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Design Study on a Superconducting Multicell RF
Accelerating Cavity for Use in a Linear Collider

Donglin Zu and Jiaerh Chen

Abstract—A nine-cell superconducting RF accelerating cavity typically is 200 or 40 k$/MV. CEBAF uses 360 five-cell
is designed for the TeV electron linear accelerator collider in the cavities. Suppose the accelerating gradient reaches 25 MV/m,
next century. The ratio of the maximum surface electric field to the active length of 2 0.5 TeV linear collider will reach 2

the accelerating gradient, E,;, / E..., is reduced to 2.024 and the . . .
cell-to-cell coupling remains as high as 1.95%. The distribution _20 km. The active length of a 1.3 GHz, nine-cell SRF cavity

of the higher-order mode passbands is reasonable. There is noiS about 1 m long. This TESLA collider requires:2 20 000
overlap between these bands, therefore no trapped modes. Thecavities of this kind. This paper studies the optimum shape
circle-straight/line-ellipse-type structure provides good mechani- design of the TESLA cavity.

cal strength in the accelerating cavity. According to the present g aecelerating gradient of SRF cavities at present is
state of the art of surface processing techniques of Niobium limited by t h ) field . FE d
cavities, it is possible to reach an accelerating gradient of 25-30 imite y two phenomena, "e"_ e em'ss_'on_ (FE) an
MV/m with beam load. thermal breakdown [3]. The maximum electric field of the
internal surface in a Niobium cavityl,;, is limited to a
certain value by FE. The&,, threshold can be upgraded to
100 MV/m through high RF peak power processing [4]. Even
when producing a batch of SRF cavities using a Niobium
. INTRODUCTION sheet from the same furnace, using the same processing

HE MAXIMUM beam energy accelerated in existingProtocol, under the same machine conditions, thgjr's show
electron storage ring colliders is limited to under 0.yariation. Despite using the same RF peak power processing,
TeV due to the synchrotron radiation loss, increasing ihis impossible for all theE,; to reach 100 MV/m. It is
proportion to the fourth power of beam energy. A linedikely for their low limit to be 75 MV/m. As the gradient
collider has no significant radiation loss, and its cost increas&ihout load depends on thg,,;. / E,.. ratio, suppose a good
linearly with the beam energy. Therefore, to realize TeV rang@vity shape with a lowt,;,/ E,.. of 2.0 can be found, then
electron—positron collisions, a linear collider is needed. Theltee accelerating gradient without beam load could reach 37.5
is widespread consensus among the high-energy accelerMdfm. The accelerating gradient with beam load becomes
community that ar*e~ collider with a center-of-mass energytwo-thirds of its gradient without beam load, thus the gradient
of 2 x 0.5 TeV and luminosity of a few times ¥cm?2s! with beam load can reach 25 MV/m. It is difficult to make
should be the next accelerator [1] after the LHC at CERNépk/Eace < 2.0 @s Eyy/Eac. is restricted strongly by cell-
Such a collider would provide a powerful means for the tof9-cell couplingk. A compromisek,y/Eqcc — 2,k > 1.8%
quark analysis via —  production and also have the potentials needed and likely.
for the discovery of new particles. Thermal breakdown demands that the ratio of the maximum
The advantages of the TeV superconducting linear agdrface magnetic field to the accelerating gradiéipt/ Eacc
celerator (TESLA) collider [2] is to allow low RF peakreaches a minimum value. But this parameter has more room
power (using relatively long pulse length) and average powafd is not a principal limit factor. In generdly / E,c., k, and
(using multibunch). However, the key problem is that th&px/Eacc all depend on the cavity cell shape, among them the
accelerating gradient at present is not high enough, asFk is the main limiting factor.
needs to have a substantial upgrade. The principle cost of the
accelerating structure itself also needs to be reduced further.
At the anticipated capital cost of the linear collider, for a su- Il. THE CONCEPT AND THEORY OF
perconducting RF(SRF) accelerating structure to prevail over MULTICELL ACCELERATING CAVITIES

a normal RF(NRF) accelerating structure, reliable operatingThe cells in a multicell cavity behave like weak-coupling

gradients of the SRF cavity must reach 20 MV/m or abovgscillators whether there are standing wave modes or traveling

