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D uri ng t he past decades synchr otron radiation has become an ama zing l y
versatile to ol for a very large range of applica tion s ranging from basic physics ,
materials science, condensed matter physics, chemistry to lif e sciences, j ust
to mention a few . T he prop erties most w idely exploited are high brilli ance or

Ûux, tunabili ty , p olaris atio n, and temp oral resolution. More recently w ith the
advent of third generation synchrotron sources pro vidi ng very small source
sizes partiall y coherent radiation even in the X -ray regime is available which
enables a large numb er of new experiments. H owever, as far as it concerns

pulse length and coherence traditional storage ring based sources encounter
limits that cannot easily be surpassed. H aving also these applicati ons in mind

new concepts have b een develop ed. Mainly in the U S plans are w orked out
for linac driven storage rings. In these devices electrons circulate only once
in a storage ring after they have been accelerated by a high current /p ow er
linac. T he emittance of such a source w ould be considerabl y smaller than that

of a normal storage ring of the same size. A totally coherent beam dow n in
w avelengths to the ¡A -regime w ill be delivered by so-called X -ray free electron
lasers prop osed in the U S (Stanf ord ), in Germany (D ESY , H amburg), and

in Japan (Spring 8/ K EK ). In these systems the beam of a linac is directly
fed through very long undulators w here X -rays are generated according to
the so-called self-ampli Ùed spontaneous emission pro cess. T he radiation af ter
such a device w ill b e fully coherent in the transverse direction and the pulse

length will be in the 0. 1 ps regime. These are prop erties unseen so far. T he
p eak (average) brilli ance of such an X -ray free electron laser w ill be about
ten (Ùve) orders of magnitude higher compared to the most adv anced present
day synchrotron radiation sources.

PACS numb ers: 52.59.{f

1. I n t rod uct io n

D ur ing t he last one or t wo decades a numb er of new synchro tro n radi ati on
sources has been constructed. Mo st of them are consi dered to be sources of the
so-cal led 3rd generati on l ike for exam ple the Euro pean Synchro tro n Radiati on Fa-
ci li ty (ESR F) in Grenobl e, the Ad vanced Photo n Source (APS) at Arg onne (USA),
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Spri ng8 in Japan, ELE TTR A cl ose to T ri este ( Ita ly), BESSYI I in Berl in, and the
sources at Ma xl ab in Lund (Sweden). Ê Synchro tro n radi ati on sources of the 3rd
generati on are characteri sed by a very small hori zonta l emi tta nce ¯ x = ¥ x ¥ x 0 wi th
¥ x and ¥ x 0 the horizonta l size and di vergence of the electron beam , respectively.
Thi s low emi tta nce is the prerequisite for the e£ cient use of undul ato rs whi ch
pro vi de a signi Ùcantl y higher bri l l iance B = F =( 4 ¤ 2 ¥ T x ¥ T x 0 ¥ T y ¥ T y 0 ) com pared
to the wi ggler based sources characteri sti c of the radi ati on sources of the 2nd
generati on. Hereby, F denotes the tota l Ûux norm al ly given in ph/ (s 0.1% BW ),
x and y denote the hori zonta l and verti cal di recti on, respecti vel y, the index \ T "
indi cates \ to tal " , since i t is the to ta l source size or diverg ence being a convo luti on
of the electron beam pro perti es wi th the radiati on properti es of a sing le electron
tha t m atters for the bri ll iance. The bri l l iance B i s measured in ph/ (s m rad2 mm 2

0.1% BW ) tha t m eans as the numb er of photo ns in a certa in sol id angle norm alised
to the tota l source size and for a given energy band wi dth (BW ). Undul ato r radi -
ati on is inherentl y al ready very wel l coll im ated, theref ore m ost of the exp eriments
use only the centra l part of the who le radiati on cone. For a given bri ll iance the heat
load on the opti cal com ponents is signi Ùcantl y smal ler tha n for wi ggler inserti on
devi ces. Undul ato rs are best suited f or the inv estigati on of smal l and if focused
also for extrem ely smal l sam ples. For the investi gatio n of large sampl es wi ggler
radi ati on sources are the best choice in most cases.

