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In future linear collider schemes, energy loss, as well as deterioration of the beam due to long-range
wakefields, is a severe problem to be overcome. The wakefield effects in accelerator sections for these
colliders are thought to be reduced either by damping, by detuning, or by a combination of both. While,
in principle, damping is possible by selective coupling to dangerous higher order modes (HOMs), an
alternative way is to prevent coherent excitation of these wakes by modifying a constant gradient
accelerator tube in such a way that each following cell is progressively detuned in relation to the
preceding ones (“detuned” or “stagger-tuned” structure). This should result in low transit time factors
for the higher order modes. However, the disturbed longitudinal symmetry of the structure induces
trapped modes especially in the lower dipole bands, which are again dangerous for the beam. The
process of detuning suppresses the synchronous dipole modes with their extreme high loss factors, but
it also produces many other HOMs with significant loss factors. Experimental results were compared
with the predictions ofaFIA field calculations. [S1098-4402(99)00033-6]

PACS numbers: 29.17.+w, 41.75.Lx

I. INTRODUCTION the inner region of the structure and cells free of fields at

. . the beginning and the end of the structure.
As an example, the&-band 500 GeV Linear Collider . .
Study (SBLC) of DESY/TUD (accelerating mode at Since the phenomenon of trapped HOMs in detuned

3 GHz) provides for about 5000 constant gradient acce waveguides, which ought to exert a major influence on

eration structures of 180 cells with a loaded gradient ofhe deS|gn of dﬁmpmg sch”erlpes, wa?] nefltlr;er _theoljgll\(;lally
17 MV/m. It can drive bunch trains of 333 bunches each’ experimentally very well known, the following

with a spacing of 1.8 m from bundle to bundle. In Ordertoinvestlganons have begun: A new test structure, pro-

. . S X osed by Weiland, was designed with the aim of pro-
achieve a high luminosity, any cumulative beam breakup . .
X X . viding a structure at which rf measurements are easy to
along the bunch train has to be avoided. Wakefiel L o
i . erform, which is easy to manufacture, which is com-
effects driven by higher order modes (HOMSs) are one o L .
; ) utable with different numerical codeBAFIA, URMEL-T,
the primary sources of emittance growth. Consequentl . X S
: ) ; ’ORTHO, coM [3]) without geometric approximations, and
the avoidance and suppression of these HOMs is a crucial, . , .
oint in all current linear collider designs [1]. In this which is expected to show appearance of trapped modes.
pa er. the main interest of calculationg Was i‘ocused Oghls structure has been investigated by all the various nu-
Paper, merical codes listed above at the Technische Universitéat

the modes of the first dipole band, since they cause th : )
. i armstadt. It was then constructed and built at the Insti-
severest deflecting effects; the study of the 3rd and 6tfy . ... ; . o
; . ) ut fir Angewandte Physik der JWG-Universitat Frankfurt
dipole passband is required as well. . .
am Main, where the experiments were performed.

Calculations for the SBLC structure were formerly he desi f h b lished
carried out withorTHO[2] for a somewhat simplified 180- The design o such a structure can be accomplishe
by means of numerical and lumped circuit codes. While

cell structure with 30 Iandmgs. _One .Of 'the main IrE’Sunscodes such agAFiA andURMEL-T are limited to relatively
revealed that not only the first-like (similar amplitude . )

. ; . short sections, codes such @eTHO and lumped circuit
and changing sign from cell to cell) modes influence the

beam dynamics, but also about 140 other modes. A majoCrOdeS can handle much longer sections. In order to test

; d determine the reliability of such codes and to inves-
part of these deflecting modes was shown to be trapp?ﬁgate the behavior of trapped modes in aperiodical iris

inside the constant gradient structure, that is, with electri¢ = . - | waveguides, a 36-cell HOM-detuned structure was

and magnetic fields limited to a distinct number of cells inbuilt measured an'd compared to numerical predictions
The phenomenon of modes trapped within an accelerator
structure has been a crucial issue for all recent linear col-
lider studies.