Conventional accelerators have used 5 MV/m for a reliablgaye modes. One mode of a single-cell cavity could split into

operating gradient with beam load. The cost of an SRF cavily modes of a multicell cavity when the single-cell cavity is

evolved into theN-cell cavity. The/N modes possess slightly

Manuscript received April 30, 1997; revised August 12, 1997 and Septedifferent frequencies which form a “passband” with a different

ber 9, 1997. This work was supported by the National NSF of China. ~ phase shift in each cell. In the same passband, if the eigen
The authors are with the Institute of Heavy lon Physics, Beijing University,. . . .

Beijing, 100871, China. circular frequency of thgth mode isw, and the longitudinal

Publisher Item Identifier S 0018-9499(98)01214-3. electric field in thenth cell is En(g, t), their relation can be

Index Terms—Accelerating gradient, linear collider, multicell
Niobium cavity, SRF, trapped modes.

0018-9499/98$10.001 1998 IEEE

Authorized licensed use limited to: IEEE Xplore. Downloaded on December 30, 2008 at 06:17 from IEEE Xplore. Restrictions apply.



ZU AND CHEN: DESIGN STUDY ON ACCELERATING CAVITY

115

TABLE |
CoMPARISON OF SRF ACCELERATING CaAvITY FOR NEXT LINEAR COLLIDER
LEP*7 Cornell®™ | KEK1"1 | KEK21'Y | Beijing™ Saclay™ | DESY!™!
N_.) per cavity 4 10 9 9 9 9 9
OR(mm) 102.20 109.00 104.15 103.30 103.60 102.20 103.30
IR(mm) 32.67 40.90 40.00 38.00 35.80 32.31 35.00
Nimesn 20000 20000 20000 25000 25000 25000 25000
HoWEee((A/M)(MVIm)) 3129.8 4321.1 3967.7 3429.8 3414.7 3159.2 3318.4
k(%) 2.00 1.80 1.22 2.66 1.95 1.42 1.85
R/Q() per ceil 121.48 90.96 112.92 108.00 110.87 124.33 115.22
Eo/Eace 2.359 2.054 2.039 2.220 2.024 2.000 2.070
cell type CSC CSC SCSCS CSE CSE CcSsC CSE
trapped modes no no no

* LEP is not TESLA cavity, introduced as a reference cavity.

expressed with the following formulas:

wg =wo[l + k(1 — cos <I>q)]1/2

E.(q, t) =E; sin <E<I>q> cos wqt
(nvq:1727"'7N)' (2)

Herek is the cell-to-cell couplingFy is the maximum of the
longitudinal electric field, an@, is the phase shift in thgth
cell.

™

(I)q:qN

Fig. 1. BT cavity shape.

wheng = N, &, = &5 = 7, e.g., the oscillation phase ) o

difference in adjacent cells is, and it is called a- mode. The Of passband, and its definition is

7« mode in the fundamental TM010 band is the accelerating Af  2(fr = fa/n) .
mode to be used. Whep = 1 and®, = ®; = «/N in 7 - Fa+ fr/n : ®)
adjacent cells, the oscillation has a phase difference/of.

WhenN — oo, ®; — 0, so it is called “zero mode.” Tuning There is only one mode?r(mode) useful for accelerating in the
is to make each cell resonate at the same frequengy fundamental passband; the rest of fiie- 1 modes are harmful

through mechanical adjustment and to make the peak vafj¥! need to be extracted by the main coupler. Hence the larger
of E,(N, t) in each cell is equal. Cell-to-cell couplirigcan the d!spers[on of th_e fundamental passband, while the smaller
be expressed as the dispersion of higher order passbands, the better, so as to

avoid passbands too wide to be separated. And it is desirable

f2- fg/N that passbands distribute homogeneously and reasonably.

