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Abstract Emittance growth in the linac was reduced by precise

The performance ofthe CERN LHC wildepend el orf 17T °1 ° 1 DA 20 Inec envance whe
the high-brightness beam delivered by the injector chain. | 9 P

. the Linac2-PSB transfer line, modified to a ‘quasi-FODO’
1999, after completion of the programme of hardware upy, ; . .
. layout with constant phase advance per period. This is the

grades of the PS Complex, a major effort was devoted t0”~ . : . L

: . . optimum configuration for a beam with high space charge.
producing a proton beam with the nominal transverse ch his led to measured emittances belowd um. which is
acteristics foreseen for LHC operation. This paperfocuse[ﬁ g It

; T .the limit for the present system [2].

on the different beam dynamics issues encountered during
the setting up of such a beam, in the Linac2, the PS-Booster
(PSB), the PS, and the TT2 transfer line to the SPS. During 2 TRANSVERSE PROPERTIES OF
the setting-up, single-particle issues, like stop-band com- LHC-TYPE BEAM IN PSB
pensation, correction of injection oscillations during the )
double-batch injection process, and the correction of thi! theé PSB, the transverse emittances of the LHC-type
high-energy closed-orbit in the PS, were addressed. Fyp€am are defined, since multi-turn injection is employed
thermore, collective effects, such as high-order head-taif @ccumulate the beam coming from Linac2. By contrast,
instabilities induced by the resistive-wall impedance, wer! the accelerator chain downstream, the beam is always

observed and cured. The compensation of these harmﬁggnsferred in a single-turn way, so that the transverse emit-

phenomena permitted to achieve the goal, namely the geﬁa_nces are basically unchanged apart from residual mis-

eration of small transverse beam emittances and their cofi@tch or high-intensity effects. In the PSB, not only must
servation along the chain of different machines. an upper limit for the emittances be respected, but also a
certain beam brightness has to be achieved [3], to guaran-

tee th ired LHC lumi ity.
1 EMITTANCE EVOLUTION INLINAC2 - nereddre uminosity

The initial emittance of the proton beam is given by the2.1 Double-Batch Operation Mode

duoplasmatron source. This emittance, determined bi"he limiting factor for the production of the required high-

the extr.act|on apertqre, thg eleptrode shap? and the SpEbcr'iaghtness beam in the PSB is the space charge tune shift
charge in the extraction region, is abOut um.* After the at injection 60 MeV kinetic energy). To overcome this

source, the beam is adiabatically bunched and accelera . : . : .
in a Radio Frequency Quadrupole (RFQ2) under high spa([ga blem it was decided to fill the PS with two consecutive

o . hes. Thi h i ity in the PSB
charge conditions (proton curref = 200 mA) which ac- atches is reduces the beam intensity in the PSB and

: i L also the space charge tune shift at injection by a factor two
counts for an unavoidable emittance growth, yielding an o an unmanageabla() ~ —0.8 to AQ ~ —0.4. Ta-

emittance 0f).6 um out of the RFQ2 (measured on a testb . : - . .
. ) .~ ble 1 gives the proton intensities per ring, the normalised
stand [1]). The RFQ2 was installed in 1993 as a prelimi- g P P 9

ratystepovarcs h ighe gt ) requredin |15 TS (o o panes) o e esuing
e omplex for the , leading to a reduction o . .
linac emittance. measured at the PSB entrance, frérto PsB (double-batch operation mode). Figure 1 shows the
about1.4 pm.
Fine-tuning of thes0 MeV Drift Tube Linac (DTL) and Table 1: LHC beam parameters in the PSB/ring.
of the transfer line to the PSB for maximum current and
minimum emittance growth has been a long and delicate
process. An emittance growth by a factor®élong the
linac is predicted by the simulation codes, and cannot be
improved with the present machine. This is mainly du%
to the longer focusing period in the matching line betwee
RFQ2 and Linac2 and to the space charge effects in the fir
section of the linac. It could be avoided only by redesign-
ing the linac front end for higher injection energy.

