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Abstract 3.0 :
HL-LHC I /

The baseline upgrade scenarios for the injector complex 25 Tediem. \:\ _/
cover the connection of Linac4 to the PSB, the increase of LIU: after | *j/&-’\
the PSB-PS transfer energy fram GeV to2 GeV and the . upgrades ~—a g @8
major SPS RF upgrade during LS2. The achievable beam é - \Q%
characteristics will nonetheless remain below the expecta % Q%\“ qlb
tion of the HL-LHC project. Therefore, alternative or ad- 1.0 yy
ditional options like, e.g., special bunch distributiotisg > /%\,@‘ |
use of injection optics optimized for high space charge or 03 / & :
extra RF systems will be discussed. The expected beam - |
parameters, possible implementation and impact on beam 00 05 10 15 20 25 30
availability for these more exotic options will be analysed N [101]

and compared to the LIU baseline plan. Moreover, the po- _ o
tential interest of further batch compression schemes wifiigure 1: Brightness and space charge limitations follow-

be evaluated. ing the baseline LIU upgrades. The dashed line marks the
expected bunch intensity after RF power upgrade in the
SPS.

INTRODUCTION

The upgrades foreseen within the baseline plan of the The beam performance of these options is estimated and
LHC Injector Upgrade (LIU) project include the connec-compared to the baseline upgrade path. It is important to
tion of Linac4 to the PSB, the increase of the PSB-PS tranpeint out that some considerations for the evaluation of
fer energy to2 GeV and the200 MHz RF upgrade in the beam parameters may be over-simplified due to the large
SPS [1, 2]. Taking the various limitations in the injectorvariety of scenarios and possible combinations.
chain into account, a bunch intensity &f = 2 - 10*! ppb
with transverse emittances of slightly bel@ym is ex- PERFORMANCE EVALUATION AND
pected at extraction from the SPS (round beamsy ¢,). OPTIMIZATION
Figure 1 shows a summary plot of the brightness limit of
the PSB with Linac4, together with the limitations from To compare alternative schemes in the LHC injector
space charge in PS and SPS. The dashed vertical line indiain, their potential performance has been evaluated ap-
cates the maximum expected intensity per bunch after tipdying the same assumptions as for the baseline scenar-
RF power upgrade in the SPS (without beam quality detéses [7]. These constraints are summarized in Table 2. With
rioration with respect to present parameters). These beahe connection of Linac4 (L4) to the PSB, the brightness
parameters can be reached with the nominal producti@vailable to the PS will be doubled. In the PS, all RF ma-
scheme of the LHC-type beams in the injector chain [3]. nipulations are assumed to take place at a kinetic energy

Alternative possibilities and additional improvements tf 2.5 GeV, independent of the energy at PS injection. At
this baseline which would allow to increase intensity othis energy, the available RF voltages for the manipulation
brightness of the beam available to the LHC have alreadgsult in comfortably large bucket areas (doubled with re-
been studied [4, 5, 6], not only in view of the foreseen upspect tol.4 GeV) and the synchrotron frequencies are still
grades within LIU. In particular LHC-beams with higherhigh enough for an acceptable duration. To minimize space
brightness were successfully commissioned and deliverefiarge at PS injection, the bunches at PSB-PS transfer are
to the LHC during the 2012 run using the batch compresas long as possible. As consecutive bunches at PS injec-
sion merging and splitting (BCMS) scheme. tion may be produced by different rings of the PSB, an

Various further alternative scenarios have been sug§mpty gap for the recombination kickers in the transfer line
gested and are studied in this paper, mainly targeted at r@ust be preserved between the tail of a given bunch and
ducing space charge effects in PS and SPS, as well as tRe head of the next. The duration of the switching time

creasing intensity per bunch from the SPS (Table 1). ~ between rings (rise time of recombination kickers); ns
at1.4GeV and110ns at2 GeV [8], defines the maximum
* heiko.damerau@cern.ch bunch length at injection into the PS.




ing time, constrains the maximum bunch length at trans-

Table 1: Upgrade options for the injector complex. Basef'er and hence the space charge conditions in the PS. Addi-

line choices of the LIU project are marked italics . o L '
) . ) e tionally the overall splitting ratio in the P, defines
EB?T]SC': Batch Cpmpre;sgorll.tll(lerglgggﬂg Spl'tBtmtg’hBCCSthe bunch intensity required at injection for a given inten-
atch Lompression and Spiting, - Fure batc Oms'ity per LHC-type bunch at transfer to the SPS. At constant

pression). The potential intensity gain (i.e. the equ'vaf)rightness from the PSB [7] the minimum transverse emit-

lent brightness gain) is shown for some options in the la?!ance becomes directly proportional to the splitting ratio

column.

