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ABSTRACT booster ring. On completion of the vacuum system in

) _ ) May 1996, commissioning of the main storage ring has
The 3-generation synchrotron light source DELTA Ofbegun. The first FEL experiment FELICITA will be

the University of Dortmund consists of a 100 MeV linaceady as soon as sufficient beam is available. In addition,

a full-energy booster, and a 1.5 GeV storage ring gsyperconducting, asymmetric multipole wiggler is
Commissioning of the linac has been started in Octobgfesently under construction in industry.

1994. In March 1995 the first beam was stored in the
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Figure 1: The electron storage ring facility DELTA with the assembled and planned experiments and beamlines. The
electrons are provided by a 100 MeV linac and accelerated in a booster to the maximum operation energy of the
storage ring of 1.5 GeV.
* high single bunch currehf
1 THE FACILITY + small beam dimensions, ando,

The Dortmund storage ring facility DELTA [1] is For FEL experiments beam energies below 1 GeV are
optimized to run FEL experiments in the visible andequired, but some synchrotron radiation users need
XUV range and to provide synchrotron radiatiorhigher photon energies upBp= 10 keV. The maximum
experiments. The FEL gain [2] is design energy of the storage ring is therefore sEf (o=
203 2 b 1.5 GeV which is acceptable for the FEL and allows by
GUOKNA ;- — ; . .
3 means of superconducting wigglers the production of

with the undulator parametei, the period A, the radiationin the 10 keVrange. o
number of period$\, the electron density, andy = The entire storage ring facility is shown in figure 1. It
E/mc’. From this relation one can easily derive th%gzzltsetrs gggge(eazgﬁgrsbirtlragn'\g?)\/;?;ihtehelfg'”gen\frgy
general design requirements for the FEL storage ring: " . DELTA ¢ 4 Elect ' Test

» long straight sections (i.e. largE) storage  ring feortmun ectron 1es
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Accelerator). The two 15 m long straight sectiongscceptance of the booster. Nevertheless, with a longer
between the arcs allow very flexible installation oteam pulse of 15 ns from the gun the present linac
different experiments. During the first experimentaperformance is sufficient for commissioning the booster
period both straight sections are equipped withnd the storage ring.

additional two 3 bending magnets. This setup provides

suitable geometric conditions for the first FEL 3 THE BOOSTER BODO

experiment FELICITA |, located in the upper straight_l_h booster is desianed i . ting i
section, especially to allow a short optical cavity with € booster 1s designed as a storage fing operating In an
only 14.4 m distance between the mirrors. In the lowet ¢ 9Y fange between 50 MeV and 1.5 GeV. All magnet
straight section two insertion devices are foreseen:célrcmS are. powered by cu_rrent controlleq power
superconducting wiggler currently under constructioﬁUpp“es' This allows free choice of the ramping curve
and a planned permanent magnet undulator. In the fut gnerated by a computer program. The resuilting ramping
it is possible to remove the® 3nagnets and to install c_ycl_e_of at least 3 seconds (design va_llue),_ ho_vveve_r, IS
long undulators up to 14 m length. s!gnlflcantly Ionger than that of a Whlt_e_ C|rQU|t. This
disadvantage is compensated by an injection scheme
with three kickers providing a current accumulation over
2 THE 100 MEV LINAC many injections from the linac before the ramping starts.
The electron linac [3] is reconstructed using mainly pari@/ith this layout the booster can also be used as a storage
of the old linac of the University of Mainz, which wasring for various tests.
shut down some years ago. The two 4.2 m Ifing 1 . C
constant gradient S-band structures powered with 3»1 Booster optics and injection

MW each provide a total energy of 100 MeV. The triodghe pooster optics is based on a standB@DO
gun with 50 kV extraction voltage allows either short Zycture as shown in figure 2. It uses the same magnet
ns pulses of 1.5 A for single bunch production or withypes as designed for the storage ring. The magnet lattice

different pulser electronics longer bunch trains fogonsists of one dipole and five independent quadrupole
multibunch operation. It follows a 6 cellli-mode tamilies.

standing wave buncher with a design gradient of 1
MeV/m, originally designed from LAL for CERN. B [m]

Several parameters of the old linac parts had to I, |:
measured during commissioning. The results made
modification of the solenoid focusing in the bunche
region necessary as well as an additional quadrupc
focusing in front of the first structure. With these
modifications the transmission grew from 2% to 20%.