Fig. 1. Development of the average brilli ance versus time since the disco very of X -rays

[1]. T he 2nd generation sources using wigglers are in the 1 0
1 5 brilli ance range, the undu-

lators of 3rd generation sources are betw een 10
1 9 and . SigniÙcant higher brilli ances

can only be achieved w ith linear accelerator driven sources.
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In Fi g. 1 the developm ent of the average bri l l iance versus ti m e since the
di scovery of X- rays is shown. From about 1960 on there was an increase in about
three orders of m agnitude every decade.

The emi tta nce is a quanti t y typi cal of each storage ri ng tha t adjusts i tsel f
to an equi libri um value af ter a so-cal led dam ping ti m e, whi ch is in the order
of mi ll iseconds. It depends accordi ng to ¯ x / E 2 =N 3

D P (e.g. [2]) on the electron
energy E , the num ber of di spersive elements (di pole m agnets) N DP and some
latti ce speciÙcf uncti ons. In order to pro vi de a smal l emi tta nce hi gh electron energy
storage ri ngs have to have a large num ber of di pole m agnets. Thi s is the reason
why m odern high energy storage ri ngs are of about 1 km circum ference.

In order to further lower the emi tta nce storage ri ngs have to increase signi f-
icantl y in size unti l the di ˜ra cti on l im i t is reached. Thi s is the case i f the electron
beam is tha t small and para l lel tha t the source properti es are dominated by the
emi tta nce behavi our of a single electron. A further increase in bri l l iance can onl y
be achi eved by l inear accelerato r dri ven f ree electron lasers (FELs).

In the fol lowi ng several new 3rd generati on synchro tro n radiati on sources
wi l l be presented very bri eÛy tha t are j ust com missioned, under constructi on or
pl anned. In a second part the possibi li ty of l inac dri ven radiati on sources wi ll be
presented wi th special emphasise on the D ESY FEL- plans. In the Ùnal section the
D ESY plans for upgrades of the present storage ri ng facil i ti es wi l l be di scussed.

2. N ew 3r d gener at ion st or age r in gs

It is obvi ously not possible to deal wi th al l storage ri ngs here tha t are pl anned
and under constructi on at the mom ent. For thi s reason we wi l l concentra te on three
pro jects in the lower energy regime. These are the Swi ss-Li ght- Source (SLS) whi ch
went just into operati on, the Solei l pro ject in France and the Diam ond pro ject
in England. The last two pro j ects are at the begin of thei r constructi on. The
m achi ne group at the ESRF has expl oi ted to possibi l i ti es of an Ul ti m ate Storage
R ing (USR ). Thi s pl an wi l l also be bri eÛy presented.

The very successful runni ng present 3rd generati on storage ri ngs wi ll not
be discussed since they are al ready very fami li ar to m any scienti sts using them
regularl y.

2. 1. N ew 3r d generat ion sources at lower energies

The SLS, whi ch is situa ted at the Paul { Scherrer- Insti tute in Vi l l ingen, has
been com missioned very successful ly duri ng the last year and serves beam to a
num ber of experim enta l sta ti ons m eanwhil e. Mo st actua l inf orm atio n is avai lable
under the SLS-home page. Som e characteri sti c storage ri ng param eters are com -
pared in T able I. At SLS i t is anti cipated to obta in a qui te hi gh bri l l iance in the
X- ray regime at energies around 12 keV by the use of undul ato rs of very small m ag-
neti c gaps. The inherent electron beam l i fe ti m e reducti on of smal l gap undul ato rs
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is solved by a conti nuous inj ection mode (to ping up mode) tha t keeps the electron
current alm ost constant. The SLS storage ring wi th i ts extrem ely long stra ight
secti ons is ideal ly suited for the pro ducti on of undul ato r radiati on in the sof ter
part of the electrom agneti c spectrum . A hi gh Ûux at high X-ray photo n energies,
e.g. for m ateri als science appl icati ons, wi l l be pro vi ded by m ul tip ole wi gglers or
wa vel ength shifters.

TABLE I
Comparison of some key parameters of new synchrotron radiation sources. The

critical energy corresp onds to the radiatio n spectrum emitted from the bend-
ing magnets. T he brilli ances are given in ph/(s mm 2 mrad 2 0.1% BW). The
brilli ance values for Soleil corresp ond to 2.75 GeV electron energy and for the

20 keV value for a 4 mm gap undula tor. The inf ormation given above has been
collected from the corresp onding WEB- pages (SLS: w w w1. psi.ch/w ww sls hn ;
Soleil: w ww .soleil. u-psud. fr ; Diamond: w w w.diamond. ac.uk).

