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Injection and Accumulation of High Currents — Performance, Limitations and
Expectations for 1999

R.W. ARmann, CERN, Geneva, Switzerland

discuss the 1998 beam currents at injection, the turn-
Abstract S . . :
around and the injection efficiency in more detail.
The performance of the LEP injection and accumula-
tion is reviewed for 1998, including the observations Table 1: Comparison of typical bunch and total beam

from standard operation and special machine studies. The currents in 1998 and 1997.
observed and expected limit in total accumulated beam | Year Bunch Current Total Current
current at 22 GeV is discussed and the required machine [UA] [mA]
conditions are described. While the beam current deter- | 1997 650 5.2
mines the LEP2 peak performance, the achievable effi- [ 1998 750 6.0

ciency and reliability of beam injection and accumulation
can limit the integrated luminosity. Possible ways to fur-
ther improve both efficiency and reliability are discussed.
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1 INTRODUCTION

The achievable luminosity in any storage ring is a steepe
function of the stored beam current. In the regime withoutg
beam-beam related beam blow-up the luminosity in-§
creases with the square of the beam current. In order to
prepare for LEP2 high energy running several measures
have been taken in the past years to allow maximum
beam energy and maximum beam currents: Date
* 1994/95: Double batch synchrotron injection [1].  Figyre 1: Total accumulated beam current at 22 GeV
* 1995: Injection into beam optics with intermediateqyring the 1998 LEP run.

squeeze [2].

e 1995: Injection at 22 GeV instead of 20 GeV [3].

e 1996-1999: Substitution of low gradient and hig
transverse impedance copper RF units with supef-
conducting RF units. The maximum accumulated beam currents at injection

Those changes helped to both achieve the desired 1 reAergy are shown in Figure 1 for the 1998 run. Several

limit of bunch current at injection energy and to improveegimes can be distinguished:

the efficiency of the injection process. The only signifi-1. June to August: Slow increase of total beam current

cant change in injection for 1998 with respect to the end from 4 mA to 6 mA. A hardware limitation due to

of 1997 had been the removal of 38 copper RF units and the heating of certain RF cables had been real-
the associated reduction in the transverse impedance. ized [4]. The limit was depending on beam current

High energy running in 1998 was performed exclusively and bunch length. Modifications in the machine set-

with two beams each consisting of four equidistant tings during the energy ramp were introduced in or-

bunches. As the same mode of operation is foreseen for der to assure the maximum possible bunch length at

1999 bunch train issues for injection are not discussed in all LEP energies [5]. The bunch length that ulti-

ent [mA]

.1. Evolution of Beam Currents

this paper. mately was achieved imposed a 6 mA limit on the
total beam current. This beam current was reached in
2 INJECTION PERFORMANCE IN 1998 the first half of August.

August to September: The 6 mA current limit from

the RF cables was routinely achieved during accu-
mulation. Improvements were implemented in the
transmission of beam current up to the 94.5 GeV
physics energy.

The LEP injection and accumulation systems allowed:
operating LEP in 1998 with the highest ever physics
beam currents. The typical beam current was increased by
15 % with respect to 1997. From this improvement alone
one expects a 33% increase in luminosity. The injection
performance for 1998 is summarized in Table 1 and com-
pared to the 1997 values. In the following sections we
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3. September-October: The intensity limitation was 00— T T T T
relaxed somewhat and beam currents slightly above I ]
6 mA were filled.

4. Second half of October: At that time 30 melted RF
cables were leaving 8 cavities without control. The g

lls

of

80

18% of physics fills
with > 60 min injection

centage

60 -

[
current limit was lowered to about 5.5 mA in order to = “ A
avoid serious further damage. £ 20
The operational intensity in LEP was at no point in 19982 0 [
limited from the injection or accumulation but always 0 20 40 60 8 100 120 140

from the allowable heating of the RF cables. We conclude
that the injection and accumulation systems of LEP sup-
ported the excellent LEP performance in 1998 up tEigure 3: Distribution of the time that 1998 physics fills
maximum intensities. spent in filling mode (histogram). The curve indicates the

. . o percentage of fills that had a “filling time” equal or
2.2.Required Time for Injection and Accumula-shorter than the given value.

tion

Time [minutes]

. . . .. From Figure 3 we can see that the most probable time
As the beam intensity determines the peak luminosity, .. ; .