_— Furthermore, the incorporation of damping cells into

*Present address: Institut fir Allgemeine Elektrotechnik,the detuned stack of undamped cells has been considered
Universitat Rostock, Rostock 18051, Germany. [4]. Calculations for the damped system have been

1098-440299/2(4)/042001(8)$15.00 © 1999 The American Physical Society 042001-1



PRST-AB 2 T. WEILAND et al. 042001 (1999)

performed and compared with appropriate measurements
(i.e., bead pull measurements and change of quality
factors by the damper). In order to examine the way in
which they operate, a damper cell was built and inserted
into the strongly detuned 36-cedtband structure

Tfa 40mm

FIG. 1. Shape of the 36-cell test structure.

Il. DESIGN OF THE TEST STRUCTURE

The number of cells within the test structure is limited pyt rather clamped together. Each cell has four small holes
for two reasons. _ in the outer wall for the insertion of tuning screws and

(i) For the verification of the equivalence of several nu-measuring antennas. While it is sufficient for undetuned
merical codes, it should be possible to calculate the wholgtryctures to have one antenna in the first cell and another
structure withmMAFIA, a well tested and reliable code. gne in the last cell only, for the detection of trapped modes
Making calculations on a very long multicell structure i the detuned structure it was necessary to distribute seven
with MAFIA is possible only by using a two-dimensional antennas over the entire structure. The measuring antennas
grid, i.e., with a ro_tatlonal symmetrl_cal structure. The zre made of semirigid cables with a coupling loop at the
number of meshpoints would otherwise exceed the capasnd, which projects into the cell only a small amount, so
bilities even of large computers. Also, the variation ofthat its influence on the field distributions is negligible

the size of the meshes.

(i) Another point is t.he following: rf measurements Ill. NUMERICAL RESULTS
of long normal conducting structures are limited by the
appearance of mode overlap. Therefore, a relatively short Numerical calculations with the 36-cell structure were
structure had to be taken in order to reduce the number gferformed byMAFIA, URMEL-T, ORTHO, and cCOM. For
modes in every passband. The I@walues cause mode the first dipole band, the most harmful one, the resonant
overlap in passbands with low coupling factors, especiallfrequencies, loss parameters, and field distributions along
in a nonsoldered copper structure. On the other handhe structure are in quite good agreement for all four codes.
the test structure had to be long enough to show trapped Three principally different numerical formulations were
modes. chosen for solving the field problem: (i) The codesriA

We decided, therefore, on the compromise to build aand URMEL-T both belong to the class of finite difference
test structure with 36 cells (three times as long as théequency domain codes. The finite integration technique
12-cell structure investigated before, or one-fifth of the[5], also belonging to this class of techniques, has been
180 cells of the SBLC structure). used for the discretization of Maxwell's equations. The

In order to obtain a stable structure, both mechanicall}codeURMEL-T [6] solves time-harmonic eigenvalue prob-
and thermally, a solid design was chosen. For lowlems for structures which are either cylindrically symmet-
mechanical tolerances the geometry had to be simpleical or longitudinally invariant in such a way that a 2D
The structure was to show constant cell radius and strondiscretization is sufficient to solve the field problem. In
linear detuning of the iris radii, with irises twice as thick our case, the upper half of the cylindrically symmetrical
as the original SBLC irise€; = 10 mm). structure’s cross section is discretize@@MEL-T uses a tri-

To avoid discrepancies between the experimental coppemngular grid allowing for good boundary approximations
structure and the discrete mesh model used for the diffewith relatively coarse grids. TheAFIA [7] code consists
ent numerical calculations, any curvature within the tesof several solution modules which are always combined
structure was avoided and right-angled shapes were us&dth the module M as preprocessor and P as postproces-
throughout. If this had not been done, it would have beersor. Here, the 2D version of the time-harmonic eigenvalue
necessary to approximate the curvatures with small stepsnodule E was used for the solution of the field problem.

