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Measures against longitudinal instabilities and beam loading

T. Bohl, CERN, Geneva, Switzerland

Abstract
Ongoing work in the SPS to avoid longitudinal instabilities sin7/2 2 r—sinT
of the beams for LHC and to overcome beam loading will Z ( 5 ) — 22—
be reviewed. Emphasis will be put on the consequences for 7/ T
RF installations but also for some other selected machingin the phase slip given by
components. Different ways of approaching this problem
will be discussed. Preliminary results as well as future l
plans will be presented. T (w —wo)
1 INTRODUCTION where the RF frequency is given byand the cavity centre
frequency bywyp.
The single bunch intensity of the proton bean.isx 10** As a consequence the respons&ofo a step modulated

to 1.7 x 10** protons per bunch [1]. For the lead ion beamarrier (frequency sufficiently close t@) is essentially lin-

the number of charges per bunch is abbdtx 10*° [1]  ear, whereas in the case & it is a polynomial of second
or about a factor ten lower. Regarding longitudinal beargrder during the transient period.

instabilities and beam loading, lead ions should pose no
problem as long as proton beams can be accelerated we)l
hence the acceleration of lead ions in the SPS will not b%'i Effects
considered here. The effects of beam loading are mainly two-fold[8]. Firstly,
The challenge consists in keeping control of the longiemittance blow-up at injection due to unmatched buckets,
tudinal emittance with a high single bunch intensity which.e. amplitude and phase errors.
is about 10 times higher than in fixed target operation [2] Secondly, at extraction, beam loading will lead to bunch
and a small bunch spacing (25 ns) which is about 150 timésngth differences and phase variations mainly along the
smaller than used in proton-antiproton operation [3]. beginning of the batch (consisting of one or several CPS
The consequence of the high single bunch intensity cdratches of 81 bunches and with a small gap of 8 bunches in
be microwave instability at injection [4]. The consequencelsetween the batches [9]). It turns out that in the case dis-
of high single bunch intensity and small bunch spacing ameussed here, the bunch length variation is neglidiblith
beam loading in the 200 MHz travelling wave cavities andespect to the phase variations. These latter have to be lim-
coupled bunch instabilities at high energy (as experiencdted for reasons of LHC's longitudinal acceptance and LHC
with the fixed target operation beam [4]). injection damping capabilities [10].
Beam loading, microwave instability and coupled bunch
instabilities are the three topics that will be coveredinthe 2  Measures
following. They have been studied in the SPS under differ-

come beam loading effects several measures may be con-
2 BEAM LOADING sidered. RF feedback and feedforward can be employed to

reduce the apparent impedance of the travelling wave cav-
There are four 200 MHz travelling wave cavities[7] in-ities. Normal RF feedback is practically excluded because
stalled in BA3 of the SPS. They are bar loaded transmishe long round trip delay surface-tunnel-surface of 2s3
sion lines with a filling time of about 600 ns (given by theirseverely limits the bandwidth and obtainable gain. There-
lengthl and group velocityg = 0.0946 - ¢, with ¢ being  fore a one-turn-delay feedback is already used in fixed tar-
the speed of light). get physics operation to reduce beam loading effects. It
Their particularity is that the cavity impedangg, seen is our aim to obtain a tenfold impedance reduction at in-
by the RF generator currer, is not the same as the teger multiples of the revolution frequency within a band-

impedanceZ, seen by the beam curren, . width of about+7 MHz around the RF frequency. Tran-
In the central part of the passband, the impeddfices  sient beam loading compensation, during the filling time
purely real of the travelling wave cavities, is weak with the present
) one-turn-delay feedback because of a bandwidth limitation
1 o Sm/T2/2 7 to £1.2 MHz. Concerning operational aspects, gain and
-

) ] LFor any other parameter fixed, the bunch length varies like the fourth
whereasZ, has an imaginary part root of the voltage seen by a bunch.
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phase adjustments are uncritical in the case of the one-tL {1 o 50.08 2 0 50.05 2s0M/s —-2.084 z.0004 £ RUN

delay feedback. o freesieeie s AR
At present there is only one one-turn-delay feedback - - . , , —

operation. The inputis the sum signal of all travellingwav | . .. .:. .. : . o0 00 0 2 0 o

cavities and the output acts on two of them. In the ft : ; : ' ; : : :

ture there will be one complete feedback loop per travellir

wave cavity. Its bandwidth will be increased because of | : : : : z : : : :

sinx/x filtering and (ii) a power amplifier upgrade. The ﬁ ﬁ - e et e

corresponding low level modules are under constructic |....:....:... .o i R il

tests with beam are foreseen for 1999. : : : : ; : : :
To improve the impedance reduction, and especially the

transient beam loading mentioned earlier, a feedforwamigure 2: Feedforward. Lower trace: Residual of correc-

system is under study. It uses a wideband beam curreaign signal and beam loading.