! . : o fill LEP is about 20 min. However, about 20 % of the
the time required to fill and accumulate the 6 mA tot

T . ills remain for an hour or longer in filling mode. Those
beam current limits to some extent the integrated lumi- : L i
extraordinary delays in injection have been analyzed [6]:

nosity. LEP2 physics fills in 1998 lasted an average time . :
. o~ ~ 1/3 were caused by injector chain problems.
of only 207 min, or about 3.5 hours. As soon as the .
¢~ 1/3 were caused by equipment faults.

beams are brought into collision the beam currents are 1/3 were caused by RF problems.

decaying fast, mainly due to particles lost in radiativq.he equipment groups work on reducing the fault rates
Bhabha scattering or beam-beam bremsstrahlung. Tn]e '

lifetime at the start of a physics fill in 1998 was usually ough it must be realized that there is some unavoidable

below 5 hours. In order to optimize the integrated umicmum rate of faults,

nosity one would require that injection and accumulation 45

is much faster than the length of a physics fill. 4 f Electrons —— I3§')0'p'AI/ r"ni'n' ' .
< 35 | Positrons 7
£ 3 43mA
AdJUSt E 2.2 : Some ramp :
Setup 3 15 F saturation J
E - B
< 1F B
Ramp @  osf -
of .S.etl.Jpl\Ni.th 02 rPA. I R R 1
0 2 4 6 8 10 12
F||I|ng Time [minutes]
Figure 4: Example of very good filling for physics fill
Coast #5045. Note that the single beam current is shown as a

function of time. The current limit is here 3 mA.

Figure 2 Distribution of time spent in different LEP

modes for the average 1998 physics fill with a total length ConS|der|-ng the 20 min typical fill time it must be
of 315 min noted that it is a factor of ~4 above the time expected

from the SPS beam delivery. Figure 4 shows an example
I01‘ very good filling for physics fill #5045. The target sin-
Jle beam current was reached in ~10 min with an initial
ill rate of 390uA/min. The fill rate was only slightly

The average time spent in the different LEP modes
shown in Figure 2. It is seen that the 207 min in physi

mode (*Coast’) must be compared to 45 min in fIIIIngr%lduced at higher currents. Electron and positron injec-

mode. The 45 min are muc_h longer than the time needﬁons behave very similar. Note the operational overhead
in order to obtain the required 6 mA from the SPS. Deéf 3-4 min due to the tune setup at low current, the Q-
pending on the cycle, the SPS can deliver the 6 mA begm '

current in 4-5 min to LEP. It is evident that LEP canno 0op preparation at_hlgh currents and the p_repa_re_mon and
. start of the ramp. Figure 5 shows the effective filling rate

make use of that beam rate. In order to further examife " "\ oo fills in 1998. This effective filling rate is

t.h'S Rroblem thg dlgtrlbut|on of fills with a given "filling defined as the single beam current divided by the time
time” is shown in Figure 3.
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spent in filling mode, after subtraction of a 4 min opera-|

tional overhead. Injected beamAp/p = -1.25%)
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Figure 6: Principle of LEP accumulation. A septum and
Date three kickers are used for the setup of accumulation.
Figure 5: Effective rate of filling during the 1998 run.
The dashed line indicates the typical filling rate of e —w—  Calculated —¥—
200pA/min. 8 1 T T T T
. ) 75 F 3

The filling rate for 1998 can be summarized as: 3 :
+ Best observed: 400A/min e f E
e Typical: 200pA/min - 65F -
e From the SPS: 550-75A/min 2 5 : E

