclusions of the theory were 
cont rad ic tory to the observed da ta [5]. 

M u c h later, in connect ion with the advances in cyclic 
accelerators , the studies of coherence were resumed: of 
interest were the spectrum of synchro t ron rad ia t ion and its 
power [ 5 8 - 6 0 ] and also the screening effect of the walls of 
the accelerator chamber [61, 62]. It was p resumed tha t the 
rad ia t ion is emitted by separate clusters of part icles of a 
finite expansion, with different values of the form factor 
which characterises the dis t r ibut ion of particles in the 
cluster. 

Let us consider when the coherent rad ia t ion from 
electrons, which is dis tr ibuted uniformly over the entire 
orbit , is possible. Let the rat io of the index of ha rmonics v 
and the number of electrons N be equal to s. Then the 
rad ia t ion power differs from the rad ia t ion power of one 
electron W(v) [Eqn (2.8)] in te rms of the coherence factor 
SN (see Refs [5, 25]): 

N 
WN(v)=SNW(v), SN=N+ c o s [ v ( ^ . - ^ . , ) ] , 

7 = 1,/=1 

Then 

(2.34) 

where is the initial phase of the jth electron. If electrons 
are spread chaotically then SN = N and the rad ia t ion is 
coherent . If part icles are dis tr ibuted uniformly, then 

W --

where 

W, = 
3 r ecfiNs 

~~R2 
2p2j'2sN{2sNP) - ( 1 - P2) J2sN(x) dx 

Jo 
(2.35) 

(see Ref. [5]). In the nonrelat ivist ic approx ima t ion (/? —> 0), 
the rad ia t ion peaks for one electron only (N = 1), since the 
cont r ibu t ion of the other part icles is suppressed: 

w 2Jc?N\N+l) 2 N 

fiJo R2(2N + l)(2N)\ ( P ) • 

In ano the r—ul t r a r e l a t i v i s t i c—approx ima t ion (1 — fi2 <^ 1) 

e2ce0N3s 

nR2V3 J 
K5/i(x)dx, K = - NSE\ 3/2 

'0 (2.36) 

There are two limiting cases for the quant i ty K. In the first, 
K <̂  1. This cor responds to small concent ra t ions of 
electrons and also relates to the long-wavelength pa r t of 
the spectrum of SR since 

3 3 

Wx = 
32/3e2cr(2/3)N2(sN)1'3 

TZR2V3 
(2.37) 

Thus , the coherence of SR is possible for low frequencies of 
rad ia t ion (co <^ coc). In the second limiting case of the 
electron concent ra t ion N being equal to (E/mc2)3 ( the 
shor t -wave par t of the spectrum), all the rad ia t ion tu rns 
out to be suppressed to a large extent: 

e2csl/4N3VsN 

2nR2 
exp •\SN£'2 

°0 

1/2 

(2.38) 

The case in which electrons uniformly fill the orbit was 
discussed in connect ion with possible losses of the energy of 
part icles in a be ta t ron . Concerns were voiced tha t the 
rad ia t ion from the electrons would be suppressed in the 
be t a t ron owing to its coherence. However , the analysis of 
the p rob lem Arts imovich and P o m e r a n c h u k carried out [9], 
and also the decisive experiment of Blewett, showed tha t the 
process is not coherent , at least at the peak of rad ia t ion . It 
was also no ted [9] tha t f luctuat ions of the density prevent 
part icles from filling the orbit regularly. 

In contras t to the case in a be ta t ron , electrons do no t fill 
the entire orbit in a synchro t ron (or in a s torage ring) bu t 
move in separate bunches (see, for example, Ref. [25]). In 
this case, the coherence factor can be presented in the form 

SN=N + N(N-l)fv . 

The rad ia t ion is fully coherent for fv = l and is incoherent 
for fv = 0. 

Assuming tha t electrons in a bunch are symmetr ic abou t 
a centre (at the zero az imuth) , the function fv is given by [25] 

1 2 

- i 
w(cp) cos(vcp) dcp (2.39) 

where w(cp) is the probabi l i ty tha t electrons are in orbit in 
the angular range from cp to cp + dcp. In par t icular , if the 
dis t r ibut ion follows the G a u s s law, then 

2 \ 
w(cp) 

1 

OLy/% 
exp 

fv = exp 
2 2 

v a 

The SR power is the sum of the coherent and incoherent 
summands : 

Wv = Wmcoh(v) + Wcoh(v) = W(v)N + W(v)N2fv , 

It is seen from the last formula tha t the max imal 
coherent rad ia t ion manifests itself in the range of wav
elengths of the order of the size of the bunch , v ~ 1 /a ( the 
low-frequency range) . The rad ia t ion power is integrated 
with respect to all ha rmonics to 

^ c o h = g

2 c J V 2 ( v ^ / a ) 4 / 3 r 2 ( 2 / 3 ) = ( ) 5 6 

R2KV3 x 2 1 / 3 

N2e2c 

^ R 2 ' 
(2.40) 

whence it follows tha t the coherent rad ia t ion power is 
independent of the energy of a part icle in the long-wave 
range of rad ia t ion of a bunch of an angular expansion a 
(see Refs [58, 60]). The recent observat ions of coherent 
synchro t ron rad ia t ion [63, 112, 113] provide , however , 
reasons to further investigate the dependence of the 
p h e n o m e n o n on the shape and sizes of a bunch (see 
Refs [64, 65, 111]). 
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Thus , the electron rad ia t ion is incoherent in the 
synchro t ron at least in the high-frequency range — this is 
the reason why experimental is ts are satisfied with the theory 
of rad ia t ion from one electron: the to ta l power of SR is 
p r o p o r t i o n a l to the number of electrons. However , the 
coherent rad ia t ion m a y be observed in the low-frequency 
range, especially in the rf range . This is the case when 
electrons move in bunches the sizes of which are c o m p a r 
able with the wavelength of rad ia t ion: the rad ia t ion can 
increase drastically in this case. 

The coherent SR in the rf range aroused interest in 
connect ion with the observed rf rad ia t ion coming from 
pulsars [66]. The est imated rad ia t ion power suggests tha t 
the rf rad ia t ion is coherent and is emitted by clustered 
charges ro ta t ing near the surface of a pulsar . Owing to this 
relat ion, a s torage r ing in which electrons move in separate 
clusters is considered as the l abora to ry mode l of a rad ia t ing 
pulsar . 

3. Review of the quantum theory of synchrotron 
radiation 
3.1 Limits of the classical theory 
The classical theory is based on the assumpt ion tha t 
rad ia t ion is a con t inuous process. The initial est imates of 
the limits in which the classical theory is applicable 
val idated tha t such an app roach was reasonable for 
s tudying SR as a physical p h e n o m e n o n up to very high 
energies, which would be una t t a inab le in accelerators even 
in the foreseeable future. In fact, in general one would 
expect tha t the classical theory of rad ia t ion of a classical 
charge is valid unt i l the energy of an emitted p h o t o n 
8 p = Hco = hvco0 is small in compar i son with the energy of 
the electron e p <̂  E [11] (see also Refs [15, 60]). Eva lua t ing 
the energy of a p h o t o n at the peak of the rad ia t ion , one 
could obta in a criterion for the classical theory to be t rue 
for synchro t ron rad ia t ion as an est imate for the energy 
E <̂  £1/2, where 

<mcR^/2 

^1/2 1 0 y M e V . 

Then this criterion was co r robora ted by considera t ions of 
invariance: the SR power being an invar iant should depend 
on invar iant pa rame te r s only, one of which is the dynamic 
invar iant 

mcH0

 v v ' H o mcz V ^ i / 2 / „ V V r „ „ 2 I n I > ( 3 1 ) 

mcn0 

where F^ is the tensor of the electromagnet ic field, pv is the 
four-dimensional impulse, and H0 is the Schwinger 
magnet ic field. 

However , it was then found out tha t the criterion % <̂  1 
did no t cover all discrete features of synchro t ron rad ia t ion 
[32, 67]. It refers to the influence of discrete rad ia t ion on the 
trajectory of a moving part icle. 

Since the energy of an emitted p h o t o n is large enough at 
the m a x i m u m of the SR spectrum, e p ~ Hco0y3, the number 
of p h o t o n s an electron emits in a tu rn is finite and is equal 
to 

_ W _ e2 E 
- ' ' t u rn ~Z o • 

8^ nc mc 
In order to m a k e the role of discreteness of rad ia t ion m o r e 

clear, it is wor thwhi le to find the length of the p a t h (in cm) 
an electron travels wi thou t emit t ing a high-energy p h o t o n 

W 2 me2 H 
34.9 x 10 4 

H 

The previous expression depends solely on the magnet ic 
field strength / / , and it follows from it, for the values 
~ 10 4 G typical of accelerators and s torage rings, tha t one 
power p h o t o n is emitted on average over the p a t h of ~ 
30 cm. 

