Proceedings of the Fourth Workshop on RF Superconductivity, KEK, Tsukuba, Japan

SC-CAVITY OPERATION VIA WG-TRANSFORMER

Bernhard Dwersteg
Deutsches Elektronen-Synchrotron DESY, Notkestr. 85, D-2000 Hamburg 52

Abstract

Varying beam currents in storage rings like PETRA and HERA strongly change the
match condition of the generator-cavity system. To maintain optimum energy
transfer variable input coupling is needed. A variable waveguide transformer
wvas developed which covers transformation ratios of 0.2 to 5., Additionally
this device allows to change the cavity phase independently. The parameters of
a system consisting of generator, transformer and superconducting cavity under

operation in a storage ring will be discussed,
" Influence on Cavity Impedance

Superconducting cavities. have very low losses. Use of these cavities for beam
acceleration in storage rings causes beam losses which normally are much
higher than the wall losses. So superconducting acceleration structures which
are normally driven in CW operation offer the possibility to transfer nearly
all of the transmitter power to the particle beam, But condition for this is:
The cavity input impedance must match the transmission line impedance.

How constant is the cavity input impedance?

Lov wall losses and high power transfer to the particle beam are features of
highly beam loaded cavities. Consequently the loaded Q-values depend on beam
intensity and acceleration gradient, The acceleration gradient itself changes
wvith generator power and with the synchronous rf phase to which the particle
bunches are shifted by beam dynamical mechanisms of the accelerator or storage
ring. )

Acceleration gradient, beam intensity and generator power can vary very much.
Due to rf phase the gradient may change within a factor of 2 or 3 at same peak
field in the cavity. Beam intensity can change by nearly a factor of infinity.
Cavity power transfer to the beam - the transmitted part of generator power -
is about the product of gradient and beam intensity. But the ratio of both is
determining loaded Q-value, impedance and hence power reflection of the
cavity. v _

So even under normal operation conditions of an accelerator the input impe-
dance of a superconducting structure will change very much.

This is much different from the operation of normal conducting acceleration

cavities, where the wall losses are dominating and even limiting the
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achievable gradients. Here only at very high beam loads the operation situa-
tion is getting to be comparable to the situation described above.

Matching of accelerating cavities needs the external Q-value of the high power
coupler to equal the loaded Q of the cavity. This condition equals the re-~
quirement of impedance match at a plane between cavity and feeding line. A
fixed external Q of the main coupler can provide match only for one operation
situation. In all other situations there are more or less high amounts of re-
flected rf power - up to full reflection - to be expected and it will not be
possible to transfer all of the transmitter power to the beam. This results in
reduced acceleration gradients and in wasting the non transferable part of

generator power to the reflection absorbers.

Match of Variable Impedance

In order to avoid those disadvantages of fixed coupling there is an urgent
need for variable coupling of high rf power to acceleration structures with
high beam load. There are principally two possibilities to realize variable
coupling. It can be done either mechanically by change of the main coupler
antenna or loop position in the cavity or by microwave electrical trans-

formations in the rf feed line of the cavity (Fig. l[l], Fig. 2).
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Fig., 1 Example of variable coupler for low power
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Fig, 2 Tunable plunger for waveguide. transformer

Both solutions have advantages and disadvantages. An advantage of mechanical
antenna motion is that its range of external Q change can be very high without
any standing waves on the feeding line after finding matched position. A big
disadvantage is its very critical construction especially in the environment
of a superconducting cavity and under the need for very high power transfer.
At the other hand transformers in the feeding line between cavity and high
pover transmitter are much simpler in construction. But rf transformation
techniques are based on standing wave handling (Fig. 3).

ELECTRICAL LENGTHS:  $12:75¢ $23:187¢  $load=86* CAVITY:
— o - . . Lod
2 ? —© 7] IHPEDANCE
ADHITTANCES ADH1= ADM2 laona= CA
3.4721 8.4/21" 3.2/21
= — =F
STANDING  SWRinp=  [SWR12s SWR23=  [SWRloads
WAVE 1 12.3 14.5 5
RATI0
o—d d ) °
LINE
IHPEDANCE 21 21 A z1

Fig. 3

devices inside a waveguide
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There are standing waves inside the transformer and on the section between
cavity and transformer in order to realize a match situation towards the
transmitter at the input plane of the transformer.