Along the linac one gap monitor and 3 cavity
monitors are installed to measure the beam currer

Following values have been achieved so far: 0
Table 1: achieved parameters of the linac
parameters values
particles from the gun N, =1.5 10 e @ i woowm
pulslength T =2 ns (single bunch Figure 2: Optics of one quadrant of the booster. The
15 ns (commissioningﬁ lines are the calculated functions and the points are

particles at linac exit N, =7510 measured.
emittance at linac exit €=110°m rad As already shown in optics calculations the lattice
transmission T=20% provides a large range of stable tunes. Even after tune
repetition rate f,=1-50Hz change of one integer in vertical plane, stored beam was
energy E=78.1GeV possible without any corrections. Nevertheless, at

injection energy of presently around 70 MeV optical
The energy is presently smaller than designegbsonances are sometimes critical because of the long
because of limitations caused by the use of the olddiation damping time of, = 40 - 50 seconds. After
klystrons. The system of the first structure and thgeyeral tune scans the best working point was found to
buncher is only powered with 10 MW. Twice the powepeQ = 2.83 and, = 2.28.
is required according to the design. This problem will be 14 peam position monitors (BPM) are installed in the
solved during this summer after installation of a neWgoster based on the standard technique with 4 pickup
klystron. One consequence of the low rf power is aglectrodes. Orbit correction is possible with 12
energy spread of aboufl0%, which is larger than the horizontal and 12 vertical steering coils. It was found



that without any corrections the vertical orbit distortiong&nd shows the high quality of the vacuum chambers and
are within an uncritical range of some mm. Only in th¢he NEG-pumping system (seB.2). The average
horizontal plane positive displacements around +5 mmressure ip = 1 10" Pa. It is an interesting fact that no
have been measured. In order to avoid time consumiigh related effects have been observed so far. The
realignment of all magnets, the rf frequency wasnstalled clearing electrodes have no significant
changed from 499.654 MHz to 499.800 MHz. Thénfluence on the beam lifetime.

booster runs now stable without any orbit correction.

. 3.3 Acceleration procedure
Table 2: optical parameters of the boosteE@ 1 GeV

parameter value The acceleration in the booster follows presently a
circumference L=504m computer ge_ner_ated curye (t) for the bending magnets
Maximum energy E_=15GeV as shown in fig. 3. The current df,, = 600 A
tune Q =283 Q=228 corresponds to th(_a beam energyEof 0.96 GeV. The
emittance _ (theory) a ~ 160 1dzm rad cycle time of 15 s is chosen because of _safety reasons. It

(measured) Xa _ 3 10’ m rad WI|| t_>e reduceq to 3 - 5 s later. The flve_ quad_rupole

circuits are driven by similar curvelg,(t) including
moment_ur_n comp. factor a=0.117 empirical correction§, (t):
chromaticity ¢ =-3.26, £ =-1.91
synchr. damping time 1.=5.6 ms lquad®) = @ loeod) +Feor() (a=const.)
rf frequency f, =499.654 MHz With this technique one can keep the tune almost
harmonic number q=84 constant during acceleration. Beam loss occurs only at
cavity shunt impedance R =9.0 MQ the very beginning of the ramp and can be avoided by
rf power P = 30 kKW careful adjustment of the tune.
Most of the quadrupoles are equipped with addition: HG,S]O /—T\
coils producing superimposed sextupole fields fo sp

1

chromaticity correction. During a test it was

N\

gjection

demonstrated that these fields can be switched on alm 400 :
without any change of beam position. Normally the \
! .. . 300
sextupole fields are off, the chromaticity is rather low / \\
and its compensation not necessary so far. 200 B

Normally the booster runs with one shot on-axi
injection using only the two kickers ki2 and ki3 (fig. 1) 1001
behind the septum. The machine is then filled with 5 to
bunches (15 ns beam pulse from the linac). The kick
strength at injection energy is high enough to opera.. _
without dc-steering coils. Because of the low inductandgigure 3: Ramping curve of the booster.

