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persive regions for different bunch lengths, the wakefield-
generated energy loss is distinguished from losses due to

synchrotron radiation. Calculations of the wakefields a”SFigure 1: Longitudinal profile of a North arc BPM/bellows
ing in the arc chambers are given and used in simulations modme, showing the bellows, the bellows shield, and the

the evolution of the longitudinal phase space along the arg§p\. Note that the beam tube radius is-at ¢ ~ 5 mm.
The measurements are consistent with the calculations. By

this method wakefield anomalies in the arcs can be foundiakefield sources, and (3) study the wakefield effect for
In addition, with a non-standard tt@g of parameters the ultra-short bunches (rms length ~ 50 zm vsthe nom-
bunch can be compressed downt&0 1m, and the wake- inal ~ 1 mm). Note that similar measurements were per-
field effect of an ultra-short bunch can be observed. Resultsrmed in a storage ring, at LEP[1], where the energy loss
for the final focus wakefield-induced losses are also givemprofile was determined by comparing orbits for different
bunch currents, rather than for different bunch lengths.
1 INTRODUCTION

In the Stanford Linear Collider (SLC) after leaving the 2 WAKEFIELDS AND SIMULATIONS

damping ring, the beam is compressed in the Ring-to-Linathe arc vacuum chamber is comprised of 460 evenly-
(RTL) transfer line, accelerated in the linac, and transportespaced, BPM/bellows modules that are separated by alu-
through the 1.2 km long arc transfer line to the final focusninum, cylindrical beam pipe of radius= 5 mm. In the
(FF) region and the interaction point (IP). At times, in theNorth arc the bellows are partially shielded (see Fig. 1),
arcs, an unexplained emittance growth has been observédthe South arc they are not. The arc wakefields can be
The likely cause is a transverse wakefield effect, thougtihought of consisting of two parts, a resistive-wall (RW)
verification of this idea has proven to be difficult. A lon-component, due to the beam pipe, and a geometric (G) one,
gitudinal wakefield effect—the wakefield induced energydue to the BPM/bellows modules.
loss—on the other hand, can be measured relatively accu-For a Gaussian bunch in a cylindrical tube the average
rately, and the results can be used to test our understandieigergy change (over the bunch) due to the RW wake is[2]
of the wakefields in the SLC arcs in general.

The wakefield-induced energy loss in the arcs depends (AE) 1y = ~I'(3/9) QQNLC, Zy (1)
on bunch length as an inverse power, while the (much BW 422 4522 N oo
larger) synchrotron radiation losses are independent of )
bunch length. Therefore, we can distinguish the wakefiel§ith I'(3/4) = 1.23 and Z, = 377 ; N is the bunch pop-
effect by measuring the orbit difference in dispersive reulation, L the tube length, and. the conductance of the
gions for different bunch length profiles. In this report weMetal & 36 Mmho/m for Al). To obtain the G wake con-
describe such measurements. The bunch length profile f#ution in the North arc the energy change, for Gaussians
the arcs is changed by varying both the peak voltage of tf?g dl.fferent Igngths, was computed for the structure shown
bunch compressor in the RTL and the phase of the bealf Fig. 1, using the computer program MAFIA [3]. Over
with respect to the rf wave in the linac. One interestingﬁghe bunch length range [0.1 mm,2 mm] the results for each
feature of our measurements is that, due to the large mgP’M/bellows module are well parameterized by

mentum compaction factor of the arcs and a non-negligible oN oo \—1%

energy spread induced in the linac, the bunch length can (AE). /eV = (—) [4.5 — 8.7( - ) ] . (2

change dramatically during the beam's passage through the pC .

arcs. We compare the results with calculations. Fina”y, WE |n our calculations (as in the measurements) we take

repeat the process for the SLC final focus. N =3.5%x10'. Fora constart, = 0.5 mm, for example,
This study allows us to: (1) check the consistency ofhe total calculated RW and G losses in the arcs are 2.6 and

our wakefield model, (2) find the location of anomaloug MeV, respectively, results which are much smaller than

