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SUMMARY

The purpose of this paper is to investigate the modes above the
cutoff frequency of the ISABELLE vacuum chamber, and to measure some
typical values of the longitudinal coupling impedance. (The investigation
was limited to only those modes that have fields in the beam pipe.)
Measurements show that the impedance, Z, between 2.6 and 2.8 ‘GHz, can be
as high as 10 x n ohms, where n is the ratio of the excitation frequency
of the beam divided by the fundamental rotational frequency of the
ISABELLE ring. Future work calls for an investigation of the coupling im-
pedance above 2.8 GHz; preliminary work indicates that these impedances .Z./n,
can be considerably higher than 10 ohms,

1, Definition of Coupling Impedance

The measurement techniques to be developed are based on the fact
that the coupling impedance, Z, between the beam and cavities, formed
by the vacuum chamber, is 1dentica1 to the shunt impedance Rs, as defined.
for linear accelerators, where

L ‘ L

2 .
j Edz ] // j P(z)dz (1)
o ‘ J o | -

and where E is the actuyal field as seen by a beam of charged particles
travelling through a cavity of length L, and P(2) is the average power
loss per unit length along the cavity.

We let E = E F(z)£f(z,t), where E, is the peak field, F(z) is the
spatial field distribution as a function of z, and f(z,t) is dependent on
the particle's velocity and position in relation to the phase of the R F
field.

If we consider a cavity that ‘has a periodic length L, then the field
distribution , F(z), can be decomposed into a Fourier series having
spatial harmonics:

a . =]
- _0 .
F(z) = " + Zl (ak31n6kz + b, cosBkz> ,

- 2)

where the propagation constant Bk = 2mk/L.
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We will only consider particles that have a constant velocity vp$
therefore, z and t are linearly related by the expression z = vjyt. The
function f(z,t) depends on both the frequency of the cavity, w , and the
velocity of the beam., Using the definition that wnp /vp =Bh = Qﬂh/L, we
can now write o

f(z,t) = sin(wmt + cp> = sin<ATL£E + C.0> s (3)

where o is the phase angle between the beam and cavity voltage.

We can now write Eq. (1) as

A

Ot ¥

an .
o) - 2k 2k Vails e
[—— kLl (ak sin = z + bk cos = z )] sin <_L z + C{))dz &)

From the above equation we see that when k # h, then Rg = 0; and when k = h,
we get Rg > 0., It should be emphasized that we are only dealing with syn-
chronous particles, where h is an integer; therefore, the coupling impedance
per cavity, of length L, is the same for all cavities,

For nonsyncronous particles, h is not an integer, and, therefore, the
phase  is no longer a constant but varies as a function of z and t. It is
still possible to have Ry > 0,. but the value of Rg will vary as a function of
z and t,

2. Perturbation Measurements

We would now like to find the coupling impedance, Rs’ by measuring the

field distribution along the beam line of a cavity and applying these re-~
sults to Eq. (4). Figure 1A is a schematic representation of a typical
section of the ISABELLE vacuum pipe and pumping stations where the dimensions
shown are approximately those of the real machine. We now consider a - cavity
of length L by placing shorting planes as indicated in Figure 1lA. Of interest
are the TM,j, modes which have an axial electric field distribution E,, as

shown in Figure 1B; it is these fields that contribute to the longitudinal -
coupling impedance. '

The fields are measured by pulling a small metal sphere, of radius .
ro = 0.0032m, along the axis of the cavity. The change in frequency along
the cavity is given by

2 3
Z — E:0 Z [0}
Af - E mr
£ W ?
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Figure 1A. 1ISA Vacuum Chamber Model.
Figure 1B. Some Typical TMoim Field Distributions.
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where E, is the peak electric field in volts per meter at a point z,
€,= 1/(36m x 10%'F/m, W is the stored energy in the cavity in joules,
and f is the unperturbed frequency of the cavity. From the above
equation we get

' ¥ : L
LAfﬁz)/fg X W - EOF(z). (5)