SLS Soleil Diamond

energy [GeV ] 2. 4 2.5 3

circumf erence [m] 288 337 560

current [mA ] 400 500 300

emittance [nm rad] 4. 4 3 2

critical energy [keV ] 5. 4 6.5 8.4

max. brilli ance 10
2 0

> 10
20

2 È 10
20

brilli ance @10 keV 2 È

brilli ance @20 keV

straight sections m m m

for insertion m m m

devices m

The French Soleil synchro tro n pro ject to be real ised at the Saclay site south
of Pari s is sim i lar to the SLS. The energy as well as the circum f erence are slightl y
hi gher pro vi di ng about twi ce the numb er of stra ight sections com pared to the
SLS. Al so Soleil wi l l have space for very long and powerful undul ato rs in the VUV
regim e. In order to serve also the X- ray com muni ty wi th hi gh bri l l iance radi ati on
undul ato rs down to 4 m m m agneti c gap are envi saged l ike at SLS. Again for high
Ûux at hi gh photo n energ ies ( keV) mul tip olewi gglers wi l l be used. Fi rst user
exp eriments at Soleil are exp ected to be carri ed out in 2006.

The Bri ti sh Diam ond synchro tro n radiati on facil i ty wi l l be bui l t at Didcod
cl ose to the Rutherf ord Appl eto n La borato ry near Oxf ord. Thi s wi l l be al ready
a qui te large faci li ty wi th more tha n 20 inserti on devi ce positi ons and a large
num ber of possibl e bendi ng m agnet stati ons. Due to i ts electron energy of 3 GeV
and the very smal l emitta nce undul ato rs at X- ray energies suita ble for protei n
crysta l lography pro vi de bri l l iancescl ose to standard devi ces (1.65 m) inserti on at
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the ESR F. Due to the higher electro n energy com pared to SLS and Soleil these
bri ll iance values can be obta ined at qui te decent undul ato r gap values of about
10 mm . The high energy photo n spectrum can again be only accessed by high
Ùeld mul ti pole wi gglers. The Ùrst beam l ines of Diam ond are scheduled to become
operati onal in 2007.

2.2. T he ul t imate storage r ing

The m achine group at the ESRF has carri ed out a study to expl ore the l im its
of storage ring based l ight sources [3]. The aim was to Ùnd techni cal achi evable
parameters for a storage ri ng tha t wi l l be cl ose to the di ˜ra cti on lim it. In the study
the ci rcum ference was l imi ted to 2 km for budget reasons. An energy of 7 GeV
wa s assumed in order to pro vi de opti m um (tuna ble) undul ato r perf orm ance up
to energies of 50 keV on harm onics no. 1{ 5 wi th a m inimum gap of 11 m m. For
undul ato rs at higher photo n energies in-vacuum devi ces wi th smal ler gaps woul d
be requi red i f extrem ely high bri l l iances are needed. The m axi mum current was
l im ited to 500 m A. The emi tta nce of such a storage ri ng would be 0.3 nm rad.
Ab out 40 positi ons for 7 m long inserti on devi ces would be avai lable. The bri l l iance
of the undul ators in such a storage ri ng woul d be in the 1 0 2 2 range even up to
photo n energies of 30 keV (see Fi g. 2). A further reducti on of the emi tta nce by
the systemati c use of dampi ng wi gglers wa s considered not to be worth whi le.

Fig. 2. Brillia nce of undulators at the ultimate storage ring compared to the best values

of ESRF at present [3] (the Ùgure is repro duced from the ESRF H ighlig hts 2000, w ith

ESRF permission ).
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3. L i near acce l er at or dr iv en r ad iat io n sour ces

The emi tta nce of a storage ri ng is an equi l ibri um value, as al ready mentio ned
above, tha t app ears af ter several tho usand turns of the electron bunches af ter
inj ection. The same holds for the electro n bunch length and theref ore the shortest
possible radi ati on pul ses. However, duri ng a sing le turn the electron beam qual i ty
is almost not degraded. Based on thi s f act a new synchro tro n radiati on scheme,
nam ely the energy recovery l inac dri ven storage ring, has been pro posed. Ano ther
possibi l i ty is to f eed the electro n beam from a l inac di rectl y into a long undul ato r
as it is done f or free electron lasers.

