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An accelerator complex DELSI (Dubnen Electron Synchrotron) is planned for constuction as source of
synchrotron radiation with high brightness in a wide spectral range — from far infraredpyi)Qup to
high-energy x-ray (50 keV). This will make it possible to perform a wide range of research at the Joint
Institute of Nuclear Research. The DELSI complex includes a linear electron accelerator up to energy
800 MeV and a storage ring with a 136 m perimeter at 1.2 GeV, in which a 10 T wiggler and an undulator
(0.75 T, 150 periods) are built-in. The linear electron accelerator of the DELSI complex will be used for
injection and for producing free-electron lasers. The parameters of synchrotron radiation from the bending
magnets and built-in devices of the DELSI complex, the magnetic structure of the storage ring with the
wiggler and undulator switched off, the effect of built-in devices on the ring optics, and the effect of errors
on the closed orbit are examined; the synchrotron radiation parameters are briefly described.

Substantial results have been achieved in the last five years on the development of third-generation synchrotron rad
ation sources. Large storage rings have been put into operation — APS in the US and SPRING-8 in Japan — and the SLS st
age ring in Switzerland is in the startup stage. In the ESRF storage ring (European Synchrotron Radiation Facility, Grenoble
France) the brightness of the synchrontron radiation was increased ftBio 107° photons/(sec-m?r-"mrac?-o.l% b.w.).

Such a high brightness is achieved by using undulators built into the storage ring. At electron energies from 0.5 to 3 GeV th
brightness of the synchrotron radiation emitted from the bending magnetsl?sra-ld5 photons/(sec-m?rmra&-o.l% b.w.),

the brightness of the radiation from the undulator is J:?-mﬁotons/(sec-mﬁ-’mratf-o.l% b.w.), and the brightness of the
radiation from the wiggler (for various sources) is 3210.5.14° photons/(sec-m?‘fmra&-o.l% b.w.). The size of the elec-
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tron beam in modarsyndrotron-radigion souces is tose to the dffaction limit,at which point futher deceasing the siz
of the souce no longr inceases its lightness.

The DELSI (Dubnen Eleatn Syndirotron) acceleator complex is being hilt on the basis of the accedgsr com
plex at the Ndional Institute of Nulear Plysics and High-Engy Physics NIKHEF (Amstedam,Holland),which by agree
ment betveen the tw paties was disassentdd in 1999 and émsemred to Dubna [1]The NIKHEF accelator comple
includes a MEA (medium engy accelegtor) linear elecwn acceleator for electon enegies 700 MeV and AmPS stoage
ring (Amstedam pulse satcher) with maxinum electon enegy 900 MeV with accumlated-beam cuent 200 mAThe lin-
ear accelator MEA in the DELSI design will be used in the eleatistorge modebut in so doing the umber of acceler
ating sections will be ineased fom 23 to 25 and the oging regime of the hf gneetors will be forced This will make it
possible to incease the eleain enegy up to 800 MeV

The DELSI elecwn stoege fing will be kuilt using the components of tAePS ing, alteting its optics The ing will
also be an undufer with high bightness and a supemnducting wigler, geneeting high-enegy x-rays. In DELSI the electm
enegy will be increased to 1.2 GeWlmodifying theAmPS dipole mgnets.Two hf stdions will be installed in the stage
ring: one will opeete & 476 MHz and the othet the 2856 MHz fequeny of the linear accelator. This will make it possite
to obtain shdrelecton bundhes (2.5 mm)dr tempoal moduldion of the synhrotron radigion intensity in a wide timeange.
One possile direction of futher eldoration of the comple could be using an MEA eleotn beam dr free-electon lases.

The basic pammetes of the DELSI stage fing neglecting the hilt-in devices ae as 6bllows:

Perimeter m ... ... 136.04
Radius of curature of the tajectoy in the bending ngnetsm ... ... 3.3
Horizontaliettical frequenyg of betdron oscilldions ... ........... 9.44/3.42
Orbit xpansion &tio . ... ......... ..t 5.03-10°
Chromaicity (horizontalhettical) . .......................... —22.2/-12.6
Stored electon curent,mA .. ... 300
Horizontal emittancenm .. ... ... .. .. . . . . . 11.4
Accelerting wltage frequeng, MHz . ... ...................... 476
Equilibrium length of an eleadn undh,mm .. .................. 8.67
Hamonic rumber. . ... .. ... . 216
Radidion losses perevolution in the bending ngmetskeV ........ 55.7