We note that even for the best examples only about Eé F ]
60% of the available beam rate from the SPS was used. 55 | g
The typical filling rate was about 30% of the rate avail- 5 E_1 L L L L7
able from the SPS. 60/60 90/60 102/90  108/90  131/90
Part of the observation can be explained by the SPS not
always being optimally tuned (appearance of the so-
called “ghost” etc.) and delivering less than optimaFigure 7 Strength of required IK3 kick for different op-
beam. Apart from that a problem of clearly sub-nominaics. Measured data is compared to the calculation.
injection efficiency occurred in LEP for the 1998 run.
The injection efficiency will be discussed in the next sedypes of particles, making a misalignment problem very

Optics

tion. unlikely. The only major change between 1997 and 1998
o L was the change in the horizontal phase advance frém 90
2.3Problem of Injection Efficiency per cell to 102 per cell (a change in vertical phase ad-

The scheme of the LEP injection has been described Y&Nce from 60to 90 should have no effect).
detail in the literature (e.g. [1] and [2]). We summarize its S€Veral studies have been performed in order to ex-
basic idea as illustrated in Figure 6. clude a number of possible problems:
1. An off-energy beam is injected horizontally intol- Check of energy offset.
LEP, moving it as close as possible towards the sef: Check of injection steering from the SPS to LEP..
tum. The septum is adjusted such that the beam offs&t Check that RF frequency offset of +100 Hz at injec-
at the kicker IK3 ig\x = D, [CAp/p with the horizon- _ ion did not cause any problems.
tal dispersion Dand the relative energy offsap/p. Tho;g stqdles dlld_ not provide a sglgtlon to tr_le problem of
Thus the beam is injected on axis in betatron space.IOW injection efficiency. The suspicion remained that the

2. The IK3 kick is adjusted in order to empirically closeProblem was related to the horizontal phase advance in
the injection oscillation. the injection region. Figure 7 shows that a systematic

3. The IK2 and IK1 kickers are adjusted in order tgncrease in the strength of the required IK3 kick has been
observed. Note that the 60f60the 102/90 and the

create a closed AC bump for the stored beam. )
Along the injection path a regular focusing lattice is in131/90 measurements are all from 1998. The theoretical

stalled (see Figure 6). The details of the injection proce§§p_eCtation [7]is also in(_:iicqted in Figure 7. It is seen th‘f"t

therefore depend on the beam optics. no increase of the IK3 kick is expected. The LEP data is
The injection scheme shown in Figure 6 worked well" €léar contradiction to the expectation. _

during 1997, providing a 95% injection efficiency. This e note that the calculation predicts a loss @f i

performance could not be repeated in 1998 with efficiergeParation between the injected and the circulating beam

cies between 30% and 60%. It was observed that it wify th€ change in optics from 90/6@o 102/90. The

not possible to simultaneously close the injection oscillgvailable relative clearance is expected to be reduced

tion and the AC bump. This problem affected both
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from 4.2 to 3.35. This should still be sufficient for a It will be shown that the TMCI limit was established at
good injection with about 0.1% loss per injection. 1030pA per bunch in 1998. The transverse impedance
Summarizing, we conclude that we expect a reductiowill increase by about 1.5% in 1999 with respect to 1998.
in beam separation with the 1029@ptics. This change Therefore about the same TMCI threshold as in 1998 can
should be sufficiently small in order to allow injectionbe expected for 1999.
efficiencies above 90%. The used model of injection It is important to realize that the TMCI threshold is a
might, however, be incomplete. The empirically foundsingle beam threshold. For LEP physics runs two beams
IK3 kicks show a systematic increase with horizontadre simultaneously filled. The encounter of an electron
phase advance for both electrons and positrons. This isbanch with the positron bunches at locations of vertical
contradiction with the calculation that even predicts #eam separation leads to a residual interaction involving
decrease of the IK3 kick when going from the 90/80 the impedances as well as direct fields. It has been shown
102/90 optics. Further studies are required in 1999 ithat a reduction of about 12% in the TMCI threshold can
order to solve the problem of low injection efficiency.be expected for 4 on 4 bunches [12].
With a 95% injection efficiency one could expect to
shorten the typical filling time from 20 min to 10 min. Synchro-Betatron Resonances