3.1. Energy recovery l inac dr iven storage r ings

In an energy recovery linac (ER L) a high current electro n beam is accelerated
in a l inac. The emi tta nce at the end of the l inac depends onl y on the qual it y of
the electron gun to generate the bunches and on the l inac i tsel f. In general these
¯ x -values are considerable smal ler tha n the best values tha t can be obta ined by
storage ri ngs. The low emi tta nce electro n beam is then gui ded thro ugh a storage
ri ng wi th a numb er of undul ato rs. Af ter one turn in the storage ring the electron
bunches are fed out of phase into the l inac again in order to decelerate them to
very smal l energies before they are dum ped. D uri ng the decelerati on the electrons
energy is almost to ta l ly recovered by the l inac. A schemeof such a system is shown
in Fi g. 3. Since emitta nce and bunch length is not disturb ed signiÙcantl y duri ng

Fig. 3. Schematic representation of a simple ERL, consistin g of an inj ector, a main

linac, the storage ring, and the energy recovery dump [5].
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T ABLE II

C omparison of some key parameters of the C ornell ERL
prop osal w ith a typical 3rd generation synchrotron radi-
ation source like the ESRF [5].

ERL ERL ESRF

hi- Ûux hi- coh. U 35

energy [GeV ] 5.3 5.3 6

current [mA ] 100 10 200

¯ x [nm rad] 0.15 0. 015 4

¯ y [nm rad] 0.15 0. 015 0.01

bunch length [ps] 0.3 0.3 35

undulator L [m] 25 25 5

Ûux 1: 5 È 10 1 6 1 :

brilli ance

coherent frac. [%] 0.52 20 0.14

one turn in a storage ring, a source wi th an extrem ely low emi tta nce can be real ised
usi ng a storage ring of a reasonable size. At Je˜erso n Laborato ry such an energy
recovery scheme is al ready worki ng for low electron energies. The energy recovery
rate is about 99%. The basic pri ncipl e for thi s scheme has been invented al ready
som e ti m e ago [4]. Pl ans for an ER L are pursued at CHESS (Co rnel l Uni versi ty ,
New York state) and at Bro okha ven Na ti onal Laboratory (New York state). In
T able I I som e characteri sti c values of the CHESS proposal [5] are presented. There
are tw o opti ons or operati on modes: (i ) high bri l l iance and (i i ) hi gh Ûux.

The bunches in an ER L are about 100 ti mes shorter tha n in the best syn-
chro tro n storage ri ngs to day. Thi s should open a to ta lly new worl d for ti m e re-
solved studi es. The bri l l iance and the coherent fracti on of an ER L is also about
two orders of m agnitude higher tha n at a 3rd generati on l ight source and sti l l
hi gher tha n the values of the ul ti m ate storage ring. Tha t m eans, an ER L pro vi des
a bri l l iance com parabl eor higher tha n an ul ti mate storage ring but at signi Ùcantl y
shorter pul se lengths. It is also obvi ous from T able I I tha t the emi tta nce is the
sam e for the horizonta l and the verti cal di recti on. Thi s has signiÙcant adv anta ges
for opti cal m etho ds tha t rely on point l ike source. Sto rage ri ngs are onl y able to
pro vi de a horizonta l ly elongated source \ point" .

3.2. Free elect ron lasers

The intensi ty of the radi ati on emi tted at a bending m agnet from a storage
ri ng is pro porti onal to the current tha t means on the numb er of the electrons
ci rcul ati ng. The radiati on intensi ty of a wi ggler is again pro porti onal to the current
but also to the num ber of wi ggler poles. In an undul ato r a resonance condi ti on
m ust be m aintai ned to keep the emi tted radi ati on from each pole in phase. In thi s
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case the ampl i tudes of the emi tted wa ves have to be added. Thi s gives on the
centrel ine of an undul ato r an intensi ty whi ch is proporti onal to the current and to
the square of the num ber of undul ator poles. 3rd generati on sources expl oi t exactl y
thi s e˜ect. The only possibi l it y for a further increase of the intensi ty for a given
current is the coherent emission of indi vi dual electrons. Since thei r numb er is huge
a dram ati c increase in radiated intensi ty can be obta ined. Thi s is the pri nci ple of
a free electron laser.