Sf:heme : Gain Beam manipulation schemes in the PS
Linac4 connection

m  Faster recombination kickers.¢ GeV) The nominal production scheme of the LHC-type

P Long. flat or hollow bunches +959%  beams [3] in the injector chain consists of injecting2t
2 GeV at PSB—PStransfer bunches in two batches from the PSB into the PS. With

- — an initial harmonic number of = 7, one bucket remains
Double batch of. = 5 single-batch inj. empty for the PS extraction kicker gap. Each bunch is then
3-split, BCMS, BCS or PBC triple split, accelerated oh = 21 and further split in four

" 8b & 4e together with 3-split or BCMS parts (total splitting factor;.,;;; = 3 - 4 = 12) on the flat-

a  Resonance compensation top to generate a batch of 72 bunches spacezbims. Up
Special injection optics to four of these 72-bunch batches are then accumulated in
Long. flat or hollow bunches +25%  the SPS and finally transferred at an energyafGeV to
28 GeV at PS+SPS transfer +15% the LHC.

Baseline SPSRF upgrade +50% For all different RF manipulation schemes in the PS,
Extended SPS RF upgrade the beam is accelerated at the pivotal harmonic number

0 Relaxeds; with 200 MHz in LHC of h = 21 to allow using the fixed-frequenc30 MHz,

& Q20 optics +10% 40 MHz and 80 MHz RF systems for quadruple splitting
Q20/Q26 split-tune optics +5% and bunch rotation on the PS flat-top.

Special injection optics To reduce the space charge tune shift on the PS flat-

bottom, the incoming bunches must not only be as long as
possible, but they should also be distributed over the max-

Table 2: Basic assumptions for performance comparisorfmum fraction of the PS circumference. Only after an ac-
celeration to an intermediate flat-top at a kinetic energy of

Parameter 2.5GeV, they can be compressed to a smaller fraction of
L4+ Brightnessg,, ¢, per N, 0.4 um/1012 the circumference [9] and brought to the acceleration har-
PSB (H injection at160 MeV) monic,h = 21. Batch compression is the iterative increase
PS Beam l0ss 5% of the principal harmonic number to reduce the spacing in

Transv. emittance growth 5% between bunches, h_ence reducing the batch length [10].

Tolerable tune shiftAQ, 0.31 Empty buckets are literally added at the azimuth of the

Maximum bunch length at inj. Recomb. batch gap.

kickers
Batch compression, merging and splitting (BCMYS)

SPS  Beamloss i 10% Beams produced with the BCMS scheme have been com-

Transverse emittance growth 10%

i missioned in the injectors during the 2012 run and success-
Tolerab_le tune SiftAQ, . '0'2111 fully delivered to the LHC [11, 12]. The RF manipulation
Bunch intensity at extraction  2-10 in the PS is illustrated by the mountain range density plot
after RF upgrade in Fig. 2 (measured data). In total 8 bunches are double-
batch transferred from the PSB inko= 9 buckets in the
PS. Following an acceleration to the intermediate flat-top,
ALTERNATIVE SCHEMESIN THE the harmonic number is incrementally increased te 14
PRE-INJECTORS (batch-compression). Pairs of bunches are subsequently
merged together (main harmonit:= 7) and finally triple
The connection of Linac4, in combination with the in-split as with the nominal beam. The resulting splittingaati
crease of the PSB-PS transfer energy, will double the avain the intermediate flat-top of 1.5 becomes, after the usual
able brightness for almost any scenario. The performanggadruple splitting a6 GeV, rgpis = 6 for the BCMS
reach of the two pre-injector synchrotrons, PSB and P$gam. This means that for an LHC-type bunch with a given
is however closely interlinked via the RF manipulationintensity at PS extraction, the injected bunch from the PSB
scheme applied in the PS. Firstly, the RF harmonic nums only half the intensity compared to the nominal produc-
ber at PS injection, together with the ring-to-ring switchtion scheme, resulting in at best twice smaller transverse
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Figure 2:
(BCMS).

emittance. This improvement has been confirmed by emit-
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Figure 4: Pure batch compression (PBC).

