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Abstract visible. Once the working point is scanned, a space-charge
S . dominated beam is injected to observe the effect of the res-
. The curre_nt 1'4. GeVv .CERN l.DS Injection energy .I'm'onance crossing on the longitudinal and transverse profiles
its the maximum intensity required by the future High-
Luminosity LHC. The bare-machine large chromaticity

combined with the non-linear space charge forces make MEASUREMENT METHOD

high-brightness and high-intensity beams cross betatronTpe ps is composed of 100 combined-function dipoles.
resonances along the injection flat bottom, inducing trange working point control, linear and non-linear, is real-
verse emittance blow-up and beam losses. A scan of theq with two different methods depending on the beam
working point plane (Qx,Qy) was done in order to idenenergy. At low energy, between injection at 1.4 GeV (ki-
tify beam destructive resonances, in the framework of gatic energy) up to about 4 GeVi/c, the tune is controlled by
possible 2 GeV injection energy upgrade which would repyo families of quadrupoles, limited in maximum current
duce the space charge effect on the tune. Experiments Wefige their particular construction. The natural chromatic-
carried out in order to review the maximum space chargg, js |eft uncorrected. In this case, the working point can
tune shift for which no transverse emittance blow-up is ol adjusted within the interval 0<10<0.4 for both planes.
served. The results of measurements and simulations Willgyve about 4 GeV/c, the working point is controlled by

be presented in this paper. a set of four extra windings located on main-magnet poles
(Pole-Face Windings, PFW), plus an extra winding of the
INTRODUCTION main coil, the Figure-of-Eightloop (F8L). The five control-

lable free currents are used to set the horizontal and verti-

The CERN Proton-Synchrotron is amongst the LHC ineal tunes and chromaticities, leaving and extra parameter t
jectors the oldest, and will continue to serve the LHC atontrol either one non-linear chromaticity or to miminize
least for the next 25 years. In view of this, an upgrade prahe RMS current of the different circuits. A detailed de-
gram to increase the luminosity of the LHC by reducing thecription of the working point controls can be found in [55.
beam transverse emittance for a larger intensity per bun@these extra windings can also excite different resonances
has been approved [1]. One of the major limitations of thelue to the non-linear magnetic-field components they gen-
PS is related to the maximum Laslett tune-shift acceptabéate. For this reason, the measurements at 1.4 GeV were
causing losses or emittance increase that can be obsergagried out by varying the tune exclusively with the dedii-
on the long injection flat bottom used for the LHC-typecated quadrupoles, whereas for the case at 2 GeV an hybrid
beams [2]. For this reason, the PS injection energy couldorking point was produced: the tunes and chromaticities
be increased from 1.4 GeV to 2 GeV [2]. The determinawere fixed with the PFWs and F8L, trying to linearizetat
tion of the maximum Laslett tune-shift, together with themaximum the non-linear chromaticity, and then the scan
identification of resonances that can spoil the beam qualsas realised by the low-energy quadrupoles. In some cases,
ity, remains a fundamental result for future operation sThiLandau octupoles located in the large vertical beta functio
would also be an important input in case the PS will bgections were used to correct for large vertical non-lingar
part of a complex to accelerate high-intensity radioactivehromaticity. A moderate intensity single bunch beam of
ion beams to create neutrino beams [3]. about 130 1& is injected at 1.4 GeV and eventually acce!-