Since there exist no e£ ci ent m irro rs for photo ns at higher energies lasing has
to be achi eved in a sing le pass. The pri nci pl e in very simpl e wo rds is as fol lows
(f or further reading see [6]): An electro n beam of extrem ely low emi tta nce tha t
has been generated by a low emi tta nce gun and accelerated by a l inac is fed
thro ugh a very long and preci se undul ato r. The bunches of the electro n beam
have to be very short in order to obta in a peak current as hi gh as possible. In
the Ùrst part of the undul ato r sponta neous radiati on is generated as in any other
undul ato r. Thi s radiati on and the electro n beam are kept overl appi ng by a very
preci se al ignment of the who le setup. D uri ng thei r path thro ugh the undul ator the
photo ns intera ct wi th the electron beam , whi ch means som e electro ns get slightl y
accelerated or decelerated depending on thei r propagati on vecto r relati ve to the
electri c Ùeld vecto r of the radiati on Ùeld. As a result of thi s intera cti on each bunch
starts to becom e sliced into m icro bunches whi ch have as a di stance to each other
exactl y the photo n wa vel ength. Thi s process is supp osed to be Ùnished at the
end of the undul ato r where al l electrons are located in micro bunches and radi ate
coherentl y. At tha t point the FEL is considered to be in satura ti on since no further
increase of the intensi ty is possible. The whole pro cess is kno wn as self -am pl iÙed
sponta neous emission (SASE). The spectrum of such a SASE undul ato r is the
norm al undul ato r spectrum of the sponta neous radi ati on wi th the laser line super
im posed (see Fi g. 4). Free electro n lasers using mirro rs in the vi sible energy range
are operati ng al ready at several pl aces in the wo rld. Mea nwhi le three SASE based
FEL sources for the X- ray regime are pl anned as al ready menti oned above. For
the rest of thi s chapter we would l ike to l imit the discussion to the TESLA pro ject
at DESY, Ham burg .

In order to test and to devel op the necessary com pounds for the TESLA
col lider and XFEL pro ject the so-cal led TESLA test facil i ty (TTF) has been con-
structed. In Apri l 2000 SASE lasing wa s observed for the Ùrst ti m e at 109 nm
wa vel ength [7]. In thi s experim ent a gain of about 3000 over the sponta neous
radi ati on was achi eved whi ch is less tha n what is expected for a FEL in satu-
rati on. La ter in the year satura ti on of a SASE FEL at vi sible wa velengths was
achi eved f or the Ùrst ti me at the LEUTL facil i ty at Arg onne, USA [8]. In the sec-
ond half of 2001 satura ti on has been achi eved also at the TTF at about 100 nm
wa vel ength pro vi di ng several 1 0 1 3 photo ns per bunch. The m easured pul se length
is onl y 50{ 100 fs and signiÙcantl y shorter tha n expected. Al l these exp eriments
dem onstra ted tha t the physi cs of the SASE pro cess is wel l understo od since very
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Fig. 4. Spectral distributi on of the angle integrated radiation emitted from three dif -

ferent SA SE- FELs (see also the TESLA T echnical Design Rep ort, DESY , 2000).

Fig. 5. C omparison of the peak and average brilli ance of various FEL and synchrotron

radiation sources.

good agreement has been achi eved between theo ry and experim ent. The maxi mum
photo n energy of the present Ùrst phase TTF pro ject is about 12 eV. The Ùnal
TTF (pha se 2) wi l l pro vi de energies up to 193 eV (60 ¡A wa vel ength). It wi l l be
avai lable for user experim ents in 2004.
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T ABLE I I I

Comparison of some key parameters of the DESY FEL proj ects. T he brill ia nce is
given in usual units. T he emittance is given in normalised units ([ ¤ mm mrad] ) w hich
has to be divided by Û = E =E 0 with E 0 the electrons rest mass for comparison with
the corresp ondin g storage ring quantity . The photon energy given corresp onds to the

laser line. T he spontaneous radiation extends to considerabl y higher energies.