Intensity e* Aanjecti(m
Nominal | 1.15 x 10" | 2.5um ~ —0.2
Ultimate | 1.80 x 10'2 | 2.5um ~ —0.4

une diagram with tune shifts at RF capture and ejection
.4 GeV kinetic energy) for the ultimate LHC beam with
80 x 10'2 protons per ring.
Double-batch injection in the PS (four times the circum-
ference of one PSB ring) can only be performed when us-
1The following definition is used in the papet: . = 8y02 /B,y  INg the harmonic numbek = 1 for acceleration in the

Proceedings of EPAC 2000, Vienna, Austria 1471



PSB. For this, the existing = 5 RF-system had to be re- 3.1 Double-Batch Injection
placed [4] and the PSB is now working én= 1. A second The double-batch injection scheme requires that the first

harmonic systemi = 2) is used for high-intensity beams b

: . : tch of four bunches circulates durihg s on the injec-
(bunch fIaFtenmg to decrease the tune Sh'f.t) and is needga@n flat bottom with negligible transverse emittance blow-
for the ultimate LHC beam while the nominal beam was

. L up. Raising the injection energy fromto 1.4 GeV re-
achieved with = 1 only. duced the space charge tune shiftA@), ~ —0.16 and

_ AQy ~ —0.20, thus minimising emittance blow-up on the
5.5 &= 25-1 \ \ long flat bottom.
Q N o Instabilities of many kinds can dilute and even destroy
y SOMpV. L the beam. According to Sacherer formula [6], the most
54 - 4 O;?)" dangerous one is a horizontal single-bunch instability in-

duced by the resistive-wall impedance with mode number
m = 6. On top of this, horizontal coupled-bunch instabil-
ities having head-tail mode number = 5 and coupled-
bunch mode numbet = 1 can develop once the second
batch is injected. The former was observed in 1993 [7] and
also last year [8] (see Fig 2). Octupoles or transverse feed-

Figure 1: Tune diagram and tune shifts for the PSB. The
dynamic variation of the working point is also shown.

Figure 2: AR signal from a horizontal beam-position

) L monitor during20 consecutive turns. The time scale is
2.2 Multi-Turn Injection 20 ns/div.

Even though the very high Linac2 current (abd&d mA)

would allow the desired beam current to be reached wit ack are the classical means to damp such an instability.
outd aflow the desired beam current fo be reache ecently, another method was developed, basedplin-
single turn injection, it was found that horizontal betatron

ear coupling generated by skew quadrupoles [9]. Theory

stacking £-3 turns) provides a more stable and brighter X - o
beam [5]. The reason might be that the Linac2 beam with gredlcts that the necessary condition for the stability of the

single turn results in a tune shift &Q ~ —1 and leads to mth mode by finear coupling is

a fast and uncontrolled transverse blow-up on integer stop- Vi T Vegy <0, 1)
bands_. L . . . whereV [, ., the uncoupled transverse instability growth

. During injection _and acceleration, the Ime_ar CouIOIIngrates, are éomputed from the classical Sacherer formula. If
line @ — @y = —11is enhanced to transfer emittance ffomg, -1 s satisfied, then the mode can be stabilised by in-
h-tov-plane, resulting in a rounder beam, preferred for the, . Asing the skew gradient and/or by getting closer to the
LHC. The stop-band&@sx + 2Qy = 15, 2Qx + Qy = 14 coupling resonanc@ = @y, whereQ) , are the horizon-

and3Qy = 16 are compensated to provide space in the tung, 5 vertical uncoupled coherent tunes in the presence of

diagram at low-energy. The working point during accelery, ..o fields. Theory also predicts the value of the modu-

ation is changed dynamically to move the beam away froy,s ¢ the skew gradient needed to stabilise the mode [9].
stop-bands as the space charge tune shift shrinks (Fig. 1)rhis approach has been applied and proved to be very effi-

cient, without any measurable emittance blow-up and with-
3 TRANSVERSE PROPERTIES OF out using octupoles. Similar results were obtained for the

LHC-TYPE BEAM IN PS coupled-bunch instabilities and for the ultimate LHC beam.

The most critical points for the setting-up of the PS for th ) . . -
conservation of the high-brightness beam delivered by tr%'z Closed-Orbit Correction at High-Energy

PSB are: (i) space charge effects; (ii) instabilities appearinthe horizontal closed-orbit distortion in the PS shows a
during the long low-energy flat bottom; (iii) correction of steady increase with energy. There is a small interme-
the closed-orbit at top energy. diate maximum of the orbit distortions arousd; GeV,
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where the low-energy orbit correctors are no longer effilimit of 3 um and the beam is almost round as required by
cient. Then, a significant growth of the distortions is obthe LHC.

served, starting at abolls GeV. A detailed analysis of the
closed-orbit data showed that the main source of the dis-
tortion at high-energy are the shims and ‘pipe shields’ in-
stalled to screen the extracted beam from fringe fields [10].
Two dipoles in straight sectiori$ and60 reduce the orbit
distortion by more than a factor two.