“Work supported by the Department of Energy, contract DE-Aco3the l0ss due to synchrotron radiation, which .iS 1 GeV (at
76SF00515 46 GeV). Note that coherent synchrotron radiation for the
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Figure 2: Simulated bunch profile (top) and longitudi-gispersion in the ar¢n.|) = 35 mm; it changes sign at

nal phase space (bottom) at arc entrance=(0, . ~ ¢~ 400 m. If we measure the energy change per achromat

790 pm), arc middle § = 600 m, 65 um), and arc end py symming its 10:-BPMs and average over 10 pulses, the

(s = 1200 m, 570 pm), for V. = 37.2MVand¢ = —5.6°;  resolution per 52-meter section is

z is longitudinal position in the bunch (< 0 is toward the

head),d is relative energy deviation, arfdis current. AE Az
E10(]n|)

~3x107°, 3)

arcs is effectively shielded by the vacuum chamber, even

: or 1.3 MeV, where we assume a BPM resolutiaky, of
I)Oer %li]r:)igéengths as short s um rms, and this effect can 10 gm. Using the 10-BPM sum, the measurement is in-

sensitive to betatron motion since the beta functions do not

Using a macro-particle approach the longitudinal phasawange and the summed group covarsn betatron phase.

srf>ace hththe beam is tlracked ;rom theh d?mpl)lfng ”nlslllor short bunches, the energy loss is much larger than the
through the compressor, linac, and arc to the final focus[ esolution and therefore detectable.

The (initial) ring position and energy distribuFions are those At the same time of the arc orbit measurements the beam
obtained by measurements (as here) at a ring rf voltage Qf)ectrum at the end of the linac was also measured, by

means of a wire monitor located in a dispersive region.
is di 4 bel Ifbige— Zince the bunch length profile along the arcs depends sen-
surements discussed below—compressor voltége= sitively on the beam conditions at the entrance to the arcs,

37.2 MV and linac ph_as_e/) = —5.6° (note: ¢ < 0 |nd|—_ this was done as an extra check that our simulations cor-
cates that the beam is in front of the rf crest)—and IIIusFespond to the real machine. As in earlier such measure-
trating the large bunch length change that can occur in t ents we find that, on the North side, to get good agree-
arcs, is given in Fig. 2. Finally, during the simulations, t,ct we need to aésume that the com,pressor voltage read-
estimate the local arc wakefield losses, the local valueotgt

9 ith he full width of the bunch tis low[6], here about 7%. With this adjustment, we find
éfs‘t‘;f)ﬁil/ongfssrjvtlatsntﬁvevd}ﬂr\ﬁg quu 1\’;'”; 20 the bunc good agreement. An example result of this measurement,

compared with simulations, is shown in Fig. 3.

3 MEASUREMENTS 4 RESULTS

To obtain the wakefield induced energy loss in the arcs tha Fig. 4 (top) we show, foV, = 37.2 MV and ¢ =

orbit was measured twice, for two different bunch length-5.6°, the measured orbit change (with respect to a long-
profiles, and then the two orbits were subtracted. Thieunch reference orbit) along the North arc. The bottom
bunch length profile was modified by changing the voltagame compares the accumulated energy change deduced
of the bunch compressdf. and the average linac rf phasefrom this orbit measurement with the calculated energy
of the beamy. The former method directly changes thechange due to the wakefields, taking into account the bunch
bunch length in the linac; the latter method changes the elength evolution. Fig. 4, in addition, shows the calculated
ergy spread of the beam at the entrance to the arcs, whicbntribution to the energy change of the RW and the G
through the compaction factor, changes the bunch lengitekes, as well as the progressionzgfiyyz)s. Note that
evolution in the arcs. zrpwHM [2.355 becomes less than %0n nears = 500 m.