T TF I T TF I I X FEL 1 ¡A

energy [GeV ] 0.25 1 25

norm. emittance 4 2 1.6

bunch charge [nC] 1 1 1

ph. p er bunch 2: 1 È 10 1 4

bunches per s. 18000 72000 57500

av. brilli ance

peak brilli ance

FWH M of BW [%] 0.64 0.46 0.08

photon energy [eV ] 193 max. 14400

For the TESLA pro ject (l inear col l ider and hard X-ray laser) a deta i led tech-
ni cal design report (TD R ) wa s presented in Ma rch 2001 at D ESY in Ha m burg. At
the mom ent the pro ject is under revi ew by the Germ an science counci l . In T ableI I I
som e characteri stic parameters of the D ESY FEL pro jects are com pared. Since the
SASE pro cess requi res a mini mum necessary bunch charge the peak bri l l iance of
al l XFEL pro jects worl dwi de is m ore or less the sam e. The avera ge bri l l iance is
then sim ply determ ined by the repeti ti on rate of each devi ce. A com pari son of the
bri ll iance of vari ous FEL and synchro tro n radiati on sources is given in Fi g. 5.

In contra st to the sources di scussed so far (X)FELs do not onl y show a
signiÙcant higher peak bri l l iance due to pul se lengths even shorter tha n in ER Ls
but also a tra nsversely to ta l ly coherent beam. These properti es wi l l very l ikely
open a to tal ly new Ùeld of science.

Thi s section is based on a summary of the upgrade possibi li ti esfor the storage
ri ng based synchro tro n radi ati on sources at DESY [9].

At present the storage ri ng DOR IS I II serves as the m ain source f or syn-
chro tro n radi ati on at D ESY wi th 9 wi ggler beam l ines and more tha n 30 bend-
ing magnet stati ons. Two addi ti onal exp erimenta l stati ons are operati ng at the
PETR A I I undul ato r beaml ine. At DESY two upgrade studi es about new designs
for the D OR IS [10] and the PETR A storage ri ngs [11] have been carri ed out.
The consequences of these studi es on the radi ati on properti es wi l l be summari zed
bri eÛy in the fol lowi ng.



N ovel Sources for Synchrot ron Li ght 575

The bri l l iance as a com monly used quanti t y and the Ûux f or two exp erimenta l
scenari os wi l l be used to compare the perform ance of the di ˜erent systems. One
scenari o assumes 3:1 f ocusing wi th a maxi mum verti cal and hori zonta l di vergence
of 0.06 mrad and 0.6 m rad, respectivel y. The other one simpl y calcul ates the Ûux
thro ugh a 0 : 1 È 0 : 1 m m2 pi nhole in 35 m distance from the source to resembl e the
situa ti on of a plane wa ve exp eriment.

4.1. Upgrade of DO RIS III

For the upgrade of DOR IS I II the insta llati on of a new storage ri ng operat-
ing at the sam e energy of 4.5 GeV into the present ring tunnel is proposed [10].
Onl y the long stra ight section conta ining the R F- cavi ti es and the positi ons of the
so-cal led bypa ss wi ggler beam l ines wi l l be ta ken from the old storage ri ng.

T ABLE IV
Comparison of di˜erent source parameters; brill ian ce is given at 12 keV in
ph/(s mm 2 mrad 2 0 :1 % BW), the electron b eam sizes are ¥ -values in mm. Parame-

ters are selected for normal user mode operation. T he estimated parameters for the
PET RA perf ormance in presence of damping w rigglers is given in the column denoted
by \DW ". The vertical and total coherent fraction ² ve r t and ² , w ere calculated
according to and , respectively . Elec-

tron beam sizes and -values are typical values and dep end on the value of the actual
-function. T he ESRF values chosen for comparison corresp ond to a high- section

with minimum gap of 16 mm.