The corresponding limit plot in Fig. 5 indicates that up

tance measurements at SPS extraction, as well as by aﬁB-PS extraction a brightness well beyond the assumed SPS
minosity increase in the LHC experiments [11] space charge limit can be produced. Unless this limitation

Figure 3 shows the limit plot for the BCMS scheme. The

T
1
T 2.0 ! * 4
HL-LHC : ! Yy
request \rs* 1 //B"/
20 I N / ! VY4
1 o —15 'Q/ N
9\/ 7 = SN -
— 15 Mas = a0 g
£ & ) &' > & /oS =
L] ] “a'/ - & 1.0 4% s
= &y Pt 1
& S /‘/\‘}‘\(\ 4 > g\,(\
& 1.0 ) /l/ N y < ?{J
- /'/'QIE’ 0.5 /// 7z 1
‘< 1 2 I
0.5 4 1 !
1
1 0.
1 8.0 0.5 1.0 1.5 2.0 25 3.0
! N, [10']

0'8.0 0.5 1.0 LS 2.0 25 3.0
N [10M] . o .
’ Figure 5: Limit plot for the PBC scheme (Linac4, PSB-PS
Figure 3: Limit plot for the BCMS beam (Linac4, PSB-psat2 GeV,25ns bunch spacing).
at2 GeV, 25 ns bunch spacing). N . .
can be mitigated, the pure batch compression scheme will
space charge tune shifts in both, PS and SPS, are perfedit Provide any advantage with respect to BCMS. As the
matched for beams produced with the BCMS scheme. TH#> batches are only 32 bunches long, it even results in
brightness reach is beyond the HL-LHC request thougpnger filling time and aboul3 % fewer bunches in the
the requested intensity cannot be fully reached; howevef1C .[6]- _ _
Linac4 and PSB could deliver even higher brightness in- This alternative scheme will hence have its interest in ex-
Compatib|e with space Charge in the PS and SPS. Due @B)ring the limitations of the SPS. Pure batch Compl’eSSiOI’l
the reduced splitting factor, each PS batch contains only 44!l already become technically feasible after LS1, follow
bunches %5 ns spacing) instead of 72, which propagates @89 the controls upgrade of the PS low-level RF. With the
a reduction of the total number of bunches per LHC ring bgxperience of the BCMS beam, its commissioning should
about6 % and a20 % longer LHC filling time. e straightforward.

Pure batch compression Even higher brightness can  8b&®4e bunch pattern schemes Schemes resulting in
be achieved with the pure batch compression (PBGhort batches in the LHC will become important in case
scheme. As for the BCMS manipulation, twice 4 bunchethere are issues with electron cloud (e-cloud) instabili-
are again transferred from the PSB irito= 9 in the PS. ties [13]. An extreme case, which is expected to signif-
The acceleration to an intermediate flat-top/on= 9 is icantly reduce e-cloud formation in the LHC, 86 @ 4e
followed by a batch compression incrementally scanninguicro-batches produced in the PS.
through all harmonic numbers up ko= 21 (Fig. 4). The Replacing the triple splitting in the PS by a diréct=
batch of 8 bunches is then accelerated to the flat-top whefe— 21 bunch pair splitting results in pairs of bunches with
each bunch is again split in four, resulting in a 32-bunclan empty bucket in between. On the flat-top each bunch
batch with25 ns spacings,ii = 4). and empty bucket subsequently split in fory, = 8). In



combination with nominal injection of + 2 bunches into line density. In the transverse plane the available space fo
h = 7 buckets in the PS, the bunch pattern from the PS béhe space charge necktie in the working point diagram can
comess® (8bd4e)d12e (Fig. 6, top), with the correspond- be increased by compensating resonances, while the space
ing limit plot shown in Fig. 7. Possibly evetH- 3 bunches charge necktie can be reduced by applying a special optics
at low energy, e.g., by introducing vertical dispersion][16
U A Az Mt ARk to keep the physical beam size as large as possible.
1 72
CAMAMAA AR oA cas A . e
; 1) Space charge reduction from longitudinal improve-
ments Longitudinally flat bunches can be generated by
Figure 6: Bunch patterns dfb & 4e option (red) com- two techniques.. A higher-harmonic RF system can be
pared to the patterns of regular batches (blue). The firdflded to the main RF system to reduce the peak line den-
pattern (top) is achieved by changing the triple splittiag tSity: This technique is applied in the PSB [17]. How-
anh = 7 — 21 double splitting, while the second pat- €Ver: the tr_ansfer of a flat-bun_ch generated by this tech-
tern (bottom) is generated in combination with the modiDique requires double-harmonic RF systems in both the
fied BCMS scheme. sending and receiving accelerators. Bunches with a lon-
gitudinally flat profile can also be achieved by depleting
could be injected into the PS, yielding @ (8b&4e) pattern the central part of the distribution in longitudinal phase
at extraction [14, 15]. The remaining gaps of 4 empty buckspace [18, 19]. This technique has the advantage of re-
ets (aboutl 00 ns) between the micro-batches are expecte@uiring only a single-harmonic RF system. Hence a flat
to be sufficiently long for the PS ejection kicker. Since thédunch can be easily transferred from PSB to PS [7], and
the flat bunch is even expected to preserve its distribution

