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ABSTRACT

A new spectroscopic device c o n s i s t i n g of a mul t ipe r iod undula tor

and an electron storage ring for X-ray and soft X-ray .spectroscopy without

monochrotnator is proposed. The prüper t ies of the new device are described

and compared with the properties of undula tors combined w i th conven t iona l

monochromatoirs.

* On leave from Scient if ic-Research Institute of Nuclear Physics , Tomsk

Polytechnic Ins t i tu te , Tomsk, USER

submit ted to N u e l . T n s t r . and Metti.

I - ISTRODUCTION

Synchrotron radiation (SR) of an electron storage r i n g is an ex t remely

usefu l excitat ion source for spectroscopy in a wide spectral ränge extending

from the visible to hard X-tays. In recent years, however, undula tors and

wigglers äs exci ta t ion sources super inr to o rd inary SR get more and more

impor tan t [ l ] - Whereas SR results from the cen t r ipe ta l accelerat ion of relati-

vis t ic electrons in bending magnets o£ the storage r ing , u n d u l a t o r and wi^sler

radia t ion (UR, UR) is eraitted by relativ!stic e lect rons passing through

a periodic mulcipole magnetic device w i th e i ther a weak magneCic f i e ld (UR)

or a strong magnetic field (WR). Such devices are insetted in straight sections

between bend ing magnets of a storage r ing . Their propert ies were reviewed

rccent ly by, e . g . , Ternov et al. [2 ] and by Erown et a l . [3].

An undula to r emitü a quasimonochromatic line ( f i r s t harmonic of

UR) the wavelength of which is a func t ion of the electron energy, the magnetic

f i e ld strength, and the gcoraetry of the undulator. In the center of (JR,

the in tens i ty of higher harmonics is neglegible compared wi th the intensity

of the f i r s t harmonic (k £ l, k being defined below).

Up to now, experimenta with UR are performed with fixed electron

energy of the storage ring. The wave length of the f i r s t harmonic then can

be tuned by varying the strength of the magnetic f i e ld . In this case, a

change of the wavelength is acc.ompamed by a change in the spectral shape

and of the intensity of the f i r s t harmonic .

In any case, using either SR or wiggler radiation for spectros-

ropy, an important part of the experimental set-up i s a monochromator for

spectral dispersion of the radiat ion. Especial ly in the sof t X-ray reginn,

the t ransmission of monochromators is low due to r e f l ec t i on losses and due
_2

to the aberrations of the re f lec t ion optics used (T = 10 ). Moreover, the

transmission strongly depends on the wavelength. On a long time scale, it

is not s table due to radia t ion damage and contamination of the optical s u r f a c e s .

Of special importance is the inf luence of optical e lements on the polarization

propert ies of the r ad ia t ion . In many cases, the higher Orders are a severe

problem for spectroscopy with monochromators . Nevertheless, at present ,

monochromators are indispensable für spectroscopy wi th SR and WR. In the

X-ray ränge ( including s o f t - X - r a y s ) , a spectral resolution A Ä / A = I Ü ~ ...
-4

10 is obtained.



The spec ia l proper t ies of UR enable spec t roscüp i r e x p e r i m e n t s

u i thout monochroraators . T h i p exci t ing aspect of UR is d i scuäsed in the p r e s e n t

p a p e r . A dev i rc cons is t ing of an undu la to r and a s torage r ing for spec t ro scnpy

w i t ho u t i r .onorhromator i s proposed .

I I . fRQPERTTES OFJJNUULATOR RADIATION

The p r o p e r t i e s of UR were a i r e a d y c a l c u l a t e d abour 10 - 15 years

ago [4 -7 ] . The p rope r t i e s , w h i u h am i m p o r t a n t for the use of undu l a to r s ,

can be s u m m a r i z e d äs f o l l o w s .

1. j j i t en_s i t y e n h a n c e m e n t . In Lhc f i r s t harraonic: of UR, the i n t e n s i t y can

be enhanced by about L h r e r Orders of ^agn i tude compared w ich SR at thi-

same w a v e l e n g t h and b a n d w i d t h .