D O RI S PET RA ESRF

I I I I I

energy [GeV ] 4.5 12 6

max. current [mA ] 150 50 200

circumf erence [m] 288.9 2304 844

emittance [nm rad] 450 25 4

coupling [%] 3 3

hor. -beam size 3 1.2 0.39

vert. - beam size 0.3 0.13 0.01

brilli ance@12 keV

@1 ¡A [%] {

@1 ¡A [%] {

The emi tta nce of the new ring wi ll be 66 nm rad (at 0.5% horizonta l / verti cal
coupl ing) as com pared to 450 nm rad (at 3% coupl ing) of the present ri ng. The size
of the electron beam wi ll be on average about Ùve ti m essmal ler in both di recti ons
(T able IV). Even i f thi s woul d be already a considerable im pro vement the new val -
ues are sti l l signi Ùcantl y higher com pared to m odern thi rd generati on synchro tro n
storage ri ngs due to the geom etri cal constra ins imposed on the bending radi i by
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the exi sting ring tunnel . In order to obta in the best possibl e perform ance under
these condi ti ons the insta l lati on of in-vacuum undul ato rs usi ng smal l gaps (m in.
7 m m) is envi saged. A com pari son of the perform ance of thi s source wi th others
is shown in Fi gs. 6{ 8. Al l relevant param eters are com pi led in T able IV wi th the
correspondi ng values of the ESR F for compari son.

4.2. Upgrade of PET RA II

An upgrade of PETR A II wi l l include the to ta l rebui ldi ng of one eighth of
the storage ri ng to pro vi de the electro n beam opti cs for 9 stra ight sections each
5 m long. Since not al l experim ents m ight requi re a 5 m long inserti on devi ce some
stra ight sections can accom modate two shorter devi ces tha t are incl ined by about
5 m rad against each other. Thi s scheme woul d al low concepts simi lar to the ESRF
T ro ika beam l ine but wi th independent undul ators and beam paths. In to ta l 13{ 15
independent undul ato r experim enta l sta ti ons could be im pl emented.

Further on, the who le vacuum system and a large porti on of other inf rastruc-
ture wi l l be renewed. The electro n energy wi l l be 6 GeV, the emi tta nce 4 nm rad
at about 1% coupl ing. A minimum aperture of 7 mm and state of the art vac-
uum pi pe design wo uld enabl e magneti c gaps of the inserti on devi ces down to
9 m m wi tho ut the need of in-vacuum devi ces. The gaps of in-vacuum devi ces
could probably even be lower tha n 7 m m. Al l relevant param eters are l isted in
T able IV. The perform ance in term s of bri l l iance and Ûux is shown in Fi gs. 6{ 8.
The long stra ight sections of the PETR A storage ri ng enabl es a further opti on
tha t has been discussed. If the remaini ng long stra ight sections woul d be used
for dampi ng wi gglers (denoted by \ D W " in the Ùgures), the emi tta nce could be
decreased further to about 1 nm rad. Thi s opti on wi l l give verti cal source sizes ¥ y

in the sub-10 ñ m -range whi ch corresp onds to a coherence length of about 0.5 m m
at 1 ¡A wav elength.

In addi ti on to the standa rd 5 m inserti on devi cestwo possible special devi ces
were inv estigated:

1. A low-Ù undul ato r y wi th a very smal l source size (¥ x ¤ 3 0 ñ m, ¥ y ¤ 3 ñ m);
an ideal devi ce for micro focus, im aging and some coherent scatteri ng exper-
im ents (see Fi gs. 6 and 8).

2. An extrem ely long (20 m ) hi gh Ûux undul ato r tha t could be placed at the
Ùrst ID positi on. Thi s devi ce would pro vi de four ti m es more Ûux tha n the
standard 5 m devi cesand shoul d be best suited for e.g. nucl ear resonant and
inelastic scatteri ng experim ents.

The geom etry of PETR A pro vi des two addi ti onal inserti on devi ce positi ons
sui tabl e for devi ces up to 20 m long for further future upgrade plans.

y Ù = ¥ x =¥ x 0
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Fig. 6. C omparison of the brill ian ce of some insertio n devices at di˜erent sources. T he

minimum gap for DO RI S IV devices w as assumed to be 7 mm, those for PET RA II I

w ere 8 mm. Standard insertion device lengths for DO RI S IV and PET RA I II w ere

assumed to be 4 and 5 m, resp ectively . T he curve of PET RA with damping w igglers is

lab elled w ith \DW". The perf ormance of ESRF devices is given for comparison. \U M"

denotes a device w hich is optimised for the 5 7 Fe M �ossbauer line. T he ESRF devices

w ere calcula ted for b eam parameters pro vided in user mode operation (0.75% couplin g)

and if not explici tly indicated for the standard device length of 1.65 m. T he ESRF has

demonstrated that it can run in 0.25% couplin g mode w hich results in about three times

higher brilli ance. I D22 denotes a general 42 mm undula tor in an ESRF high- Ù section,

I D3 an undulator in a low -Ù section. Meanw hile ID22 is also equipp ed w ith an in- vacuum

undulato r pro vidi ng signiÙcant higher performance w hich is not show n here.