Syndrotron Radiation from the Bending manets and Built-in Devices of the DELSI Stomge Ring The
paametes of the synisrotron radiaion from the bending ngmets in DELSI (fg. 1) male it possike to implement anxéen
sive reseath program on gomic and photoeleainic spectoscopy, luminescence in théUV region, x-ray luminophoe and
scintillator physics,and fuorescence spedscoly of biological objects with high timeesolution with lev-enegy x-rays.
Eight syntirotron-radigion channels will be bilt for this.A metrlogical channel will be hilt for perbrming photomeic
measuements on detect®and dosimeterwhich are used in manfields of science and teoolagy, including in space stud
ies.The paametes of the synlarotron radiaion from the DELSI bending ngaets ae as 6llows:

Election enegy, GeV 1.8 1.2 1 0.8
Beam curent,mA 300

Horizontal/ertical emittancenm 25/0.25 11.43/0.114 7.72/0.0784.94/0.049
Ratio of the3 functions &the emission pointn 1.618/8.288

Critical photon enegy, keV 6.46 1.16 0.80 0.51
Critical wavelength,nm 0.192 1.068 1.538 2.403
Total paver, KW 139.4 16.69 9.66 4.94
Angular paver densityW/mrad 22.18 2.66 1.54 0.79
Photon fux, photons/(sec-rad-0.1% tw.) 8.65-10° 5.77-16° 4.81.14°> 2.53.18°
Maximum blightnessphotons/(sec-m?r-mradz-o.l% w.) 3.3.164
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Fig. 1. Syntirotron photon lux from DELSI bending ngnets:1-4) electon beam
enepgy 0.8,1,1.2,and 1.8 Ge\trespectrely.
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Fig. 2. Photonlfix from the DELSI wigjler.

The madigion spectum from the wigyler is similar to thieof the bending ngnet,but hee the photon engy is much
higher (popotional to the mgnetic feld). The use of a supewnducting thee-pole wigler (“shifter”) with a 10T magnet
ic field will make it possile to geneete high-enagy x-rays (Hg. 2). The paametes of the synirotron radigion from the
DELSI wiggler ae as bllows:

Electon enegy, GEV . . . .. ... e 1.2
Critical photon enggy, keV .. ....... ... ... . ... 9.58
Critical wavelengthnm . ... ... ... .. .. ... .. ....... 0.13
Total paver, KW . ... e 12.32
Power densityW/mm2 ............................... 639
Photon fux, photons/(sec-nad-0.1% w.) ................ 1.73-18°
Flux densityphotons/(sec-radz-o.l% bw) ... 2.5-16°
Maximum brightnessphotons/(sec-m?r-mraoe-o.l% bw) .... 5.3-13%
Undulaiity pammeter. . . ...t 280.3
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Fig. 3. Photonlfix (first, third, and ffth hamonics) ersus the photon
enepgy (vaiied by changng the undultor gap from 4 to 10 mm).

Six channels will be bilt for opesting with high-enegy x-ray radigion from the DELSI wigler. It will be used 6r
time-resolhed stuctural investigations of biolaical objectsx-ray microscopy, investigion of the luminescence ofystals
and br solid-stée lases pumped v syndirotron radigion in theVUV range, reseatch in time-esohed Mossbauer spec
troscopy, EXAFS spectoscoyy, and cystallography.

A special &dure of undul#or radiaion is linear poldeation & a fixed rmadigion frequeng. The maxinum radigion
power is obtainedtahe frst hamonicg and all @en hamonics ae suppessedThe synbrotron radigion flux can be aried
by varying the @p in the undultor or the undulaty parameter (k. 3). The peimetess of syntirotron radigion from the
DELSI undulaor ae as bllows:

Electon enegy, GeV . . . ... 1.2
Undulaor gap, mm . ... .. 5
Critical photon enggy, keV . ... ... ... .. .. ... ... ... 0.64
Critical wavelengthnm ... ... ... .. ... ... .. L 0.19
Photon fux, photons/(sec-nad-0.1% bw.) ................ 3.2:16°
Flux densityphotons/(sec-radz-o.l% bw) ... 6.3-107
Maximum blightnessphotons/(sec-m?'rmradz-o.l% bw) . ... 1.97-18°

At the first staje two channels will be bilt to work with radiaion from the DELSI undular. The rdigion can be used
for studies in metdogy and photomey, crystallography, x-ray holography, and br pumping solid-sta lases in thevUV range.