2. SmaLl b.iTid w i d t h . In the f i r s t ha rmon ic uf UR, thr- bandwid th ( f w n r a )

is g iven by

( I )

N is thc nimber of p e r i o d s of the raagnetir f i e l d of the u n d u l a L o r .

3 . a t rü i i g r o l l i m a t i u n . Thr rr^ain p a r t of the i n t e n s i t y of the f i r s t ha rmonic

Is o m i r t e d into a i-onc, the divergence of which iü coraparable with the

( e x t r c m e l y s rna i l ) v o r t i c a : d ivergence of SR.

*• T i ' n n h i l i t y by v a r v i n g the e l p c t r o n energy . The wavelength Ä of the f i r s t

h a r m o n i c can be t u n e d by v a r y i n g the energy n f the e l eoCrons ( f l x p d m a g n e t i c

f i e l d ) , Th i s i s seen f r o m " 8 , 9 ] ,

w i t h

( 2 )

(3 )

E: energy, m: res t mass , p: charge of the elcrtrons, c: veLoril.y of light,

H^: m a g n n l ic f i e l d (aiv.pl i t u d e ) , A : per iod of the m a g n e t i c f i e l d . The

expre s s ion for k is v . - i l i d on ly For s i n n s o i d a l m a g n e t i c fiej^k,

H ( x ) = H sin (TT— - x ) . i., in equ. (2) is the reduced angle a f observat i i
o ^ —• —

o

of UR, i;i ~ ü / e . ? is the angle he tween the c i i r e c t i o n of the r a d i a t i o n

and the axis of the r ad ia t ion rone; E is given by

( 4 )

5. Cons tan t spcc t ra l shape. For f ixed H , the spec t ra l shape of the f i r s t

harmonic is independen t of the energy of the e ler t rons . Moreover , ehe

number of photons in the raaximum of ehe f i r s t har raonic of UR is independent

of F. for f ixed H [9 J.
o

6. Tunah i l i t y by varying Ehe f i e ld s t r e n g i h . Fnr f ixed E , the wavelength

of rhe f i r s t harmonic can be tuncd by v a r y i n g H . This can be seen from

eqs. (2) and (3) ,

X - ( l + k 2 )

In con t r a s t to proper ty 4, in this case the in t ens i ty and the spect ra l

shape are changed [4-9].

l - High dejjree of p o l a r i z a t i o n . In so-called "plane undu la to r s " , UR i.s compl t t e ly

l inea r ly p o l a r i z e d , un l ike SR wi th i ts e l l i p t i c a l p o l a r l z a t i o n . In the

"c i r i -u l a r undu la to r " , UR is c i r c u l a r l y po la r ized [5 ].

8. Ch.-inge of polar iza t ion. Any desired des rRP of Po la r i sa t ion be tween 100 %

l i near and c i r c u l a r po la r i za t ion can he obtained us ing, e . g - , two ident i c a l

p l a n e undu l a to r s a long the x-axis if the second one is rota ted by some

angle around the x-axis and i f the d i s tance between both u n d u l a t o r s tan

be changed 10"!.

9. Var iable spek t ra l shape. The spect ra l shape öl the f i r s t harraonic can

be chosen a r b i t r a r i l y ( w i t h i n u e t r t a i n l i nü t s ) i f an undu la to r w i th v a r i a b l e

" p e r i o d i c i t y " af the magnet ic E i e l d i s u.sed [ 1 1 , 1 3 ] .

10 . UR is c a l c u l a b l e - The theor ies are already well developed to c a l c u l a t c

the spectral and angular d i s t r ibution and the polar i z a t i o n proper t i es [ l 3 ].