The discrete na tu re of rad ia t ion here is an impor t an t 
factor. It can tell on the trajectory of the part icle, causing 
q u a n t u m fluctuat ions as a result of the recoil an electron 
experiences when it emits a p h o t o n (for details, see 
Section 4). Of special interest here is the mot ion of 
electrons in synchro t rons or s torage rings. Since outer 
sources compensa te for energy radiat ive losses, the q u a n 
t u m effects of f luctuat ions of the trajectory are observed 
when the rad ius is cons tant (on average). The s torage r ing 
opens up new possibilities for investigating q u a n t u m 
fluctuat ions of the trajectory of an electron experimentally. 

If the invar iant dynamic pa ramete r % takes a large value 
(high energies, an extremal field), this opens up a new area 
of physical p h e n o m e n a — u l t r a q u a n t u m physics. In this 
region (x ^ 1), the classical theory is completely out of 
place; the strict q u a n t u m theory should be applied. 

3.2 The method of exact solutions. Quantum states of an 
electron in a magnetic field 
It p roved wor thwhi le to develop the q u a n t u m theory of 
synchro t ron rad ia t ion on the basis of q u a n t u m relativistic 
mechanics and q u a n t u m electrodynamics, applying the so-
called 'method of exact so lu t ions ' [24, 25]. In this case the 
wave function which describes the q u a n t u m state of an 
electron obeys the Di rac equat ion: 

dW 
"87 

= [ c ( a - P ) + p 3 m c 2 ] V , (3.2) 

where 

P = - m - - ( A e x t + A q u ) , 

refers to the outer magnet ic field which is considered 
exactly, and A q u to the q u a n t u m transverse rad ia t ion field. 
He re a and p 3 are the Di rac matr ices of four rows, and the 
wave function W ha s four componen t s (for details see 
Ref. [24]). Processes in which an electron in the b o u n d state 
is involved when it interacts with the rad ia t ion field are 
considered by using the pe r tu rba t ion theory . In the 
pe r tu rba t ion theory, all expansions are m a d e in te rms of 
the full system of the exact solut ions to the D i r ac equat ion 
with an outer field (the F u r r y representa t ion [68]). 

Such an app roach m a d e it possible to predict and reveal 
a variety of new physical features of SR: q u a n t u m 
fluctuat ions of the trajectory of an electron when it moves 
in a cyclic accelerator and s torage rings, the radia t ive 
polar isa t ion effect for electrons and pos i t rons , the peculiar 
features of synchro t ron rad ia t ion in s t rong and very s t rong 
magnet ic fields, and a number of o thers (see 
Refs [24, 25, 69]). 

Before s tudying spin effects it is wor thwhi le to in t roduce 
the polar isa t ion opera tor , 

pxcP p3mc2P(Z-P) 
0=p3Z +-

E(E + mc2) 
(3.3) 
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which goes into the Paul i spin opera tor in the system in 
which the electron is at rest. This opera tor is a relativistic 
ana log of the Paul i spin, 

OiOj-OjOi = 2i&QkOk (3.4) 

and its componen t paral lel to the magnet ic field corn-
muta t e s with the Hami l ton i an Eqn (3.2). This makes it 
possible to decouple the solution to the D i r ac equat ion in 
spin states. 

Given the h o m o g e n e o u s magnet ic field H = (0, 0, / / ) , 
and imposing the condi t ion 

03¥ = £¥ (3.5) 

on the wave function [Eqn (3.2)], we can in t roduce the 
' four th ' q u a n t u m n u m b e r £ = ± 1 . It characterises the 
t ransverse polar isa t ion: £ = 1 in the forward direction and 
C = — 1 in the backward direction. 

N o t e tha t the issue of whether the spin can be measured 
independent ly of the orbi ta l mo t ion of a part icle is 
somewhat difficult in Di rac ' s relativistic theory since the 
electrons execute a ' twitching m o t i o n ' (Zi t terbewegung) 
owing to the interference of their charge-conjugate 
states. The result is tha t only the full m o m e n t is preserved 
in the D i r ac theory. The uni t polar isa t ion opera tor 
[Eqn (3.3)] (the ' t rue ' spin opera to r ) opens up a possibility 
to measure the spin independent ly since it commuta t e s with 
the Hami l ton ian (see also Refs [24, 57]). 

Omi t t ing the details of solving the D i r ac equat ion (3.2) 
(it is described in detail in Refs [24, 25]) I wan t only to 
emphasise tha t the q u a n t u m state of an electron in a 
magnet ic field H = (0, 0, H) is specified by the set of 
four q u a n t u m numbers : n is the energy number , s is the 
radia l number , k3 is the project ion of the impulse onto the 
direction of the field, and £ is the project ion of the spin on to 
the direction of the field. In this case, the energy of an 
electron takes the form: 

E = (m2cA + c2h2k2

3 + 2e0 He M) \V2 (3.6) 

If an electron executes a macroscopic mot ion , then the 
energy number s takes a very large value and the energy 
spectrum is con t inuous . In the nonrelat ivist ic a pp rox ima
t ion, formula (3.6) describes the familiar L a n d a u levels and 
also involves the kinetic energy of the mot ion of an 
electron a long the field. N o t e tha t the energy spectrum 
given by Eqn (3.6) is degenerate with respect to the spin 
and to the radia l number s. Tak ing into considerat ion the 
a n o m a l o u s magnet ic m o m e n t eliminates the spin degenera
t ion and the energy spectrum takes the form (see Ref. [70]) 

%k3 

mc )"•{ l + | ! - ( 2 , i + C + l ) 

lV2 

H0 2/XQ J 

1/2 

where 

V = ~Ho ( 1 + 2nhc Ho = 2mc 
(3.7) 

The g round state (n = 0, k3 = 0) [see E q n (3.6)] cor re 
sponds to the spin oriented in the opposi te direction of the 
magnet ic field (£ = — 1). 

The q u a n t u m n u m b e r s n and s are related to the rad ius 
of the orbit of an electron and the quadra t i c f luctuation of 
the radius : 

. 2 \ n + s+\/2 2 \ i \2 s + 1/2 
( n = — - — - , ( n - ( r ) = -

7o 2 y 0 

7o 
e_oH 

' 2ch ' 
(3.8) 

The electrons are localised near the orbi ta l p lane of 
revolut ion for an extremely s t rong magnet ic field since 

R = 

and the rad ius of the orbit is of the order of the C o m p t o n 
wavelength in weakly excited states as H —> H0. 

3.3 Quantum features of synchrotron radiation power 
Restr ic t ing myself to the above r emarks I move on to 
discuss synchro t ron rad ia t ion . By the use of ra ther 
convent ional m e t h o d s [24, 35], the expression for the 
synchro t ron rad ia t ion power can be obta ined in the form 

W 

where 

' 2n 
^ 2 ^C\3K5(K- Knnr)<PIss,(x) (3.9) 

v, C 

CKhri 
K 2 s in 2 0 

h 4y 0 

It is t aken into considerat ion in summing over k3 tha t the 
componen t of the impulse paral lel to the field is preserved. 
The radia l factor I2

ss'(x) appear ing in the formula for the 
rad ia t ion power is a Laguer re function, which is related to 
the Laguer re po lynomia ls QS

S7S (x) by the equat ion 

1 
exp r ( ^ ) / 2 (3.10) 

The function 0 depends on the elements of the D i r ac 
mat r ix and is expressed in te rms of the Laguer re functions 
Inn'(x)> which are approx imated by M c D o n a l d functions 
Kip by analogy with the classical theory of SR (see 
Refs [24, 35]). Thus , the integral under the summat ion sign 
in (3.9) is the power of rad ia t ion electrons emit in 
t rans i t ions n —> n, s —> s with the spin flip £ —> 

M a k i n g necessary manipu la t ions , integrat ing with 
respect to angles and summing over the polar isa t ion states 
of the rad ia t ion field, we find the following expression for 
the spectral dis t r ibut ion of the synchro t ron rad ia t ion power 
[24, 27]: 

ydy 
W 

where 

1671 
( 3 . 1 1 ) 

F = 2 ( 1 + 

(•OC 

K 

- a 2 + Zy)ZyK1/3(y) 

+ • 
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Here the a rgument x of the function Iss, t akes the form 
v = n — ri u p o n changing the summat ion over y for 
integrat ion with respect to the var iable 

It follows from E q n (3.11) tha t the probabi l i ty of 
spon taneous t rans i t ions of an electron is a function of 
two p a r a m e t e r s ! : 

* 3
 H :_ _ 3 _ 3 / E > 
2 / 7 ^ ^ ~ 2 X ~ 2 \E^2J 

E\/2 = mc 
2fmcR\1/2 

: \ h J > 
(3.12) 

9 H 

' 1 / 5 
^1/5 

mcR v l /5 

W e shall re turn to the pa ramete r ^ later. N o w I wan t only 
to no te tha t the SR power depends solely on one invar iant 
pa ramete r % since the sum over the radia l q u a n t u m number 

is equal to uni ty. Thus , the limits in which the classical 
theory was predicted to be applicable [11] were strictly 
b o r n e out by the q u a n t u m theory. N o t e tha t this refers, 
however , to the SR power only. 