Structure and Basic Rrameters of the DELSI Storage Ring The manetic stucture of DELSI was deeloped
on the basis of theflowing geneal requiements:

— use of mgnetic components of temPS stoage 1ing;

— adiieving minimum emittance with aythamical petture gving efective injection and long ldtime of stoed
elections;

— maxinum bightness with bilt-in systems.

A symmetic stiucture consisting ofdur quadants vas dosen 6r DELSI [2].A variant where a quadant consists
of a peiodicity componenta maching cell,a rectilinear @p for kuilt-in systemsa maching cell,and peiodicity element,
was hosen as the basianant. A quadant is an deromdic lens.The phase inements of the beti@n oscilldions in the
petiodicity component arp, = 0.43-2tand Hy = 0.15-2t The phase inements in the hi@ontal dilection ae detemined
by the condition ér minimum emittanceThe phase ine@ment in the erttical direction nust be compatively small to enswe
low chromdicity. Two families of sgtapole lenses arused to coect the bromdicity.
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Fig. 4. Stucture functions of a quadnt of the stage ling with
a rectilinear @p for the wiggler.
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Fig. 5. Stucture functions of a quadnt of the ing with a
rectilinear gp for the unduleor.

One of two “long” rectilinear @ps (7.2 m long) will be useaif the wigyler and the injection kier, and the other
will be used ér the hf eson#ors and a second Ker. The unduléor will be placed in one of thshort” rectilinear @ps
(5.52m long) and a ggum manet will be placed in the othérhe hoizontal and ettical B functions & the center of the
rectilinear @p for the wiggler were chosen to be small g, = 1.05 m ancBy = 2.8 m (kg. 4) — in oder to optimie the syn
chrotron radigion from the wigjler and minimie the perbaions intoduced with the wigler svitched on.
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Fig. 6. Stucture functions of a quadnt of the stage 1ing with the wigyler svitched on.

To obtain a long beam &fime the sd#ering by residue-@s @#oms nust be minimizd For this the ettical B func-
tion a the center of theectilinear gp, containing the undutar, must be small. In the DELSI stage ring thep functions &
the center of theectilinear @p with the undultor ae chosen to b@, = 14.55 m ang, = 0.98 m (kg. 5).

The “short” rectilinear @p, which is identical to thiaof the undultor, contains the injection d&es.Two kickers,
placed in the oppositectilinear gps and sgarated accoding to the phase of the betan oscilldions ty 9, are used to
bring a dosed orbit with a ctulaing beam up to the paum.

Effect of Built-In Devices on the Linear Optics; DynamicaAperture and Closed-Orbit Corection. The may-
netic measwments of theiéld of a thee-pole wigler with a 10T field in the centrl pat, developed &the G I. Budlker
Institute of Nutear Plysics & the Sibeian Brandh of the RussiaAcadeny of Scienceswere used to calcuta the effiect of
the wiggler on the optics of the stge fing. The “reconstuction” of the optics vas perbrmed in two steps in oder to
decease the infience of the wigler on the manetic stucture. Frst, the conditionsx, = a,=04 the center of the wigler
were sdisfied by varying the brces in the doubt of the gp with the wigyler. In the est of theing thep functions vere kept
the same as with the wgjter svitched of, but the flequencies of the betan oscillaions Q, ande were vaiied by varying
the 3 functions in the gp with the wigler. Next, the frequencies of the betan oscilldions were corected and the pata-
tion of thep functions @er the entie accelestor was minimizd d the same timeThe forces of all quadmpole fimilies were
valied a the same timeAs a esult,the dange in thep functions br the stucture with the wigjler svitched on vas 7%.and
the emittance of the eleotr beam inarased fom 11.4 to 21.3 nnhe fnal form of the stcture functions of the quaant
with the wiggler switched on is pesented in i§. 6. The same mcedue was used to calcuiathe effect of the undulkar on
the accunalator optics (0.79, 150 peiods, period length 2.25 cm). Its &fct was nuch wealer: the s@aration of thef3 func-
tions is less than 1% and the beam emittanceedsed to 11.14 nm.

