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Abstract 15z

Project X is a proposed high-intensity"Haccelerator [-re est g?iR(? an gsip(‘),lzg ﬂfi%ig ;39LE:68,%1 Efis(?go Iéggl

complex that aims at prowdmg h|gh intensity bgams fo < "
a diverse physics program which includes neutrino, kac
and muon-based precision experiments. In the current pr soro T SSRT TS5 6550 e
posal, a 3 MW, 1 mA superconducting linac operating ifcffe feet| 22 | 220 |220% [, =061 [ 5, =090
continuous wave (CW) mode would accelerate beam fro
2.5 MeV up to 3 GeV. The status of this CW linac is pre- 2.5 - 160 Mev 0.16-3 Gev

sented. Lattice design and Compon.ents.are dI_SCUSSGd, SHBGre 1: Project X 3 GeV Linac block diagram. Top: baseline coméig
ported by results from beam dynamics simulations. tion. Bottom: HE 650 preferred variant.

INTRODUCTION

Project X is a multi-MW proton source under devebp'respectively. In the MEBT, 325 MHz bunching cavi-
ment at Fermilab [1] that would enable a world-class proges gre used to support the beam longitudinal dynam-
gram of precision experiments in neutrino, kaon and muggs while quadrupole triplets provide transverse focusing.
physics. At the heart of the proposed facility is a 3 GeV, Jrne \MEBT operates at room temperature and comprises a
mA (average) CW superconducting linac. While the bulky, 5 ning section, upstream and downstream matching op-
of the H™ beam emerging from this linac is directed at URjcs and necessary diagnostics. A high-bandwidth, bunch-
to three concurrent experiments at 3 GeV, a modest fractiQ e ctive chopper is needed to produce a flexible time struc-
(5-9%) is accelerated in a second stage SC pulsed linac g tor concurrent experiments; almost 80% of the beam
injected into the _existi_ng Recycl_er/Main _Injector complex;g chopped out in the process. The chopping section —a key
This would provide high intensity, multi-MW beams for (g chnjcal challenge — has four periods; each period includes
neutrino and muon experiments. a 0.5 m long deflector with: 250 V applied across a 15 mm

_ GENERAL. _ gap. With this arrangement, the transmitted beam fraction

Project X 3 GeV CW linac provides Hbeam with av-  pon chopping is estimated to ke 10~%. Details of the
erage current of 1 mA endowed with a special and fleXicurrent chopper concept are presented in reference [4].
ble time structure [2] to satisfy diverse experimental neeo'Superconducti ng Linac
The pulse current can reach a peak of 5 mA, correspond-gyther acceleration takes place in a SC linac. The low-
ing to a maximum 162.5 MHz bunch frequency. A blockenergy part of the linac consists of three 325 MHz single-
diagram of the linac configuration is shown in Fig. 1. ltgpoke resonators (SSR) sections with focusing provided by
includes: (i) an ion source, (i) a 162.5 MHz RFQ, (iii) a5¢ splenoids to minimize the period length. The high-
medium energy beam transport (MEBT) section, (iv) thre@nergy part of the linac consists of two sections, based on
accelerating sections based on 325 MHz single-spoke regsq families of elliptical cavities # =0.61 and 0.9) op-
onators (SSR) and (v) two sections of 650 MHz ellipti-grating at 650 MHz [7, 8]. Focusing in these sections is
cal cavities. It should be noted that although our eﬁortﬁrovided by superconducting quadrupole doublets. The en-
are converging, a number of lattice variants continue to h&qy and frequency breakpoints between cavity families are
studied. In a previous report [3] we described a baselingotimized to achieve good accelerating efficiency and max-
lattice where 2-3 GeV acceleration is handled by 1.3 GHgnize acceptance; details on sections, number and type of
ILC 9-cell elliptical cavities. Although no final d_ec's'on_components are presented in Table 1. To ensure more reli-
has been made, the current favoured alternative is a lattigg)e performance and minimize power losses, accelerating
where3 = 0.9 cavities are used all the way to 3 GeV .gradient limits were selected for operation slightly below
For the sake of conciseness, we emphasize this variantiifs high-field Q-slope region [3]. Based on experimental
the paper. While the baseline lattice differs in details, botfegyits, the maximum surface magnetic field limits were set
lattices are essentially identical at energies below 0.5 GeMaspectively at 60 mT and 70 mT for the 325 MHz and 650
Front-end MHz cavities. Furthermore, the peak surface electric field