Physically the standing waves are necessary because the input coupler of the
cavity will be set to a preselected constant external Q-value. The excitation
of standing waves between transformer and input coupler results in an increase
of forward pover at the coupler and consequently also of input power to the
cavity. In the matched case the transformation ratio is chosen Jjust so that
the cavity input power equals the generator forward powver at the transformer
input. -

The standing wave ratio gives raise to additional losses in the transformer
and on the section between transformer and cavity. These increase with the
transformation ratio. It turns out that the maximum transformation ratio is
limited by the maximum tolerable losses inside the standing wave area in-
cluding the high power coupler. Another limitation of high transformation
ratios are increasing mechanical precision requirements of the transformer.
For the HERA superconducting cavities the wavequide (WG) transformer is chosen
to solve the problem of variable éoupling. The transformers consist mainly of
a partition of WR 1800 waveguide cavity feed line with several cylindrical

plungers inside[z] (Fig. 4, Fig. 5).

Fig. 4 Variable waveguide transformer, plunger and clamp ring
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Fig. 6 Basic set-up of cavity driven by transformer
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For heat loading of the coupler window it is important to know that the
vindows of the DESY SC cavities are placed in a voltage minimum if the beam
current goes to zero. This will change into a voltage maximum if high beam
current causes undercritical coupling of the cavity.

Given parameters are

for the cavity:

n number of cells of the cavity

L length per cell

Qo unloaded superconducting cavity quality factor
R/Q0 characteristic impedance per cell

€ comax maximum allowed peak gradient (before quench)

for the coupler:

Pforwmax maximum forward power at the coupler (cryogenic + electrical design
value)
- 2 i ; i
Pnorm = Unorm / 11 unreflected maximum forward power at the window as a

reference for the maximum voltage U
norm

for the transformer:

BTmax maximum impedance transformation ratio of the transformer

8 minimum impedance transformation ratio

Tmin

for the machine current:

I average current of the bunches

0] bunch passage phase after cavity voltage maximum (synchroneous phase
angle)

Variables:

P = U*I total power coupled to the cavity which is coupled to the beam

under neglection of wall losses (only a few watts)

w = 2*7*f circular frequency of generator

W cavity stored energy

Qo Quality factor of cavity

G peak acceleration voltage of cavity

u =0 *cos(¢) actual bunch acceleration voltage

B standing wave ratio, mismatch at window position
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Zl line impedance
Uf vindov voltage
Bin transformer input VSWR

In the following procedure an external Q-value of the cavity will be deter-
mined by selecting a given beam current IG and a pover transfer P0 to the beam
as match condition. Based on this external Q-value it will be tried to find as
a function of beam current all important operation parameters like:

Power transfer to cavity, peak acceleration field, normalized window voltage,
wvindow VSWR, coupler forward power, transformation ratio, maximum allowed or
possible generator power.

At the same time important limitations like quench field of the cavity,
maximum window voltage, maximum forward coupler power, maximum and minimum

transformation ratio should not be exceeded.

With
Q= wW _ QR _ 9 (0/n)° )
P P P (RIGNG
__ 0% _P/l-cose)?
n(R/G)-P  m(R/Gy)-P

12 n{R/Qy) cos?p n-(R/Qy)- cos?®

the external Q@ of the coupler is

P 1
(2) Q- ————
15 n-(R/Gy):- cos’®

It can be shown that after selection of Qext the window voltage is dependent
only on the beam current,

From known relations

(3) p:pfw-_l:ﬁ—_ . UF=m'—2-L
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ve get

(3a) UF._:-\/ZL.[;.p" ) Ug YZ B-P ’BP/ ’R\orm
L

Unrm  VZe Uiral 2

With (8) the result at beam current Il is

(4) Y- /1/ hotm

The window voltage UF is independant of cavity/beam pOWerAPl and cannot be re-
duced by reduction of generator pover.