This corresponds to a gain of roughly 3% in integrated gynchro-betatron resonance are more severe in the

luminosity. vertical than in the horizontal plane. They occur if the
following condition is fulfilled:
3 MAXIMUM BEAM INTENSITY FOR .
1999 Q=n-Q with n=1,23

In the previous sections it was shown that LEP injec-bHere’ Qd'.s. the V(elrtlca]il bgta::on r:une. Noge. tha:] the
tion in 1998 reliably supported beam currents abovgPoVve con ition applies for both coherent and incoherent

750pA per bunch. At this value a hardware limitation™"®S- Qand Qneed to be anUSted sugh that .synch.rp-
from certain RF cables was encountered. The RF cabl gtatron_ resonances are avoided for highest intensities,
are being replaced and it is expected that the LEP hal _ough It is pos_S|bIe to cross those resonances at low to
ware allows bunch currents of at least 1 mA in 4 bunchéged'um bunch intensities.

for 1999 [8]. Here we discuss the maximum bunch C“rtongitudinal Single Bunch Instability

rent from the beam physics and operations point of view.

Results from specific machine experiments are reviewed. This instability is not completely understood. For short
bunches and high intensities a longitudinal quadrupole

3.1. Basic Limitations mode and a subsequent saturation of bunch current are

It is beyond the scope of this paper to fully review th%ﬁii:}vﬁadﬁg;h:t ilgjzt;ti)(;lgy is avoided by increasing the

basic limitations of injection and beam current for LEP.
This topic has been extensively studied and is well coy3 2 Standard 1998 Working Point
ered in literature (see for example [9] and [10]). We

quickly mention the most important limitations for LEP. ~ The machine settings that were used as the standard
working point (SWP) for LEP injection in 1998 are sum-
Transverse Mode Coupling Instability marized in Table 2.

The threshold current, Ifor appearance of the trans-

verse mode coupling instability (TMCI) is given by [11]: Table 2: Overview of machine settings for the standard

working point (SWP) and a new high @orking point

_ 2mEf_,Q, (New WP) of LEP injection.
th = Parameter SWP | New WP
ey Bky(o) Q. (50pA/bunch) | 0.28 0.29
Q, (50 pA/bunch) 0.23 0.30
Here, E is the beam energy, the revolution frequency, Q. (50 pA/bunch) 0.132 0.142
Q, the synchrotron tune, e the electron charge [aride Chromaticities 1-2 0.5-1

betatron function at the sources of transverse impedance
ko. Note that the impedance, Kepends onthe bunch  The tyne settings are defined for a bunch current of
lengtha, that in turn is influenced by the value of @  5opA for which they can be measured reliably. The

order to increase the threshold current for a given opticsjiéteq tune settings are therefore close to the incoherent
is desirable to increase the injection energy, to increagges. For high intensities the coherent tunes will be sig-
the value of Qand to decrease the transverse impedancgificantly lower than the values listed in Table 2. The

The measures mentioned in Section 1 were partly aiming:p strategy has been in 1998 to adjust the tunes only at
at reducing the TMCI threshold. 50pA and to keep the incoherent tunes constant from
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then onwards. The resulting evolution of the coherent

tunes as a function of intensity is shown in Figure 8 for .. f:olhelre'"t 'Qx' — ?O'hefe"“ ?y- S
the standard working point. F 173 mieger Tesonance Timit (rwc)
03F~=~__ 2Q, P
CoherentQ, — —  CoherentQ, — — — See— E
035 T T o 025F T TNam— A
r 1/3 integer resonance ; 1 é E Couniin T~a \T -\ 3
03 F ! Operation 1998 0.2 :_ resoaan%:e Longitudinal R~
— — : ] E turbulence (2 Qs excited) ]
o 025F ——__ 2Q. 015 s | L]
S E~< T~ ] E v |
= 02 | S~ —3 1o T T PP EEU B U R
: Tl j ] 0 200 400 600 800 1000
0.15 T~ i .
F it = Bunch current [uA]
oY S N N [ B
0 200 400 600 800 1000 Figure 9: Evolution of coherent horizontal and vertical
Bunch current [pA] tunes as a function of beam intensity (highv@rking

