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Abstract

In last years a few proposals for increasing of effective gradient in the TESLA linear collider were
appeared. One of them is so called superstructure (SS) [1]. At the present time the superstructure consist
of four 7-cells standing wave cavities coupled by tube of big diameter (114mm) and short length (A/2).
Due to shorter tubes between cavities in comparison with the TTF structure (A/2 instead of 3M2) the
filling factor of the SS is higher than the filling factor of the TTF structure by 16.7%. In addition
authors of this proposal are considering that the SS will have unflatness of the accelerating ficld less
than the TTF structure. In this paper it will be shown that accelerating field unflatness of the whole SS
is bigger than the unflatness of its sub-cavities and the unflatness of the TTF 9-cells cavity too. The
behavior of the cavity chain called the SS is the behavior of a multiperiodic structure and can not be
considered scparately as four independent cavities. It means also that dynamic adjusting of the SS will
be more complicate than that of the TTF structure.

1. Introduction

In order to describe accurately the behavior of the actual cavity chains of the SS a simple
mathematical model of the cavity chain can be used. As shown in [2-3] a chain of electrically
coupled lumped circuit resonators is the most appropriate for the investigation of properties
of clectromagnetic modes in accelerating structures. For the considered kind of accelerating
structures this model provides accurate dispersion curve and accelerating field distribution of
the fundamental mode. Fig. 1 shows schematically the model of the coupled MxN-cells
cavites.
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Fig. 1. Coupled lumped circuit resonator model for a multiperiodic chain of cavities

The system of Kirchhoff’s equations generated from a simple model of the MxN
superstructure is of the form
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Sl +1/iaC, +ViaC,)-j,/ieC,, =0
~h e+ (oL, +1/ ieC, +2/iaC )~ j,liawC,, =0

T HC + (L +1i0C, +1/i0C, +1/iaC )~ ., liaC, =0
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where we have neglected losses. This set of equations can be transformed as
W=0" 10" +k,12-C1C) - j, -k 12-C, /1C,=0

~Ji ko 2+ (-0 o + k) - j, k /2=0
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where

@~ 1/\[LC, s the eigen frequency of i-th resonator,
Ji 1s the cells current,

k, =2 Cvom/Co=2-C, /C,. 1s the coupling between inner cells
(me0,..,M; nle 2,.,(N=1)),

k,=2C,..,/C,=2-C, /C,, s the coupling between intermediate side cells
(mlel,..,M~1).
Cin Cee, Cye, C 5 are parameters of equivalent circuit for inner resonators, for coupling
between resonators into the cavities, for sidc resonators and for coupling between side
resonators correspondingly.

This system may be written in matrix-vector-notation

Zxj=0

with 3-diagonal matrix impedance Z expressed as follows
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Where k.., kg, CsolCe, Cool Cpe can be calculated numerically by using some electromagnetic
code. The cigenvalues of this matrix correspond to the square of the eigenfrequencies, the
eigenvectors are proportional to the amplitude of the accelerating ficld in cells on these
modes.

Fig. 2. Geometric parameters of the test 4x4 superstructure.

To test this model a simple 4x4 superstructure (consisting of four 4-cells cavities) will be
examined. This 4x4 superstructure (see Fig.2) is close to the investigated SS mentioned
above.

The data set for the mathematical model, (@, ke, ks, Cso/Cins CoolCin), is calculated by
URMEL [4]. In addition, the dispersion curve for the 4x4 superstructure and electric field
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Fig. 3. Dispersion curve of the 4x4 test superstructure.



distribution on axis are calculated by using URMEL. Each of the four cavities has been
preliminary tuned individually for a maximal accelerating field flatness. It should be noted
that & is the coupling between the side cells of the neighboring cavities through the tube.

Fig. 3 shows the dispersion curve obtained by URMEL and by the mathematical model.
The accelerating field profiles of three modes 0, 7t and 137/16 in comparison with model field
amplitudes are shown in Fig.4.
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Fig. 4. Comparison between field distribution in URMEL calculation and in
mathematical model simulation for test 4x4 superstructure (left half of the SS).