(o}

- ‘ € Mir
o

By substituting Eaqs. (3) and (5) in Eq. (1), and remembering that

L
qQ = znwf/ r p(z)dz ,

we get .0

JL 2

R, = _5.2_9_5 JV'Af(z) <sin 233 z + cp>dz (6)
w Goro Y

Equation (6) can now be evaluated for the different TMplm modes. by
inserting the measured value of w , Q , and Af (2z). Figure 1B shows some
typical measured field distributiOns Which were derived by using the
measured values of Afy(z) and Eq. (5). The actual data can be handled
in two different ways: The information for Af_ (2) can be numerically in-
serted in Eq. (6); or as we were actually able to do, an analytic function
can be fitted to the data. It was surprising that a relatively simple
function matches the data to a high degree of accuracy. For example, the
TMolm Modes, as depicted in Figure 1B, can be described as follows: for
the regions O to a/2, (L - a)/2 to (L +&2)/2, and (2L - a)/2 to L, the fields
are essentially equal to zero and therefore Af (z) = 0; and for the regions
a/2 to (L - a)/2, and (L + a)/2 to (2L -a )/2, the actual field can be de-
scribed by a simple sine function. We may now rewrite Eq. (6) as

t H 1

thtl'ﬁfrrtm.x .a/2 21h
R = —f/—F— J 0 x sin[— 2z + m) dz
o

w €r
m o o

(L-a)/2

+ . z - al2 . 21h
‘ sinmT L/2 -~ a Sin{ T 2 + ¢} dz
a/2
(L+a)/2
+ f 0 x sin 2%h z + ¢ |dz

(L-a)/2
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(2L-a)/2
+ D" J sinafT 2 'L§T£ a :)/2 sin <2"Th z + cp) dz
(L+a)/2
L 2
+ ‘[ 0 x sin<—2—‘:‘—hz+cp>dz s . (7)
(2L-a) /2 o o
where
- f 2
. O

(see Figure 1B). It is obvious that for our particular cavity, having the
fields as shown in Figure 1B, the only spatial harmonics that exist in Eq. (4)
are the ay sin 2mkz/L terms, where k =1, 3, 55 "ees:' By comparing Eq. (7) with
Eq. (4), it is dpparent that for synchronous particles with =20 we get a
maximum Ry for h = k = (an integer). Therefore, Eq.. (7) reduces to

et L sgamdli+ - )™ TP rhe C
R =% 3 ) . 2 2 a8
w % ¢ mm 1= (h/m) 5(1 - 2a/L ] -

m oo L

3. Application and Results

Before attempting to apply the above method, it' is essential to consider
the dispersion curve of the cavity structure. The measured @ vs B diagram is
shown in Figure 2 by a solid line, where § is plotted in terms of the spatial
harmonic number h, Also included on the diagram are the dispersion curves of
the spatial harmonics, as indicated with dashed lines,

The actual measurements were made on a cavity whose length was L/2
rather than L. There were two reasons why this was done: The first is that
the only model available at that time was L/2 long, and the second was that
the room in which the measurements were made was too small to accommodate a
larger model. The modes actually measured (on this L/2 cavity) are shown in
Figure 2 as dots. Had the cavity been of length L, other modes would have
been measured; these modes are shown by crosses, in Figure 2, and were ex-
strapolated from the data,
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Since we are interested in particles with velocity v, = ¢, we must now
find the spatial harmonics that match this particle velocity, that is
Vp T Vg = ¢. By plotting the line v, = ¢ in Figure 2, we can immediately

determine where this occurs. Using Eq. (8), it is now possible to calculate
the shunt impedance as a function of W, for the different spatial harmonics
that intersect the vp = ¢ line in Figure 2. The details of these calculations
are given in the Appendix, and the results are shown in Figure 3,