point). The incoherent tunes are assumed to be constant.
Figure 8: Evolution of coherent horizontal and verticallhe synchro-betatron resonances and the 1/3 integer
tunes as a function of beam intensity (standard workingsonance are indicated as well.
point). The incoherent tunes are assumed to be constant.
The synchro-betatron resonances and the 1/3 integerBoth horizontal and vertical incoherent tunes are above
resonance are indicated as well. the 2Q resonance, but below the 1/3 resonance. As beam
is being accumulated, the coherent tunes cross the 2Q
The incoherent tunes @nd Q are located above and resonance and also the coupling resonance. At highest
below the 2Qresonance. As beam is accumulated thiunch currents the coherent tunes are both well separated
coherent Q crosses the 2Qesonance at relatively low from synchro-betatron resonances and it is possible to
currents. The maximum reach in current is limited due teeach the TMCI limit. In fact with this working point the
Q, approaching the Qresonance. This working point TMCI limit was reached at 1030A per bunch in a single
routinely allowed accumulating more than 450 for 4  beam study during 1998 [14]. Studies of highem@Qrk-
on 4 bunches and standard LEP operation. ing points (Q> 0.144) are inconclusive at this time but
The SWP has been extended to fAOper bunch could provide for a further increase of the TMCI thresh-
during machine development [13]. In order to reach thisld.
high bunch current the Qvas raised during accumula- The crossing of the coupling resonance can impose a
tion. Thus the coherent tune was moved away from the @roblem for LEP operation. The Q-loop requires that Q
resonance. However, at the same time the incoherent tuared Q are well separated. The high, @orking point
was moved towards the 2Q@esonance. Due to this does therefore not directly work at bunch intensities be-
mechanism the maximum bunch current for the SWP isw 400pA. Also, as the coherent tune shift scales with
limited at about 94@A from synchro-betatron reso- one over the beam energy the highv@rking point re-
nances. Machine studies revealed no reduction due daires some special precautions during the energy
separators or the presence of the other beam. This obsamp [5].

vation is consistent with the TMCI limit not being .
reached. 3.4. QConstraints

3.3. High QWorking Point The choice of working points is complicated by con-
, " straints in the possible values of @he use of synchro-
In order to reach bunch intensities above BA® New 4 gouple-batch injection at LEP together with the re-

working point for injection has been tested in 1998 [14]quired “cog-wheeling” in the injector chain imposes some
It has been shown in 3.2. that the standard working poipfstraints on dil:

is limited due to:
1. the coherent Qreaching the Qresonance from ;1  pye to hardware and cog-wheeling requirements the

above. , difference between the first and second batch in-
2. or the incoherent Qapproaching the 2Qesonance jected into LEP must be:
from below.
The new working point moves the incoherent vertical (6 + i) LEP turns

tune above the 2Qesonance thus providing more space

for the coherent vertical tune. The machine settings as¢ |, order for double batch injection to work the syn-
summarized in Table 2. Figure 9 shows the evolution of -, otron phasep between the two batches should
the coherent tunes as a function of bunch intensity. be aroundt (with the first batch at zero phase):
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4.1.Longitudinal Feedback System
2/13t<@—-n[Rn<4/3m -
The longitudinal feedback system has been used exten-

3. With @=2rt(6 +i7) Q we get the following con- sively during the 1998 run. The system was mandatory in

dition for Q; order to reduce the longitudinal excitation of the beam.
Without it early saturation in beam current and sudden
1U3<[(6+i)Q]<2/3 beam losses have been observed. The longitudinal feed-

back is required to work reliably and accurately in 1999.