Kxpe r imen ta l invest igat ions öl UR were performcd in var ious lahora-

tor ies [ 2 , 3 , 1 4 1 . Present ly exis t ing UR suurces do not makc use of a l l the

ten p rope r t i e s l is ted above. Main ly prupcr t ies 1-3, 6 - and in a few cases -



7 , 1 0 are used. The propert ies 4 ,5 ,8 ,9 are nearly ignored up to now. Of central

importance in view of this paper is proper ty 4 which was s u c c e s s f u l l y checked

f n r the f i r s t time with an undulator inserted into an electron Synchrotron

[ 7 , 1 5 , 1 6 ] and more recently in an electron storage ring | _ 3 , ! 4 ] . Only if

we make use of property 4, all the other p roper t i e s can be used at the sarne

III. UNDULATOR RADIATION AND SPECTROSCOPY JJITHOÜT MONOGHROMATOR (USR-SYSTEM)

Already in refs. 7,13,15,16 it was shown exper imental ly that in principle

a system consisting of an undulator and an e l ec t ron Synchrotron can serve

äs a quasimonochromatic tunable light source. The special propert ies of

the undulator render unnecessary a raonochromator for tuning the wavelength

making use of the change of the electron energy during the period of accelera-

tion in the Synchrot ron .

In view of the fundamental advantages of a spectroscopic device

consist ing of an undula tor •+• accelerator it is indispensable to d iscuss

a system consisting of a multi-period undula tor w i t h a storage ring in which

the energy of the electrons can be varied slowly (undula tor + storage r_ing

(USR-) system). There is no fundamental d i f f i c u l t y to design such a USR-system.

Already in existing storage rings l ike PETRA, ramping of the electron energy

over a factor of 3 is performed rou t ine ly wi th a feedback system.

For an Operation of the USR-system, the fol lowing parameters are

c r i t ica l , namely the ränge of Variation of the electron energy, the divergence

of the electron beam in the undulator and the length of the straight sections

of the storage ring. The energy ränge limits the tunabili ty of the wavelength .

The beam divergence leads to a wavelength spread of the f i r s t harmonic due

to the ( l + i | j }-term in equ. ( 2 ) . This wavelength spread should be small compared

with the bandwidth of the f i r s t harmonic given by equ, ( 1 ) . The length of

the straight section is an upper l imit for the product A *N.

For two storage rings (E = l GeV and 6 G e V ) , beam optics have

been already calculated, in which the spectral line width äs determined

by the beam divergence is equivalent to the line w i d t h due to a 100 period

undulator. The length of the straight section is L - 4 m [ 17] . The new ESRF

source under discussion contains even longer s t raight sections (L = 5 m)

bat a somewhat larger beam divergence L ' S J . In view of these machine studies,

- 6 -

the parameters given for two undulators for a l GeV and a 5 GeV r ing (table 1)

are realist ic.

Le.t the undula tors be of the weak f ie ld type, k = 0.35, and the

f i r s t harmonic may be observed in the center of the radiation cone. Note,

that the undula tors are of the weak f ie ld type throughout the whole ränge

of t u n a b i l i t y of the wavelength in contrast to those undu la to r s in which

the magnet i c f iel d gap is changed.

Concerning the tunab i l i ty of the electron energy, the most pessimist ic

est imate is that the possibility for ramping a beam cannot be improved in

the future. Never theless , the values of the wavelength of the f i rs t harmonic

for d i f f e r e n t electron energies given in table l show that both the X-ray

and the soft X-ray ränge can be covered by USR-systems. The tunability ränge

of X of each of the undu la to r s roughly corresponds to the wavelength ränge

covered by monochromators.

For a storage r ing especially designed for a USR-system, one should
try to increase the ränge of energy ramping from E /E . - 3 at least

max min
to 5. W i t h a value of about 10, a unique wavelength ränge by far superior

to the scanning ränge of monochromators would be achieved. A large value

of E /E . has also the advantage that longer wave leng ths can be produced

wi th short period undulators leading to a moderate length of the straight

sections even for high resolution {large N) devices.