25 through certain RF manipulations like batch-compression

N/ or bunch pair splitting and merging. The reduction of the

20 //Q y space charge tune shift achieved by longitudinal flat or hol-
o / ' low bunches corresponds to the reduction of peak line den-
g1l i Yy sity and the increase of the momentum spread, and is of the

8 y order of25 %.

R N //',/él"' Increasing bunch length can also be a means to reduce
\ 6 the longitudinal density and space charge. At PSB-PS

03 transfer the maximum bunch length is given by the mini-
mum gap between two consecutive bunches, which is con-

%5 05 10 LF A strained by the switching time between the different rings

N, [101]

of the PSB. Figure 8 illustrates the double batch transfer

. o ) of 4 + 2 bunches intoh = 7 buckets or4 + 4 bunches
Figure 7: Limit plot for8b & 4e scheme (Linac4, PSB-PS into h — 9 buckets in the PS [12]. Assuming that the

at2 GeV, 25 ns bunch spacing).

o . i . 4+2 injection into h =7 4+4 injection into A =9
bunch splittings in the PS are lossless manipulations, the 8ss -1 _ PSB, i~ 1 _
bunches could theoretically hade % more intensity. As  EE=—— w5 = m
will be shown below, such an intensity cannot be digested R& R k2N
by the SPS. l l

A derivation of the BCMS manipulation could be imag- /2! M xR 8w
ined by replacing merging and triple splitting by a regroup- & Rl = R3R§4

ing of bunches with a direct hand-over froln= 14 to
h = 21 (repit = 4), but keeping in mind that the nominal
8b@4e scenario already pushes the SPS to the space charge

limit, such a scheme would have no further benefit for the o ]
LHC. rise time of the recombination kickers can be reduced by

50 ns, the bunch length at PS injection could be increased

by this amount. The effect of the corresponding mitigation

of the space charge limit is shown in Fig. 9, resulting in a
In addition to the main alternative scenarios in the prereduction of about5 % at1.4 GeV. However, reducing the

injectors mentioned above, further potential options cedu recombination kicker switching times 5 ns would be a

ing space charge have been investigated. They can be apallenging task already for the kick strength required at a

plied in combination with the RF manipulation schemesgransfer energy of.4 GeV. Additionally the gain from this

in the PS. In the longitudinal plane the bunches can beption becomes marginal after the upgrade of the PSB-PS

stretched or made longitudinally flat to reduce their peakkansfer energy t@ GeV.

Figure 8: Beam transfer between PSB and PS.

Potential additional improvements



quadrupoles and their power converters would be required

g:j/ to reach such a configuration. As the optics functions are

4 vof &% very irregular, simulations including space charge should
Q) . . e s .

&/ S be performed; especially the sensitivities with respect to

3 /@/ coupling resonances remain to be studied. Assuming that

no show-stoppers are identified by these simulations, first
beam studies to evaluate the potential benefit of non-zero
vertical-dispersion optics can be initiated after LS1.

y Alternatives for special cases of limited upgrades

867 05 10 15 20 25 30
N, [10'1]

In the unlikely case of Linac4 connection before the up-
grade of the PSB-PS transfer energy, space charge on the

Figure 9: Brightness limit improvement of longer bunche_gs flat-bottom will become the most stringent limitation

with faster recombination kickers (Linac4, PSB-PS al the injector chain, essentially independent from the RF
1.4GeV, 25 ns bunch spacing). manipulation scheme. Figure 11 presents a limit plot for an

injection energy into the PS @f4 GeV. The brightness de-
liverable by the PSB and acceptable for the SPS becomes