- Horizontal emittance/ Upper limit for transverse emittance

o Vertical emittance of LHC beam delivered by PS

High energy flat top
(before extraction) \
I o————O_

™~ Second batch (10
ms after injection)
1 -

First batch (10 ms

4 EXTRACTION TOWARDSTHE SPS
First batch (10 ms Pefore injection

The maximum allowed emittance blow-up in the transfer after injection)  ©f second batch)
from the PS to the SPS 1§ %. Since the beam has a small TT2 transfer line
emittance and a large momentum spre@sy/p) .m.s. =
-3 . . . . . _
e ot and U 3 EVolon of e romalsed tnsverse bear
. _emittances*  from PS injection to TT2 extraction line.
the model of the TT2 transfer line and to measure the Twiss xy I

parameters, the dispersidn, and its derivativeD’. This

Normalised beam emittancen()

allowed the computation of new transfer line optics with 6 CONCLUSION
reduced blow-up factor#, J at injection in the SPS [11], During the 1999 run, the PS Complex produced a beam
where with transverse characteristics suitable for the LHC. The
3 3 2 3 3 double-batch injection scheme was successfully tested
2H =" 4 (an m — Om nmn) =+ “22 and transverse beam emittances well befym were
o ea
Pinea Bimea ) Bnom g nem - achieved. Emittance increase from injection to extraction
J_1- AD? 4 (AD' Buom + AD anom)? <@) in the PS was measured to be ab26% and5% in the
2 € Bnom P /), ms  horizontal and vertical planes respectively.

The goal for the future runs will be the production of the

andAc*/e* is given byH — 1 or J — 1. The values of beam with nominal characteristics in both transverse and
H, J for the old and new optics used for the LHC beam argongitudinal planes [12].
listed in Table 2.

Table 2: Measured betatr@i/) and dispersiorf.J) r.m.s. REFERENCES
emittance blow-up factors for old and new optics. [1] E. Tanke, M. Vretenar, M. Weiss, iEPAC'92 edited by
Old optics | New optics H. Henke et al. (Ed. Frorgires, Gif-sur-Yvette, 1992)
I (hjv-plane)| 1L.1/1.3 | 1.0/1.0 P. 542-44. _ )
J(h/v-plane) 11.6/1.0 1.7/1.0 [2] C.E.Hill, A. M. Lombardi, E. Tanke, M.Vretenar, Present
Performance of the CERN Proton LinacERN PS (HP)
98-045 (1998).

Although a noticeable improvement was achieved, new

optics are under study to further improve the dispersion 3] K. SCh'nd!’P art. Accel8, (63-78) 1997.
matching and to reducé,. [4] M. Benedikt (ed.), CERN2000-003 (2000).

[5] The PS Staff, reported by K. Schindl, EPAC’94 edited by
V. Suller et al. (World Sci., Singapore, 1994) p. 500-2.
5 RESULTS: EMITTANCE EVOLUTION ( gap )P
[6] F. Sacherer, inint. Conf. on High Energy Acceleratqrs
INTHE PSAND TT2 edited by US Atomic Energy Commission (CONF 740522,

A measurement campaign was undertaken to evaluate the WaSh'ng_ton D.C., 19_74) P 3_47'51' ) N
emittance blow-up between the injection of the first batchl”] R- Cappi, "Observation of High-Order Head-Tail Instabili-
in the PS and the extraction in the TT2 transfer line for _ 1S & th_e CERN-PS CERN,PS (PABS‘QZ (1995). _

the transverse LHC beam. The beam emittance was mea8l R- €appi, R. Garoby, E. kiral, “Collective Effects in the
sured at different points along the PS cycle by means of CER,N'PS Beam for LHC'CERN PS (CAB9-049 (1999).
horizontal and vertical flying wires, as well as in the ex- 19 E-Métral, Part. Accel62, (259) 1999.

traction transfer line using Secondary Emission Monitor§l0] C. Carli, M. Martini, *Orbit Growth in the PS at High En-
(see Fig. 3). The absolute accuracy of such measurements e_rg;:: Identification of the Source and Scenarios for Correc-
is about15-20 %. In the vertical plane almost no blow- 10 CERN PS (CA) Not®9-03 (1999). _
up is observed between injection and TT2 transfer lingll G- Arduini, M. (?'Ovar_‘”ozz'g K. Hanke, D. Manglunki,
(5 %), while in the horizontal plane a bigger effectis visible M- Martini, G. Metral, in PAC'99 edited by A. Luccio et
(26 %). However, the transverse beam emittance for both al. (IEEE, New York, 1999) p. 1282-84. ]
horizontal and vertical planes stays well below the upper-2l R- Garoby, S. Hancock, J-L. Valldiese proceedings

Proceedings of EPAC 2000, Vienna, Austria 1473