Because one of our main goals was to investigatén MAFIA the upper half of the structure’s cross section
trapped modes in the first dipole passband, we decidedias discretized with a Cartesian grid. Both codes have
on a strong linear detuning of the iris radius from 20been well established and have been in worldwide use
to 10 mm. For the test model we were not interestedor more than 15 years. (ii) The coderRTHO is based
in the fundamental mode. Therefore, cell length and di-on the mode matching technique. This technique can be
ameter could be chosen and kept constant for all cellapplied for structures which can be split into subregions

(I =23.33 mm,d = 82 mm). where analytical solutions of Maxwell's equations can be
Figure 1 displays the cross sectional shape of the firggiven as an expansion of an orthogonal series over discrete
and last cells of the 36-cell test structure. modes. The field solutions for the whole structure are then

This structure was built from standard oxygen-free highobtained by field matching at the interfaces between the
conductivity copper. The 36 single cups were not solderedsubregions. This often affords more or less substantial
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simplifications of the boundary shapes. In the context ofurther investigations are taking place. Mode #13 at

the S-band project, the coderTHO was especially devel- 4148.2 MHz (which strays out of line in Fig. 4) mainly

oped to study tapered accelerating structures. (iii) In theesides in the beampipe; it is a so-called “beampipe

equivalent circuit modetom, each cell of the waveguide mode,” not determined by the 36 cells.

structure is represented by a resonant circuit. A chain

of these resonant circuits serves as a model for the com- IV. METHOD OF MEASUREMENT

plete structure. The modes of the circuit are computed by o _ _ _

MAFIA. The coupling between the cells is performed by The method applied is one in which the change in trans-

capacitive and inductive circuit elements [8]. mission through a cavity is measured as a bead is moved
The first dipole passhand consists of 36 modes, 23 cilong a path inside it, the so-called nonresonant bead pull

which are trapped (modes 4-12 and 14-27). This is &easurement [9,10]. The change in transmission induced

consequence of the relatively strong detuning. Figure 2Y the bead, calculated with a lumped circuit representa-

displays the field distribution of a trapped mode calculatedion of a resonance, is described by

with MAFIA. Shown is the azimuthal component of the NI .
magnetic field near the outer wall of the cavities, which Asy = m iQ, (2)

corresponds to the signal coupled by the loop antennas. ] )
The trapping is obvious: The cells #1—#3 (from 0.110 towith the assumption that the b_ead_ is so small that the
0.210 m) and #17—#36 (from 0.643 to 1.310 m) are nearljeéSonant frequency, of the cavity is changed by only
field free; the mode extends over approximately 13 cell@ Small amount. k; stands for the coupling factors of
only. The position of the 36 cells is shown by a gray barf'Wo Ports of the resonatos,; denotes the transmission
at the top of the diagram. from port 1 to port 2 through the resonator, afigh; is

These trapped modes show an increasing phase advarii¢ difference in transmission for the resonator with and
from cell to cell, which becomes even more evident inWithout the bead. The definitions used are shown here:

Fig. 3. The left end is O-like (similar amplitude and same 2/kiks
sign from cell to cell) and the right end is-like with any S T ke 110 3)
intermediate value in between.
The loss factor or loss parameteis defined as energy w ®g
lossAU of a charged particle crossing a resonator divided QO = Qo(— - —> (4)
by the square of the particle charge @0 @
(=27 ® Q0 = w0 ©)
q Pioss
For the loss factor calculations, the agreement between Combining Eq. (2) with Slater’s formula [10],
the different computer codes was not as good as that ) ’ )
for the field distributions: thevAFIA results are shown LT D, |Eol , (6)
in Fig. 4. Qualitatively, the results delivered IDRTHO w? w
andcom take the same form. However, the values fromyields
URMEL-T are somewhat scattered around that curve, being NI ®0
very sensitive to variations of the numerical parameters. Asy = alEol*. (7

—i
(1 + kl + k2)2 Ploss

Here numerical artifacts are suspected and, as a result,

By (nT)

00 02 04 06 08 10 12 14 00 02 04 06 08 10 12 14
z (m) z (m)

FIG. 2. Field distribution of a trapped mode from the first FIG. 3. Field distribution of another trapped mode from the
dipole passbandf, = 4095.7 MHz). first dipole passban(f, = 4263.2 MHz)
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loss factor (VINnC mz)

0 T
3.9 4.0 4.1 4.2 4.3 4.4
frequency (GHz)

FIG. 4. Loss factor for the first dipole passband calculated FIG. 5. lllustration of the test setup.