signal, applies an appropriate transfer function to this sig-

nal and and produces in this way a correction signal in the ) .

travelling wave cavities to cancel beam loading. Because of I'avelling wave cavity systemg7, 15]. ~ At presentthe

the zeroes in the cavity impedangeat frequencies where RF power amplifiers work at 500 kW (cw). They will
Z, is different from zero, a perfect cancellation is practiP® upgraded to 1.5 MW (peak) and a permissible aver-
cally impossible. age power of 750 kW. Maximum power will be available

A maximum tenfold impedance reduction is expectedith @ 50% duty cyclé This is sufficient because the
from the feedforward system. It is well suited for tran-HC type beam will occupy only about 3/11 of the SPS
sient beam loading compensation, limited nonetheless ycumference(9] and because RF voltage is only needed
the power amplifier bandwidth. Gain and phase adjusiyhen the beam passes through the travelling wave cavi-
ments are more critical than in the case of the one-turfi€s- To deliver the higher power the anode power supplies

delay feedback as they translate directly into a correspon@d@ve to work at a higher voltage and the filters have to be
ing error signal. upgraded. No modifications are necessary neither for the

Some preliminary results obtained with a simplified verDigh voltage transformers nor the amplifier tetrodes.
sion of a feedforward (using a four section long travelling AS the average power stays below 750 kW no modifica-
wave cavity and one batch of 81 bunches spaced by 25 J§NS are necessary for the coaxial lines between RF ampli-
is shown in the following figures [14]. fiers and travelling wave cavities. _ _

Fig. 1 shows the beam induced signal within the travel- The present RF windows are unsuitable for the high peak

ling wave cavity (“oeam loading”) and the correction signaPoWer of 1.5 MW and need modification. They will be
(“feedforward”) derived from a beam current monitor. Thd€Placed by a coaxial type capable of withstanding 1 MW

delay between these two signals is adjusted such, that triéyyo Windows are necessary at the input of each travelling
are clearly distinguishable. wave cavity and two at the exit).
With the delay between correction signal and beam in- 10 cOpe with the increased peak power and the new RF

duced signal properly adjusted, the beam loading is rvindows the main couplers of the travelling wave cavities

duced by about a factor of three. The residual error igave to be modified accordingly. .
shown in Fig. 2. For any other parameter fixed, the RF voltage increases

linearly with the length/, of the travelling wave cavity,
whereas the beam induced voltage is proportional to the
e D S N S S square of. Therefore, for a given demanded voltage, ab-
: : A : : .| solute valugd/, and a given beam currefy, the necessary
: : : | RF power,P, is a function ofl, which has a minimum for
- a givenigpe. A travelling wave cavity is made out afsec-
arrcbrrerleeeep e el eeec e beeecibeecieees | tions, each consisting of eleven cells (length 0.374 m). Tak-
i el heaw | ingend effects into account, the lengthan be expressed
oo : P foadig | a57 = (11n — 1) 0.374 m.
: : : Do Under these circumstances, the required RF power, for
*‘*"" T = 0%, is given by Eq. 12in [7] as

A L e b e P b e L e e e L e e e e e e

RENNAE YHNR

SHEN
4

A

V2 RoI212 VI )
Figure 1: Feedforward. Lower trace: Correction signal and P = R,12 64 + 4 cos @s

beam loading.

with the cavity series impedand® of 27.1 kQ/m? and®s
. Itis foresee_n to have one fee,dforward chassis Per traver 2The consequences for the feedback and feedforward systems are un-
ling wave cavity. The hardware is under construction. Testgr study [24].
with beam are foreseen for 1999. 3For 450 GeV/c £ # 0) the result is the same within a few percent.
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the stable phase angle (phase of the bunch with respect taConcerning both subjects, a review of measurements
the crest of the axial electric field in the cavity). Differen-done so far in the SPS and their interpretation, please re-
tiation of P with respect td yields fer to the presentation by E. Shaposhnikova [4].