The compurison shows a good agreement between the mathematical model simulations and
URMEL dircct calculations. Differences between URMEL calculations and the mathematical
modeling arc less than 0.5% for mode frequencies and ~5% for the field amplitude
distribution. This model also illustrates that the superstructure in whole can not be tuned
separately by tuning its component parts.

2. The 4x7 superstructure for the TESLA

Properties of the actual 4x7-cells SS (see Fig.5) can be investigated by means of the
previous model. The geometry data set of the SS has been obtained from ref. [5]. Calculated
by URMEL one finds: f,=1275.65MHz, J5e=1287.856MHz, f..=1286.68MHz, k..=0.01852
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Fig. 5. The 4x7 superstructure for the TESLA.



and k,,=0.0022, where f,, is the frequency of the inner cells, Jse 1s the frequency of the side
cells of the inner cavities and £, is the frequency of the side cells of the both sides of the SS.

Fig. 6 represents dispersion curve for the SS. The operation mode of the SS, 251/28, is
marked by a circle there. After adjusting of the SS, the frequencies f, and f.. would be
slightly changed, but the shape of the dispersion curve rests almost unchanged. Here, the
adjusting of the SS is defined as the finding of cell’s frequency set which provides high cells
amplitude flatness (AEGCC/EGCC<10'6) for the mathematical model. In the following, to
calculate the effects of cavity trequency errors on field levels we assume that each cell has a
frequency f, +Jf; where df; is a random frequency shift.

For the same comparison, corresponding properties of the TTF 9-cells structure have been
obtained by using this model. The simulation of an accelerating standing wave structure
shows that the structure field nonuniformity is in direct proportional to the average relative
error of cells frequency df/f, and N and in inverse proportion to cell-to-cell coupling k..
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More accurate relation for field nonuniformity in standing wave structure is produced
in ref. [6, 7].
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Fig. 6. Dispersion curves of the 4x7 superstructure and the TTF 9-cell cavity

Defining structure field nonuniformity (cagg) as ratio (Emec-Emean) Emean, ONE 0btains the
average value oage from a big number (~1000) of the simulations with a random set of cells
frequency distributions ~500-f/f. (%) for the TTF 9-cells structure and 1830-3£/f (%) for
the 4x7 SS. Thus for the same tolerance of fabrication and assembling the 4x7 SS has field



unflatness 3.6 times higher than the TTF 9-cells structure. Fig. 6 shows that the field
unflatness of each subunit of the SS can be less than the g of the whole SS.

As shown in ref. [8] the effective coupling (k) for a selected mode is in inverse proportion
to (f, — f.;), mode-to-mode distancc on a dispersion curve. In addition, for a wecll
adjusted multiperiodic or a biperiodic structure it should be minimized in the operational
mode point [6].

Experiments in the present TESLA Test Facility have shown the oapr of TTIE 9-cells
structure ~ 5% [9]. It leads 5% reduction of E,j for this structurc. It means also ~18.3% ficld
unflatness for the 4x7 SS with the same errors of fabrication. In addition SLANS [I1]
calculation has shown a 1atio Epna/Eqe. in the side cells is 2.3 (EpadFacc=2.0 for inner cells).
Therefore the side cells have the effective accelerating rate 13% lower than inner cells. The
total reduction of E.y for the SS is 2/7*13%=3.7%. This factor for the TTF 9-cells structure
(Dube=78mm) is negligible ~0.2%. Thus the resulting effective gradient Ey for the 4x7 SS
will' be 0.1% lower in comparison with the E,;of the TTF 9-cells cavity (see Tab. 1)
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Fig. 7. Computed amplitudes in the mode! of 4x7 superstructure (r5ﬁ[ﬁ:l()‘4)