Space charge reduction from transverse improve- almost twice the brightness which the PS can digest and
ments Studies to compensate lattice resonances witimost nothing would be gained for LHC-type beams with
skew sextupole magnets for LHC-type beams in the PSnac4.
have started in 2013, following the installation of 4 sex-
tupole magnets during the winter stop. At the nominal
(fractional) working point ofg, = 0.21 andg¢, = 0.24
the closest 4th order resonance is excited by space charge 3
itself and cannot be easily compensated. Successful com- &/
pensation of th@g,, + ¢, = 1 and3¢, = 1 resonance lines
has nonetheless been demonstrated [20] and a study pro- &
gram with the objective of simultaneous compensation of /P
multiple resonances will continue after LS1. -

Space charge effects may also be reduced by maximiz- y/ o2
ing the physical beam size at low energies. The regular Y $
lattice of the PS features 10 lattice super-periods with 10 .
magnet units each [21]. The vertical dispersidn,, is
ideally zero all around the ring. Introducing perturbation
using the already existing skew quadrupoles, an irregul@®igure 11: Limit plot for double-batch injection of 8
lattice with non-zero vertical dispersion (fully couplep-0 bunches intd: = 9 and subsequent generation of 64 bunch
tics) can be obtained [16]. Beta functions and dispersiafatches (Linac4, PSB-PSht GeV, 25 ns bunch spacing).
around the PS circumference for an extreme case are pladhe bunches are double split on the flat-bottom and again
ted in Fig. 10. This would ideally provide a Laslett tune-twice on the flat-topyspiie = 8 [5].
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To profit in this case from the significantly higher bright-
ness with Linac4, single-batch transfer of 4 bunches into
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Figure 10: Lattice functions for the case of an extreme ogience the PS produces batches of 64 bunches.

tics with vertical dispersion.

h = 5 buckets in the PS has been suggested [22]. As be-
comes clear from Fig. 12, the space charge limit in the PS
matches again with the brightness deliverable by the PSB
with Linac4.

After injection, each bunch is double split twice, result-
ing in 16 bunches at harmonic= 20. Following a single
harmonic number hand-over fo = 21 (Fig. 13), the 16
bunches are accelerated to the flat-top where each of them
passes through the usual quadruple splitting; = 16),
These
shorter batches would reduce the total number of bunches
in the LHC by only abous %, but with reduced filling time

shift reduction of a factor of 1.5 in both planes. It is impor-thanks to the one third shorter cycle in the PS.
tant to point out that extensive upgrades of various skew The lowest harmonic numbeh, = 5 (2.18 MHz), re-



Figure 12: Limit plot for single-batch injection into = 5
and subsequent generation of 64 bunch batches (Lina
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number of shorter cavities has been considered, as well as
the effect of the&8b4e scheme or a possib#0 MHz main

RF system in the LHC. As part of the upgrade baseline,
the successful mitigation of electron cloud instabilitiss
amorphous carbon coating [26] or scrubbing of the SPS
beam pipe is assumed.

RF power considerations at extraction to LHC

At transfer to the LHC, the00 MHz RF system in the
SPS has to provide sufficient RF voltage to keep the bunch
length belowl.7ns @o Gaussian fit) to fit into th&.5 ns
long buckets of the LHC. Two effects determine the RF
voltage and power requirements which are beam loading
&pd longitudinal beam stability.

‘At fixed maximum RF power the voltage generated by
the traveling wave accelerating cavities of the SPS [27] de-
creases with increasing beam intensity [28] due to beam
loading. This voltage decrease at given RF power is il-
lustrated for different RF system configurations in Fig. 14.
The grey curve shows the voltage decrease for the present
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Figure 13: Single-batch injection of 4 bunches from thdrigure 14: Beam loading26 ns bunch spacing) and sin-
PSB intoh = 5 in the PS.

gle bunch stability limits for various arrangements of the
200 MHz cavities [25].

quired with this alternative scheme at injection, is belowayity configuration (two 4-section and two 5-section cavi-
the lower limit of the frequency range of the main RI_:_ca\{l-[ies) and an RF power 6f7 MW per cavity. Pulsing the RF
ties, but the development of a dedicated or the modlflcatlc%l}np"ﬁers with the revolution frequency following the up-

of an existing cavity could be envisaged.