8V

— (1) 3.2 Microwave instability
Rolp

lopt =

showing that the optimum cavity length is independent o ources of microwave instability are elements with high
ds. Fig. 3 shows the required RF power as a function o /Q and low@ (I being the shunt impedance of the ele-

cavity length expressed in number of sections for two cascragem andy its quality factor).

of &5 and1.7 x 10* protons per bunch. In this cakg; = ) _ _ -
4.1 sections. 3.3 Measures against microwave instability

The measures discussed in the following are those listed in
Ref. [17], and are updated as of January 1999.

6
5 Machine cleaning[1]. There is a permanent program
ongoing to remove unused elements from the SPS tunnel,
g“ thus reducing the number of vacuum pipe cross section
3 variations and accidental cavities.
g
e 2 Magnetic septa shielding[18]. A prototype of the
septum shielding was installed. Measurements with ex-
1 1 isting beams show that the solution is viable under LHC
beam conditions. Half the existing septa will be equipped

4 6 8  with a shield at the beginning of 1999 and the remainder in
No. of Sections 2000/2001.

Figure 3: Required RF power fdrs = 90° (straight line)

, Pumping port shielding [1]. The main purpose of the
and®s = 0° (dashed line)V =2 MV, I, =2.2 A,7 = 0.

pumping port shielding project is the reduction Bf .

. N There are, however, several additional benefits.
At'present there are two travelllng wave cavities of four Firstly, a reduction of the low frequency inductive

sections and two of five sections. In the future all fourtravrmpedance by 30%. The low frequency inductive

elling wave cavities will be of four sections. impedance can otherwise lead to loss of Landau damping

due to the coherent frequency shift.

High ~¢ optics. The bucket area is inversely propor- S - -
. econdly, it could eventually help against coupled bunch
tlona! fo the square root gf|. At 450 .Ge\/., the buckgt instabilities since th&) of the present pumping ports is not
area is therefore to a very good approximation proportiong tremely low,

(0 - With every other parameter fixed, raising at The design of the pumping port shielding is an inter-

450 GeV corresponds to having more RF voItage ava|IapI lvisional project involving EST, LHC, PS and SL Divi-
helping to overcome beam loading effects. This was trie on

in @ machine development session in 1998 [16]. Observ- There are multiple design constraints [19]. The shield-

: . ; : 0
ing the longitudinal bunch peak signal an increase of llﬁ) has to be RF tight as much as possible, i.e. good RF

was reg_istered (elzq.uivalent toa corresponding bunch Iengcontacts: are needed between the various parts. Neverthe-
shortening) providing a proof of principle. less there should be pumping holes to ensure a proper vac-

uum in the adjacent vacuum pipes. At both extremes of
3 MICROWAVE INSTABILITY AND the pumping port fixed RF contacts are needed, where in

COUPLED BUNCH INSTABILITIES the centre movable contacts are necessary. Those have
31 | ducti to be designed such that they tolerate bellow movements.
) htroduction The design has to be compatible with the tungsten radia-
The effects of microwave instability as well as coupledion shields. Finally, it must be relatively easy to install the
bunch instabilities are blow-up of longitudinal emittancepumping port shielding.
The consequences could be (i) bunches which are too longThere are about 800 pumping ports around the circum-
with respect to the LHC bucket size, (ii) an unacceptablference of the SPS. In principle they will look like that
increase in momentum spread which is restrained by thehown in Fig. 4. Fixed contacts on both extremes as well as
design of the transfer lines to LHC and for reasons of dythe movable contacts in the central part are identified by the
namic aperture in LHC and (iii) particle loss at capture irindication “clip”. Note also the key operated mechanism to
LHC. open the central contact.
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The status of the pumping port shielding project is as The additional advantages are an increased capture volt-
follows [19]: Prototypes have been tested in the laborage (good from the view point of beam loading) and a re-
tory and in LSS4 of the SPS. The design of the importarduced bunch length for a given longitudinal emittance, thus
end contacts at both extremes of the pumping port is righteducing the generation of satellite bunches at injection.
although they are difficult to install. Prototypes of the cen- The disadvantages are that a larger RF voltage would be
tral movable contacts are under construction and laboratargquired in the CPS and the acceptance of the the CPS-SPS
measurements show that things are on the right track. thansfer line would have to be adapted accordingly. For
is possible to cope with the tungsten radiation shields uthese reasons this option is not considered further, but it is
til the year 2000. A design for the time of LHC as e-pmentioned here for reasons of completeness.
collider is at hand. For installation, eight different mod-
els of pumping port shielding are needed because of thelncreased injection energy. The threshold of mi-
different vacuum pipe cross section variations encounteredowave instability is proportional to3|n| . Thus a new
around the SPS. The operational procedure for installationjector, PS-XXI [22], with a increased injection energy of
is established. Two SPS sextants will be equipped durirgR GeV/c instead of 26 GeV/c, could increase the threshold
the shutdown 1999/2000, the other four sextants during thy a factor of 2.25.
shutdown 2000/2001. Again, this option is not considered further, but it is men-