Fig. 7. C omparison of the Ûux through a 0.1 mm pinhol e at 35 m distance from the

source. This resembles an experimental situation comparable to a plane wave experi-

ment. A ll other parameters as given in Fig. 6.
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Fig. 8. C omparison of the focussed Ûux: 3: 1 demagniÙcati on w as assumed, the maxi-

mum vertical and horizontal divergence was limited to 0. 06 mrad and 0.6 mrad, resp ec-

tively . Top: total Ûux in the focus neglecting its size (e.g. Ûux experiments). Bottom:

focal Ûux density (Ûux normalized to the size of the focus, e.g. brightness experiments,

small samples). A ll other parameters as in Fig. 6.

In addi ti on to undul ato r inserti on devi ces also wi ggler devi ces for rel ati vel y
wi de beam s wi th extrem ely hi gh photo n Ûux at energies around 100 keV are fore-
seen.

Hi gh energy storage ri ngs are very well suited to pro vi de circul ar polari zed
VUV and soft X- ray undul ato r radi ati on whi ch is onl y possible on the fundam ental
undul ato r l ine. Such a devi ce woul d pro vi de a Ûux of about 1 0 1 5 ph/ (s 0.1% BW )
at 800 eV.
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4.3. Summar y of the upgrade studies

Even i f the proposed upgrade of D OR IS I I I wi l l not achi eve the values of thi rd
generati on sources l ike the ESRF in term s of emi tta nce and undul ato r bri l l iance,
the values in T ableIV and Fi gs. 6{ 8 show a dra mati c impro vement com pared to
the present storage ring.

A conservati ve upgrade of the PETR A storage ring should provi de perfor-
m ance values in the sam e order of m agni tude as the ones tha t ESR F and other 3rd
generati on synchro tro n source pro vi de to day. An upgrade of the PETR A storage
ri ng incl udi ng dampi ng wi gglers would surpa ss the ESRF values achi eved so far in
term s of emi tta nce and bri l l iance.

For the com pari son of the data shown in T ableIV and Fi gs. 6{ 8 several as-
sumpti ons have been m ade. The m ini mum gap sizesf or D OR IS IV and PETR A I I I
undul ato rs were assumed to be 7 and 8 m m, respecti vely. In case of PETR A I I I
sti l l smal ler gap sizes m ight be possible. The undul ato r perform ances calcul ated
for compari son for the ESRF are for standard devi ces m ostl y avai lable now. They
di d not ta ke into account the perform ance gain tha t in-vacuum devi ces wi l l pro-
vi de, whi ch are tested and in part insta l led at ESR F al ready at present. The
compari sons shown in Fi gs. 7, 8 have to be analysed careful ly, since they represent
two extrem e cases and any of these num bers might not be representa ti ve f or a
parti cul ar exp eriment.

Co nsidering the superior perform ance values an upgrade of the PETR A stor-
age ri ng woul d pro vi de for synchro tro n radiati on experim ents i t has been decided
to m ake the PETR A ri ng tunnel avai lable for a dedicated synchro tro n radi ati on
source begin of 2007. The DOR IS upgrade plans were abandoned.

5. Su m m ar y

At present a numb er of 3rd generati on synchro tro n sources are runni ng very
successful ly. Several new nati onal sources wi l l be bui l t in the near future to take
care of growi ng user dem and for very bri l l iant beams. Storage rings are l imi ted
in the smal lest possibl e emi tta nce as well as pul se lengths. Energy recovery l inac
dri ven storage rings wi l l push these l imi ts further down since they wi l l not have the
l im ita ti ons norm al storage ri ngs encounter. A to ta lly new wo rld for synchro tro n
radi ati on exp eriments wi l l certa inl y be opened by free electro n laser sources pro-
vi di ng extrem ely intense, short and tra nsversely coherent radiati on pul ses.
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