The ion source provides 5 mA of Hto a 162.5 MHz 1S limited to_40 M\_//m_to prevent strong field emission; this
RFQ. Our previous lattice iterations featured a 325 MHY/as & consideration in the cavity design.

RFQ; the decision to reduce the frequency was made to COMPONENTSSTATUS

reduce the required chopper bandwidth. From the RFQ peyelopment of new SRF cavities and magnets is always
emerges a 2.5 MeV beam with transverse and longity sjgnificant challenge. Fortunately, some of the compo-
dinal normalized emittances of 0.25 and 0.27 mm-mragents required for Project X were already designed and
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Section | Fieq [ nput Energy | CaviEIM/CM [ Acc, Focusing to prevent corresponding variations in transverse rf focus
SSRO | 325 | 25 871871 T-spoke, Solenoid ing strength. The ratio of longitudinal to transverse phase
SSR1 325 11.4 20/ 20/ 2 1-spoke, Solenoid i H _ H HY
asr2 | 32 | 4279 Al ara 1-spoke, Solenoid advance is kept in the range 0.6-0.8 to avc_)ld exciting
LB650 | 650 | 178.7 42/14/7 5-cell ellip, Doublet then = 1 parametric resonance between longitudinal and
HB650 | 650 | 5585 152119719 | S-cell elip, Doublet transverse betatron oscillations. Emittance exchange be-

Table 1: Energy, cavity, no of focusing elements and cryamedounts tween the transversfe and Iongltut_:ilnal planes Vla space-
for the preferred HE650 lattice variant. Note: 1 doublet Jelrent. charge resonances is prevented either by providing beam

Specifically, two of the required solenoid types and tW&qui_—[_:)artitioning or by avoiding unstable areas in Hofmann
prototypes of SSR1 single-spoke resonators have been b bility charts.h. i th - b . .
and tested. The cavities gradient reached a little oveetwic . >roper matching in the transitions between sections is
the nominal operating value. Invaluable experience was agitic@l to avoid exciting envelope oscillations and hajo f
quired while developing 1.3 GHz cavities and cryomoduleg‘at'on' Matching between sections is achieved by adju_st-
for the ILC program. At this point, Fermilab has com-'Ng parameters of the outermost elements of each section

pleted the electromagnetic design for all cavities mertibn _(solenoid or do_ubl_et fields, and rf phase)_. At a frequency
above; mechanical design is ongoing. jump, a reduction in bunch length is achieved, at the cost

of some loss in acceleration efficiency, by setting the syn-
RF Power Y e of the up

, L chronous phase toward90° in one or more of the up-
Power requirements for the cavities is discussed here [S}ream cavities.

Solid-state amplifiers are favoured for the front-end. For .

the 650 MHz sections, IOTs would be used. Due to a lofPpticS

average beam current, the quality factor under IQadre- For lattice design and beam physics studies, we use a
mains high § x 107), and special efforts to reduce micro-number of simulation and design codes, including TRACK
phonics are necessary. Amplitude and phase stabilization®], GenLinWin, TraceWin [10] and ASTRA. For the
also possible: such stabilization has been contemplated [@irrent favoured lattice, we assumed 5 mA peak cur-
for energy recovery linacs applications whépe ~ 10%. rent at 162.5 MHz with an emittance rat{e, ., €,;) =