ALTERNATIVE SCHEMESIN THE SPS

grade of the LLRF system allows a power increase to about
1.05 MW per amplifier (blue curve). Following the LIU
baseline upgrade, two new transmitters with an RF power
of 1.6 MW each will become available. Together with the

In the framework of the LIU upgrades the integer workplanned re-grouping of the cavity sections to four 3-sectio
ing point of the SPS has recently been moved fromavities and two 4-section cavities, the available voltiage
QrlQ, = 26 to 20, operating with a new low transi- increased significantly (red curve). Thanks to the addition
tion energy optics which significantly improves longitudi-of two more sections (in total 20 instead of 18 section),
nal and transverse beam stability for LHC-type beams, bldw- and high-intensity beams will profit from the baseline
requires higher RF voltage [23]. The future baseline upapgrade.
grades include measures against e-cloud instabilities andAlternatively, the same number of total cavity sections

a major upgrade of the ma00 MHz RF system of the can be assembled to more but shorter cavities. The black

SPS. The latter mainly foresees the regrouping of the tragurves of Fig. 14 show the available RF voltage for extreme

eling wave cavities into four 3-section and two 4-sectiorcases of four 3-section with four 2-section cavities (twe ad

cavities [24, 25], the installation of two additioriab MW  ditional 1.6 MW RF transmitters compared to the baseline

RF power amplifiers and an upgrade of the beam contrabgrade), as well as ten 2-section cavities (four additiona

system. transmitters). Essentially no further voltage gain can be
Beyond this baseline, even further splitting to a largeachieved for lower intensity beams.



To finally estimate the voltage requirements at a fixedequiring two more additional power amplifiers, gains only
bunch length at transfer to LHC, longitudinal instabilitie half of the previous step. Moving to an extreme case of ten
must be taken into account [25]. Considering only th@-section cavities demands for excessive RF power with lit-
voltage reduction by potential-well distortion (PWD) andtle effect on maximum intensity per bunch.
the single-bunch instability due to loss of Landau damp-
ing (LD), a scaling law for the minimum longitudinal emit-  8b&®4e bunch pattern schemes At fixed bunch inten-
tance emittance assuring stability can be derived [29, 30dity, the line density averaged ow#0 ns is reduced bg/3
Assuming constant bunch lengthit can be shown that the using theBb@4e bunch pattern schemes. With afilling time
RF voltage must increase proportionally to the bunch interof the RF cavities in the SPS of about twice that duration,
sity. The nominal LHC beam wit?5 ns with an intensity of one can expeci0 % higher bunch intensity for the same
1.3-10'! ppb and a longitudinal emittanceqf~ 0.35eVs voltage as illustrated in Fig. 16. However, as potential wel
can be taken as a reference case for the linear increase of
RF voltage with intensity. Measurements have shown that 15
it is indeed close to the longitudinal stability limit on the
flat-top in the SPS [25]. Combining the intensity depen- _
dent voltage requirement with the available voltage at fixed §
RF power results in an estimation of the maximum inten- =
sity for the different RF system configurations (Fig. 14). 5

The grey point again indicates the present cavity config-
uration (two 4-section and two 5-section cavities). With 0
a maximum voltage of aboutMV an intensity of1.3 -

10! ppb has been achieved on the flat-top. Upgrading
the low-level RF system to operate the cavities in pulse

mode increases the available RF power per amplifier frorl%'?lure 165: Imbprovrelments with the 8b+4e bunch pattern
0.7MW to 1.05 MW, allowing a maximum intensity of scheme 25 ns bunch spacing).

1.5 - 10! ppb. A major improvement will be introduced , = ql ¢ Landau dampi inale-bunch
by the re-grouping of the cavities as foreseen within thgIStortlon and foss of Landau damping are singie-bunc
effects, no scaling is applied to the instability line (with

LIU baseline. Without any increase of bunch length, an in- t to Fia. 14). Th tential gain with thie @ 4
tensity 0f2.0 - 10'! ppb can be obtained. It is important to'espect to F1g. )- € potential gain wi D de

point out that the contribution from loss of Landau dampin chemelsl Is thus_, belod % ar_1d to reach a bunch intensit_y
to the gradient of the line in Fig. 14 scales W&gﬁ5/2 and f3.' 10° ppb with the. baseline RF u_pgrade Wou_ld require
is directly proportional to the broadband impedancgén. an impedance reduction by approximatély% (Fig. 16,

" blue shaded area).
m 0
_Per itting onlyl0 A) '°”g?r bunf:hes ‘?t transfertcl)lthe LHC Proof-of-principle beam tests of tt8&® & 4e scheme in
increases the maximum intensity estimate.to 10! ppb.

the whole accelerator complex will become possible after

_ The effect of further shortening the RF cavities is showf 51 ¢ reduced performance level to evaluate its potential
in Fig. 15, indicating the maximum achievable intensity PEfain with respect to the nominal filling scheme.
bunch versus total RF power. Clearly, the step for the base-