To understand more clearly the nature of the high field unflatness of the SS it should be
noted that the SS behaves as a multipcriodic structure but not as its subunits. Evidently in
this case the cavity-to-cavity field nonuniformity is more higher than cell-to-cell 6ap,: into
the cach cavities of the SS (see Fig. 7). The dispersion curve of a MXN superstructure has
(N-1) stopbands [10]. Likc biperiodic [6] or ordinary standing wave structures the
multiperiodic structure has the worst point for field flatness 7 and the best point near /2.
Pretuning of a multiperiodic structure means the minimization of nearest to work point
stopband just as biperiodic structure. The 4x7 SS needs this pretuning too. But for m mode in
this 4x7 SS the field unflatness would be ~ 4300-9f./f. (%), i.e. ~ 43% for obtained on TTF
cells frequency scattering. This value exceeds the unflatness of TTF 28-cells structure
~ 2400 SL/f. (%).

The next problem concerning the SS is the complexity of the dynamic structure tuning. For
instance onc can simulate the effect of cavity tuning by "compression" of one of the cavities.
We define a compression of one cavity as an uniform changing of its cells frequencies. Fig. 8
demonstrates the field unflatness of each cavity and of the whole SS vs frequency tuning of
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third cavity (see Fig. 7). Strong influence of this tuning on the field of other cavities has been
shown. It means that an independent cavity tuning is impossible in the SS. The tuning system
and operational control for the SS will be more complex than for the TTF structure.

3. Optimization of the 4x7 superstructure.

The fic

Id unflatness in the 4x7 SS vs side cell - side cell coupling kg is shown in Fig. 9. The

optimum of o is situated between the values of ke 0.03 and 0.04.
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As mentioned above the o
ficld flatness of a multiperiodic structure reach

In this case the coupling cavity chain of the SS is evidentl
overcoupled for k,>0.04. However ks
of about 120mm. This leads to
gain in £,rexpected for the SS with 4,

perational mode of the SS has stopbands. According to ref. [2] the
maximum at a minimum width of stopband.
y undercoupled for k,<0.03 and
=0.03 corresponds to diameter of interconnecting tube

~14.9% reduction of accelerating rate in side cells. The total
=0.032 is 2.65%.

Parameter TTF cavity Superstructure SS (ks=0.0032)

Radius of tube (mm) 39 57 60
__Nfe////\'i\'lruclure 9/1 7/4 714

Fill factor 0.875 0.75 0.75
| ke (%) 1.852 1.852 1.852
| kss (%) 0.22 0.32

Field unflatness for

o ) 15

F/=10" (%) > 18.3

Emax/Ioucc in side cells 2.02 2.3 2.351
Total gain in Eep in ) 265
comparison with TTF (%) 0.1 '

Table 1. Parameters of the superstrure and the TTF cavity

4. Conclusion

Examination of the properties of the 4x7 SS shows that there is a strong interference of
clectric field between the coupled cavities. It doesn't allow tuning the cavities independently.
In addition the field unflatness of the 4x7 SS is 3.6 times higher than that of the TTF 9-cells
cavity for the same cell frequency scattering Jf./f;. If the reduction of the accelerating rate in
the end cells of the cavities is also taken into account, the resulting £, of the SS is very close
to Ly of the present TTF structure. By doing some further optimizations of the end cells
coupling k,, the Eep can be slightly increased. But a useful increase of the L. would need
more precise manufacturing or more sophisticated tuning of the cavity chain.
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Abstract

In last years a few proposals for increasing of effective gradient in the TESLA linear collider were
appeared. One of them is so called superstructure (SS) [1]. At the present time the superstructure consist
of four 7-ccells standing wave cavities coupled by tube of big diameter (114mm) and short length (A/2).
Due to shorter tubes between cavities in comparison with the TTF structure (A/2 instead of 3A/2) the
filling factor of the SS is higher than the filling factor of the TTF structure by 16.7%. In addition
authors of this proposal are considering that the SS will have unflatness of the accelerating [ield less
than the TTF structure. In this paper it will be shown that accelerating ficld unflatness of the whole SS
ts bigger than the unflatness of its sub-cavities and the unflatness of the TTF 9-cells cavity too. The
behavior of the cavity chain called the SS is the behavior of a multiperiodic structure and can not be
considered scparately as four independent cavities. It means also that dynamic adjusting of the SS will
be more complicate than that of the TTF structure.

