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Abstract average beam current at 50 Hz rep. rate. This would lead
A review is i f the | t and the desi bl toa 3 GeV, 2.4 MW spallation source facility.
review Is given ol the fayout and the design problems Quite recently the Japanese government decided to pro-

for recently poposed spallation neutron sources with up tQ/ide an additional fund to supplement the KEK 1998 bud-

5 MW average beam power. The accelerator part consisis, " \yih this additional fund the JHF project team is
of an H~ - injector linac followed by compressor rings.

. . Lo . ) reparing to construct a high intensity linac up to 60 MeV.
Different to the design of high intensity proton linacs aré3 paring g y P

the low energy front end and the restrictions at high ener . .
for loss free ring injection. The linac energy spread has%'2 Neutron Science Project (NSP) at JAERI,

be reduced by a bunch rotator requiring an unfilamented ~ Japan

beam in longitudinal phase space. 4Unco||ecteq ring injeerhe Japan Atomic Energy Research Institute (JAERI) is
tion losses should be kept belad™". Due to intensity proposing the Neutron Science Project NSP. The objective
limitations of theH ~ ion source a funneling line is neededf the NSP is to explore technologies for nuclear waste
at the front end. For loss free ring injection the linac pulsgansmutation and basic research science in combination
has to be chopped after the first RFQ. Special emphasis\igh a high intensity proton storage ring [5]. The 1.5 GeV
given to either transverse or longitudinal halo productiofnear accelerator is required to operate Wit and 7~

due to mismatch of a high intensity bunched beam. CoRyarticles in a pulsed or CW mode. 5 MW averae
cerning particle loss in the linac itself the loss rate has tgower is envisaged for a spallation neutron source facility,
be smaller thari0~7/m for unconstrained hands on main-yhereas 8 MW CWH+ beam can be provided for nuclear
tenance. Design criteria are discussed for 10% pulsed Rfaste transmutation experiments.

systems. Comments are given about the use of pulsed suapove 100 MeV a 5 cell superconducting (SC) cav-
perconducting cavities above 200 MeV beam energy. ity at 600 MHz is foreseen with 16 MV/m peak surface

field. Single SC cavities at=0.5 have reached peak sur-
1 PROPOSALS FOR HIGH POWER face fields of 44 MV/m at 2.1 K already [6].
SPALLATION SOURCES . .
1.3 Spallation Neutron Source (SNS) Project
Reicr:ent pa;pcl)ssi\i/\florjpflllan%n n::]u”gcvsrou_rrcheefz(zggizsr;fgak Ridge National Laboratory is coordinating for the De-
quire up to average beam p ' partment of Energy in the US the SNS project [7]. As a

part consists of & high Intensity pulgéﬂ' Ilnac followed first step a 1 MW beam power facility with one target is en-
either by a compressor ring or a rapid cycling synchrotron..

The high intensity compressor rings are summarized in re\fIsaged with a final energy of 1 GeV. The whole facility is
ghin y bress 9 : . _Upgradeable up to 4 MW beam power and a second target
[1,2]. Detailed proposals exist for the following projects : station

Design parameters of the first step are for the injec-
1.1 Japanese Hadron Facility (JHF) tor linac pulse current of 30 mA for 1 msec long pulses.

The JHF ai interdiscinli facility based The 4 MW upgrade will be achieved by doubling the ion
e JHF aims at an interdisciplinary facility based on g, rco cyrrent and installing a funnel line at 20 MeV. The

high intensity proton accelerator [3]. It is planned to rehigh energy part of the linac is a conventional room tem-
place the existing KEK 12 GeV booster synchrotron by ?Jerature 805 MHz coupled cavity linac (CCL).

high intensity 3 GeV booster. A 3 GeV, 200 proton The project will be built by a consortium of 5 DOE labo-

bef';\m » upgradeable to 8, can be sent either to a spal- ratories. Lawrence Berkeley National Laboratory (LBNL)
¥ responsible for the SNS linac front end [9], Los Alamos

. National Laboratory (LANL) is designing the linac [8].
average current of 10A can be given to a Kaon area or aThe transport line between linac and compressor rings and

heutrino exp.erllmentalll hall. the compressor ring layout itself is the responsibility of
The H~ - injector linac has to accelerate a 30 mA pealg,,okhaven National Laboratory (BNL).