of the kickers it was no problem to get rise and fall timegpe quadrupoles are powered by 60 A choppers identical
of <100 ns with a maximum voltage of 20 kV. A testg the types designed at DESY for HERA. Originally
with a closed kicker beam bump for accumulation hagey don't allow negative voltages at the output. During
proved the principal, but the best achieved intensity wage falling ramp after ejection the magnet circuits have a
on]y .a.fac_tor of 2 to 3 higher than with the simple ORjme constant of = L/R= 1 s. Below 10 A the magnet
axis injection. _current is therefore delayed and the control loops

The reason is the large energy spread of the linggy saturation. After some seconds the loop locks again.
beam, which fills the whole stable phase volume of thepis happens in the phase without beam and seemed to
booster. In addition, there is a lack of damping ale harmless. The experiences, however, have shown a
injection energy. Therefore, the stacking does not wotastic change of the conditions from one injection to the
properly. But also with on axis injection only 10% of the,axt. The tune at injection energy jumped up dodn
incoming particles are stored. Most of them disappegf, several 100 kHz. Obviously due to strong hysteresis
after several hundred ore even thousand revolutions. @ftects at low field excitations the initial conditions are
single bunch operation the energy spread is MuGlhgefined for this kind of operation. Therefore, the
smaller and the injection efficiency goes up to more thaéhoppers have been modified in a way that dudagn
30 %. With the new LINAC klystron these problems Wi”ramping automatically a 7.8 resistance is added to the

be solved soon. circuit. The time constant reducestc= 0.2 s and the

The lifetime of an injected 70 MeV beam is presently.,nio| |oop always locks. After this modification the
T,... = ¢ min. for currents oA, .= 1 mA or less. It is injection conditions are very stable.
much longer than required. It is determined by vacuum
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The maximum energy achieved in the booster so f&.1 Storage ring optics

is E = 1.3 GeV with constant rf-power &f, = 5 kW at a . _ f :
frequency of 500 MHz. In order to avoid problems with was necessary to combine the required strong focusing

cavity windows and the vacuum in this region thdn the arcs with the variable design of the long mostly

klystron power is presently limited to this uncriticaldifferent lstr?igh_tl_ sectior:)s. hAt_dIeast S_Jndep]?f_n(_jent
value. It is sufficient during the first commissioning quue_ldrupoe amilies on | oth si es provide su icient
the storage ring at the chosen beam enerdsy of0.96 optics matching. The optical functions of one quadrant

GeV. During energy ramping the rf-power is simply kep‘?lre shown in figure 4.
constant. A

40
4 BEAM TRANSFER LINE BETWEEN / \ - o
BOOSTER AND STORAGE RING » :

At the flat top of the ramping curve the beam is ejecte
vﬁ(
A A A {\ / K 1

by a fast tandem kicker and an eddy current septum. It ,,
0 We— R — e — e ¥ = E T ¥ ¥ - -2

transferred to the storage ring by a short, compa
transfer line. Because of the very limited space a
magnets had to be built as small as possibli o
Consequences are the small 30 mm diameter of t
stainless steel pipe and magnet apertures of 26
(bends) and 40 mm (quads). Because of the low boos
repetition rate it was decided to utilize only pulsedrigure 4: Optical functions of one quadrant of the
bending magnets in the transfer line. The full wav®ELTA low emittance optics.

current pulse has a period of 0.1 s. The required average
power is in spite of the high field & __ = 1.4 T only

_ The low emittance of the DELTA beam is provided

some hundred watts and water cooling is not necessagg triplet focusing (DFD) between the dipoles. For

Only the air cooled quads are powered with dc-currenh.a Temtlseselr?rzlgglleeg)s critical optics with larger emittance
The eddy currents in the 1.5 mm thick vacuum pipe have '

only week influence on the beam. This was found iffable 3: parameters of the storage ring optics @ 1 GeV

calculations and meanwhile proved by tests. parameter low emitt.] commisg.
The optics of the transfer line is critical since only 4 | circumference [m] 1152 1152
quads could be installed with proper betatron phasd - - energy [GeV] 15 15
advance. Therefore, full matching of all optical tune Q=876 | Q=482
parameters is not available. In addition, behind the QX -381 QX -273
ejection septum as well as in front of the injection mittance [m rad] 252 0 5226 10
septum into the storage ring the beam passes the stror{T?n — =
stray field of the ring quadrupoles. It was not possible tol "0M- Comp. factor 0 =0.005 | a=0.024
implement these nonlinear fields into the optics. In the| chromaticity §=-220 | §=-74
quads between the coils the vacuum pipe is surroundefl §=-99 | §=-47
by 5 mm thick iron shielding. It reduces the undesirable| d@mping time [ms] 5.6 5.6
fields to negligible amounts. Even though the iron |If frequency [MHz] 499.654 499.654
shielding is rather close to the poles, the influence on th¢harmonic number q=192 | q=192
main quad field is of the order &fB/B < 1 10°. With cavity impedance [I®] 3.0 3.0
these measures it was possible to find proper transfeyrf power [kW] 65 65