1. Introduction

In order to describe accurately the behavior of the actual cavity chains of the SS a simple
mathematical model of the cavity chain can be used. As shown in [2-3] a chain of electrically
coupled lumped circuit resonators is the most appropriate for the investigation of properties
of electromagnetic modes in accelerating structures. For the considered kind of accelerating
structures this model provides accurate dispersion curve and accelerating field distribution of
the fundamental mode. Fig. 1 shows schematically the model of the coupled MxN-cells
cavities.

LI

Fig. 1. Coupled lumped circuit resonator model for a multiperiodic chain of cavities

The system of Kirchhoff’s equations generated from a simple model of the MxN
superstructure is of the form

* Visitor from Branch of Institute of Nuclear Physics (BINP), Protvino, Russia



Stol +1ioC +1/ioC ) - j,lioC,. =0
=i+ (oL, +1ieC, +2/ieC ) - j,/ ioC,, =0

=y HC  + jy (ol +11iwC, +1/iaC,  +1/iwC )= j,, /ieC, =0
=y liaC + j, (el +1/ioC,,, +1/iC, +1/iwC )= jy,,/ioC, =0

—Jyn 2 NHOC  + jo oy (i0L,,  +1/ 10Cy, y +21i0C )= j, v/ 10C, =0
~Jana HoC + y oLy, +1/iwCMN +1/iwC,)=0

where we have neglected losses. This set of equations can be transformed as
(=0 @ +k, 12-C1Cy)~ j, k 12-C,/C, =0

—ji k2% j(1~* @} + k)~ j, k 12=0

_jN—l .ku /2.C‘N /CN—I +]N(1_a)2 /a)N2 +kcc /2 'CN /CN—I +k.\‘.\' /2)—jN+l lk.".&' /2 = O

—Jy ok 2+ j (1 -’ /a)/mz +k,/2:Cy, ICy,y+ky/2) Iy ko 12-Cy 1Cy,, =0
. . 2 )
~Jawak 12+ (1 -’ 1@y +k )=y k. /2=0

‘;/.‘\/ N-l '/‘u /2'CM N /CM-N~1 + jM»N (1 - a)z /(012 + kuc /2 CM N /CM N—l) =0

where

@,=1/4/L,C, is the eigen frequency of i-th resonator,

Ji 1s the cells current,

ke=2-Cpyn/C.=2-C, /C, s the coupling between inner cells

(me0,.,M; nle2,. . (N-1),

k,=2.C .., 1C, =2 C,/C, 1sthe coupling between intermediate side cells
(mlel,....M-1).

(

' Ceer Cyo, C g5 are parameters of equivalent circuit for inner resonators, for coupling

between resonators into the cavities, for side resonators and for coupling between side
resonators correspondingly.

This system may be written in matrix-vector-notation

ZXj=0

with 3-diagonal matrix impedance Z expressed as follows
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Where ke, ks, CiolCre, CoolCpe can be calculated numerically by using some electromagnetic
code. The cigenvalues of this matrix correspond to the square of the eigenfrequencies, the

eigenvectors are proportional to the amplitude of the accelerating field in cells on these
modes.
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Fig. 2. Geometric parameters of the test 4x4 superstructure.

To test this model a simple 4x4 superstructure (consisting of four 4-cells cavities) will be

cxamined. This 4x4 superstructure (see Fig.2) is close to the investigated SS mentioned
above.

The data set for the mathematical model, (am, kee, kss, Cse/Ciny Coo/Chy), is calculated by
URMEL [4]. In addition, the dispersion curve for the 4x4 superstructure and electric field
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Fig. 3. Dispersion curve of the 4x4 test superstructure.



distribution on axis are calculated by using URMEL. Each of the four cavities has been
preliminary tuned individually for a maximal accelerating field flatness. It should be noted
that & is the coupling between the side cells of the neighboring cavities through the tube.