current beam up to 200 MeV in a first step. The repetition
rate is 25 Hz and the pulse length 408ec, leading to 200 .
1A average current [4]. This results in a 3 GeV, 0.6 M\/\/l'4 European Spallation Source (ESS)
spallation neutron source. The final goal is to accelerafehe 5 MW beam power short pulse ESS facility [10] con-
60 mA peak current up to 400 MeV, leading to 808 sists of a 6% duty cyclé/ ~ linac with 1.334 GeV final en-

physics area. By adding a 50 GeV proton synchrotron
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ergy. The pulse compression to less tharséc is achieved overcome [14], allowing up to 10% duty cycle. New RFQ-
by two compressor rings in a shared tunnel. Various R+Dodes are available, taking into account rod or vane shaped
work is going on, especially for building an ESS test standlectrodes, 8 term potential function, dipole components
with ion source, chopper and RFQ at Rutherford Appletoand complete 3d space charge subroutines [15].
Laboratory (RAL) U.K. and continuing beam loss studies A bunched beam transfer line at about 2 MeV is a good

[11]. solution for a clean chopped beam with sharp edges and
small longitudinal emittance increase. Chopping efficien-
2 BASE LINE LAYOUT OF HIGH cies of about 60% are required for loss free ring injection.
INTENSITY INJECTOR LINACS Fast traveling wave choppers with 3 nsec rise time are un-

der development [16]. Layouts of a chopping line with reg-

The dominating design feature of a high intensity injectoglar betatron oscillations as equal as possible in both planes
linac is to bring particle losses down to about 1 W/m and t@esults in quite small rms emittance growth [2].
guarantee less tham~* uncollected ring injection losses.  The use of a funneling scheme implies a second bunched
All accelerator sections have to be designed to be far awg¢am transfer line, but relaxes the constraints on the chop-
from the space charge limit. ping line and on the ion source considerably. The peak cur-

As an example, the layout for the 5 MW ™ injector  rent per ion source is halved and the first RFQ can operate
linac of ESS is shown in Fig. 1. Both RFQs operate a4t lower frequency. In a funneling section with conven-
175 MHz followed by a conventional 350 MHz drift tube tional elements the two beams are merged together by an
linac (DTL) up to 70 MeV. The high$ CCL operates at arrangement of septum magnets and an array of RF deflec-
700 MHz. Different from a proton linac is a bunched beamion elements. Care has to be taken to match the dispersion
chopping line at 2 MeV between two 175 MHz RFQ strucand its angle to zero even under space charge conditions
tures and a bunch rotation cavity at the linac end. Fqp]. By implementing a Two-Beam Funnel RFQ [17] lower

achieving loss free ring injection, the linac pulse has to bgnergies for the funneling section seem to be possible.
chopped at the ring revolution frequency and the energy

spread has to be reduced by the bunch rotator. 292 Halo Production due to Mismatch in

Bunched Beams

The major problem of the design in high current proton
BR — linacs is the loss of particles at higher energies. Particle
loss leads to activation of accelerator gunents and re-
duces the flexibility of hands on maintenance. As a rule
of thumb, hands on maintenance is possible if the loss is
. : _ less than 1 W/m. In a linac losses occur radially due to
Figure 1. FTSS linac layout: IS: 1ion source, CH: chopperthe formation of a beam halo. The beam halo consists of
FU: funneling, BR: bunch rotator a 'small’ number of particles which oscillate around the
beam core. In addition filamentation of the particle distri-
bution in the longitudinal phase space can cause activation
2.1 Low Energy Front End problems when i?]jected iEto comgressor rings. The design
lon source requirements of more than 100 mA, 10% dutgoal is less than0~* uncollected lost particles at ring in-
cycle H ~ currents cannot be met with existing ion sourcegection.
R and D prototype programs are going on for all the above In recent years substantial progress has been achieved by
mentioned spallation source projects. For ceasiated Rientifying the parametric resonance condition as a major
driven H~ volume sources a current of 70 mA at 7% dutysource of halo production of DC and bunched beams. For
cycle will be reached soon [9,12]. realistic particle distributions with nonlinear space charge

The beam transport between thHe ion source and the forces particles even inside the core have a tune spread.
first RFQ can be space charge compensated or uncompé&arametric resonances can occur between single particle
sated [9]. Integrated ion source RFQ test stands are settymes and the frequency of the oscillating mismatched
for both possibilities. beam core [18].