The identification of the most dangerous resonances ésated to 2 GeV. The bunch length chosen was 180 ns, with
realized by applying the same method as proposed in [4]:teansverse emittances 6f=12 mm mrad (& normalised)
large emittance, moderate intensity, not space-charge doemde,=4 mm mrad (& normalised). With these beam pa-
inated beam is kept on a 1.2 s magnetic flat bottom at corameters, the maximum Laslett tune shift would correspond
stant energy. While the tune is slowly varied within a preto AQ;,=-0.051 andAQ,=-0.095, small enough to scan tke
defined interval, the beam intensity is recorded: if an exune diagram without space-charge effects. An examplie of
cited resonance is crossed, beam losses should be obsertieel.magnetic cycle used for the measurements at 1.4 GeV
The emittance of the beam is chosen to be large enoughshown in Fig. 1. Once the desired energy is reached;-the
to fill at maximum the vacuum chamber, in such a waypeam is eventually de-bunched if desired, and the tune scan
that even a weak resonance produces a limited increasei@étarted. During the scan, beam losses are recorded by ac-
the betatronic amplitude for which losses should beconguiring the beam current transformer (BCT) every 1 rus.
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. oy Jon MEASUREMENTSAT 1.4 GEV
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§ wf {120 The 1.4 GeV tune scan results are shown in Fig. 3,

Ew =g with the case of the bunched beam (left) and debunched

§ - He00 beam (right). A difference can be noticed for all the reso-

[ i nances identified: the synchroton motion, together with the

“ " _ o . = 1 large chromaticity in both planes at about -1.0, pushes the
Time [ms] particles periodically through the resonances, in tragpin

detrapping phenomena very similar to the one described in
Figure 1: Magnetic cycle used for the 1.4 GeV measurg6]. In particular, the resonance 28Q,=1 is qualitatively
ments with the signal from the beam current transformetifferent in the two cases: losses appear after crossing the
normalized to the injected intensity. resonance for the bunched beam, probably due to the beta-

tronic amplitudes modulated by the coupling with the lon-

gitudinal motion. These measurements also confirm that
An example of a BCT acquisition is shown in Fig. 1: every
reduction of the beam intensity corresponds to the cros _ B
ing of a given resonance. An automatic measurement sy o= \ I \
tem, described in the next section, was also implemented - G LR \ | by
quickly and systematically measure with a very dense griqvoz W
the working points and the losses, either fixing the verti ..
cal tune and scanning the horizontal tune and vice-vers
An example of the tune scan for one of the 2 GeV cases , il L
shown in Fig. 2, where the black dots indicate the point. =~ " d " "
at which the tune and losses were measured. The plot of
the resonances is then obtained by interpolating the tufrégure 3: Tune scan results at 1.4 GeV, for a bunched beam
and the losses between the measured points. The losses(##), and a debunched one (right). The color scale indi-

quoted in terms of the derivative of the BCT sigaidk. cates the derivative of the BCT signal, i.e., the red lines
indicate the larger losses.

04

003 g W 0038
. -0.04

0.45 -0.045
-0.05

0.15 0.2 0.25 03 0.35 04 =0p5e
dh

the choice of the working point for the LHC-type beams of
about Q,=0.23 and Q=0.24, with a maximum Laslett tune
shift of -0.21, is far away from any important resonance.

MEASUREMENTSAT 2 GEV

The measurements on the 2 GeV flat bottom showed dif-
ferent results compared to the 1.4 GeV case. This is be-
cause the working point is adjusted using the PFWs and
the F8L in order to be able to access the same tune in-
terval as at lower energy. In this case, the magnetic er-
Figure 2: Tune diagram resulting from the loss measureors introduced by the PFWs are different than the ones
ment at 2 GeV. The color scale indicates the derivative ghtroduced by the quadrupoles. On top of this, it is pos-
the BCT signal, i.e., the red lines indicate the larger Isssesible to generate the same linear working point with com-
The measurement points are indicated by the black dots.pletely different non-linear components, virtually withet

possibility of exciting very different resonances. An ex-
ample of this is shown in Fig. 4. The pragmatic approach
chosen for these measurements is to reduce at maximum
Automatic Measurement System the non-linear chromaticity for one set of data, and to
scan the working point from the integer to the half inte-