T V. SOME FROPERT1ES OF THE USR-SYSTEM FQR SFECTROSCOPY WITHOuT MOHOCHROMATQR

IV. l Spectral resolution

The undulators proposed in table l have a spectral resolution
_2

10 . At f i r s t glance this seems to be not a t t ract ive compared with
_q

fiX/X <, 10 of crystal monochromators 1.19] or grazing incidence Rowland

mountings [20]. We would like to point ou t , however, that the spectral resoli

tion of the various non-Rowland mountings present ly used in the sof t X-ray

ränge, ( t o r o i d a l grazing incidence monochroraatoi-s [20], the FLIPPER-type
-2 -3

monochromators [21] ) is between 10 and 10 . The spectral resolution of

the USR-system is not far f rom the resolution of such Systems.



The Parameters giveri in table ] are based on a dos ign of Storage

rings not opt imized for a USR Sys tem. The e m i t t a n c e of a storage r ing can

be raade even smaller Chan proposed in [ 1 7 , 1 8 ] if , e .g . , the size of the
2 .3scorage ring is increased. K o t e , chac ehe emi t t ance scales äs E • 5 , where

£ is the bending angle between quadrupoles [17 J. A reduction of the beam

divergence by a fac to r of 2 w h i c h is en t i re ly reascmable, leads Co an iraproved

AX/ >, s 2.5 x 10 (provided the s t ra ight section is long enough for 400

per iods ) -

Besides the beam divergence [ 2 2 l , the prac t ica l value of ehe per iod

of ehe magnetic f i e l d , X , is a l imicing Factor for the speccral resolut ion

of the USR-system. The smallest values of X are achieved w i t h permanent

magnets consis t ing of SmCo, al loys [23 l . There is no reason to say that

the present minimum for X also holds fnr the future. Recently the use of

an t i fe t romagnet ic mater ia ls was proposed to improve the propert ies of an

undulator [24 . With such devices, in pr inciple , 10 or more periods could

be used- Tf the beam divergence of ehe electrons could bc reduced cons ide rab ly ,

a rea l ly exci t ing new era of X-ray and soft X-ray spectroscopy would S ta re .

It itiust be admi t ted , howevetr, t hac ehe u l e i m a t e reso luc ion of

a USR-system is also determined by addicional spectral broadening of ehe

f i r s t harmonic by various cffects l ike, e . g - , the f i n i t e beam size, ehe

s C a b i l i t y of the beam during ramping, the energy spröad of ehe e lect ron beam,

the accuracy of the per iodic i ty , and the homogcneity of the magnetit f i e l d .

Various broadening e f f e c t s have been discussed in the l i terature [22 ,25 . ' .

T V . 2 Intensi ty. higher order- and seray l ight-reject ion

Concerning the nuraber of photons per resolution interval and per

second at the sample, the USR-system has to be compared with a System consisting

of an undulator and a monochroraator. The USR-system avoids the Cransmiss ion

losses of ehe monochromator . In the soft X-ray ränge this mearts a gain in

i n t e n s i t y by up to two Orders of m a g n i t u d e .

Experiments with aconvencional system consis t ing of a SR- or UR-source

and a monochromator o f t e n s u f f e r from higher orders and f rom stray l ight .

A USR-system wi th a weak f ie ld undulator and an observation angle 'J1 = 0

is f r ee of higher orders in the «hole spectral ränge. A combinat ion of a

USR-system and an addit ional monochromator which is synchronized to the

USR-sys tem, acts äs a double monochromator concerning s t ray light r e j ec t ion .

E s p e c i a l l y in the sof t X-ray ränge th ia would be a substant iat improvement

compared with the present ly ex is t ing Systems.

IV.3 Polarisation

The unique po la r i za t ion properties of US wece already summarized

in section 2 [ 1 3 , 2 6 , 2 7 ] . They hold independent of whether an addi t iona l

monochromator is used or not . However, each addicional opciral elernent between

the rad ia t ion source and the sample can chatige the po la r iza t ion proper t ies .

From experience it is known that an exacc conCrol of these changes is ex t remely

d i f f i c u l t in the short wavelength ränge.

The USR-system is the only quasimonochromatic, tunable radiation

source in the X-ray and soft X-ray ränge, the polar izat ion propert ies of

which can be chosen a rb i t ra r i ly .