Expression (3.11) is exact: it allows any values of the 
pa ramete r <*; = 3# /2 , including % > 1, which are realisable in 
the physics of neu t ron stars where the magnet ic field 
s trength is close to the critical H0. In addi t ion, the formula 
for the rad ia t ion power involves the cont r ibu t ion of 
rad ia t ion which is accompanied by the flip of the spin 
( sp in - f l i p t ransi t ions) when £' = —£. As follows from 
E q n (3.11), the probabi l i t ies of such t rans i t ions are p r o p o r 
t ional to the square of the Planck constant : H2. 

Since the SR power depends explicitly on the or ienta t ion 
of the spin of an electron, the rad ia t ion accompanied by the 
flip of a spin affects the or ienta t ion of the spin and 
st imulates the directed process of polar isa t ion of the 
electron beam. In addi t ion , there is a spin dependence in 
the formula for the SR power , which enters the te rms which 
are independent of the flip of a spin. This is not only of 
theoret ical interest. In fact, given a small invar iant p a r a 
meter £ it follows from E q n (3.11) tha t the spectral 
dis t r ibut ion of the synchro t ron rad ia t ion power of a 
polar ised electron beam takes the form 

, c i 9 V 3 wpol = w< 
8tt ( 1 - 3 6 0 

<iyKl/3(y) 

K5/3(x)dx 

ydy . (3.13) 

N o t e tha t Bordovi tsyn [76] m a d e a large advance in 
interpret ing q u a n t u m correct ions to the classical expression 
for the SR power [76]. H e showed, in par t icular , tha t the 
q u a n t u m correct ion in formula (3.13) involves con t r ibu
t ions from the interference of the rad ia t ion from electron, 
charge, and the spin magnet ic m o m e n t of electron. Clearly, 
the difference between the expressions for the rad ia t ion 

power of polar ised and nonpolar i sed (spin averaged) 
electron b e a m s takes the form 

Wpo\ _ ^ n o n p o l 

where 

Jo 
< P s p ( v ) d v , 

y Kl/3(y) 
871 

Since this expression is related directly to the polar isa t ion 
of an electron b e a m £ the difference Wv°l - Wnonv°l = Wsv 

m a y be called the 'spin light ' . Exper imenta l ly a n o n 
polarised electron beam can be obta ined from a polar ised 
electron beam by pu t t ing a depolariser in the chamber of a 
s torage ring. 

The rad ia t ion Wsv is linearly polar ised — only the o-
componen t is emitted. The 'spin l ight ' has a peculiar 
spectral dis t r ibut ion power : the m a x i m u m is shifted to 
the high-frequency range and is reached at 
y — co/cOcr — 1-6, whereas the m a x i m u m in the SR spec
t rum falls on y = 0.3 (here coCY = 3co 0 y 3 /2) . 

In contras t to the SR spectrum (see E q n 2.17) the 
spectral dis t r ibut ion of the 'spin l ight ' power ha s the form: 

9_V3J2-2/3r(\/3)y5/\ v ^ O , 

y 

The associated curves are shown in Fig. 12. The rat io of 
the rad ia t ion power of the 'spin l ight ' and the classical 
expression has the form: 

wsv(y) rr 0 0 

A ^ W = ^ ^ = l f l ^ i / 3 ( y ) [ J Wcl(y) 
K5/3 (x) dx 

U y , y > i 

H e r e |£| characterises the degree of polar isa t ion of an 
electron beam in the combined q u a n t u m state: |£| = P. 

fThe probability of spontaneous transitions can be found by dividing 
the integrand in Eqn (3.11) by the energy of a quantum of the electro
magnetic field Hco. 

Figure 12. Spectral distribution of SR power ( / S R ) and 'spin light' 
(<ssp). 
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Thus , this offers a new possibili ty for visual observat ion 
of the polar isa t ion characterist ics of an electron beam by 
determining the SR power at a fixed spectral frequency (see 
Ref. [72]). The experiment which was performed in the 
Ins t i tu te of Nuc lea r Physics, Siberian Branch of U S S R 
A c a d e m y of Science [72], can be considered as a first visual 
observat ion of rad ia t ion which is directly associated with 
electron spin. 

Fu r the r , the expression for the SR power can be found by 
summing up over the polar isa t ion states of an electron: 

W = W{ 

871 Jo ( 1 + 6 0 3 Uy 

+ . (3.14) 

The SR power which is uniformly applicable for any values 
of the pa ramete r { was calculated exactly by Bagrov [73]. 
He re I cite two limiting cases in the form of asymptot ic 
expansions . First , let us consider the case of a small 
invar iant pa ramete r ; { <̂  1, i.e., the q u a n t u m correct ions to 
the classical rad ia t ion formula are 

55a /3 
W = W 1 - -

24 
* 6 4 , 2 (3.15) 

This correct ion was found up to a linear te rm in Ref. [74] 
and was then co r robora ted by Schwinger for spinless 
part icles [75]. 

In the second limiting case, { > 1 (high energies, 
extremely large magnet ic fields), the formula for the SR 
power differs drastically from the classical one (the u l t ra -
q u a n t u m limit) 

WVQ = WQ - 4 / 3 
Z>1 (3.16) 

[24, 77, 79]f. In the u l t r a q u a n t u m limit the pr incipal te rm 
of the rad ia t ion power is of q u a n t u m na tu re . Therefore 
t ransi t ion to the classical approx ima t ion is impossible. 

It is characteris t ic tha t in the ultrarelativist ic limit the 
spectrum is te rminated at the frequency co^x = E/H <^ c o m a x , 
and does no t reach the classical critical frequency 

This follows immediately from the formula for the classical 
frequency of rad ia t ion (see Ref. [35]): 

yn 
M A X l + f r n 

1 . 

Of some interest is the rad ia t ion of weakly excited 
electrons (low-energy levels) in a s t rong magnet ic field. 
It is peculiar for such a p rob lem tha t the energy spectrum of 
an electron is discrete ( 'quant is ing ' magnet ic field). If 

fThis result was also obtained by V I Ritus in Ref. [79] in the crossed 
field model (H — E, H ±E). Although an electron behaves differently 
in magnetic and crossed fields, certain results on synchrotron radiation 
power coincide since the radiation is emitted over a very small portion 
of the trajectory. This is true, however, only for the quasiclassical 
motion of an electron (large quantum numbers) when the energy 
spectrum is continuous. The crossed field model is no longer 
acceptable for small quantum numbers ('quantising magnetic field'). 

electrons move perpendicular ly to the field (k3 = 0), the 
energy 

1/2 

E = mc2 f 1 + 2/i — 
1 HQ 

t akes essentially discrete values for n ~ 1, 2, . . . . 
In this case, only numer ica l m e t h o d s are applicable. It 

t u rns out tha t the probabi l i ty of spon taneous t rans i t ions 
depends no longer on the or ienta t ion of the spin of an 
electron and the probabi l i ty of a t ransi t ion with a change in 
the spin or ienta t ion is the same as tha t with no change of 
polar isa t ion. 

The rad ia t ion powers of the a and n componen t s of 
the linear polar isa t ion take the forms Wa = 0.742 W and 
Wn = 0.258 W, where 

^2 

W = 0.453 

(see Ref. [78]). Thus , the expression for the rad ia t ion power 
W differs from the classical formula by the invar iant factor 

f = I J - F F»V= ( — 2 

1 4 HI*1"* {H0; 

This result does no t coincide with those obta ined not only 
in the classical theory, bu t also in the u l t r a q u a n t u m case of 
an excited electron moving in a very s t rong field. 

3.4 Quantum fluctuations of the trajectory of an electron 
The q u a n t u m theory of synchro t ron rad ia t ion deserves the 
credit for the discovery of a new physical p h e n o m e n o n : 
tha t the rad ia t ion pe r tu rbs the trajectory of a part icle 
because of its discrete na tu re . This influence manifests itself 
even for energies 

2fmcR\1/5 

= mc I I E ^ E 1/5 

(of several h u n d r e d s of MeV) : q u a n t u m effects become an 
impor t an t factor which affects the dynamics of an electron. 
As a result, the recoil gives impetus to the excitation of 
radia l degrees of freedom of an electron, and the trajectory 
of the part icle suffers a q u a n t u m widening. 

