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Summary

The energy Toss due to the excitation of parasitic
modes in the SPEAR Il rf cavities and vacuum chamber
components has been measured by observing the shift in
synchronous phase angle as a function of circulating
beam-current and accelerating cavity voltage. The re-
sulting parasitic mode Toss resistance is 5 MQ at a
bunch length of 6.5 cm. The loss resistance varies with
bunch length g, approximately as exp(- 0.3 ¢,). If the
measured result is compared with reasonable theoretical
predictions, we infer that the major portion of the
parasitic loss takes place in ring vacuum components
rather than in the rf cavities.

Introduction

Excitation of parasitic modes in rf cavities and
vacuum chamber components by a tightly-bunched beam can
be a source of significant energy loss in high-energy
storage rings. Several calculations which estimate the
magnitude of this loss have been made. Sands,! using an
expression based on an optical resonator model of a
periodic structure, has estimated a parasitic energy
loss of 0.08 MeV per T-mode cell at a circulating cur-
rent of 100 mA and a bunch length (o,) of 5 cm, using
the parameters proposed for the PEP rf structure.?

Other calculations have been made recently in which the
r¥ structure is approximated either by a series of
closed "pill-box" cavities® or by a periodic sequence of
disks and cylinders.®’* The result for a disk-and-cylin-
der model of the PEP structure is an energy loss of about
0.012 MeV per m-mode cell, again for a current of 100 mA
and a bunch length of 5 cm. For a structure 90 cells

in length, this estimate and the estimate by Sands give
energy losses of 1 MeV and 7.5 MeV respectively. In
addition, fields can be excited by the beam in the va-
rious vacuum chamber boxes and components around the
ring. The parasitic loss to modes in these "incidental]"
vacuum chamber resonators can well equal or exceed that
to higher-order modes in the rf structure itself.

The Targe spread between the computed values given
above for the hicher-mode loss to the rf structure, to-
gether with the even greater uncertainty in the loss to
be expected for the incidental vacuum chamber components,
makes it imperative to seek out means for measuring
these losses experimentally. Sands and Rees® have pro-
posed a method for measuring the loss to a cavity or
vacuur chamber box in which a short pulse of current is
sent along a thin wire stretched on the axis of the com-
ponent under test. Initial results® are promising, and
the method might eventually be refined to the point
where each vacuum chamber component can be checked to
see whether the level of higher-mode loss is acceptable.
We also realized that SPEAR Il uses an rf structure
sirilar to that proposed for PEP, In particular, the
rf frequency is the same; hence the bunch length and
the excitation of parasitic modes in the incidental
vacuum chamber components are expected to be similar.

Three methods have been proposed for measuring the
parasitic Tosses in SPEAR II. The first, a direct
calorimetric measurement of heating in an idling (non-
driven) rf cavity in which the fundamental mode has been
tuned far off resonance, has not yet been pursued be-
cause it is not compatible with the current SPEAR opera~
ting program. It would be worthwhile to make this
measurement eventually, because the result would make
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1t possible to separate the portion of the loss in the
rf cavities from the total loss. For the present we
have instead pursued two measurement technigues, which
rely mainly on the existing SPEAR control room instru-
mentation supplemented by a few additional simple de-
vices, for obtaining the total parasitic loss to all
ring components. In the first approach, the parasitic
loss is obtained from a measurement of the net rf power
input into the accelerating cavities; in the second, it
is obtained by measuring the shift in synchronous phase
angle as a function of beam current and peak cavity
voltage.

Measurement by Net Cavity Power Input

In this measurement, a single cavity is used to
store a beam at 1.5 GeV at a fixed peak voltage so that
cavity wall losses remain constant. The power input to
the cavity is then measured as a function of stored
beam current i. The higher-mode energy loss per turn
is computed from the following expression:

Voo(1) = (171) [P(1) - P(0)] - V- Vo

Here, P(i) is the net (incident minus reflected) power
input into the cavity at current i, P(0) is the net
power input at zero current, eV, is the energy loss per
turn due to synchrotron radiation, and Ven is the loss
due to the excitation of the fundamental mode in the
idling cavities. In turn, Vg, is obtained by measuring
the output from a coupling probe in each idling cavity.
The calibration factor for each coupling probe is ob-
tained by measuring either the synchrotron frequency or
the quantum Tifetime at a relatively high energy (2.5
GeV) and a low beam current, so that the synchrotron
radiation loss is dominant over current-dependent losses,
The peak cavity voltage U is then readily calculated
from the known ring parameters. The voltage Vy, seen by
the beam is now obtained from the relation