200 MHz RF system in the LHC The major con-

Np [1011]

24 . ° straint of short bunches at transfer from SPS to LHC is
2.2 I +0.18 - 10" relaxed with a200 MHz RF system in the LHC. Further
—20 o +0.29 - 10" benefits of a lower frequency main RF system in the col-
<18 I+°'51 . on lider are discussed in [15]. While the beam loading curves
=16 . remain unchanged (Fig. 17), the single bunch instabili-
14 ties are well suppressed thanks to the strong dependence
12} ° of the loss of Landau damping on longitudinal emittance.
1.0 Assuming a longitudinal emittance b&Vs, the RF voltage

2 4 6 8 10 12 14

Peg [MW] for matched transfer into 200 MHz/3 MV bucket in the
RF

LHC requires an intensity independent voltager gfMV

Figure 15: Total RF power versus maximum bunch inteni—n the SPS. In conjunction with the baseline RF upgrade

itv (2 h ina). Th | hodhe maximum intensity per bunch on the SPS flat-top is es-
f)%i(gg)fj bunch spacing). The colours correspond to't ostf??‘nated atabove.5-10'! ppb, clearly highlighting the ben-

efit of a200 MHz RF system in the LHC for the injectors.

line upgrade from two 4-section and two 5-section to fou . L
3-section and two 4-section cavities, adding twé MW berfor ce during acceleration in the SPS

amplifiers, results in the most efficient intensity increase Next to the constraints at transfer to the LHC, the avail-
The next step to four 2-section and four 3-section cavitiegble RF power also limits the maximum intensity during
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Figure 17: Larger longitudinal emittance anticipating a Cycle time [s]
200 MHz RF system in the LHC25 ns bunch spacing).
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Figure 19: RF power and resulting bucket area along the
, ) ) _LHC cycle in the SPS for the baseline upgrade configura-

the gcceleratlon ramp. Assuming the present cavity conﬁgg-On with a bunch population oV, = 2.3 - 101 (25ns
uration and magnetic cycle for LHC-type beams, the buckgf,nc, gpacing). The blue traces indicate the power of a
area during the first part of the cycle is limited # = o\ ampiifier connected to a 4-section cavity (top) and an

. . 11 .
O'(.i eVs at an Intensity of, e.g1.2 - 10~ ppb (Fig. 1,8)' existing amplifier connected to 3-section cavity (bottom).
Without reducing the ramp rate and hence stretching the
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. ) . Figure 20: RF power and resulting bucket area along the
Figure 18: RF power and resulting bucket area along ﬂ]_ C cycle in the SPS for in total 8 cavities (4 additional

LHC cycle in the SPS for the present configuration with ?)ower plants) configuration with a bunch population of

bunch population ofV, = 1.2:10' (25 ns bunch spacing). N, = 3.2-10'! (25 ns bunch spacing). The two blue curves

The.dlfferent blue.curves_ .ShOW the RF power for the 4éhow again the power with new (top) and existing (bottom)
section and 5-section cavities.

RF amplifiers.

acceleration cycle, this leaves little margin for further i

tensity increase. . ) struction of two new power amplifiers represents a major
Already the baseline RF upgrade will provide a largegain in punch intensity during acceleration, as well as at

bucket aread, = 0.75eVs at the start of acceleration with 5 nster to the LHC. Alternative options to further splieth

margin for increase during the cycle) for an intensity 0t:avities, and add even more RF power, may be beneficial,

2.3-10'" ppb (Fig. 19), beyond the limitation at transfer toy, + the incremental gain becomes less significant.
the LHC discussed above. In combination with &hep 4e

scheme, an intensity of up ®0 - 10!! ppb is expected to :
be accelerated, thanks to th@% reduction of the average Transverse improvements
line density. Clearly, the baseline RF upgrade remains in- In terms of alternative improvements in the transverse
dispensable to profit from the benefit of a n290 MHz RF  plane, the SPS offers less possibilities and flexibilityntha
system in the LHC. the pre-injectors. Firstly, similar to the increase of the e
Extending the upgrade to four 2-section cavities anttaction energy of the PSB, the PS may have a small margin
four 3-section cavities (in total four nelv6 MW RF am-  to extract above the present (total) energg®eV. At its
plifiers), the intensity reach for thg5ns beam could be initial commissioning in the late 1950s, a flat-top energy of
pushed abova - 10! ppb. Figure 20 illustrates RF power 28 GeV had been reached [31], but such beams were not
and bucket area for a bunch populatior8df - 10'! ppb. extracted. Even though the PS ejection elements, as well
As shown above, the baseline upgrade of2b@éMHz  as the SPS injection elements have not been designed for
including the re-grouping of cavity sections and the conthis high energy, the LHC-type beams have small trans-