The q u a n t u m theory of an electron moving in synchro
t ron rad ia t ion condi t ions was first used to analyse the radia l 
factor I2

ss'(x) [see E q n (3.9)], enter ing the expressions for the 
rad ia t ion power and for the probabi l i ty of q u a n t u m 
transi t ions , and account ing for the f luctuation na tu re of 
excitation of radia l degrees of freedom of an electron which 
are characterised by the number s. The stochastic character 
of excitation is par t icular ly str iking under the assumpt ion 
tha t the centre of the orbit of an electron coincides with the 
origin of coordina tes at the initial instance and, therefore, 
s = 0. Then the rad ia l factor 

takes the form of the c o m m o n Poisson dis t r ibut ion. In the 
classical limit (fi —> 0), the a rgument x vanishes. Therefore 

Jim l l A x ) = <W , 

and in the general case 

lim Iss,(x) = Sss, 
n—>0 
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i.e., the radia l number does not vary in the classical limit. 
Then from the s tandpoin t of the classical theory, rad ia t ion 
causes a shor tening of the rad ius of the orbit of an electron 
which is compensa ted by the outer high-frequency electric 
field in a synchro t ron and a s torage ring. Thus , q u a n t u m 
fluctuat ions of the rad ius of the orbit of an electron cannot 
be considered as a ' q u a n t u m correct ion ' . This is a new, 
p roper q u a n t u m physical p h e n o m e n o n (see Refs [32, 67, 
25]). 

The q u a n t u m number s which characterises the q u a d 
rat ic f luctuation of the rad ius of the orbit of an electron 
[Eqn (3.8)] can be found as follows. Us ing E q n (3.9) to 
determine the probabi l i ty of q u a n t u m t rans i t ions per uni t 
t ime, we can write it in the form: 

wss, 
V3e 

where e 0 = 1 — (P. Then , considering 

I'OC 

K5/3(x)dxI?Ay) , (3.17) 
Jy 

••y , 
s' 

we have 

ds 55 

dt 4 8 A / 3 mcR2 \mc 

or 

dt 
Ar2 

55 

48 A / 3 m c m c R ync2 

(3.18) 

(3.19) 

the ba r indicates the average value of the quant i ty . Thus , 
the stochast ic process of rad ia t ion suggests a formula 
typical of the Brownian mot ion provided tha t the average 
energy of an electron is constant . This formula accounts for 
the act ion of r a n d o m forces on the part icle: x2 = 2Dt, 
where D is the diffusion coefficient (see Ref. [80]). The 
q u a n t u m effect of the 'widening orb i t ' [Eqn (3.19)] 
predicted by the au thor together with Sokolov [32, 67] 
can be interpreted as a macroscopic manifesta t ion of 
q u a n t u m fluctuat ions of rad ia t ion caused by discrete 
emission of p h o t o n s and the recoil an electron experi
ences. In the radia l direction, electrons move in accordance 
with q u a n t u m laws, whereas the mot ion a long the circle is 
of a classical na tu re (a 'mac roa tom ' ) . Such a pa t t e rn of 
mot ion is realisable only if the average energy of an 
electron is cons tant when the radiat ive energy losses of the 
part icle are compensa ted by an outer source. 

The si tuat ion is, however , different when the radia t ive 
losses of an electron are not compensa ted . This is the case, 
for example, in the ast rophysical condi t ions or, especially, 
in the magne tosphere of a pulsar . It is interest ing tha t an 
equil ibrium is established as a result of two processes — the 
radiat ive shor tening of the rad ius of the orbit of an electron 
and the growth of the quadra t i c f luctuation. Since 

- r 2ch ( 1 
R =^H{n + S + 2 

it m a y be found tha t 

d ^ 2 2cH / d n ds 
dt ~ e0H \ dt dt 

(3.20) 

where the derivative ds/ dt is specified by means of 
formula (3.18), and the pr incipal q u a n t u m number n 
varies with energy: 

_d _ _HA EW 
~din~~JT ( m c 2 )2 

Then it follows from E q n (3.20) tha t dR2/dt = 0 provided 
tha t the rad ius is minimal : 

55 H f E 

32y/3 mc \mc 
(3.21) 

This expression is similar to the cor responding expres
sion in the case of an electron moving in the focusing 
magnet ic field of a s torage r ing when radiat ive damping 
forces (damping effect) act in paral lel with the q u a n t u m 
widening of the trajectory of a part icle and the ampl i tude of 
the oscillations of an electron is at a min imum (see 
Section 4). 

3.5 Effect of radiative polarisation of electrons and 
positrons in storage rings 
The effect is tha t the spins of part icles are oriented in the 
same way under the influence of synchro t ron rad ia t ion 
when they circulate in s torage r ings for a long t ime. This 
effect of radiat ive polar isa t ion was predicted by the au tho r 
[81] and strictly established together with Sokolov with the 
use of the exact solut ions to the Di rac equa t ions [82] (see 
also Refs [35, 83]). 

The probabi l i ty of q u a n t u m t rans i t ions accompanied by 
spin flips can be calculated with E q n (3.11). The calculat ion 
shows tha t the probabi l i ty still depends on the spin 
or ienta t ion and u p o n integrat ion with respect to angles 
and to the spectrum: 

where the polar isa t ion t ime T has the form 

(3.22) 

8y/3 H2 

15 met 
mc 
~E 

2\2 
(3.23) 

It follows tha t rad ia t ion induces electrons to transi t 
p redominan t ly in states with a spin oriented in the 
direction opposi te to tha t of the magnet ic field [81]. 
Pos i t rons have the opposi te spin or ienta t ion. States with a 
p r e d o m i n a n t spin or ienta t ion ma tch the min imal poten t ia l 
energy of part icles, the magnet ic m o m e n t of which is 
ft = — (e0h/2mc)C in the magnet ic field U = (—e/\e\)fi>H. 

Omit t ing the details of the kinetics of the polar isa t ion 
process (see Refs [82, 35] and tu rn ing our a t tent ion to an 
ensemble of part icles, we can characterise the polar isa t ion 
of a beam of part icles by the average value £(t) = (£), 
bear ing in mind tha t the electron goes into the combined 
state as a result of interact ion with the electromagnet ic field. 
Then 

dt 
n 

whence it follows t h a t | 

1 — exp ( — 

The extreme degree of polar isa t ion is P(oo) 
0.924 (for t > T ) . 

(3.24) 

3^/3/15 = 

fThis result was later obtained by Baier and Katkov [84] and by 
Schwinger [85]. 
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The est imate for the polar isa t ion t ime shows tha t the effect 
of radiat ive polar isa t ion is accessible for observat ion in 
magnet ic fields which are typical of accelerators only if the 
part icles circulate in the magnet ic field for a long t ime 
(about 1 hour ) . Storage r ings provide a means for this 
possibility. A l though there are effects depolar is ing the beam 
in an actual s torage ring, the effect of radiat ive polar isa t ion 
exists and provides a un ique capabil i ty for creat ing 
polar isa t ion b e a m s of high-energy electrons and pos i t rons . 

The effect of radiat ive polar isa t ion was experimental ly 
observed in the U S S R , F rance , G e r m a n y , U S A , Japan , and 
Switzerland in s torage rings with electrons of energy 1 -
50 G e V (see Ref. [83]). 

3.6 Stimulated synchrotron radiation. 
Cyclotron resonance maser 
In this section, we will s tudy the induced q u a n t u m 
t rans i t ions of electrons under the act ion of the outer 
field of an electromagnet ic wave by using m e t h o d s of 
q u a n t u m theory (see Ref. [25]). The induced amplification 
and generat ion of electromagnet ic waves are possible no t 
only in a tomic and molecular systems bu t also when 
electron b e a m s move in an outer e lectromagnet ic field. In 
contras t to induced q u a n t u m t rans i t ions in a tomic and 
molecular systems, where electrons are in b o u n d states, 
part icles are 'quasifree ' when they move in an outer 
e lectromagnet ic field, and their energy spectrum is virtually 
quas icont inuous . So, for example, in the p rob lem of an 
electron moving in an h o m o g e n e o u s magnet ic field, only 
the mot ion in the p lane perpendicular to the magnet ic field 
(Landau levels) is quant ised while the mo t ion a long the 
field is free. Q u a n t u m generators , whose 'working b o d y ' is 
an electron beam moving in an outer magnet ic field (for 
example, in the field of an undu la to r ) , were called free-
electron (not b o u n d in an a tom) lasers. 