I V . 4 Variat ion and measurement of ehe wavelength

It is expecCed that the ramping of the electron energy w i l l be

performed Computer c o n t r o l l e d . Then various kinds of Opera t ion are possible

from a stepwise to a cont inuous scanning mode.

Though it is no cen t ra l point in this paper, we wculd l i k e to

propose the fol louing law for the time dependence of the electron energy E,

E = E .-«t (5)

(a: rate of decrease of the electron ene rgy ) . This law has an interest ing

consequence. Given a fixed time interval, Ac , of registration of a poinC

of the spectrum, the relative change in e lec t ron energy, AE/E , dur ing

At, is constant , independent from E i t s e l f . From equ. (2) it is seen that

the relative change of the wavelength of the f i rs t harmonic, /U A = constant ,

too. This is qui te d i f f e r e n t from conventional monochromacors in which the

wavelengch is changed by steps of f ixed AX, independent of the respective

wavelength.

The actual wavelength of ehe l ight emit ted by the USR-system can

be calculated from the actual energy of the electrons (equ. ( 2 ) ) . This requires
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an accurate measurement of E wich £E/E = 10 ... 10 depending on ehe

spectral resolution of thc USR-sys tem.

I f , however , users of a USR-system would like to have at their

disposal an independent c a l i b r a t i on System f o r the ac tua l wavelength «f

ehe f i r s t harmonic of the undu la to r (period -\ this can easily be done

by comparison wich a second undu la to r (period X .) equ ipped u i th a conventional

moncchromator because from equ. ( I ) we see

(6)
'o ,2

This holds for the same E and ehe same k. We point out th is special possibi l i ty

because the ca l ibra t ion of the actual wave leng th can be done rout inely in

a d i f f e r e n t wavelength ränge in wh i rh Lhe experiraental requirements raay

be much more s i m p l e . Such a Kombina t i on of two u n d u l a C t i r K could be regarded

as a "wavelength t ransformier" .

V . CORRECTIpH QF THE ELECTRON TRAJECTQRY IK UNDULATORS

A USR-system requires a change of e lec t ron energy in a wide ränge,

corabined with a f ixed raagnetic f i e l d - Th i s leads to a great irnportance in

designing the correction sections at bnth end.s of the undulator . For a USR-

system, it is indispensable that the axis of the t r a j cc to ry of the electrons

remains f ixed for d i f f e r e n t electron energies, because a f ixed r a d i a t i o n

cone is required.

Present ly , in general , only üne ror re tz t ion Sekt ion is used at

each end of the undulator (wi th 1 /2 H ) . This is shown s rnemat ica l ly in

f ig . l a . In this c.ase, the asis of the e lec t ron t ra jec tory does not coincide

w i t h the axis of the nndu la to r L28l . We havc to d i s t i n g u i s h two possibil i t ies

depending on the number of magnetic sect ions, N ' (one magne t i c sec t ion is

ha l f of the period of the magnetic f ie ld of the undu la to r ) .

(i) Wi th an even number of sect ions , N ' - 2k, (k - 1 , 2 , 3 . . . ) the axis

of the t ra jec tory is t i l t e d by an angle tp inside the undulator ( f i g . I b ) .

( i i ) Wi th on odd number of sections, N 1 = 2k-1 ( k = 1 , 2 , . . . ) the axis

of the trajectory is displaced para l le l ta the axis of the u n d u l a t o r

by an amount of a ( f i g . l c ) .

The values of a and of y depend on the s t r eng th of the magne t i c f i e l d and

on the energy n f the e l ec t rons .

For USR-systems, it is p re fe rab le to use two cor rec t ion sections

at each end of the undulator ( f i g - 2 a ) . The length of ehe co r r ec t ion sect ion

should be thc sarac as the length of the main section in order to maintain

the spectral shape of the f i r s t h a r m o n i c . The x-var ia t inn of the magnetic

f i e ld should be the same in all sec t ions ( e . g . , s i n u s o i d a l ) . In the f i r s t

and in the last sei-.tion, the a m p l i t u d e of the magnetic f i e l d should be 1/4 H ,

in the adiacent sec t ions 3/4 H , and in all other sections H " 1 2 , 2 8 , 2 9 1 .
o o '

It was shown that in this case the radiat ion cone and the axis of the undula tor

coinc ide , independent of H , N 1 , and the e l e c t r o n energy [ 2 9 ] ( f i g . 2 b ) .