22— [ cos(r/NIE

k (4)

I1l. SEARCHING FOR A NEW CAVITY SHAPE

Here £, is the mode frequency ang},y is the “zero mode” To reduce the construction cost of the future linear collider
frequency. Thek tends to go down with the increasing celland considering both the operating experience of SRF acceler-
such as when an existing four-cell or five-cell cavity is evolvedting cavities at active service and the present state of the art
into nine-cell cavity, and its: value will become intolerably Of the surface processing techniques of SRF cavities, the new
small. A more serious issue is that as the mode density aacelerating structure should satisfy the following conditions.
each passband increases, the accompanying number of cell The number of cells per cavity should double to nine
increases, and even passhand overlapping appears, thereby cells in order to reduce the number of expensive RF
resulting in “trapped modes” which will destroy the normal couplers, to save space, and to shorten the total length
working conditions of SRF accelerating cavity. The trapped  of the collider.

modes were analyzed with a computer [5]. The physical 2) In the fundamental passband, cell-to-cell coupling
mechanisms of generating trapped modes are not clear yet. In  must be larger than 1.8%, and the higher, the better.
the design of SRF cavities, trapped modes are a troublesom8) E,;/E..c must be reduced to 2.0 to make the acceler-
problem. So seeking a new cavity shape without trapped ating gradient as high as possible.

modes is an important task for the cavity designer. Another4) The higher order modes (HOM) coupler mounted on
parameter of a multicell cavitsx f/ f represents the dispersion the beam tube near the cell can efficiently extract the
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Fig. 2. The geometric structure of SRF nine-cell accelerating cavity for linear collider; the dimensions correspond to 1.3 GHz.
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Fig. 3. The electric field distribution off mode of TM010 band in the
BT cell. The arrow indicates the field direction, and the length of arrow i

proportional to field strength |§ig. 4. The monopole HOM passbands distribution of the BT nine-cell

cavity, LEP four-cell cavity, and Cornell six-cell cavity. The cutoff frequency

of TMO-modes (tm0);f. is the boundary between standing and travel modes.
energy of higher-order standing-wave modes to make
their externalQ..; low enough to be a tolerable level.

5) All traveling HOM'’s can propagate out of cells; so-

called trapped modes are not allowed in cavities.

6) The structure should be reasonable, strong enough, and

mechanically tunable.

The structure parameters of a cavity are usually described
using one-fourth of the lengthwise section of an SRF cavity
with axial symmetry, where the cell is the elemental block
of a cavity. Half a cell wall consists of several segmenfgg. 5. There appear trapped modes in the Cornell six-cell cavity. The
of curves, such as circle-straight/line-circle (CSC) or eIIipségencrﬁ[;;”;?ggsggtge('ﬂt"(‘)fetﬂg gg'\',it?,ea”y equals zero, and the cell's energy
straight/line-ellipse (ESE). The “CSC” type has five inde- '
pendent parameters [6], i.e., cell outer radius OR, beam . .
tube radius IR, iris radius R1, wall slope TD, and half-cel® keep the resonant frequency of the trial cavity at 1.3
length L, respectively. First among theni, depends on the GHZ_'_ Otherwise, théfjf”“/E.a“ calculated wil bE?‘ Incorrect. In
accelerating mode frequency because accelerated electlg)?l 't'on’EP’?/Ea“ will be incorrect [6] as well if the number
must be synchronous with RF oscillation. In consideration mgsh pom;cs uscid by URMEL [9] is Iess_ than 25 QOO'
mechanical stability, we take TE: 79°, thus only the other Using the “CSC” type, although searching for quite some

three parameters, i.e., OR, IR, and R1 are allowed to vary. jpe. we f'alled. to rea}ch the goal. We had to try a new shape,
strategy is to keep right frequency 1.3 GHz resonant to keerg|5cle-st_ralghtllme-elhpse (CSE). At last we found a cell shape
certain OR through adjusting IR and R1, due to each paramelEPW” in Fig. 1, named the Beijing Tesla (BT) shape. The
variation that affectsr mode frequency of the fundamenta ph/ Bace = 2.024, k = 1.95% for the accelerating mode of

the nine-cell accelerating cavity (shown in Fig. 2) increased

passband. . .
If 352-MHz, 500-MHz, and 1.5-GHz cavities are all scaleeﬂ‘”th this new cell shape.