Effective injection £0.8 GeV equires a gnamical @eture in the horzontal diection geder than 31, since the
AmPS setum knife thikness is to be 3 mmt 1.2 GeV the gnamical etture must be geder than 25, for paticles with
zero momentum déation. MAD calculdions [3] hae shavn tha for stuctures with the wigler and undul®r switched of,
neglecting erors, and with 2r0 momentum deation the grnamical @ertures ae 99, and 875y a 1.2 GeV (kg. 7). For
patticles with momentum deation Ap = +1% the computedytiamical petture deceases to ™, and 8b,, for paticles
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Fig. 7. Dynamical petture (xpressed in standémeviations) nglecting the aors
for a stucture without liltin devices (), for a stucture with the unduler
switched on 2) and the wigler svitched on 8), respectiely.

with momentum déation Ap — 1% the petture deceases to 7 and 795y, respectiely. When the wigler is svitched on
the d/namical pertture deceases to 6@, and 8@,, and with the undutar switched on it de@ases to 7, and 7&,. In both
cases theyhamical @etture is suficient for a séisfactow lifetime A possilte way to increase the yhamical getture is to
install adlitional families of s&tupoles in the gps with zro dispesion.

The main sowes of the losed-orbit eror for a hoizontal plane of the DELSI stage fing ae the erors of the feld
in dipole manets (insthility of the paver supplies) and displacement of the qupdte lenses in the haontal diection,
and br the \ettical plane the soges ae the shift of the quadpole lenses in theettical direction and etation of the dipole
magnets apund the longudinal axis.The erors in the components of the witure were set andomy, the ms deiations
being as dllows: the shift of the quadipole lenses 20Qm, rotation of the dipole mgnets anund the longudinal axis 1
mrad and manetic feld tolemnce in the dipole ngmets 5.17"

Two schemes wre pioposed to caect the tosed orbit.The irst stieme used 40 carcting manets br the hor
izontal plane (thee br maching cells and tw for perodic cells) and 32 coecting manets br the \ettical plane (tvo
ead in the mé&ching and peodic cells).The second coection sbheme emplged 24 corecting mgnets br the hoizon
tal plane (tvo for the maching cells and oneof the peiodic cells) and 32 coecting manets br the \ettical plane (tvo
ead in the mé&ching and pdodic cells). In both caection shemes thexr ae 48 beam-position sensofthree eah in the
matching and pebodic cells).

The orbit vas calculted with the carection systemwgitched on and défwith electon beam engy 1.2 GeV Ffty
error-accunulation variants were calculéed The maxinum deviation of the orbit with the coection systemwgitched of was
15 mm in one &iant for the hoizontal plane and 26 mnoff the \ettical plane In one of the 50asiants the syriwrotron was
unstdle because of sunesonance coupling

With the corection systemwgitched on the maxinm deviation of the orbit vas 1.8 mmdr the hoizontal plane in the
first corection sbeme (40 caecting mgnets) and 3 mm in the secontiame (24 caecting mgnets); br the \ettical plane
the deiation was 0.99 mmThe maxinum force of the caectos was 0.84 nmad in the if st corection sbeme and 0.74 rad
in the second $eme; this caesponds to theofce of the carecting manets.The dang in the beam emittance isgtigible.

The dsnamical @etture with the carection systemwitched on vas calculged for two sets of aors. The maxinum
orbit deviation for all 50 \arants aises in theifst set,and the typical deation (average over all variants) aises in the sec
ond set.The d/namical g@eitures br these tw sets were 67/0,, 91o, and 7@,, 880y, respectiely, in the frst corection
scheme (40 coectos for the hoizontal plane and 3f the \ettical plane) and 58,, 1000y and 64,, 950y in the second
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Fig. 8. Dynamical petture taking account of the rers, expressed in standar
deviations (40 coarectoss for the hoizontal plang32 for the \ettical plane)for
a stucture with maxinum orbit deiation and the wigler svitched on 1), with
average (2) and maxinam (3) orbit deviation, respectiely.

comection sheme (24 caectos for the hoizontal plane and 32f the \ettical plane).Thus,the mininum dynamical @er
ture & the locaion of the sptum manet is 24 mmwhich is suficient for organizing efective injection.With the wigyler
switched on the yhamical @eture was 625, and 8By for a stucture with a set of eors gving the maxinam orbit deia-
tion over all 50 arants (Rg. 8).