Cooling problems for a 10% duty cycle RFQ are not so Due to the two transverse and one longitudinal bunch di-
severe as for a CW/ T RFQ, but more demanding than mensions 3 eigenmodes exist for a bunched beam. The fre-
in RFQ structures built up to now. Field stability at 10%quencies of these modes can be approximately expressed
duty cycle can be achieved by-mode stabilization loops’ by the full and zero current transverse and longitudinal
(PISL) for 4 vane structures [13]. Less than 1% unwanteines only. There exists a pure transverse quadrupolar
field contamination has been experimentally verified. Thmode and high and low modes which couple the transverse
4-rod RFQ offers some advantage over the 4-vane designand longitudinal directions. The high mode represents a
terms of RF properties and ease of manufacture. The linbreathing’ of the ellipsoidal bunch. For the low mode the
ited cooling capacity of a conventional 4-rod RFQ can béunch breathes in transverse direction but the oscillation in
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the longitudinal direction is of opposite phase. For excit- g 10
ing the high or low mode only, the longitudinal mismatch
is normally different in amplitude than the transverse ones¢

[18,19]. " o M Y '
For a mismatched bunched beam a 1/2 parametric reso€ ,\

nance between a single particle tune and the frequency o% 8

an eigenmode is always excited radially by the quadrupolar@ V Y

mode. The high or low mode can excite a parametric reso-£

nance in the transverse and/or the longitudinal direction.
Fig. 2 and Fig. 3 show Monte Carlo simulations with

20000 particles which interact in full 3d for a 70 MeV

bunched beam transfer line. A 6d waterbag distributionis™ 6

used as input. The transverse and longitudinal tune depres- 0 0 20 30 40 5 60 70 80

sions are 0.7 and 0.8 respectively. The transverse temper- Period

ature is 1/3 of the longitudinal temperature. Shown is the

99.9% total to rms emittance ratio in the x-direction. InFigure 3: 99.9% total to rms emittance ratio for a matched
Fig. 2 the matched case is compared to a 20% quadrupgguares) and a high mode excited case (triangles). Please
lar mode excitation. A substantial increase of the 99.9%gte the enlarged scale

emittance is visible due to the 1/2 parametric resonance ex-

citation. In Fig. 3 the same emittance ratio as in Fig. 2 is

shown but comparing the matched case with a 20% radiallg .
and 30% longitudinally excited high mode. Here, no sinl- w 0.4 [_20] or large t_emperat_ure anisotropy [21] can lead
chaotic single particle motion [22] and enormous halo

gle particle tune is as large as half the high mode frequen& duction d ; h which is absolutel d
and, as predicted, no resonance effect can be seen [18,1 (jf) uction due to mismatch which Is absolutely unwante
r high intensity injector linacs.

ttan
©
-
.
—
.E
=

otal x-emi

n
o

WW%W 2.3 Highg Transfer Line

l

J\/\/\A/\/ The transfer line from thé& ~ linac to the compressor rings
differs in some respects from thHé* transferline between

i ahighintensityd * linac and a high power target station ei-
ther for tritium production or waste transmutation. In both
lines the linac beam is not kept bunched. Space charge
forces are small but still effective, especially in the lon-
gitudinal plane [23] resulting in an increase of the energy
spread.
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Period For loss free ring injection into a circular machine the

energy spread of the linac bunches has to be reduced by
Blacing a bunch rotator at some distance behind the linac.
After bunch rotation there should be less tham* parti-
cles outside an energy spreaddoR MeV as a typical fig-

During the startup period of high intensity linacs moréJre_.4For t_he ESS b_unch rotation system there are less than
than 20% initial mismatch is expected especially in thd0 ™" particles outside: 0.8 MeV for the matched case, but

—4 . f
longitudinal plane. For a spallation source linac with iténore_tha_nlo outsidet 1 MeVfor the m'.sm?‘t?hed case.
additional restriction on loss free ring injection a desigr]rong't'“Idlnal space charge effects are still visible after the

is required where the transverse and longitudinal halo prg-unCh rotation system.

duction is insensitive to all kinds of mismatch. Linac de- Uncorrelated RF amplitude and phase errorsto1%
signs with both transverse and longitudinal tune depresnd+ 1° respectively can cause an oscillation of the beam
sions above 0.8 and transverse to longitudinal temperatuzenter by as much as 1 MeV [24]. As the energy spread
ratios between 1/3 and 2 fulfill these conditions if no higtcollimation has to be guaranteed for all bunch currents in-
mode envelope instability is excited [18]. The 214 mAcluding much larger RF tolerances during the start up pro-
ESS CCL has design parameters which meet these condédure achromatic bending systems have to be installed in
tions for most of it's length and transverse and longitudindghe highg transfer line. The influence of a conducting pipe
halo formation is acceptable for a 20%tial mismatch. has to be considered as the bunch length is equal or larger
Space charge dominated designs with tune depressions tien the pipe radius. [23]