Rf couplers for all cavities are under development. Thé0.25,0.275) mm-mrad at the entrance of linac. The emit-
coupler design has to allow for assembly and sealing of tHance values were determined from RFQ simulations. Both
cavities in a clean room for later installation in a cryomodTRACK and TraceWin predict no transverse emittance
ule. The linac comprises five types cavities at two differergrowth and less than 10% longitudinally in the design (er-
frequencies (six and three if ILC cavities are used); the olsor free) lattice, which is an overall indication of the gl
jective is to produce couplers that are as simple, reliablef the matching. The Hofmann stability chart for a lon-
and universal as possible. gitudinal to transverse emittance ratio @f; /e, = 1.1

Cryomodules and cryo-segmentation shows that phase advances stay away from space charge

All cryomodules in the low-energy part of the linac (325'€Sonances. In earlier iterations of our lattice, losseewe
MHz) are separated by short RT sections. This arrang\gl\(_/)/mewhaltdsbensglve to drf erf‘“s; Ipsses _art] ilg/leveo.l_l d
ment (i) allows for easier maintenance and reliability), (ii **/ ) Would b€ observed in simu ations with 1% amplitude

provides space for beam profile diagnostics or halo cleaﬁ-ndlo phase jitte_r. _The_ issue was traced to a Iongitudir_1a|
ing. The first high energy section (650 MHz— 0.61 ) is acceptance restriction in the last cells of the SSR2 section
assembled from cryomodules comprising two groups of st before the jump in frequency from 32.5 to 650 Mhz'
cavities separated by a SC doublet. A separate warm do he current Iqttlce reflects careful Iongltudllnal _rema’l@|
blet is positioned between cryomodules, preserving theafsnd optimizations. The res_ult can be seen in Fig. 3: the ra-
cavities-1 doublet pattern. In the = 0.9 section, each tio [¢5]/ which used to dip to 5 just before the frequency

cryomodule comprises 8 cavities. In that case, the warfmp now remains> 10 everywhere.  The required RF

doublets are always located between cryomodules. Counts
for each section are presented in Table 1. ‘

LATTICE AND BEAM DYNAMICS

The lattice design is based on principles which are sun |
marized below; the transverse and longitudinal envelopt
are shown in Fig. 2. The focusing period length is kep Frn
short, especially in the front end. Transversely, the bea -
envelope average transverse dimensions are kept as Lin
form as possible. The transverse phase advance is set’ ¥ H= IR T
start at abou®0° per cell (at zero current) at the begin-
ning of each section and is allowed to decrease down
about20° at the end of a section. Longitudinally, the bunch
length decreases monotonically. To minimize the poterrigure 2: Beam envelopes. Top: horizontal and vertical.tdot longi-
tial for mismatches arising from pertubations (e.g. changadinal.
in current ) the transverse and longitudinal wavenumbepower never exceeds 20 kW per cavity and the estimated
change smoothly and monotonically (Fig. 4). Abruptryogenic losses remain below 24 W per cavity. The mag-
changes in the longitudinal synchronous phase are avoidedtic gradient in the doublets is moderate 10 T/m with
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Synchronous phasc
RMS beam size
3xRMS beamn size

lonization losses
IXRMS beam s In contrast with protons, Hions are subject to ioniza-
1OXRMS beam size 1 tion in the linac. The main physical mechanisms are: scat-
tering with residual gas, resonant excitation by blackbody
radiation, ionization by magnetic and electric fields from
] magnets and cavities and intra-beam stripping. Estimates
A/—‘Ai of ionization losses were presented at the FNAL Project
- ] X collaboration meeting, September 8-9, 2010 [13]. The
R —— results can be summarized as follow: assuming a mixture
o i i — =—— of 25% N, 25% O and 50 % H, losses due to residual gas
O ey e stripping are below 0.1 W/m if the vacuum pressure in the
linac is belowl0~2 Torr at 300K. Stripping caused by the
Figure 3: Bunch length and synchronous phase along the linac ~ Magnetic field of solenoids and quadrupoles remains well
below 0.1 W/m, even with an unrealistically large 5 mm
beam offset. Stripping due to blackbody radiation is not
an issue at liquid He temperatures, though the losses due
this mechanism become significant in a 3 GeV room tem-
perature transport line. Intra-beam stripping, as desdrib
in [12], was initially a source of concern. Intra-beam strip
ing rates were estimated for selected CW lattice variants us
ing a semi-analytical approach based on idealized, statist
cally independent equilibrium Gaussian phase space-distri
butions. The predicted losses are slightly below 0.1 W/m.
Nevertheless, the issue deserves additional attenticed-a d
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position (m) icated experiment is planned at the SNS. That said, at this
point, all indications are that with the current design,rhea
Figure 4: Structural phase advance per unit length alontirtae. losses due to ionization are not a major issue.
SUMMARY
a quad aperture of 100 mm).
The conceptual design of the CW superconducting H-
Misalignments and RF Jitter linac for 3GeV, 1mA beam, proposed for Project X is