with MAFIA .
formed using a modified nonresonant bead pull technique
We are interested in both the longitudinal and the[11,12]. Data are taken by a HP8753c network analyzer
transverse components of the electrical field. If isotropidor 801 discrete positions along several paths parallel to
dielectric material is used as bead and if it is shaped likdhe cavity axis. Figure 5 shows a picture of the test setup.
a rotational ellipsoid, the factar of the bead becomes a
sum of independent quantities. The right-hand side of (7)

can then be written as VI. RESULTS
alEo]? = i 0 E2 8) For the measurements, two ceramic beads with different
0 = v shapes (needle, & 0.6 mm; length= 7.5 mm; disk,

N . T = 4.7 mm, 0.31 mm thick) were used. Both beads were
making it possible to solve for longitudinal and transverse@alibrated in a TN pillbox for their longitudinal and

components separately. Two beads with different shap S . .
(e.g., needlelike and disklike) are required. SPansverse perturbation constants. The needle consisting

After performing two measurements along the sameOI Al20; showed veLy stablehvaldu_ei 6fove|r tge pgrio_?_
; o z = 7~ of measurements whereas the disk revealed a significant
pathway, the following equation is solved fbt and £ change. Itis believed that this was due to humidification

A%:z:l’ ~ of the bead surface. Its impact on the measurement results
Al # = |: L f }({EZ ) 9 was, however, reduced by frequent recalibration of the
o )
As I f2 J\E. beads.
] = In the following illustrations, two examples of trapped
with modes are shown: In Fig. 6 we show the longitudinal
E= E? (10) E field of dipole mode #15, and in Fig. 7 we show the
Ploss ’
2
A:(1+k1+k2) ’ (11) 12 ————
2w+/kiky L E, 010KV O 6mm off axis
a O & Fnowh 1
f=—. 12) ﬂ
a 8l ]
ThusE. andE, are obtained for every point on the path
of the bead. Note thaf. represents the longitudinal and 6f T
E, the transverse component of the squared electrical
field normalized to the power loss as given in Eq. (10). 4r ]
V. TEST SETUP 2r q I
In the test structure, the 36 copper cells are clamped to- 0 Nmﬁ’ Y MNMW
gether by truss rods. Its overall length is 1300 mm. Cutoff J
pipes 100 mm in length and 20 and 40 mm in diameter, re- L - - -

400 600 800 1000 1200
Bead Position (mm)

spectively, are attached to each end of the structure. 0 200
Proper alignment is assured by placing the structure on

top of an optical bench. The field measurements are per- FIG. 6. Measurement: longitudinal field of mode #15.
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E, 0I0kv O .
E, D10kV O - a 6mm off axis
1ol 75 Bnw 6mm off axis | 10} Jp, HnwH -
8| 1 i |
61 | o |
4| ] 4r |
2t | 2r |
O -v"'lMAV Vﬂ"r\"m\}m\i’m\lﬂm\l
0 Whtand =] | U
_2 1 1 1 1 1 1 1 1 1 1 1 1
_ I I I I I I I I I I I I 2 4 1 12
% 200 400 600 800 1000 1200 0 00 o 600 800 1000 00

Bead Position (mm) Bead Position (mm)

FIG. 7. Measurement: transvergefield of mode #15. FIG. 9. Measurement: transverkefield of mode #16.

The values given for the transverse shunt impedance do
transversé field of the same mode. All fields were mea- not include transit time factors for electrons passing the
sured with a transverse offset (here 6 mm off axis), sinceavity structures at the speed of light.
for dipole modes the longitudinal electric field vanishes For the sake of comparison of measurements with
on axis. the field distributions calculated byAFIA and ORTHO,

Figures 8 and 9 show longitudinal and transverseFig. 10 shows the longitudind field of mode #15
electrical fields for mode #16. Accordingly, Fig. 11 shows the transvergefield of
Comparing calculated and measured results, the fielthode #16. This result should be compared with Fig. 9.
distributions showed very good agreement. On the aver- The normalized loss factor of the trapped dipole modes
age, resonant frequencies differ by less than 1%, whicin the first dipole passband is nearly constant. For some
is comparable to the accuracy of manufactured structuresnodes the values calculated withaFiA are shown in
The main parameters of modes #15 and #16 are summaable Il. The deviation is of about 2.5%. Only mode #13
rized in Table I. The measure@'’s are about 20% be- has a much lower value of abo8t6 V/(pCn?). As
low the calculated values, which is acceptable for cupsneasurements and computations show, this mode is only
clamped together. While the transverse shunt impedandecalized in the beam pipe and to a small extent in cell
differs by about 8% for mode #16—which is well inside #1. To suppress this mode, the diameter of the left
the estimated 15% accuracy limit of the measurement—ibeampipe was reduced afterwards from 40 to 20 mm. The
shows a deviation of about twice as much for mode #15appearance in the first dipole passband is not significant:
this mode is not determined by the cell geometry but,
rather, only by the beampipe.