optics for all storage ring lattices investigated so far. The

recent experiments with the pulsed transport line have Because of the very limited space in the lattice, the
demonstrated its stable operation. required strong sextupole fields for the low emittance

optics are produced by 5 cm long sextupoles mounted at

5 THE STORAGE RING DELTA Fhe yoke of the_ qua_ds_ and by additional integrated coils
in the pole region similar as used for the booster. These

Various layouts of the long straight sections have bediybrid sextupoles are arranged in only two families

worked out during the last years. In the present layowhich gives sufficient dynamic aperture.

both sections are devided into three shorter sections of 5 o )

to 6 m each separated by smallignding magnets. This 5.2 Vacuum system and injection kickers

allows a proper installation of the first FEL experiment | particular for FEL experiments, high single bunch

on one side and of twc_J different undulator and Wiggle&urrents are required and bunch lengthening should be
magnets on the other side.



suppressed. For the storage ring a low impedanade= 485 nm. The undulator can be operated as optical
chamber with keyhole cross section has been developdgistron as well as a standard FEL.

[4]. Two types of integrated pumps, both NEG and ion- All elements of the FEL are built and tested in the
sputter pumps, are mounted in an antechamber nextlaboratory. The undulator magnet is measured by means
the beam. Exactly the same chamber design is also usschall probes and a pulsed wire arrangement. After the
for the booster. Because of the slow energy rampingiagnet was moved to its final position in the machine
eddy currents don’t cause significant field distortions. Ithe field measurement was repeated in situ. Several
both rings an average pressure in thé P@ range has experimental investigations have been made to control
been obtained after short pump-down time of only somend stabilize the mirror position within a fraction of 1
few days. The beam lifetime in the booster is presantlyum using a laser beam for alignment. As soon as
>3 h @ 1 GeV. Another positive experience concerrgufficient single bunch current is stored in DELTA the
the high reliability of the special flange techniquefirst FEL experiments can start.

developed for DELTA. In spite of the complicated ) ) )
keyhole shape of the flanges and gaskets, almost no 1€ The superconducting multipole wiggler

was found. _ _ _In order to reach photons in the 10 keV range with beam
According to computer simulations, the maingnegies around 1.5 GeV wiggler fields®f 5 T are

contribution to the microwave |mpedan_ce of therequired. For DELTA an asymmetric superconducting

chamber came from the original standard kicker des'gpnultipol wiggler is designed [6], [7] and presently under

A coateq ceramic chamber cpu!d not be applied b_ecaut?(?nstruction in industry. It consists of two integrated sets
of the direct synchrotron radiation and the compllcategf coils providing sine shaped fields with periods\o

chamber cross section. A completely new kicker w 4.4 cm andh, = 28.8 cm.Superimposing these fields
developed, using the slotted metal chamber as conducﬁl ¢ ’ '

r .

. X . : ) oduces a large asymmetry and allows circular

[5]. With this design the kicker |mp_edance could b. olarized synchrotron radiation. According to the strong
reduced by at least one order of magnitude. The resulti

: . gnetic fields the photons are radiated into a wide fan
chamber impedance of the storage ringis|f= 0.40. with an opening angle af 25 mrad. It is possible to split

All kickers in_ both, the booster an-d the .Stofage rinqhe fan into tree beamlines (beamline 2 - 4 in figure 1).
are based on this technique. Careful investigations of the The design work is now finished. Recently a module
injection into both rings and the ejection out of th%f this magnet has been successfully tested and peak

booster have shown good agreement between the d.esf%rllds of 5.39 T have been achieved after short training.
parameters and the actual values used during operatior magnet will be delivered by end of 1996 and

5.3 Status of Commissioning installed during spring 1997.
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