Figure 2: 99.9% total to rms emittance ratio for a matche
(bottom) and a quadrupolar mode excited case (top)
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3 PULSED RF SYSTEM tinely used in many accelerators. Experience gained during

. . . building these machines strongly suggests that RF super-
The high/s sgctlon from about 100_MeV onwards is theconductivity is approaching mature technology, even ifitis
most expensive part of the whole linac for both the cap-

: . . . still far from its limit. In order toaccelerate a high intensity
ital cost and the operating cost. Typically operating fre-

; bet 600 and 800 MHz. Cost optimi aroton beam from 100 MeV to about 1.3 GeV, various tech-
quencies are between an Z. -0St OpUMIZgs.a) and physical difficulties have to be overcome, which
tion of the accelerating gradient leads tmat 2.8 MV/m

for 10% dut I ced i Including f do not exist in the acceleration of low intensity relativistic
or 6 duty cycle pulsed operation. Including focus. tron beams.

ing quadrupoles and diagnostic elements th|_s value corre-FOr the 100mA CW APT proton linac a 5 cell 700 MHz
sponds to an average real estate energy gain of 2 MeV/m

for a room temperature linac design. superconductir_]g c_avity a@ 2Kis propose_d from 217 MeV
The layout of the RF system is a trade off between capit%n [271. Focusmg is provided by_ conventional quadrupole
cost and overall RF efficiency. Conventional 2.5 MW pealboublets_located n Fhe warm region between_ cryomodult_as.
' ' nly 2 different cavity length are foreseen with an on axis

0, i -
power Klysirons at 805 M.HZ’ 8% duty cycle, with a mod a&celerating gradient obaut 5 MV/m. The real estate en-
ulating anode and a floating deck modulator are propose

for the SNS [25]. Such a RF system is expected to be ve@;%%/t g;a;r; Ir:J;{heeic\/:viltlr?zazc Izvié? iwel}/t/?o.u Elzi] ﬁ;ﬁg dstg
robust, can almost be built today and does not need cir Y IS EqUIpp b P Piers,

cl i .
: - . 210 kW each. The 5 cell céies are arranged in cryomod-
lators for protecting the klystron. The klystron efficiency is 0 .
60% at 100 kV beam voltage. ules fed by 1 MW DC klystrons. About 3% amplitude

Prototyping is necessary for a 2.5 MW peak power 70/andj: 5% phase errors in each cavity are tolerable caused

duty cycle cathode modulated klystron with a transformeryTtL]e T)ower s?llttgng Eroce;iure.f 10% pulsedi— i
coupled bouncer type modulator. More than 65% RF effi- e layout of a igl¥ linac for opuise In-

ciency is expected for 120 kV beam voltage at 1.4 msegctor differs in some respects from the layouts for a CW

pulse duration. No circulator is required. The modulaP"oton linac. Normal conducting, 700 MHz, 10% pulsed

tor cost can be substantially decreased by connectingcgumeij cavity linacs for e_nergf;]igs'\;ro\w 100FMeV on hlave

klystrons to one modulator. The modulator efficiency i n real estate energy gain of = Mevim. For msec fong
about 85%, the pulse flatness better tHan.5% [26]. A pulses the achievable a_ccgleratmg gradient in a SQ cavity
test stand with commercially available IGBT switches (EUls aI_m|<|)st ihe CIW vakl)ucla I'm(')tesd by the peag_surIacleSBe’l/(lj ?/S'
PEC FF 800) mounted on individually water cooled boarg@eCially & A values below 0.5, corresponding to €

has been set up in order to study temperature rise and | foton energy. Peak surface field values of 25 MV/mfor a 2

time problems at 50 Hz repetition rate for ESS. 5 cell cavity around 600 MHz are expected to bached