The detailed descript ion of free-electron lasers goes 
beyond the scope of this review (see Refs [52, 100]). 
He re I shall only discuss the p rob lem of h o w a cyclotron 
resonance maser (a C R M ) can be realised. The solution can 
be obta ined by means of the q u a n t u m theory of SR. 

Let us consider the induced rad ia t ion of an electron 
moving in a constant and h o m o g e n e o u s magnet ic field in 
the presence of an outer e lectromagnet ic wave. Then the 
expression for the probabi l i ty of induced t rans i t ions can be 
presented as the p roduc t wnn/ = N ( c o ) w^, where is the 
probabi l i ty of spon taneous t rans i t ions and N ( c o ) is the 
number of p h o t o n s in the vo lume L 3 . The last quant i ty is 
related to the outer e lectromagnet ic wave strength by the 
equat ion: 

HcoN((o) 

4n 

If the outer wave p ropaga te s at an angle 6 to the z axis, 
then the expression for the probabi l i ty of induced 
t rans i t ions can be reduced to the form [35] 

ne2

0£2c2 

(|s 1 | 2 + | S 2 | 2 c o s 2 0 ) g ( G ) , conn,) , (3.25) 

where ftconnr = En — Ent, and the function g(co, conn>) 

characterises the Loren tz width of the spectral line: 

1 T 
g{P> ™nn>) 

n \ + T 2 ( \ c o n n l \ - c o ) 
2 ' 

(3.26) 

Here T is a characteris t ic finite lifetime of an electron in the 
excited state. It cor responds to the effective t ime in which 
the part icle t raverses the magnet ic field. N o t e tha t the 
function g(co, conni) is normal ised to uni ty: 

/•OO 

g(cQ, CQnn,)dCQ= 1 . 

J—oo 

If the lifetime of an electron in a state with the energy En is 
large enough, then g(co, conn>) goes into the delta function: 

lim 
T—•OO 

(co, conn.) = b ( c o - conn>) . 

Let us tu rn our a t tent ion to the energy spectrum of an 
electron moving in a h o m o g e n e o u s magnet ic field. F o r 
simplicity I shall consider the mot ion of an electron in the 
orbi ta l p lane , and neglect the recoil a long the field when a 
p h o t o n is emitted. This assumpt ion makes it possible to 
describe the fundamenta l features of the maser effect in a 
simple form. 

U n d e r these condi t ions , the expression for the energy 
spectrum is 

En = (m2c4 + 2ne0HcH)1/2 = mc2 + HnQ[l - ) , (3.28) 
\ 2mc ) 

where Q = e^H/mc is the cyclotron frequency. In the 
expansion of the square root , relativistic correct ions to the 
L a n d a u energy levels are accura te to fP. The discrete 
character of the energy spectrum manifests itself bu t in a 
weak form under condi t ions typical of an electron moving 
in an orbit of a macroscopic radius : the distance between 
adjacent energy levels (An = 1) is 

AE: 
2 mc H 

~E~ H~a 

and the energy spectrum is virtually con t inuous . 
In such p rob lems the outer rad ia t ion cannot be chosen 

to be localised in frequency. Therefore, three adjacent 
levels, En and E n ± u are to be considered. They cor respond 
to absorp t ion (En+X) and emission (En_x) of a p h o t o n . It is 
impor t an t tha t the coherent amplification is impossible in 
the case of an equidis tant spectrum (nonrelativist ic a p p r o x 
i m a t i o n ) — p h o t o n s of the outer magnet ic field are only 
absorbed . 

However , the relativistic correct ions [Eqn (3.28)] change 
the si tuat ion: q u a n t u m t rans i t ions with emission c o n n_x and 
absorp t ion con^ n + 1 of a p h o t o n have distinct resonance 
frequencies: 

= Q 1 - -
m 

2mc2 ( 2 / i T l ) (3.29) 

This offers new oppor tuni t ies for amplifying an outer 
e lectromagnet ic wave. Given, in par t icular , tha t con n_x = Q 
we have \con^ n + l \ = Q — Ql9 where Qx = HQ2/mc2. 

It suffices to t ake the elements of the Di rac matr ices |ax | 
and |a 2 | in the dipole approx imat ion : 

|a i | 2 = | a 2 | 2 
HQ 

2mc2 
[ ( n + l ) 8 n', n+1 + n&*9 n-l] 

Then the overall energy of the st imulated rad ia t ion and 
absorp t ion is 

W = B(con^ n _ x wn^ n _ x - \con^ n + l | wn^ n + l ) 

e2

0£2Q2T(\+cos26) 

mco 
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where 

1 + x 2 
1 + 

2P2
 • Qx 

1 + x 2 
Q = QT , (3.30) 

and 

x = 2T(Q -CO), ft2 
2n%Q 

Hence it follows tha t , if the levels are equidis tant (/? = 0), 
then the system always absorbs the energy from the 
electromagnet ic wave since W < 0. F o r m u l a (3.30) was first 
obta ined by Schneider [93]. W h e n the resonance is violated 
(co > Q), the second term in the function $(x) can become 
negative and its absolute value can be greater t han unity. 
Then the system of electrons in the magnet ic field is a 
source of coherent rad ia t ion (Fig. 13). This idea provides 
the theoret ical foundat ion for the cyclotron resonance 
maser [94, 95]. 

n + V 

Figure 13. (a) Three-level system describing interaction of electrons 
with the radiation field at frequencies close to vcoc. (b) Absorption 
curves for electrons in a magnetic field H — 104, for 6 — n/2. 

N o t e tha t the maser effect can also be obta ined at the 
higher ha rmon ics of the fundamenta l frequency for elec
t rons of high energies in the relativistic case [96]: 

W = 0.506 v " 4 / 3 

2<?2^ 2 r t TC 
. 0.726 v 4 / 3 ^ , (3.31) 

Hence it follows tha t rad ia t ion domina tes over absorp t ion 
for ha rmon ics v < y / v m a x 9 where v m a x = (E/mc2)3 is the 
index of ha rmonics cor responding to the m a x i m u m in the 
synchro t ron rad ia t ion spectrum. 

The p rob lem of a cyclotron rad ia t ion maser described 
above can be solved by m e t h o d s of the classical theory [97]. 

However the processes of induced rad ia t ion and absorp t ion 
cannot be split within the f ramework of the classical theory: 
they mus t be considered as a whole . In this respect, the 
q u a n t u m theory has certain advantages (see Refs [25, 27]). 

4. Influence of synchrotron radiation on the 
dynamics of electrons in cyclic accelerators and 
storage rings 
The p h e n o m e n o n of q u a n t u m fluctuat ions of the trajectory 
of an electron moving in a magnet ic field is of fundamenta l 
impor tance in the analysis of the stability of mo t ion of 
part icles in a cyclic accelerator and, in par t icular , in a 
s torage ring. The magnet ic field in such a p p a r a t u s no t only 
induces an electron to move in a circle of a cons tant rad ius 
bu t also possesses focusing proper t ies . The field which has 
these proper t ies helps to re turn the part icle to s ta t ionary 
orbi ts [24, 25, 86]. If the field has the form H =H(R/r)q 

near a s ta t ionary orbit , then electrons subjected to r a n d o m 
deviat ions will be engaged in be t a t ron oscillations: the 
frequency of radia l oscillations will be equal to 
cor = co0^\ — q, and tha t of vertical oscillations will be 
coz = co0y/q, where co0 = e0cH/E = c/R. Given an index of 
decrease of the field (q) less t han uni ty (weak focusing), the 
orbit is stable in either direction. (The letter q is chosen to 
designate the index of decrease of the field since its 
c o m m o n letter is used to designate the pr incipal q u a n t u m 
number . ) The case of s t rong focusing \q\ 1 is no t 
considered here. 

Synchro t ron rad ia t ion is an impor t an t factor which 
determines the dynamics of part icles in an accelerator 
and in a s torage unit . It is sufficient to recall the fate of 
the be t a t ron [7]. SR induces large radiat ive energy losses 
and the rad ius of the orbit shor tens . This sets a physical 
limit on the induct ion me thod of acceleration, which is 
condi t ioned by the d is turbance of the stability of mo t ion of 
electrons. 

In a synchro t ron the radiat ive losses of the energy of a 
part icle are compensa ted by an outer source — a per iodic 
magnet ic field which is tangent ia l to the trajectory — and 
the rad ius of the orbit of an electron is cons tant since 
fiE = e$HR. The focusing proper t ies of the magnet ic field 
provide for stability of the mo t ion of a part icle in a circle of 
a s ta t ionary radius . 