to 1.3 GHz, the OR, IR, and R1 of the LEP four-cell cavity
[7] are the minimum (there are no trapped modes in it); in IV. THE CHARACTERISTICS OF THE
opposition the OR, IR, and R1 of Cornell ten-cell TESLA ACCELERATING MODE OF THEBT CELL
cavity [8] are the maximum (there appear trapped modes inln order to command the accuracy and reliability of cal-
six-cell cavity of this TESLA shape). We tried to find a gooatulating the BT cell, we repeated the calculation for the
shape in which OR, IR, and R1 were between the two sets@brnell TESLA, KEK TESLA, and non-TESLA LEP four-
extreme parameters. In the searching process, it is importaell cavities, and the results agree with the data published

Authorized licensed use limited to: IEEE Xplore. Downloaded on December 30, 2008 at 06:17 from IEEE Xplore. Restrictions apply.



ZU AND CHEN: DESIGN STUDY ON ACCELERATING CAVITY 117

EZ**2 ALONG Z AT RADIUS R=0. 0COE+00

s

WX e e SRR SR SR S e

2. 00E+09 3= ; i e
3 ¥ 3 U e 1 4 %
2 1 T b 4 3 i
i i 2 3 5 ¥
o i . 1 . 4
. St 1 » i :
‘O : ; 3’ ?} .' : 5 ;
A . % * 1 1 i
1. GOE+09 ’.; - M:rﬁ_ #;; . v «:« mwvmwm,a?ﬂmw*«ﬁwv~i
* 2 1 i i
» P - - i :
. “ ¥ . vy :
o ol : :
: / ; §
Ly b L ."' : " i » - . f
s o8t g, s i
, son b - =~ s s -
(@) 1. OCE+09 ; s + e . s ; :
* ‘ i =~w - : ; . . i !
Friiy . . - : . ? : 5
* 1 . ‘ o ’ . :
S £y . o . : :
4 . o e e - " Yl - : £
5. OOE+09 :-wu“ny*n ﬁ‘-mwmimu.ﬁé »w-wwm.:wwn»mm;w»%é«:»ﬂv‘ 2 . Vel
; ! X
e o . i '3 !
,l - ¥ -  AxN * . A > £
i * * et it e . H
sl B
0.00E4008 2o i <} oh L :
= EE et Fy = BN
0.00E- 00 1.00E- 01 ZOOE 01 3.00E—01 400E-01 500E-01 600E-01
2 50E+09 Mﬂwqthvan»ﬁd/ ;.tﬂ&mWwWwW‘mqu»*«nv‘;va:—numnumu-/«”;
1 S 5
Lo 3 *
«, N k4 1
. o e 4 1
1 ¢ .
- im i : . i
e e i ek ! o
- . uFgieee e -
2. 00E+09 1% e S i
i i * ey ¥ 1
e - e i i
. ;
1. o e §,, : 5 !
¥ {
P b
1. 5OEH09 frbussmstion oo ctt Al 00 LTl
S
Bie |
¥ - s
. 3
) L. ;
s .
1. 00E+09 = -5

5. 00E+08

t »

-
*
o

S b e e T
*

nw
ol e
e

g

0. 00E+00 hoesis 200 B BRea Al o L e S

0.00E+00 1. OOE 01 2 00E-01 3.00E-01 4.00E-01 5.00E-01 6.00E-01

FENEENIICE ORI E YR T

1

Fig. 6. The computer tuning of nine-cell BT structure with URMEL: (a) tuning curve whea 52.7 mm and (b) tuning curve wheh = 52.8 mm.