Fig. 3 shows the dispersion curve obtained by URMEL and by the mathematical model.

The accelerating field profiles of three modes 0, 7 and 137/16 in comparison with model field
amplitudes are shown in Fig.4.
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Fig. 4. Comparison between field distribution in URMEL calculation and in
mathematical model simulation for test 4x4 superstructure (left half of the SS).

The comparison shows a good agreement between the mathematical model simulations and
URMEL dircct calculations. Differences between URMEL calculations and the mathematical
modeling are less than 0.5% for mode frequencies and ~5% for the field amplitude
distribution. This model also illustrates that the superstructure in whole can not be tuned
separately by tuning its component parts.

2. The 4x7 superstructure for the TESLA

Properties of the actual 4x7-cells SS (see Fig.5) can be investigated by means of the
previous model. The geometry data set of the SS has been obtained from ref. [5]. Calculated
by URMEL one finds: Jin=1275.65MHz, J%=1287.856MHz, Jee=1286.68MHz, k,,=0.01852
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Fig. 5. The 4x7 superstructure for the TESLA.



and 4,=0.0022, where Jfin is the frequency of the inner cells, f. is the frequency of the sidc
cells of the inner cavities and Jee 15 the frequency of the side cells of the both sides of the SS.

Fig. 6 represents dispersion curve for the SS. The operation mode of the SS, 257/28, is
marked by a circle there. After adjusting of the SS, the frequencies f,. and £, would be
slightly changed, but the shape of the dispersion curve rests almost unchanged. Here, the
adjusting of the SS is defined as the finding of cell’s frequency set which provides high cells
amplitude flatness (AE(,CC/E‘,CC<IO'6) for the mathematical model. In the following, to
calculate the effects of cavity frequency errors on field levels we assume that each cel] has a
frequency f,+df; where df; is a random frequency shift.

For the same comparison, corresponding properties of the TTF 9-cells structure have been
obtained by using this model. The simulation of an accelerating standing wave structure
shows that the structure field nonuniformity is in direct proportional to the average relative
error of cells frequency d£/f. and N2 and in inverse proportion to cell-to-cel] coupling k.

3
N2
O s ~0‘i‘kﬁ , where N[ 1

E A cc
More accurate relation for field nonuniformity in standing wave structure is produced

in ref. [6, 7).
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Fig. 6. Dispersion curves of the 4x7 superstructure and the TTF 9-cell cavity

Defining structure field nonuniformity (cagg) as ratio (Emax-Emean) Emean, one obtains the
average value o from a big number (~1000) of the simulations with a random set of cells
frequency distributions ~500-8fc/fe (%) for the TTF 9-cells structure and 1830-6f£./1. (%).for
the 4x7 SS. Thus for the same tolerance of fabrication and assembling the 4x7 SS has field



unflatness 3.6 times higher than the TTF 9-cells structure. Fig. 6 shows that the ficld
unflatness of each subunit of the SS can be less than the o of the whole SS.

As shown in ref. [8] the effective coupling (k) for a selected mode is in inverse proportion
to (f = f./), mode-to-mode distance on a dispersion curve. In addition, for a well
adjusted multiperiodic or a biperiodic structure it should be minimized in the operational
mode point [6].

Experiments in the present TESLA Test Facility have shown the ospe of TTF 9-cells
structure ~ 5% [9]. It leads 5% reduction of E. for this structure. It means also ~18.3% field
unflatness for the 4x7 SS with the same errors of fabrication. In addition SLANS [11]
calculation has shown a ratio Eu/E.. in the side cells is 2.3 (Epad/Eacc=2.0 for inner cells).
Therefore the side cells have the effective accelerating rate 13% lower than inner cells. The
total reduction of E.y for the SS is 2/7%13%=3.7%. This factor for the TTF 9-cells structure
(Dube=78mm) is negligible ~0.2%. Thus the resulting effective gradient £,y for the 4x7 SS
will be 0.1% lower in comparison with the £, of the TTF 9-cells cavity (see Tab. 1)

cav. #1  cav. #2 cav. #3  cav. #4
1.2

+ -
T t+ 7
+ 1+t + I.