However , the radiat ive shor tening of the rad ius of the 
orbit of an electron is no t the only role of SR. The general 
analysis of the stability of mo t ion with regard to SR leads to 
an interest ing observat ion: an electron s imultaneously 
experiences the act ion of classical radiat ive damping 
forces, which drastically decreases the ampl i tude of be t a 
t ron oscillations (see the works of Kolomenski i , Lebedev, 
Orlov, and Ta ra sov [86]), and of q u a n t u m fluctuation 
forces, which result in q u a n t u m widening of the orbit 
[32, 67]. As a result, the ampl i tude of be t a t ron oscillations 
assumes a steady value in the course of t ime. This value is a 
peculiar compromise of radiat ive d a m p i n g of oscillations 
and their q u a n t u m excitat ions. 

The strict solution to the p rob lem of h o w q u a n t u m 
fluctuat ions of SR affect the mot ion of electrons in a 
h o m o g e n e o u s focusing magnet ic field was obta ined by 
G u t b r o d [87] (see also Refs [88, 24, 25]). H e showed, by 
the me thod of exact solut ions to the K l e i n - G o r d o n 
equat ion (a spinless electron), tha t the square of the 
ampl i tude of radia l oscillation, 
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a2 = 2x2 = 2(r - R)2 = 
2chs 

changes in t ime in accordance with the law 

da2 _ 55 e2 % f E ' ' 

~df 2 4 A / 3 mc(\ - q)2 mcR \Jn~c2 

qW 

(4.1) 

and, similarly, tha t the ampl i tude of vertical oscillations 
b2 = 2z2 changes in accordance with the law 

db1 13 

dt 2 4 A / 3 m c c l m c R \mc 
(4.2) 

H e r e W is the synchro t ron rad ia t ion power and q is the 
index of decrease of the magnet ic field. N o t e tha t Eqn (4.1) 
goes into formula (3.19) in the case of an h o m o g e n e o u s 
magnet ic field (q = 0). 

It is seen from the t ime dependencies of the squares of 
ampl i tudes of radia l and vertical be t a t ron oscillations tha t , 
if the q u a n t u m excitation were absent , the classical radiat ive 
damping with the damping decrement 

w 
1 - q E r = w 

would stop be ta t ron oscillations and strongly compress the 
entire bunch of electrons. Then the rad ia t ion would be 
strongly coherent and the n o r m a l opera t ion of an 
accelerator or a s torage r ing of electrons would be 
upset : a p ro longed circulation of electrons in the magnet ic 
field would be impossible in essence. This would set a 
physical limit on a synchro t ron or a s torage ring. 

However , q u a n t u m fluctuat ions of the trajectory of a 
part icle prevent the bunch from being compressed. As a 
result, the ampl i tude of oscillations takes a fixed value once 
the equil ibrium of two processes — the classical radia t ive 
damping (the damping effect) and q u a n t u m excitation — is 
established: 

(4.3) 2 
^est 

55 1 RH 

1 6A / 3 q{l - q) mc \mc 

13 1 Rh 

1 6A / 3 q mc ' 
(4.4) 

N o t e tha t q u a n t u m fluctuat ions affect radia l be t a t ron 
oscillations to a greater extent. As a result, the electron 
beam is compressed vertically and elongated radially. 

Let us consider n o w h o w SR affects the dynamics of 
electrons in a s torage ring, when part icles move in it for a 
long t ime (tens of hours ) and preserve their energy (their 
radiat ive losses are compensa ted by the outer electric field). 
W e shall use the classical D i r a c - L o r e n t z equat ion , 

V * 4 : 
c

X v ^ r r a d (4.5) 

in which the radiat ive friction force in the relativistic case 
of interest to us has the form 

2el 

r r a d — (4.6) 

where the dots indicate derivatives with respect to the 
intrinsic t ime. Then the D i r a c - L o r e n t z no t ion takes the 
form 

d_(Ev\ 

TtWj 
v x H — e0E, — W — 

comp y r ^2 
(4.7) 

in its c o m m o n three-dimensional no ta t ion . H e r e the electric 
field Ecomp compensa tes for energy losses and provides for 
a cons tant energy. A l though Eqn (4.7) fully describes the 
mo t ion of electrons in a s torage ring, it does not account 
for the q u a n t u m fluctuations of rad ia t ion . 

In par t icular , E q n (4.7) is followed by the equat ion of 
be t a t ron oscillations: 

x + rrx + corx = 0 , R (4.1 

Thus , synchro t ron rad ia t ion manifests itself as a factor 
which cont r ibutes to s teadying the mot ion of a part icle [86]. 
As no ted above, the classical force of radiat ive friction 
[Eqn (4.6)] does not give a full descript ion of the dynamics 
of an electron. The opera t ion of a s torage r ing will be upset 
abrup t ly after a t ime T ~ l / r r , as a consequence of 
compress ion of the electron beam and very s t rong 
coherent rad ia t ion (this t ime is equal to 10~ 3 s for 
electrons of energy 1 GeV). 

The reason is tha t expression (4.6) for the force of 
radiat ive friction does no t account for the q u a n t u m n a t u r e 
of synchro t ron rad ia t ion — the discrete character of p h o t o n 
emission. It is a pi ty tha t this most impor t an t factor has no t 
been reflected in the review [89] dedicated, in par t icular , to 
equa t ions of mo t ion of part icles with considerat ion for the 
radiat ive force of friction. 

In view of the k n o w n complexity of the q u a n t u m theory, 
several au tho r s (Sands [90], Ko lomensk i i and Lebedev [86], 
see also Ref. [88]) p roposed models which add the classical 
expression for the radiat ive friction force to the q u a n t u m 
fluctuation force. So, for example, the expression for the 
f luctuation force F f l responsible for q u a n t u m fluctuat ions 
can be chosen in the form [88, 25] 

E(\-q)*f V - 0 (4.9) 

and then the equat ion for be t a t ron radia l oscillations 
becomes inhomogeneous : 

x + rrx + co2x = F f l (4.10) 

Its r igh t -hand side accounts for discrete proper t ies of 
synchro t ron rad ia t ion . N o t e tha t , unl ike the classical 
formula for the force of radiat ive friction [Eqn (4 .6) ] | , 
the f luctuation force given by Eqn (4.9) is in t roduced 
here for the sake of the mode l only. The extent to which 
this mode l is t rue can be seen from compar i son with the 
exact q u a n t u m calculat ion [86]. 

The general solution of E q n (4.10) can be presented in 
the form (see Ref. [25]) 

{x-x? =Y [ l - e x p ( - r r 0 ] , (4 .H) 

where the quant i ty 

55 e_ _h_ (E_ 

4 8 A / 3 (1 - q)2 mc mcR \mc: 
(4.12) 

characterises the change in the quadra t i c f luctuation of 
rad ius due to the q u a n t u m widening of the trajectory; this 
formula is subst i tuted into E q n (3.19) for q = 0 (homoge
neous field). 

fThe expression for radiative friction force [Eqn (4.6)] was obtained by 
Dirac [91] under the assumption that an electron experiences the action 
of the field equal to half the difference between the lagging and leading 
fields created by the particle in motion. 

file:///Jn~c2
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Of interest are two limiting cases. Firs t I shall dwell on the 
case of small t imes: t <̂  \jTr. Then 

(x -xf =At . (4.13) 

The part icle moves in the classical t rajectory and 
executes h a r m o n i c damping oscillations. Q u a n t u m fluctu
at ions result in the q u a n t u m widening of this t rajectory 
(Fig. 14). Moreover , the widening of the trajectory is 
similar to the law of Brownian mot ion for the t ime 
t< \/Tr ( T = l / r r ~ 1 0 " 3 sec): 

(x - xf = 2Dt. 

It is impor t an t tha t q u a n t u m fluctuat ions responsible for 
widening trajectory canno t be el iminated in principle since 
they cannot be described by a con t inuous law. 

(x-xf 

Figure 14. Quantum widening of the amplitude of damping betatron 
oscillations. 

In ano ther limiting case of t > 1/Tr, it follows from 
E q n (4.11) tha t 

=jr- (4-14) 
\t—>oo 1 R 

Moreover , the mo t ion of the part icle no longer depends 
on the initial ampl i tude of oscillations. The t ime % = \/Tr 

characterises the t ime for which the informat ion abou t the 
initial state of the system is forgotten. As a result, the 
s teady-state value of the quadra t i c f luctuation is es tab
lished: 

- - 2 55 1 R% ( E V 
{ X ~ X ) = ^ W ^ ) ™ { ^ ) • ( 4 ' 1 5 ) 

This quant i ty is essential in determining the sizes of the 
cross-section of the beam (emit tance) and is q u a n t u m in 
na tu re . 