tioned here for reasons of completeness.
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3.4 Coupled bunch instabilities

“r? " M — %"L‘f@‘ Sources for coupled bunch instabilities are fundamental
/ and higher order mode resonances in cavities with R and
o | T =z  Qsufficiently high that the wakefield left by any one bunch
meser T S A 11/ [ A 1L = is seen by the following.
MBA : : MBA
- +~JH—7—° . 3.5 Measures against coupled bunch instabili-
e Eie ties
dfﬁm OFF Machine cleaning. As already mentioned before in
| hap Section 3.3, there is a permanent program ongoing to re-
1, ‘ ey @ move unused elements from the SPS tunnel. The number
of RF cavities in the SPS will be dramatically reduced after
Figure 4: Pumping port shielding [19]. LEP has stopped. This includes the removal of all 100 MHz

standing wave cavities, most of the 200 MHz standing wave
cavities, all 352 MHz superconducting standing wave cav-

. . ) ities and the 400 MHz superconducting standing wave cav-
Lower ~¢ optics. The threshold of microwave insta- it

bility is proportional to|| = |2 — v~ 2|. During a

machine development session in 199Avas changed at  |jpedance reduction at fundamental RF frequency.

26 GeV/cfromits usual value 8t55 ><_10—3t01.3>< 1072, The aim here is to obtain a synchrotron frequency shift

A corresponding change of the microwave mode amplizhich is smaller than the spread in synchrotron frequencies

tudes as a function of frequency was observed [20]. thus satisfying Sacherer’s criterion[23]. The impedance
Advantages of a lowey, optics at injection (26 GeV/c) of the travelling wave cavities at the fundamental RF fre-

are (i) an increase of (increased threshold for microwave gyency will be reduced by using RF feedback and feedfor-
instability), (ii) an increase of the capture voltage from nowyarq (see Section 2.2).

0.6 MV to 1.6 MV (good from the view point of beam load-

ing), and (|||) |t C0u|d be beneﬁcial against Coupled bunCh |mpr0ved h|gher Order mode damp|ng Shou'd it

instabilities. turn out to be necessary, the damping of the higher order
The disadvantages are that it requires a change of optigfodes of the travelling wave cavities will be improved.

in the SPS and that it may be insufficient for the ultimate

intensity. Coupled bunch feedback15, 24] The requirements
For a further discussion of a lowef optics see [21].  for a coupled bunch feedback are as follows: It should pro-

vide a voltage swing oft 20 kV in 25 ns, it has to pro-

Larger momentum spread from injector. The vide beam loading compensation and it should re-use ex-

threshold of microwave instability is proportional to theisting hardware (200 MHz standing wave cavities and their

square of the momentum spread of the beam. Therefo88 kW tetrode amplifiers) as far as possible.

a larger momentum spread from the SPS injector could be The status of the system is that the wideband driver is

beneficial against microwave instability. available, the tetrodes are suitable and the amplifiers should

78 Chamonix X



be fine after some modifications. The coupling of amplifieto me the modifications foreseen for the 200 MHz travel-
to cavity is under study. ling wave cavity system, E. Shaposhnikova for her advice
on microwave instability. Last but not least | would like to

Increase of synchrotron frequency spread. In the thank A. Spinks for his complete overview of the pumping
past several methods were used to increase the synchrotpaiit shielding project.
frequency spread. One method consists of a very careful
programming of the RF voltage such that the bucketis prac- 5 REFERENCES
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