[8]. For comparison, Table | lists their cell number per cavity2.10, £ = 1.8%. It is necessary to reduce the rafiy;, / E,..
two geometric parameters, the number of mesh points ugbdough improving the geometry of cell structure so as to raise
in running URMEL, four physical parameters, cell type, and... as high as possible, because raisig, threshold ex-
trapped modes. Among them there are two key parametgrsrimentally is restricted. Usually the maximuli), appears
Ei/Eac and k. The smaller theE,,/E,.., the higher the in the iris area where the electric field lines concentrate, as
accelerating gradient will be obtained; the larger thealue, shown in Fig. 3. If the circle radius R1 at the iris is enlarged,
the easier the adjusting, the tuning, and the controlling of thige electric field lines will be diverged out; consequently,
cavities are. HoweverE,; /E,.. and k condition each other the maximumk,; will go down. This is indeed an effec-
strongly. Generally speaking, to kegdarger than 1.8%, one tive way for the accelerating mode. Cornell/CEBAF cavity's
cannot lower theE,;, /E.c. at will. Epi/Eace = 2.56, but the TESLA cavityE,;, / E.c. is reduced
to 2.10. However, this way results in some difficulty for cell-
to-cell coupling and propagation of HOM's. In the six-cell
cavity, with this cell shape, under three times the fundamental
In 1989, Cornell University was the first to design a terfrequency there already appears to be an overlap of TM021
cell TESLA shape cavity [8], “CSC” type, Wit/ Facc = and TM030 passbands (see Fig. 4), and thereby the probability

V. MONOPOLE HOM PASSBANDS
AND THE TRAPPED MODES PROBLEM
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of trapped modes is formed. This convinced us to change thdn the end cell, a slight mistune to HOM’s is possible but not
circle at the iris to an ellipse so that the ellipse at the iris natconcern. HOM's always manage to be damped adequately.
only diverges the electric field lines and lowers the maximuffhe higher standing wave modes spread all over the cavity
E,, but also compresses the physical width of the iris aréarough cell-to-cell coupling and finally are extracted by the
and facilitates the stagger of HOM passbands. HOM coupler. The normal higher travel wave modes can
The “CSE’-type structure is advantageous to cell-to-cediways propagate through cells to the beam tubes in spite of

coupling and propagation of HOM’s. On the one hand it loweggistune or not in the end cells as long as the trapped modes
Epi/Eacc. On the other hand it raises cell-to-cell couplibg do not exist.

as to avoid trapped modes formed. Another disadvantage of
the Cornell TESLA is that TD= 70° is not firm enough for VII. CONCLUSION

mechanical stability. Its one-cell cavity collapsed once when o BT nine-cell cavity [12] for the next linear collider has

it was pumped down. The mechanical stability of both thﬁO trapped modes, it&),;,/Eac. is reduced to 2.024, anl
ESE type of Cornell/lCEBAF five-cell cavity and CSC typg kept as high as 1_55%_ Making use of RF peak power

E];EII;EfP four-ltlzell 'S_t"’}" \fl_eélfl_ed7;ool;e strong en(;)ugffm Takin rocessing [4], as long as the FE threshold is raised to 75
our-cell-cavity's T as a good TeIerence, vy m or above, the accelerating gradient with empty load can

in the Beijing CSE-type cavity we have a TB 79°. It is . . .
believed that mechanical stability of CSE type is good enouqrﬁ.aghof ZEISSMI\CI\//r/nm’I ﬁgg?giﬁ?;%;% trezggzglggt I\\//Iv\l;c/hmb(:s;n

After the CSE cell type was chosen, searching for a good cdl ) . .
shape carefully in a wide range of geometry parameters \éﬁ%celeratm?hgrgdé%ntt W'th_ beam Ioagl can realtl: h 3cthV(n:a
conducted, and the BT cell shape was obtained at last. Its H reover, the ype IS reasonablé as well as the yie

passbands distribution is reasonable compared with Corr{gﬁansity being .st.able enough. In a W,Ord' thg BT shgpe is an
TESLA six-cell's and LEP four-cell's. In the Cornell six-cell'd€@! and promising TESLA accelerating cavity candidate for