verse emittances compared to fixed target beams. HenceThe acceleration and transfer to LHC of bunches with
slightly too small kick angles at PS ejection and SPS injedarger longitudinal emittance and higher intensity in the
tion are not expected to cause losses and can most likelPS will become possible following the major RF upgrade.
be corrected. Raising the transfer2®GeV results in a A new RF system &00 MHz in the LHC would addition-
space charge tune shift reduction in the SP$50% with  ally have beneficial effects for the injectors as it further
an immediate gain for all schemes limited by the SPS spacelaxes the constraints on bunch length and longitudinal
charge. First studies to extract beams ab2w&eV from emittance at transfer from the SPS, estimating a maximum
the PS are planned for 2014. bunch intensity beyond.5 - 10'! ppb and shifting possi-
Secondly, instead of moving both horizontal and vertible limits to the lower energy part of acceleration. How-
cal integer tunes from);/Q.,, = 26 to 20, a split-tune op- ever, the brute-force approach of adding even more than
tics with Q;, = 20 and@,, = 26 has been proposed [32]. two 1.6 MW power amplifiers has only limited reach as the
Fig. 21 illustrates the normalized space charge tune shifédsolute intensity gain when moving from 6 to 8 cavities is
at SPS injection versus transverse emittance. The most falf of the extra intensity reach when moving from 4 to 6

cavities.
A number of interesting alternatives have been identified
0 ! : ! which will be accessible to machine development studies
piemmm==d after LS1 to validate their potential benefits:
005} e e PSB: hollow bunches,
= ,jt' e PS: flat or hollow bunches, special flat-bottom optics,
z O PBC,8b ¢ 4e¢ schemes, PS-SPS transfer energy above
2 " = = = Q20/26 - horizontal 26 GeV
(@) ot = = = Q20 - horizontal ’
< /] = = = Q26 - horizontal . . . . .
~0.15f w —— Q20/26 - vertical | | e SPS: split-tune optics, higher intensity at transfer to
" — Q20 - vertical the LHC with slightly longer bunches.
",' - Q26 - vertical
-0.2, t ] o 3 4 Even more combinations of the various alternatives can be
€ (um) imagined.

Finally, the flexibility of producing a wide range of beam

parameters represents an important asset of the injector

Figure 21: Normalized horizontal and vertical space Char%ain which allows to quickly react to requests from the
tune shift versus transverse emittance for Q20, Q26 ar|1_q_|C in case of unforeseen issues. T8ie® 4e scheme

split-tune optics. is one example of an alternative in case of persistent elec-
tron cloud issues in the LHC wit2h ns bunch spacing after

vorable situation can be achieved with the split-tune sptic| 1. This flexibility of CERN’s injector chain should be
Additionally, the kick strength required at injection is re preserved in the future.

duced when moving frond), = 20 back to@, = 26,
leaving some margin for the injection at energies above
26 GeV. Transverse instability thresholds can be slightly ACKNOWLEDGEMENTS
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APPENDI X

CONCLUSIONS
Many alternative options have already been studied

No magic alternative to the present baseline upgradesy numerous authors and have therefore not been re-
including Linac4, the increase of the PSB-PS transfer egonsidered in the present report. Table 3 gives a non-
ergy to2GeV and a major RF upgrade in the SPS, hasxhaustive list of these alternative options.
been identified. The flexibility of the pre-injectors allows
an important number of different production schemes to
increase bunch intensity and beam brightness. Some of REFERENCES
these schemes deliver sufficiently high brightness to pusii] R. Garoby et al., “Plans for the Upgrade of the LHC Injec-
the SPS to its space charge limit. tors”, IPAC2011, San Sebati, Spain, 2011, p. 2517-25109.



Table 3: Non-exhaustive list of further alternative opi@tudied by other authors.
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@ 40 MHz-based main RF system Needs Linac fol0 MHz structure [4]
Separated function lattice wisd) GeV energy Essentially new accelerator in PS tunnel [37]
©n Low frequency 40 MHz capture cavity in the SPS) Issues with beam stability [38]
O Splitting or merging Would require low-frequency cavity
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