1 b ) . +
0.8 Lt
0.6

0.4

Amplitude (arbitrary units)

0 5 10 15 20 25 30
Cell index

Fig. 7. Computed amplitudes in the model of 4x7 superstructure (3£/f,=10"*)

To understand more clearly the nature of the high field unflatness of the SS it should be
noted that the SS behaves as a multiperiodic structure but not as its subunits. Evidently in
this case the cavity-to-cavity field nonuniformity is more higher than cell-to-cell capp into
the each cavities of the SS (see Fig. 7). The dispersion curve of a MxN superstructure has
(N-1) stopbands [10]. Like biperiodic [6] or ordinary standing wave structures the
multiperiodic structure has the worst point for field flatness m and the best point near /2.
Pretuning of a multiperiodic structure means the minimization of nearest to work point
stopband just as biperiodic structure. The 4x7 SS needs this pretuning too. But for & mode in
this 4x7 S5 the field unflatness would be ~ 4300-8f,/f. (%), i.e. ~ 43% for obtained on TTF
cells frequency scattering. This value exceeds the unflatness of TTF 28-cells structure
~ 2400:0f./f. (%).

The next problem concerning the SS is the complexity of the dynamic structure tuning. For
instance onc can simulate the effect of cavity tuning by "compression" of one of the cavities.
We define a compression of one cavity as an uniform changing of its cells frequencies. Fig. 8
demonstrates the field unflatness of each cavity and of the whole SS vs frequency tuning of
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Fig. 8. Field unflatness as a function of frequency detuning of 3-rd cavity in the 4x7 superstructure

third cavity (see Fig. 7). Strong influence of this tuning on the field of other cavities has been
shown. It means that an independent cavity tuning is impossible in the SS. The tuning system
and operational control for the SS will be more complex than for the TTF structure.

3. Optimization of the 4x7 superstructure.

The ficld unflatness in the 4x7 SS vs side cell - side cell coupling kg is shown in Fig. 9. The
optimum of G is situated between the values of ks 0.03 and 0.04.

kgs =0.0022
25 - {
] |
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Fig. 9. Relative unflatness in the 4x7 superstructure as function of coupling k,, (8f/f=10*, k.=0.01 852)



As meutioned above the operational mode of the SS has stopbands. According to ref. [2] the
field flatness of a multiperiodic structure reach maximum at a minimum width of stopband.
In this case the coupling cavity chain of the S is evidently undercoupled for 4,<0.03 and
overcoupled for k,>0.04. However k,=0.03 corresponds to diameter of interconnecting tube
of about 120mm. This leads to ~14.9% reduction of accelerating rate in side cells. The total
gain in 2., cxpected for the SS with 4,=0.032 is 2.65%.

Parameter TTF cavity Superstructurc SS (ks=0.0032)

Radius of tube (mm) 39 57 60
N, cel//N structure 9/1 . 7/4 7/4
Fill factor 0.875 0.75 0.75
kee (%) 1.852 1.852 1.852
kss (%) 0.22 0.32
Field unflatness for

. 15

_éf/f(-:lowi(%) 5 18.3

Lo/ E e in side cells 2.02 2.3 2.351
Total gain in E,y in
comparison with TTF (%) 01 265

‘Table 1. Parameters of the superstrure and the TTF cavity

4. Conclusion

Examination of the properties of the 4x7 SS shows that there is a strong interference of
clectric field between the coupled cavities. It doesn't allow tuning the cavities independently.
In addition the field unflatness of the 4x7 SS is 3.6 times higher than that of the TTF 9-cells
cavity for the same cell frequency scattering df./f.. If the reduction of the accelerating rate in
the end cells of the cavities is also taken into account, the resulting E.y of the SS is very close
to Ly of the present TTF structure. By doing some further optimizations of the end cells
coupling 4, the Eyy can be slightly increased. But a useful increase of the Ee would need
more precise manufacturing or more sophisticated tuning of the cavity chain.
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