Each SLC arc consists of 23 52-m long achromatic sedwo more cases are displayed in Fig. 5 (orbits not shown),
tions and has a 280-meter bend radius, which reverses dihere the compressor voltage and linac phase were chosen
rection ats ~ 400 m. The lattice is a FODO structure basedto produce (top) a short bunch near the arc end (entrance to
on combined-function magnets, with 10 FODO cells peFF) and then (bottom) a short bunch near the reverse bend
achromat and 108betatron phase advance per cell. Neasection § ~ 400 m).
each magnet a BPM is installed for a total of 460 BPMs The slopes of the energy change curves of the above two
(230 z-BPMs and 23Q,-BPMs). The average horizontal figures give locally the strength of the wakefield effect. For
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Figure 4: (Top) measured orbit shift for parameters of Fig.
2; (bottom) energy change along arc deduced from top pic-
ture, compared with prediction based on calculated wake-
fields and simulated bunch length&{-dash: RW, dash:

FFo. [um] | —AE.[MeV] | —AE,, [MeV]
130 6.2 7.1+0.5
280 2.9 3.9£0.5
570 1.4 0.7+0.5

G, solid: total,dots: bunch length). Table 2: CalculatedX E.) and measuredXF,,) average
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Figure 5: Same plots as in Fig. 4 but: (tdg)= 37.2 MV,
¢ = —11.6°, and (bottom)... = 34.5 MV, ¢ = —8.6°.

energy change between North and South CCS for different
FF bunch lengths.

energy changes can be inferred easily from the orbit at the
high-dispersion pointsy, ~ 230 mm) in the chromatic
correction sections (CCSs) on either side of the IP. In the FF
there are 26 collimators saunding the IP and many tran-
sitions in beam pipe radius, at each of which a short bunch
radiates energy due to the geometric wakefield. The loss is
inversely proportional to bunch length[7]. The calculated
and measured energy loss for different bunch lengths be-
tween the two CCSs is summarized in Table 2. We see that
there is reasonable agreement between the results.

5 CONCLUSION AND DISCUSSION

The wakefield-induced energy loss in the North arc has

) been measured, and for the examples that we have studied
all three examples the calculations and the measuremegg results agree with calculations to within 10-20%; the
agree well, nearly to within the statistical errors of the megrgy|ts are consistent even for calculated bunch lengths ap-
surements, but for two clear exceptions. One exception, agroachings0 m. Also, there are indications in our data of
parentin all th.re'e exampiles, is an gnomalous energy 104t anomalous wakefield effectate 750 m, which may be
s & 750 m. This is especially clear in the case at bottom Ofttribytable to a large, unconfirmed orbit excursion there.
Fig. 5, which has the largest net energy loss. In the arcs the|, the future, a more refined analysis, one accounting for
absolute orbit is not well known, and this anomaly could bene non-Gaussian bunch distribution, may give more accu-
due, for example, to the beam passing closely by a vacuugge results, particularly in the very short bunch regions. In
chamber wall in this region where several corroded vacuuBygition, the energy losses along the South arc should also
chambers were recently replaced. The other significant diggz measured. With its unshielded bellows we would expect

agreement in energy change between the measurement ﬁ'ilggeometric wakefield effect to be 50% larger.
the calculation is the case at the top of Fig. 5, in the re-

gion s > 850 m. For this example the bunch length in this
part of the arcs is extremely sensitive to the incoming beam
parameters, and a slight error may account for the discreg1] D. Brandtetal, Proc. of PAC95 Dallas, p. 570 (1995).
ancy. Finally, the measured and calculated average enerdg] A. Chao, "Physics of Collective Beam Instabilities in High
loss in the North arc, for several parameter combinations, Energy Accelerators”, John Wiley (1993).

are given in Table 1. [8] The MAFIA Collaboration, "User Guide”, CST GmbH.

Since simulations and measurements of energy loss if4] K.L.F. Bane, SLAC/AP-80 (1990).
the arcs are in reasonable agreement, we may assume thgf Rr. Holtzapple, SLAC-R-0487 (PhD Thesis), 1996.
the calculated bunch length in the FF is correct. FoIIow—[G] K.L.F. Baneet al, PAC97, Vancouver (1997).

ing the same approach as for the arcs, we can look for . .
variation of energy loss with bunch length in the FF. Here,ﬁ] F. Zimmermannet al, EPACSB, Sitges (1996).
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