An automatic Labviey€) application was implemented ger stop-band in both planes. The reason is to be able to
to speed-up the acquisition work. The application, via acan the maximum phase space available for the upgraded
dedicated GUI, executes the following steps: a) the tuneHC beams. The results of a first scan with a bunched
intervals to scan are specified in the GUI by the user; b) thHeeam are shown in Fig. 2, with resonances very similar
application programs the currents of the elements; c) thie the ones of the 1.4 GeV case of Fig. 3. An attempt
acquisition of the BCT is saved to evaluate the losses; @jas made to reach the integer resonance and determine the
the tune is measured to validate the programmed workingidth of the stop-band (see Fig. 5). Unfortunately, once the
point; e) the tune data are saved. The process is iteratsibp-band is approached, the beam is quickly lost, leaving
until the selected tune interval is scanned. only few measurement points available for the interpola-
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Figure 4: Tune scan results at 2 GeV, for two different set-

tings of non-linearities introduced by the PFW. The reso- .
nance 2Q+2Q,=1 appears to be different. Figure 5: Tune scan results at 2 GeV to approach the inte-

ger resonance.

tion. Losses appear already at€9.05 and Q=0.03, with
a no-satisfactory agreement with the recent PTC-ORBIT CONCLUSIONS

in both planes. The agreement between measurements gém losses, the most dangerous resonances which could
on the magnetic errors of the main dipoles. There argyrge Laslett tune-shift at injection energy. This proved
in fact, no reliable error tables yet for the magnets, whickhat the working point chosen for the PS LHC-beams is
were built in the late 1950s. already optimised. In the case where the working point is
adjusted by using the Pole-Face Windings, different reso-

SPACE-CHARGE DOMINATED BEAM nances appears. A preliminary study of the space-charge
MEASUREMENTS dominated beam showed different regimes of emittance in-

] crease, which might lead to beam losses depending on the
A first attempt was made to measure the transversggsen working point.

emittance increase for space-charge dominated beams. A

single-bunch beam with a transverse emittance2b m

mrad (Ir normalised), an initial bunch length of 130 ns ACKNOWLEDGMENTS

(40), an intensity of 180 10 protons, is accelerated up The authors would like to express their gratitude to G.
to 2 GeV. The bunch length is then reduced adiabaticallyranchetti, inspirer of this work, to M. Giovannozzi, G. Ai-
to about 80 ns by a bunch rotation to increase the spaaguini and E. Métral for the support and fruitful discussor:
charge tune-shift, as described in [8]: the Laslett tuné shi

goes from an initialAQ;, = 0.16 andAQ, = 0.197 to a REFERENCES

final AQ, = 0.19 andAQ, = 0.27. Three different work-

ing points were studied, with a preliminary analysis donét] R. Garobyetal., WEPS017, these proceedings

as follow: a) Q, =0.196, Q=0.15. An emittance increase [2] S. Gilardoniet al., WEPS018, these proceedings

of the vertical plane is observed, corresponding to & hofz} . Lindroos and M. Mezzetto, Ann. Rev. Nucl. Part. Sci. 60
izontal emittance reduction, with the sum of the two ap-  (2010) 299-325

proximatively constant. No losses were observed. A lar

. . B ] G. Franchetti, B. Franczak and P. Schitt, GSI-Acc-Noie
fraction of the beam is below the integer resonance; p)

2004-05-001
=0.17, Q=0.23. Only emittance increase of the vertical et | g
plane is observed, but practically without any horizont ] I;cl):rjegsgr:ut » In IPAC10 Proceedings, May 2010, Ky:

emittance variation. A fraction of the beam is touching the
integer resonance; ¢);Q=0.17, Q=0.3. Beam losses are [6] G. Franchettiet al., Phys. Rev. Spec. Top. Accel. Beams 6
observed and thick tails appear in the vertical transverse (2003) 124201

profiles, corresponding also to a change of the bunch shajié E. Forest and A. Molodojentsev, private communication
with a depletion of the center of the bunch. Most probablyg) R. cappiet al., CERN-PS-93-18-RF

particles are periodically traversing the integer andithe

stop bands and lost.
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