there appears an overlap of HOM traveling wave modes; f&€ next linear collider.
guency degeneration modes from different bands; interaction,
drawing each other and energy exchange between modes with
the same or near frequencies; and consequently, a result iff he authors thank Dr. H. Padamsee for his teaching, guid-
interference effect. The electromagnetic field enhances i@, and assistance. It would have been impossible to finish
local area; meanwhile, the electromagnetic field reduces dhis research without his great and continuous help. They also
even eliminates another local area, thereby the normal cdhank Dr. W. Hartung for his enthusiastic help with this work.
to-cell coupling and propagation characteristics are changdtanks also go to Dr. D. Proch for providing the data for
When the electromagnetic field of this kind of interferencBESY Tesla and Saclay Tesla and stimulating discussions.
modes in end-cells becomes zero (shown in Fig. 5), the enefgpally, they appreciate Prof. Kojima's early interest with
cannot propagate out of the cavities into beam tubes. This kinthe-cell BT-shape cavity geometry.

of “propagating” mode stays in a cavity as if in a trap, and

thus they are named “trapped modes.” A DESY TESLA cavity REFERENCES

in design Pr(_)cess does r_IOt exclude .the pOSSib“ity of trappe&l R. H. Siemann, “Overview of linear collider design,” ifroc. IEEE
modes existing. A BT nine-cell cavity, like the LEP four- = pac, washington DC, May 1993, vol. 1, p. 532.

cell cavity shown in Fig. 4, has no overlapping passbands d#] H. T. Edwards, “Progress report on the TESLA test facility,"Hroc.
monopole mode u.nder 3'7. times the fun_damental _fr.equen.CYS] IQEESEgﬁit\g/lasggg;%?nggelglgz"ng?n iY]oslﬁ;érpcloi?jz.cting RF cavities
All mode frequencies are discrete. There is no condition of in-" for the next generation of particle accelerators, Cornell Univ., CLNS

terference, therefore there are no trapped modes existing in it. 90/1020, 1990.
[4] J. Graberet al., “A world record accelerating gradient in a niobium
VI. COMPUTER TUNING superconducting accelerator cavity,” Rroc. IEEE PAC,Washington
DC, 1993, p. 892.
In a multicell cavity, to guarantee the end-cell and thgs] A. Mosnier, “The trapped modes in a multicell SC cavity,”fnoc. 1st

in-cell having the same resonance frequency, the geometric TESLA WkshpCornell Univ., Ithaca, NY, July 23-26, 1990.

. . ) . ;- [6] D. Zu, “Concept design of a new structure of 1.3 GHz single-cell
dimensions of the half end-cell must be different from the in superconducting cavity,” iHigh Energy Phys. Nucl. Physvol. 21,

cell because the beam tube effect needs to be compensated. Weno. 1, p. 491-503, 1997.
tuned the nine-cell BT cavity for the mode of the fundamental?] H. Padamsee, private communication.

; ; 8] H. Padamseet al., “A new shape Candidate for a multi-cell supercon-
band by (.:hangmg the e.nd half cell length with URMEL, 25 000 ducting cavity for TESLA,” Cornell Univ., Rep. CLNS90-985.
mesh points. The half in-cell length equals 57.65 mm, the halb; 1 weiland, NIM, 216(1983)329.

end-cell lengths are 52.7 and 52.8 mm, respectively, coriee] E. Kako et al., Proc. 5th SCRF WkshfQESY, Hamburg, Germany,
sponding to two sets of tuning curves indicated in Fig. 6(a} 1991, p. 751. o
and (b). The field flatnessAE. /E.) is nearly 0.028. The 1] D- Proch. private communication.

. D / [12] D. Zu and J. ChenProc. IEEE PAC Washington DC, 1993, vol. 2, p.
tuning sensitivity is 2880 Hz per micrometer. 1095.

ACKNOWLEDGMENT

Authorized licensed use limited to: IEEE Xplore. Downloaded on December 30, 2008 at 06:17 from IEEE Xplore. Restrictions apply.