The maximum cavity power is
(5) Fi"' %enmnx

and the corresponding peak field is

B

6 Eqcer =
(6) acet l;-cos¢-n-L

If this field is too high, then
(7) R = Eqeer - h-089-n-L i Eqeer= Eace max

From (1) and the minimum voltage position of the window at low currents the

windov standing wave ratio results to be

(8) Bzl _-R. K
" a0, R _;]o"’

This equation shows, that match will not change if

- )
(8a) R=R .l
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Corresponding to (3) this yields the coupler forward power

(140
(9) Porw= B - —lfmﬁ

If this power is too high, then Pl has to be recomputed with the maximum

alloved value P This can be done by (3), replacing P by P., B by 8

forwmax*
and solving for P

1’ 1
1}
2

(10) R=2-%*f”__—7?-8"i

Pforw max 2
0 . IO

After this Eaccl and Bl corresponding to (6), (8) have to be recomputed.
Within the limits of B8 B, .
Tmax?! ~Tmin

(11) Bri = By is valid.

Othervise BT is limited to be

1

(lla) p'ﬁ = B‘rmax or ﬂT1 = nTmin

This means that the transformer ratio within given limitations compensates for

mismatch 8. From (3) and Fig. 6 it is clear that

Y
Rent = R,Sﬂ*ﬁm) is valid.
l*ﬂin
Now Bin has to be determined.
If one takes for example voltage minima Uy (current il) at the input side and
u, (current iz) at the cavity side of the transformer, then in the matched

case

- 2
2 ¢ cavityimpedance _ u
UZ / - '—‘L

at window 2L

The device between positions of Uyy il and Usy i2 is a linear 4-~pole and it
behaves like an ideal transformer of voltage transformation ratio;/BTl. Its

current transformation ratio is l/VBTl. With an impedance B, we get (Fig. 6)

1
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Yo n UL
31/h-nm-}iW£%/ZL=ﬁdm1

(Rem,: Application of a wave parameter model computation leads toc the same
result.)

This yields under the preceding conditions the generator power

2
(12) Rens = B LB/ Bry 1™

L4/ By

Operating HERA Superconducting Cavities via Transformers

Equations (1) to (12) allow a description of the system behaviour like shown
in Fig. 7 ... 14.

Here the equations are evaluated for the HERA case:

The external Q of the main coupler is chosen to be 2 E5, This decides the
ratio of beam transfer power anq the corresponding square of beam current
(r/Q0=115 Ohms per cell, n=4, synchronous phase angle = 39 degrees). Under
specification of a maximum available generator power of 100 kW Fig. 7 and Fig.
13 show that at low currents, up to 30 mA the generator power has to be
limited for 2 reasons.

The specified peak acceleration field should not be exceeded (Fig. 8) in order
to avoid quenches. In addition the maximum forward power of the coupler should
not be higher than 120 kW at high reflections (Fig. 11, 10) because the
cryogenic part of the coupler is limited in power dissipation.

The window SWR (Fig. 10) has to be compensated by the transformation ratio of
Fig, 12. But the transformation ratio is limited to 0.2 as lowest and 5 as
highest value.

Fig., 7 shows the peak gradients which are limited by the available rf power at
higher currents. For real acceleration the synchronous phase angle of (here)
39 degrees has to be taken into account.

Fig. 9 shows the normalized windov voltage. The square of it is proportional
to the heating of the ceramic window by dielectric losses.

It was shown by computation that the input standing wave and the power flow
into the cavity are compensating in such a way that the window voltage is only
dependent on beam current and external Q-value setting. Hence limitation of

heat load of the window is only possible by limiting the beam current.
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Fig. 14 shows the powefs vhich would be required to match the cavity to the

line at given external Q and beam load,
Conclusions

The special match problem of high rf input power for superconducting cavities
vas described, It can be solved by application of variable WG transformers.
The operation parameters of an rf system with use of transformers are computed
under neglection of the cavity wall losses and applied to the HERA situation,
Comparison of Fig, 7, 14 shows that match can be realized by the transformers
over a wide range of beam current. An important precondition is proper choice

of external Q.
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