Prospects 6r Elaboration of the DESLI Complex. The manet stucture chosen has the adntaye tha the stor
age ling can be fuher modifed in oder to incease the engy and the hainess of the syiotron radigion. For this,it is
proposed thain eat variant eight egular bending mgnets be aplaced ly special mgnets vhich ae constcted using a
technolagy developed athe G I. Budlker Institute of Nulear Plysics of the Sibéan Brandh of the Russiavcadeny of
SciencesThese mgnets possessgefd concentators based on peranent mgnets,making it possite to incease the nta
netic feld in the @p up to 3—4T without using supeonductvity. Using these ngmets will male it possile to incease the
acceleator enegy to 1.8 GeV and will shift the maximm of the synkrotron radigion spectum from the bending ngmets
to proton enggies ~6 keV.

Another possibility 6r eleboration of the system is to delop a &mily of free-electon lases. The DELSI linear
acceleator can accelete electons up to 800 MeV withwerage beam paver of tens of kilavatts; this malks it possite to
develop a unique system ofefe-electon lases, covering the vavelength ange from the &r infrared up to lev-enegy x-ray.
Free-electon lases placed dictly into the acceletor tunnel will gneete 0.2—100um radidion. Three FEL gnegtors,
whose peak outputididion pover will be seeral megawatts with an aerage paver of s@eral watts [4], will cover the indi
caed mange. The tetinical damacteistics of the equipment ardose to those of a FEL compleonstucted & the FELI
Researh Center (Osakalgpan) [15]. It is impatant to note thiausing the xisting endosures of the linear accektor build-
ing will make it possile to bing the adigion uses online in the lboratory very quidkly.

It will be possilbe to geneste shot-wave length cohemt radidion with a single pass of the elemtrbeam of the
DELSI linear acceletor through a long undutar. The dsence of miors will make it possite to obtain adiaion with
ary wavelength up to xay [6]. This shieme is called SASE FEL (Sélinplified Spontaneous Emissiomele Electon
Laser).A system with tbse paametes is nav being consticted & DESY (Hamlurg, Gemary) [7, 8]. Estimdes shw
tha for a 1 GeV electm beam the mininm wavelength in the DELSI system will béaut 5 nmAdjusting the engy
of the linear acceletor will make it possite to corer smoothy the wavelength ange from 5 to 200 nm. €ak adiaion
power is 2-3 GW with anverage paver of seeral watts. Compaed with the thid-geneation syndirotron radidion
source the peak adigion pawer is 1d times higher In the futue the enagy of the DELSI linear accelator can be
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increased to 2 GeVWbappropriately modifying the micowave paver suppy systemAs a esult,the mininrum wavelength
can be educed to 1 nm [4].

Estimaes shwv tha the DELSI equipment can be madif to expand its possibilities as aurth-genestion souce
of syndhrotron radigion for wavelengths angng from far infrared to 1-5 nmThe modifcation will largely be due to instal
lation of undulaors and high-cuent injectos of the linear accelaor. For the system of FELemegtors the equirements
for the beam pametes ae compadtively easyithe peak cuent in a bindh will be several tens of ampes with nomalized
emittance 20—-30 mrmad Sud an injector can beulit either using the témolagy for subhamonic micowave tunders or
using a micowave beam with a photottaode A high peak cuent is equired to g¢neete shot wavelengths in a single-pass
FEL amplifer; this is abieved ly additionally installing dispesion sections {(imch compessos) in the acceletor channel.

It should be noted thahe examples mentionedoave, shaving an incease in the peak agent,have been success
fully implemented in pctice

Condusions. It is nov possilke to poduce athe dint Institute of Nutear Reseah a thid-genestion souce of
syndirotron radigion DELSI, based on components of the NIKHEF acat®rsystemas a high-lightness sowe of syn
chrotron radiaion in a wide specail range — from farinfrared (100um) up to high-engy x-ray (50 keV). This will grealy
expand the psgram of scientit reseach perbrmed a the institute

The manetic stucture developed br the DELSI staage fing based odmPS components will makit possike to
install a 10T wiggler and an undular. The d/namical @eiture suficient for efective injection anddr ataining the equired
lif etime Existing dipole caectos can be usedf the systemdr corecting a tbsed orbit.

Building free-electon lases will make it possile to poduce a unersal laser center with no angkin the wrld
with respect to theange of smooth tuning of thediaion wavelength from farinfrared up to lav-enegy x-ray. The use of
FEL radigion syndronized with synbrotron radigion pulses fom the DELSI stage fing will gredly expand syn
chrotron-radigion reseath.
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