rapidly converging. The high bandwidth chopper remains

The effects of misalignments as well as those of cavity significant challenge and requires additional develogmen
amplitude and phase jitter were principally studied usingind refinement. For the near future, we plan additional iter-
the TRACK code. Extensive comparative benchmarking qdtions and further optimizations with special attentioitpa
TRACK with ASTRA and TraceWin was and continues toto instrumentation, diagnostics correction and collimati
be performed; good agreement between the predicted losghemes.
patterns is obtained. Simulations indicate that, for our cu
rent favoured lattice, magnets alignment tolerances shoul REFERENCES
be better than 50pm. Left uncorrected, such tolerances1] hitp://projectx-docdb.inal.gov/cgi-bin/ShowDocunfetocid=230
result in beam centroid motion on the order of 10 mm an®] http:/indico.fnal.gov/conferenceDisplay.py?conf&61
losses on the order of a few 0.1 W/m Assuming each tranf] N. Solyak et.al.;The Concept Design of the CW Linac of the
verse focusing element has a hor/ver corrector and a corre- Project X, Linac10, Tsukuba, Japan, 12-17 Sep 2010
sponding (or built-in) BPM with a resolutiorr 30 um or [4] V. Lebedev et al.Broadband Beam Chopper for a CW Proton

s . . Linac at FNAL, TUP014, PAC11, New-York, Mar 2011
bet_ter itis a stralghtf(_)rward matter to Ilmlt the beam cen—s] N.Solyak et.al., MOPEC082, IPAC10, Kyoto, Japan
troid motion to a fraction of mm using a simple one-to-on%lG] M. Liepe, et al, Pushing The Limits. RF Field Control At
correction algorithm such as implemented in TRACK. Post " High | oaded Q, PAC2005.
correction, no losses due to misalignments are observgg V. Yakovlev et.al, MOPDO061, IPAC10 Kyoto, Japan
The most significant errors affecting the Project X CW8] T. Khabiboulline et al., MOP099, THP008, LINAC10
linac will likely be due to dynamic amplitude and phasd9] V. Aseev et. al, TRACK: The New Beam Dynamics Code,
jitter for which no correction is possible. With that type PAC2005, p. 2053 ,
of errors, TRACK simulations show that losses above 0.H.0] R. Duperrier, N. Pichoff, D. UriotCEA Saclay Codes Re-

. _ ° view, ICCS Conference, Amsterdam 2002
Wi/m begin to appear whe@E/E,6¢) = (1.5%,1.5°), [11] J.P. Carneiro et ahnalysis of the Beam Loss Mechanismsin

assuming independent Gaussian amplitude and phase er- .o Project X Linac, WEP095, PAC11, New-York, Mar 2011
ror distributions. This represents a noticeable improv@me[12] v. Lebedev et al.|ntrabeam Sripping, THP080, LINAC10,
over earlier versions of our lattice and as mentioned earlie  Tsukuba, Japan, 12-17 Sep 2010

can mostly be attributed to higher longitudinal aperture tf13] J.-F. Ostiguy

bunch length ratio at the downstream end of the SSR2 sec- http://projectx-docdb.fnal.gov/cgi-bin/ShowDocunuhocid=698
tion compared to earlier iterations. Additional detailsab

losses and simulations are provided in a companion contri-

bution presented at this conference [11].