The square brackets indicate that only the non-integg{r
part of the number is to be considered. It is immediately’
seen that the above condition is false for=Q/7 and all The transverse feedback system has not been used
values of i. The injection scheme results in a hole in fealuring LEP operation in 1998. This can be partly ex-
sible Q values [1, 15]. The hole is shown in Figure 10 foplained by the fact that the injected beam current was not
different delays in LEP turns between the two batchagaching the TMCI limit where the transverse feedback is
(different i in above formulae). most helpful for LEP. The LEP transverse feedback oper-
ates in resistive mode, thus allowing to lower the chro-
maticity by 1-2 units. Note that lower chromaticities have

2. Transverse Feedback System

Dela}(lzgglinj%t%ol?) ums: 20 3471 - already been used for the high Working point in order
1 T T to reduce the m = -1 signal. The transverse feedback will
& Q. hole /, A ] in addition result in less sensitivity to changes of chro-
0.8 S / maticity during the energy ramp from 22 GeV to
T o6k ! p 1 . ~100 GeV.
§ [ O S W Xy L As the transverse feedback at LEP has not been opera-

tional yet for both planes and both beams, its preparation
for the 1999 run requires special attention. The possible

02 | I . ] problem of an incompatibility with the Q-loop has been
(oL TS P ERL VI KRR S PR VAR studied and a workable solution has been found [17].
012 013 014 015 016 017  0.18

Q. 5 CONCLUSIONS

Figure 10: Cosine of synchrotron phase between first andThe Injection and accumulation systems supported the

second injected batch. For double batch injection to Wor?(xcelle_nt LEP performance in 1998, providing the highest
. operational LEP beam currents ever. Total beam currents
the Cosine of the phase must be above 0.5.

of 6 mA were achieved routinely with a self-imposed

The Q hole can be reduced but never eliminated folr'm't. f_rom the heating of certain RF cables. . .
Filling and accumulation typically required 20 min.

longer delays (larger i). There is also some maximum, . . . S
allowable delay between the two batches due to synch?cﬂ)t]IS time can roughly be halved if a problem in injection

N . S efficiency during 1998 can be understood and fixed for
tron radiation in the SPS and filamentation in LEP [1]. gﬁe 1999yrun. S?udies are ongoing. On average 25 min per

There might be a possibility to avoid the appearance of .~~~ o .
the Q hole. It does appear because the initial delay ysics fill were lost at |nje9t|on due to problems in the
X 1I6I]eCtOI’ chain, the LEP equipment and the LEP RF sys-

6 tums is close to 7. If the initial delay is chosen to be tem. Improvements would directly result in a better inte-
or 11 LEP turns then the_Qole will be shifted and can - 'mprovem y
s ted luminosity.

: . . . [
also d|§a}ppear. There is some fr.eedom in the ad_mstmé% he different working points for LEP injection have
of the initial delay between the first and second injected ; T -
: ; ‘Peen discussed. The 1999 injection setup should initially
batch (it had been changed from 8 to 6 in 1996). Studies . .
L . use the standard working point from 1998. It allows easy
are ongoing in order to see whether a solution can be )
and stable accumulation up to about @@0per bunch
found. : . .
and offers a simple solution for the energy ramp. It will
also work fine for low currents during the start-up. If
4 FEEDBACK SYSTEMS bunch currents are being pushed above |B0@hen ei-
The LEP feedback systems have been describélder the standard working point is used with a slightly
in [16]. Here we shortly review the requirements for thenore complicated operational procedure or the high Q
feedback systems as they arise in injection and accumwerking point is commissioned. For highest beam cur-
lation. rents the high Qworking point offers greater stability
and simplicity (constant incoherent tunes) and a larger
maximum intensity. It should allow maximum bunch cur-

rents between 950A and 100QUA with 4 on 4 bunches.
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The expected limitation is the transverse mode coupling
instability with residual beam-beam effects. [1]
The choice of the working point is limited by a hole in

the feasible Qvalues. This hole limits the operational
freedom at injection. Studies are underway in order to
determine whether the Qole can be closed. [2
The longitudinal feedback is essential for the 1999 high
current running. The transverse feedback will potentially
be very useful if the intensities during routine operatiofB]
approach the transverse mode coupling instability.
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