4, Conclusions

Of interest to the accelerator builder is the total impedance around the
ring as seen by the beam and expressed as a ratio of Z/n, where Z = Rg x Lo/L
(where Lo is the total length of the structure around the ring, and L, as be-
fore, is the length of a single cavity) and n = fm/fo (where f, = 78kHz, the
fundamental rotational frequency of the ISA). For the results given in this
paper we used the approximate relation that Z = 400 x Rg. Figure 3 is a plot

of the measured Z/n for different modes. It should be noted that some of the
modes have a Zn = 0. These modes all have a value of n + h equal to an odd
number, and from Eq. (8) we see that the corresponding Rg = 0. What this
implies, for the particular structure being considered, is that the symmetry
of the structure does not allow certain spatial harmonics to exist. The re-
maining modes shown have relatively narrow resonances where Qy, values are
between 4100 and 4600,

If the impedances as measured prove to be troublesome, it would be
necessary to change the design of the structure. Some thought has already
been given to design.changes which would lower the Qn values and thereby
reduce these impedances. Any major change must be carefully considered for
its possible impact on other machine design parameters., ’

Figure 3 does not show .all the possible resonances.. Measurements were
made on a single cavity; and:had ‘the structure had more than one cavity
many other resonances would have been observed., It is difficult at this
time to predict what these other resonances are since the structure will no
doubt have stop bands throughout the dispersion curve., A model is now being
built to study this problem. -

Measurements above 2.8 GHz become difficult due to the mixing of the
TMB modcs with other modes. In order to determine Rg albove 2,8 GHz
ano%ger method must be used, 1In a subsequent paper we will develop a pheno-
menological method of calculating these impedances. It should be pointed
out that preliminary work indicates that Rg above 2.8 GHz will be considerably
higher than the numbers given in this paper.
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Appendix

To illustrate how Eq. (8) is used to calculate Rg for the different
modes, let us consider Figure (4) which is an expanded section of Figure (2).
For those curves identified by odd Roman numerals, Rg = 0. This results from

the fact that for these curves m + h equals an odd number, and when sub-
stituted in Eq. (8) we get Rg = 0.

For the curves indicated by even Roman numerals, the Ry must be cal-

culated at the point where the curve intersects the line vp = C. At this
point, we have the condition that vp T Vm = ¢, There are two cases to be

considered:

(1) The m = 11 mode has a spatial harmonic on curve IIX that lies
- on the line v, = ¢, It is a simple matter to calculate R
of this spatial harmonic by substituting in Eq. (8) the
values of m =11, k = 71, and the measured Qp1, wyy, Afy1M8%,

(2) For the curve X, where no spatial mode lies on the line Vo = €,
Rg must be extrapolated. We first ealculate Ry for the points
A, B, C, and D.as was .done in the previous example. Each of
these points has its own set of parameters for m, h Qms Wy
and also its own phase velocity v, = W/ Bm= £ L/h The results
are plotted in Figure 5, showing RS Vs v, /c. The condition of
interest is where V@/c =v_/c =1, which corresponds to the inter-
action of a spatial harmonic wave and particle wave both traveling
with a velocity equal to c, and the resulting Rj =685 {i. This
results in a Z/n = (400 xR )/n =80, rememberlng that
n = fn/fo, as defined in theé first paragraph of Section 4,



_0‘[ -

x (2TTx10%) = w

4

26804 0/ - m=15
/
/
/
/
/ .
P - m:14
2670 /
/ .
Xa ’
/
(1MH;]
°/ - m=i3
/
/
2660- XL
/
a/
x - m=12
/
/
X/ /_.
2650—ﬁ /
) - m=ll
/
IX/ P
u/ =
, +— m=10
x”
264C—
7 T T T 1 T

78 74 75

>x(%l=B

Figure 4. Section of w vs B Disrersion Curve.

¥ B

Ry (2}
[}
800 — 8
APTTN
/ N
/ AN
/ \
700 7/ \
y; “—Ry,= 6858 \
/7 x A
/ \
C 4 \
60C — /
/
/
/
/
500 — /
/
/
Cx-
/ L VD 3¢
/
a00
T — T T T T Ve
- .990 .995 1.000  1.005 1.010 1.015 1020 ©

Figure 5. Extrapolation of Rg-