In the first exper imental studies of the q u a n t u m p r o p e r 
ties of SR, q u a n t u m fluctuat ions were indirectly observed 
on the electron synchro t ron in the California Ins t i tu te of 
Technology [90]. There were p rob lems in s tar t ing up the 
accelerator when a t t empts were m a d e to achieve the ra t ing 
energy of electrons of 1.2 GeV, because of q u a n t u m 
excitat ions of phase oscillations. The s tudy of the dynamics 
of an electron beam was performed by means of the 
technique of rapid p h o t o g r a p h y of synchro t ron rad ia t ion 

in the F I A N on the synchro t rons in which the electron 
energies were 280 and 680 M e V [92]. The evolut ion of the 
luminous pa tch was presented in a series of p h o t o g r a p h s . 
The pa tches characterised the be ta t ron oscillations of an 
electron and their changes dur ing the course of a cycle of 
acceleration. The damping effect and the q u a n t u m widening 
of the trajectory were observed (Fig. 15). Us ing the same 
technique, Vorob ' ev et al. per formed studies in the T o m s k 
Polytechnical Ins t i tu te on the synchro t ron 'S inus ' for an 
electron energy of 1.5 G e V [42]. All the experiments 
suppor ted the theoret ical conclusions. It was also es tab
lished tha t the focusing of a beam should be sharpened and 
tha t the field should have larger gradients (close focusing), 
in order to m a k e the advance of the accelerating technique 
into the region of energies of m o r e than \q\ > 1 possible. 

[(JC -xf] 7 / m m E/MQN 

Figure 15. Time dependence of the mean square amplitude of radial 
betatron oscillations of electrons for the synchrotron 'FIAN-680 
M e V : (1) experimental data; (2) theoretical data; (3) variations in the 
magnetic field. 

5. Synchrotron radiation in physical 
experimentation 
F o r a long t ime, synchro t ron rad ia t ion was considered to 
be a nuisance in the opera t ion of a cyclic accelerator: the 
reason was tha t it set a radiat ive 'ceiling' to the opera t ion 
of a be t a t ron [7]. Radia t ive losses of energy imposed a 
fundamenta l restrict ion on the inductive me thod of 
acceleration of electrons. Therefore, a new acceleration 
technique was adop ted u p o n the discovery of au toma t i c 
phase stabilisation (Wecksler, McMi l l an ) — a synchro t ron 
in which energy losses are compensa ted for. However , even 
early studies of the proper t ies of SR [2, 1 6 - 1 8 ] a t t rac ted 
the a t ten t ion of experimental is ts and soon aroused an 
interest in SR as a new source of rad ia t ion . 

In the 1960s the first labora tor ies of synchro t ron 
rad ia t ion appeared with the object of finding an appl ica
t ion for SR in the physical experiment . This special 
a t tent ion to the new source of rad ia t ion was due to its 
peculiar proper t ies : a wide spectral r ange on the scale of 
e lectromagnet ic waves from the infrared rad ia t ion to the x-
ray rad ia t ion ; sharp coll imination because of which the 
br ightness of rad ia t ion was very high; high power ; and 
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na tu r a l polar isa t ion typical of this source. Of great 
impor tance was the fact tha t all proper t ies of SR were 
fully described theoretically. This m a d e it possible to 
calculate its characterist ic with a high degree of prec is ion! . 

The 1980s were marked by a v igorous growth of a 
number of invest igat ions in which SR was used, and by 
advances in new types of specialised sources of rad ia t ion . 
D u r i n g these years scientific research centres of synchro t ron 
rad ia t ion appeared . They were equipped with sources of 
SR, free-electron lasers (FELs) , wigglers, systems of 
undu la to r s , and auxiliary facilities built in the chamber 
of a s torage ring. In Russia , centres of synchro t ron 
rad ia t ion were established in the Ins t i tu te of Nuclear 
Physics in Novos ib i r sk , in the P N Lebedev Physical 
Ins t i tu te ( F I A N ) , and in the I V K u r c h a t o v Inst i tu te of 
A tomic Energy. T o d a y scientific research using synchro t ron 
rad ia t ion receives a wide acceptance all over the world: in 
the U S A , F R G , Italy, J apan , Un i t ed K i n g d o m , F rance , 
Switzerland and other count r ies} . 

The successful appl icat ion of SR in the physical 
experiment had a p r o n o u n c e d effect on the progress of 
physics of a t o m s and molecules and also of physics of the 
solid body . It is impossible to cover all these issues in our 
review in any detail since they const i tute a vast p rob lem, 
which is in itself of interest. F or tuna te ly there is no need for it 
since the issues related to appl icat ions of SR in the physical 
experiment are considered in detail in specific l i terature. So, 
for example, the review of Curd l ing was dedicated in 
par t icular to the appl icat ion of SR in a tomic spectroscopy 
(see Ref. [98]); K o c h and Sonntag reviewed appl icat ions of 
SR in molecular spectroscopy; and Ling reviewed the 
spectroscopy of solid bodies (see Ref. [98]). Appl ica t ions 
of SR in studies of the luminescence of crystals were 
considered in the m o n o g r a p h [25] and, finally, the review 
of Haense l is dedicated to appl icat ions of SR in studies of 
optical proper t ies of alkali hal ide c o m p o u n d s (see Ref. [99] 
and also Refs [105-108] ) . 

It should be stressed tha t synchro t ron rad ia t ion p o s 
sesses a number of benefits in compar i son with other 
sources used in spectroscopy. K u l i p a n o v and Shkrinskii 
cited a set of formulas h a n d y for pract ical calculat ions and 
evaluat ions of SR as a source in the review [105] (see also 
Refs [25, 27]). So, for example, the spectral br ightness of a 
source, 

Nvd4 

B x ~ d ^ d s d o d i / r ( 5 , 1 ) 

is of significant impor tance for pract ical purposes . The 
br ightness is the number of p h o t o n s Nv which have been 
emitted for one second from a uni t area of a source S into a 
uni t solid angle Q in a given spectral b a n d dXjX. It is a 
function of the size of the electron beam and of the angular 
spread of part icles in the beam: 

f in 1968 a channel of vacuum ultraviolet synchrotron radiation was 
built in the synchrotron 'FIAN C-60' under the supervision of V V 
Mikhailin. 

J in the same period, a laboratory was established in the Physics 
Depar t - ment of Moscow State University (under the supervision of 
the author and V V Mikhailin), which united theoreticians and 
experiment-alists for theoretical analysis and applications of 
synchrotron radiation. The laboratory collaborated with the Physical 
Institute of the Academy of Science, the Institute of Atomic Energy, 
the Institute of Nuclear Physics, Siberian Branch of the USSR 

AxAz[^ + (A6z)2]1/2' 

Here N% is the spectral flux of p h o t o n s , Ax and Az are the 
effective sizes of the beam (hor izonta l and vertical), i / ^ is 
the angular divergence of SR, and A6Z is the vertical 
angular spread of electrons in the beam. 

The br ightness of a source specifies the max imal 
a t ta inable wavelength resolut ion and also the exposure 
t ime (biology, x-ray l i thography) . Therefore, one of the 
major a ims in designing sources of SR is to a t ta in a 
br ightness as high as possible. 

N o t e tha t SR is virtually a un ique source of h igh-
intensity rad ia t ion in the range 2 0 0 - 5 0 0 A. In the shor t -
wavelength range of the vacuum ultraviolet rad ia t ion and in 
the soft x-ray range, the power of the rad ia t ion emitted by 
electrons of energy of several GeV exceeds the power of 
rad ia t ion available from x-ray tubes by several orders of 
magn i tude [25, 27]. 

Of special impor tance is the appl icat ion of SR in 
experiments in the soft x-ray range of rad ia t ion , in which 
its power exceeds several t imes tha t of all other sources of x-
ray rad ia t ion . It should be added tha t SR has an advan tage 
over other sources since it al lows for con t inuous adjustment 
of the wavelength of rad ia t ion , especially for appl icat ion of 
long-wavelength x-ray rad ia t ion . 

This peculiar feature of SR opened up a possibili ty for 
its appl icat ion in biology, in the s tudy of s t ructures of 
b iopolymers . The reduct ion of the exposure t ime, and the 
preservat ion of the object of investigation from being 
destroyed because of a much smaller radiat ive load 
m a k e SR irreplaceable in studies of biological s t ructures 
(see Ref. [25]). 

The last few years have been marked by the successful 
appl icat ion of SR in medicine, par t icular ly in ang iography 
by x-ray techniques. There is a possibili ty of ob ta in ing m o r e 
informat ion when a smaller radia t ive load is applied to a 
pat ient . In 1986 Winick conducted angiographic inspection 
of a m a n in the Stanford L a b o r a t o r y of SR (earlier such 
inspections were conducted on animals only) (see Refs [25, 
103, 104]. 