10l B glokvg 6mm off axis | VIl. STRUCTURE WITH DAMPER: TEST SETUP
"R Hmaw
In order to measure the damped structure, a sheet of
8r T paper covered with graphite was inserted in cell #18
(see Fig. 12). (This is only a model for test purposes
6 L -
4t a TABLE |. Transverse shunt impedance (transit time not
regarded).
2+ 7 MAFIA Measured
0 Mode #15 f (MHz) 4170.99 4174.77
R,/0 (Q) 521 626
_2 1 1 1 1 1 1 1 1 1 1 1 1 Q 12 379 9850
0 200 400 600 800 1000 1200 Mode #16 f (MHz) 4185.57 4189.31
Bead Position (mm) R, /0 (Q) 556 605
o 12471 10150

FIG. 8. Measurement: longitudinél field of mode #16.
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L0 ATIA SIMULATION 7 o ot anis TABLE Il. Loss parameter of trapped modes.
E_‘ i
Lmax -- ORTHO SIMULATION b
] . B \“ fO,MAFIA fO,measured Loss factor
(].S—_ .. MEASUREMENT | ‘ i MOde # (MHZ) (M HZ) [V/(pC r_nz)]
ool 15 4170.99 417477 4180
1 16 4185.57 4189.31 4207
] 19 4231.20 4230.57 4108
7 20 4244.09 4243.90 4102
] 21 4256.30 4256.31 4100
02 22 4267.96 4268.27 4000
00 E

00 020 040060 080 L0 120 2 140 the damping effect. In case of small losses, the field

FIG. 10. LongitudinalE field of mode #15. distributions do not change considerably compared with
the loss-free case. Thus it is reasonable to use the

: . o . field distribution of the loss-free case to calculate the
representing a damping unit like a walled slotted cell Wlthpower loss by means of the perturbation theory. As
four rgctangL_JIar waveguides attached_ [13'1_4]') Th‘? P3the measurements suggest [16], the undisturbed field
per, with athlckne_ss 0f 0.5 mm, was .Ia|d against the innegigrinytion may be used to calculate the damping effect
wall of cell #18 with the graphite facing the inside. The ¢, the 36-cell structure.
damping materlgl cou_ld be ms_erted without demounting |, practice, this was done witiAFiA in the following
the structure: this avoided the influence of changed eleGg, . " First a loss-free field calculation was executed for
trical contacts upon the measurgdvalues after reassem- he original 36-cell structure. In a second calculation, a
bly. This kind of damper does not disturb the rotationaly,i, gheet with a different material number was inserted
symmetry of the structure, thus again allowing for nu-j, g #18, as shown in Fig. 13. The diagonally hatched
area near the outer wall of cell #18 is the graphite. Al-

though a relatively coarse mesh would lead to a perfect

fied nonresonant bead pull technique [15]. The time dat%pproximation of the structure’s shappreceding studies
were taken by a HP8720 network analyzer. The measurg;,e shown that smaller step sizes near all the edges re-

ment setup was the same as described above (see Fig. gliteq in much better agreement for the frequencies ob-

tained in measurement, i.e., simulation, while the field
distribution already agrees well enough to allow use of
VIIl. SIMULATION WITH DAMPING SHEET a coarse, quasiequidistant mesh. The frequency is very

The computer simulation of the 36-cell structure with sensitive to an appropriate discretization and an appropri-

a very thin (aboutl.5 xm) damping sheet in cell #1g i€ bead [17].