Low voltage 2 MW peak power HOM-IOT (higher or- q_uite soon. Thr_—z correspondigcelerating gradients in-
der mode inductive output tube) without a modulator ar ide the SC cavity are 6 MV/m at 200 MeV and 10 MV/m

expected to be an attractive solution in the near future d tom 900 Me_V on leading to a real estate energy gain of 3
to their smaller size and lower production costs compar evim. 5 different geometries are need_ed for such a SC
to high power klystrons. Prototyping is needed therefor Inac. 2_40 kW and 600 kW peak power is n eeded for a 5
A 1MW CW, 700 MHz HOM-IOT is under development c_eII cawty at 200 MeV and 900 l\_/IeV_ respectively. Substan-
for the Los Alamos APT project [27] requiting only 40 KV tial R+D is needed for deV(_anpmg input couplers at about
beam voltage for an anticipated RF efficieney’0% [28]. GOQ MHz, capable of hand_ll_ng 1.MW peak reflect_ed power
For a 700 MHz HOM-IOT with 2 MW peak power pulsed during the 10Qusec long f|II|n_g time, corresponding to 4
at 7% duty cycle, only 65 KV beam voltage is required an W peak forwe_lrd power. Circulators are mandatory for
an efficiency of> 70% is expected [29]. Iystroh protection. o . o
Attention has to be given to the RF control system. For 1N€ input coupler power limitation can in principle be

H~ injector linacs uncorrelated amplitude and phase errofYércome by having 2 couplers per cavity. As pointed out
have to be limited typically tet 1% and1° respectively before power splitting is a problem for a high intengity

in order to prevent intolerable oscillation of the beam cenlin@c due to thet 1% and= 1° amplitude and phase error
tre at the linac end. The strict amplitude and phase tolimits in each cavity. Another difficulty for the RF control
erances counteract in some respects the use of high pes‘y@tem is the field stabilization at the beam arrival time,
power multi beam klystrons (MBK) as power splitting iscomplicated due to microphonic noise varying from cavity

mandatory here. Circulators are necessary for protectifig cavity and pulse to pulse. The startup cavity frequency

the MBK. Doubling the number of cells per tank is not rec.can 0scillate byt 30 Hz, intolerable witht 1° phase error.

ommended as the field flatness is proportional the squareldf‘”ke electron linacs phase errors in different cavities con-
the cell number. nected to one klystron do not add up to a common energy

fluctuation [30]. Large but predictable RF errors due to

Lorentz force detuning may be compensated by stiffening
4 SUPERCONDUCTING HIGH £ LINAC the cavities and applying digital feedback and feedforward

Superconducting cells are a very interesting option for thisom lookup tables [31].
high s linac. Superconducting cavities are now being rou- Below 200 MeV or3 = 0.6 elliptical shaped SC struc-
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tures suffer from mechanical instability problems [5]. Thg17] A. Firjahn-Andersch et al., "First Results of the Two-Beam
real estate energy gain is lower compared to a 10% pulsed Funneling Experiment”, these proceedings

room temperature linac due to the uneconomic use of spa@@] M. Pabstetal., "Progress on Intense Proton Beam Dynamics
in a low g cryomodule. Also the RF control problems are  and Halo Formation”, Proc. EPAC '98, Stockholm, Sweden
mor? severe here due to the reduced cavity bandWiqth' [19] M. Pabst, K.Bongardt, A. Letchford, "Halo Formation by

Different groups have R+D plans to study0.5 cavity Mismatch for High Intensity Bunched Beams”, these pro-
structures [5], new fabrication techniques [32] and pulsed ceedings
RF control problems including power splitting [33].

For a 10% pulsed? ~ injector linac limiting the peak
surface gradient to 25 MV/m in the SC cavity for an en- ., . N
ergy range from 200 MeV to 1.5 GeV, the SC linac hagl] S. Lund et al, Temperature A"nlsotropy Instal?llltles in

- Space Charge Dominated Beams”, these proceedings
2/3 of the length of a competitive room temperature one.
The capital costs are expected to be equal or even slightf?] J- M- Lagniel, Nucl. Instr. Meth. A, vol. 345, 1994, p405
higher for the SC option. A 5 MW average beam powef23] K. Bongardt etal., Proc. EPAC '96, Sitges, Spain, p1224.
spallation neutron source needs about 75 MVA AC poweba) M. Pabst, K. Bongardt, Proc. PAC '95, Dallas, p3197.
where about 12 MVA can be saved with such a superco

[20] Y. Chen et al., "Halo Formation in Intense Linacs”, these
proceedings

TQS] P. Tallerico, "The RF Power System for the SNS Linac”,

ducting linac these proceedings.
[26] W. Bothe, "Dual Mode Pulse Generation for the ESS”, ESS
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