Vl . CONCLUDIHG REMARKS

In this papec we discussed the po ten t i a l properties of a new source

of quasimonochromaeic , tunable, h ighly col l imated X-ray and so f t X-ray radiat ion

consis t ing of an electron storage r ing and an undula to r with a high number

of periods and wi th a f i x e d magnetic f ie ld . T u n a b i l i e y of the wave leng th

is achieved by ramping th? electron energy.

The various aspects of such a Sys tem lead to the fo l lowing parameters

for the storage r ing.

^ ^ax^min = 5 "' I 0" Wich E ~ 5 GeV> the x~ ray and the so fc X-ray
ränge could be covei

VUV apectral ränge.

ränge could be covered. E = l GeV would even make accessible the
max

( i i ) For a spectral resolution of A>.A < 2.5 x 10 , the beam divergence

of the storage rings proposed in r e f . 17 have to be reduced to ~ 50 7,,

( i i i ) The length of the s t ra igh t section mus t be ~ 6 m, provided E /E - 10
max min

Otherwise, either the spectral ränge mus t be r ea t r i c t ed , or I. s h o u l d

be longer.

Detai led m a c h i n e studies are required now to check whether such Systems

are feas ible .



USR-systems could bring about considerable progress in various

f ie lds of spectroscopy. The increase of exc i ta t ion intensity by u.p to two

Orders of magni tude may perhaps lead to a brea!;through for the invea t i^a t ion

öl :;ei-t:ndary e f f e c t s l i k e )'-ray l'luorescence under prinary state se l ek t ive

i1"!', i tat ion.

The most exciting aspect of the USR-system is the fact tha t it

is the only radiat ion source in the X-ray ränge known so fa r , which allows

for a f r ee choice of polar izat ion from the l inear via any degree of e l l ip t ic

to the r i g h t o r l e f t hand c i rcular type. Var ious types of experiraents in

atomic, molecular , and solid state spectroscopy could benefi t from this

proper ty .

F i n a l l y , ue want to point ou t , that the USR-system could also

be used äs a quasimonochromatic , tunahle radiation Standard for , e . g . , calibra-

tion of radiat ion sources, of photon detectors, determination of the transmission

funct ion of raonochromators, and optical eleraents. This highly in te res t ing

a s p e r t , however, was not discussed in detail because it is beyond the scope

nf this paper.
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TABLE

Parameters of two u n d u l a t o r s (k = 0.35: A = ] , 5 cm and 4 cm) inserted into
o

storage rings with EQ = 5 GeV (case t) and l GeV (case 2). An energy ramping

by a factor of 3 is assumed. The wavelength of the f irst harmonic given

äs a funct ion of the electron energy h o l d s for l-1 = 0. For the numbers in

brackets see text.

Number of periods, N

Band w id th , AA /A = ]/N

e -energy ränge

100

IQ'2

wavelength

(A =1.5 cm)o

(400)

( 2 . 5 x l O ~ 3 )

scanning ränge

( \4 cm)
o

case l 5 to 1.67 GeV

case 2 l to 0.33 GeV

0.879 to 7.88 A 2 .93 to 26.3 Ä

22 to 202 Ä 73.3 to 673 Ä
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FIGURE CAPTIOHS

Fig. l Schematic concept of an u n d u l a c o r «ith one correction section

( 1/2 H ) at each sido (a) and an e l ec t ron t ra jec tory f o r an

even ( b ) and an odd ( c ) number of seccions .

Fig . 2 Schematic con^ept of an a n d u l a C o r w i t h two cor recc iun aec t ions

( 1 / 4 H , ü/4 H ) at each side (a) and the corresponding e L e c t r o n

t r a j ec tovy ( b ) .
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