SR has been applied in micro l i thograpy for ob ta in ing 
elements of microschemes used in m o d e r n semiconductor 
devices. The un ique proper t ies of SR — sharp directivity, 
large power in the x-ray range — m a k e it possible to 
improve the qual i ty of elements of microschemes and to 
obta in new elements in microelectronics (see Refs [25, 109]). 

I will n o w d raw the r eade r ' s a t ten t ion to new possibi l
ities of experiments centered a r o u n d the direct visual 
observat ion of 'electronic l ight ' [25, 100]. This refers to 
the observat ion of an electron beam when it passes t h rough 
an accelerating cycle or moves in a s torage ring. As no ted 
above, an ou t s t and ing success was the exper imental 
examinat ion of the dynamics of be t a t ron oscillations of 
electrons in the presence of forces of radiat ive d a m p i n g and 
q u a n t u m fluctuat ions [41, 101]. 

The basis for visual observat ion of dynamics of an 
electron b e a m is the high-speed p h o t o g r a p h y of synchro
t ron rad ia t ion emitted from an electron beam, followed by 
the processing of p h o t o g r a p h s . High-speed p h o t o g r a p h y of 
an electron b e a m for purposes of analysis of its dynamics 
was first performed by Pol lock ' s g roup on the synchro t ron 
'Genera l Electric-70 M e V [2], and then this technique was 
developed by A d o [102] and also in a series of studies 
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performed under the supervision of Koro l ev on the 
synchro t rons ' F I A N - 2 8 0 M e V and 'F IAN-680 M e V 
[92]. The analysis of p h o t o g r a p h s obta ined in the experi
men t s ment ioned above restored the full h is tory of 
evolut ion of be t a t ron oscillations under the act ion of 
forces of radiat ive damping and q u a n t u m fluctuat ions 
[41, 92]. I wan t to emphasise tha t the source of informat ion 
abou t the mot ion of an electron was the part icle itself 
t h rough emitted electromagnet ic waves — ' luminous elec
t r o n ' (for details, see Ref. [25]). 

I shall describe in detail several new possibilities of 
applying SR in experiments , centred a round the rad ia t ion 
of an electron having an oriented spin. U n d e r the condi 
t ions typical of the magnet ic field of accelerators and 
storage rings, the dynamic pa ramete r 

= H_ p±_ 
H0 mc 

[see E q n (3.1)] is still a small quant i ty and the q u a n t u m 
effects of synchro t ron rad ia t ion manifest themselves as 
small cont r ibu t ions on the b a c k g r o u n d of the classical 
formulas for rad ia t ion . Nevertheless the rad ia t ion of an 
electron beam with an oriented spin has interest ing 
features. As ment ioned earlier, there is an addi t ion A to 
the power of rad ia t ion in the short-wavelength range of the 
spectrum of SR. This addi t ion is due to polar isa t ion of the 
electron beam |£| = |(£)|: 

where y = E/mc2, y = co/cocr > 1. In other words , the 
addi t iona l power of SR is p ropo r t i ona l to the magnet ic 
field strength, energy, and degree of polar isa t ion of the 
electron beam for a fixed wavelength. The quan t i ty A can 
be considered as the j u m p of the rad ia t ion energy u p o n 
tu rn ing on the depolariser which destroys the spin 
or ienta t ion . 

This me thod of observat ion of spin dependence of SR 
was for the first t ime applied in the Inst i tute of Nuclear 
Physics, the Siberian Branch of the U S S R A c a d e m y of 
Science in Novos ib i r sk [72]. The j u m p of the rad ia t ion 
energy A was determined by compar ing the powers of SR of 
the two clusters of part icles — polarised and nonpolar i sed 
(one of the clusters was exposed to selective depolar isa t ion) . 
The results obta ined showed a good agreement with the 
theory of the radiat ive polar isa t ion effect for electrons and 
pos i t rons in s torage rings [81, 82]. 

N o t e tha t the observer ' s ins t rument has no direct 
influence on the part icle in the above experiments (as 
was the case, for example, in the experiments of Stern 
and Ger lach) . H e r e the source of informat ion abou t the 
spin or ienta t ion is the electron itself: it emits SR which 
depends on the spin proper t ies of the part icle. The 
experiment on observat ion of spin dependence of SR 
presents new insights on the p rob lem on measur ing the 
spin of a free (not b o u n d in an a tom) electron. 

As noted above, electrons and pos i t rons moving in 
s torage r ings are polar ised by synchro t ron radia t ion . The 
interact ion of oppos ing polar ised b e a m s of part icles is of 
the u tmos t impor tance in experiments in the field of high 
energy physics. However , these issues are beyond the scope 
of our review (see Ref. [25]). 

In conclusion I shall describe briefly ways in which SR 
sources can be improved. One of the crucial p rob lems is 

h o w the br ightness of a source can be increased. The term 
br ightness is unde r s tood to refer to the number of p h o t o n s 
which are emitted in one second from a uni t area of an 
extended source into a uni t solid angle. One way of 
increasing the br ightness is to create a s torage r ing of 
small emit tance — the emit tance is a characteris t ic of a 
beam of particles, and is given by s = K G 6 , where a is the 
Gauss ian size of the beam in meters , and 6 is the angle of 
the cone of rad ia t ion in rad ians . In advanced mode rn 
sources, the small emit tance is achieved th rough the s t rong 
focusing of a beam of particles, combined with systems of 
pe rmanen t magne t s of mul t iper iodic undu la to r s (note tha t 
the angular size of the cone of rad ia t ion is the quan t i ty 
80 ~ \/{yy/N) for an undu la to r m a d e up of N sections of 
magnets) . 

Fu r the r , it is clear tha t the br ightness of a source 
depends pr imari ly on the rad ia t ion power . Of interest in 
this context are coherent bunches of electrons clustered at 
distances less t han the wavelength of their rad ia t ion . As 
no ted in the early work [10], in this case coherence would 
m a k e it possible to increase the rad ia t ion drastically since 
the bunch of electrons behaves as an effective charge 
e e f f = Nee (NQ is the number of electrons in the bunch) . 

The creat ion of such coherent bunches is a very 
complicated p rob lem, even in the microwave range . So 
far as the possibili ty of clustering electrons in bunches of the 
size of the order of the optical wavelength was concerned, 
the difficulties seemed to be insurmountab le . 

At present , it is established tha t in the theory of free 
electron lasers, which considers the interact ion of an 
electron beam in an undu la to r with an electromagnet ic 
wave, there is a mechanism of self-modulat ion of an 
electron beam. Elect rons are clustered in the longi tudinal 
direction and form coherent bunches of length of the order 
of the optical wavelength. 

The mechanism of self-modulat ion of an electron beam 
is similar to some extent to the clustering of electrons in a 
synchro t ron under the combined act ion of the leading 
magnet ic field of the accelerator and the vort ical h igh-
frequency field accelerating the part icles (the self-modula
t ion principle of Wecksler and McMi l l an ) . As a result of 
their act ion, the electron beam is divided into bunches the 
length of which is a function of pa rame te r s of the h igh-
frequency electric field. 

It is interest ing tha t part icles are clustered in the free-
electron laser even if an outer e lectromagnet ic wave is 
absent — the ' t r igger ' wave of spon taneous rad ia t ion plays 
its role. The self-amplification of spon taneous rad ia t ion is 
one of the impor t an t proper t ies of the undu la to r . W h e n 
electrons pass t h rough a large-length undu la to r , there is no 
interference initially and the to ta l rad ia t ion power is 
p r o p o r t i o n a l to the number of particles Wtotal=NeW. 
Then the clustering mechanism comes into play, and the 
rad ia t ion of a cluster of electrons becomes coherent . The 
spon taneous rad ia t ion amplifies itself and the rad ia t ion 
power is n o w p ropo r t i ona l to Nl because of the inter
ference: p ^ t o t a l = N2W. This self-amplification p h e n o m e n o n 
provides the g rounds for a special ' s t rong ' source of 
rad ia t ion — a large-length undu la to r . 

The coherence p rob lems of synchro t ron rad ia t ion have 
recently a t t rac ted the a t ten t ion not only of theoret ic ians bu t 
also of experimental is ts [ 111 -114 ] . 
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6. Conclusions 

I would like to say tha t synchro t ron rad ia t ion has no t only 
won recognit ion in physical exper iments of the present t ime 
bu t will still be an exper imental too l in the future. 

In The Thousand and One Nights, there is a s tory abou t a 
b o y named Aladd in and a magic l amp. The b o y found a 
magic lamp and, when he rubbed it slightly with a pinch of 
sand, there appeared an e n o r m o u s genie and said, " I am at 
your disposal , I am your s lave" . The electronic light burs t 
out of the chamber of an accelerator in 1947 and since then 
synchro t ron radia t ion , like the genie in Aladd in ' s magic 
l amp, has shown the way to knowledge in var ious fields of 
science. 
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