is scarcely possible with discretization methods since a Dur!ng the solution of the eigenvalue prpblem, this
material, as well as all walls of the structure, is treated as

sufficient accurate discretization would imply enormous X .
perfect conductor. Afterwards, during postprocessing,

storage demands. Therefore, a different procedure h%l walls obtain the conductivity of copperr — 5.8 x
been applied to yield quantitative theoretical results fo , . T
PP y q 107 S/m, while the sheet in cell #18 obtains a lower

conductivity value.
At this point, some approximations are necessary be-

0.20

E _ cause the sheet had to be made thicker than the foil actu-
(V/rrn) 6 mm off axis ally used. The reasons are (i) that each material should
0.15- be discretized with at least two steps in each coordinate
0.107 1j.e., vanishing geometric error
0.05- #| | # #17| |#8] |#9 #35| |#36

40mm Omm
OOO T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 z(m) ||
FIG. 11. MAFIA: transverseE field of mode #16. FIG. 12. 36-cell test structure with damper in cell #18.
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1072 Asn?/V). Since the measured modes were of

dipole type the bead pull measurements were performed
off axis with a distance of 7 mm from the axis of

the structure. Several modes of the first dipole pass-
band having significant field strength at the damper po-
sition (cell #18) were chosen for the measurements since
a considerable damping effect could be expected only in

this case.
] As described above, trapped modes in a detuned
: 0.7206 structure always change their phase advance from cell to
FIG. 13. Three cells out of the 36-cell structure. Cell #18cell from O to 7 in total over all mode filled cells. To
with the damping material (diagonal hatching). investigate the influence of the damper position, mode A

with the 7 end, mode B with ther/2 part, and mode
C with the 0 end at the damper position were chosen.

direction and (ii) that the quotient of largest to smallest!n addition, all modes between A and C have been

step size should be kept with reasonable limits in order tgneasured (see Fig. 14). The results are summarized in
limit the condition number of the matrix of the eigenvalueT""b_Ie . i )

problem. Therefore, the sheet made of material represent- First, the damping sheet was pressed to the inner wall

ing the very thin graphite sheet was assigned a conducti2f Cell #18 in order to obtain a symmetrical damper.
ity of o = 5.0 X 10° S/m instead of the conductivity of This causes a relatively weak damping effect. The

graphitec = 1.25 X 10° S/m. In this way the resistiv- damping effect was enhanced by moving the sheet a
ity is distributed over a greater volume with nearly thefew millimeters toward the iris, since the electrical field

same damping effect. i

increases in this direction and the losses increase in
After calculating the total stored energy, and the proportion to conductivity and squared electrical field

wall lossed Py, the quality factor) may be determined  Strength. _ _ ,
[18] for a mode with frequency by The simulation results are presented in the right-hand

columns of Table Ill. It should be mentioned again that
0=ow &. (13) the O values computed are always higher than those
Pyanl derived by measurements. This is due to imperfect rf

Finally, the frequency shift caused by the damping sheegontacts between adjacent copper cells not taken into

in cell #18 is obtained by expression (14) neglectingaccount in the simulation.
second order terms, To compare the results from measurements and calcu-

Sw ! lations, damping effects versus frequency are plotted for

— = (14) bothin Fig. 14. As can be seen, the agreement is nearly

wo 20 perfect, except for the first two modes on the left-hand

side. These two modes proved to be very sensitive to

IX. MEASUREMENT METHOD WITH DAMPER the position of t_h_ezr—like end. Evena small disturbance

moved the position of ther-like end to the next cell.

The nonresonant bead pull technique was again appliedhus this discrepancy was to be expected.

Here, only the longitudinal component of the electric field

is of interest because it is sufficient to indicate the effect

of the damper cell. Thus only a dielectric needle,@4,

e, = 9.2, 6 mm long and 1 mm in diameter) was used as odre B o - ¥

e} ]
the bead. A lumped circuit representation of the resonator é’ C
combined with Slater’s formula gives the electric field 3
Pyai (1 + ki + kp)? S 06— N ]
E? == Asy]. 15 o
a, 260\/@ | S21| ( ) \7;
2 04— N
o Y*Tr | v oo\ oy
5 |~ MAFIA
X. RESULTS s | —®— measurement | |
The bead was again calibrated in a J;lylpillbox to ob- 0.0
tain the longitudinal perturbation constafat, = 9.34 X 4.15 4.20 4.25 4.30
frequency (GHz)
FIG. 14. Comparison of calculated and measured damping
2py power loss method effect (reduction oiQy).
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