Vy/V = V/Vo = ¢0s y, where 90 is the peak voltage the
cavity would have at resonance and ¥ is the tuning
angle. The ratio U/, is obtained by observing the
change in probe outpu% as the tuners are run to reso-
nance from their (off-resonant) position set during the
parasitic loss measurements. In this way, the resis-
tance per cavity for loss to the fundamental mode was
measured to be Vp/i = 0.5 M2 at cos? y = - 15 db. The
value of this resistance obtained from the cavity para-
meters, assuming a matched rf source, is Vy/i =

[Ren/(1 + g)]cos? v, where Ry is the cavity shunt im-
pedance and 8 the coupling coefficient. For 8 = 1.8 and
Ren = 40 M0 (values obtained from cold-test measure-
ments of 8 and loaded Q and from an R/Q computed by
LALA), a value of Vp/i = 0.48 Mu is calculated, in good
agreement with the measured result.

Values of Ryy = Vp,/i, obtained at high circulating
currents where the change in net input power is largest
and the best accuracy is to be expected, were 4.5 M( at
800 kV and 25 mA and 3.4 Mg at 1120 kV and 40 mA.

These results can be compared with Sands' estimate,?
scaled to SPEAR, of 4.1 M3 for the higher-mode loss
into the three rf cavities present in the ring at the
time of the measurement. Although there is good agree-
ment between this theoretical value and the measured
results at high circulating currents, considerably
Tower higher-mode Toss resistances were measured at
lower currents. Since the bunch length is shorter at
Tower currents, higher resistances would in fact be ex-
pected. Because of this inconsistancy, and because of
the many pitfalls associated with making precise rf
power measurements, it was decided to concentrate



further effort on the synchronous phase shift method for
measuring the parasitic loss.

Measurement by Shift in Synchronous Phase

The synchronous phase angle, measured from the
crest of the rf cavity voltage, is given by
VS + iR
oS & = m————
; (1)

As discussed previously, we expect the total loading re-
sistance R to be the sum of a component giving the loss
to the fundamental mode in the idling cavities, and a
component which gives the lass to the parasitic modes.
Furthermore, we expect!’®’* the higher-mode component
to depend strongly on bunch length, which in turn de-
pends on both beam current and peak rf voltage. Thus,
R = Rey + Ryg(V,1) and we expect to see a shift in syn-
chronous phase as beam current is varied at constant
peak voltage, and as peak voltage is varied at constant
beam current. Using data taken under these two condi-
tions, together with measurements of bunch length,
0,(V,1), we might hope to unravel the dependence of Ry
on bunch length in SPEAR II.

A shift in synchronous phase could in principle be
detected by making an accurate measurement of the shift
in time at which the bunch passes a fixed point, such
as a beam positionomonitor electrode. At an rf frequen-
cy of 358 MHz, a 1~ phase shift corresponds to a time
shift of only 8 picoseconds, a difficult measurement to
make at best. It is possible, however, to measure a 1°
phase shift between two sine waves at 358 MHz. An in-
strument which can compare the phase of two signals to
this accuracy at this frequency is the Rf Vector Volt-
meter.” 1f one input to the Vector Voltmeter is ob-
tained from the rf cavity used to store the beam, and if
the second input is a signal having a phase determined
by the passage of the bunch by a pickup electrode, the
instrument will measure the shift in synchronous phase
as either ¥ or i is varied. A diagram of the experi-
mental arrangement is given in Fig. 1.
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Fig. 1--Instrumentation for measuring shift in synchro-
nous phase.

The chief difficulty in this method of measurement
is the necessity for converting the signal induced by
the beam on the pickup electrode into a semblance of a
sine wave that will be acceptable to the Vector Volt-
reter. This processing is accomplished by a transmis-
sion cavity having a Q sufficiently high so that the
fi1ling time is comparable to the time between the pas-
sage of successive bunches. Alternatively, since the
frequency spectrum of the signal from such a pickup
electrode is composed of a series of harmonics of the
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revolution frequency, the cavity can be considered as a
filter which rejects all components except the harmonic
at the rf frequency. A transmission cavity with a suit-
able Q was constructed from a half-wavelength section

of standard 3-1/8" copper coaxial transmission line.

The loaded Q of the cavity was measured to be 1500 with
the two coupling Joops adjusted to have coupling coef-
fients close to unity. Although the loaded Q could have
been made higher (the unloaded Q of the cavity was 4400),
the phase shift across the cavity would have been more
sensitive to temperature changes. In the present de-
sign, a 0.49C temperature change results in a phase
shift of 1°.

The accuracy of the apparatus was checked by mea-
suring the phase shift as a function of peak cavity
voltage at Tow current and 2.5 GeV, such that Vg >> iR.
The measured and calculated values of phase shift were
in good agreement.

Data on the shift in synchronous phase as a function
of beam current at constant cavity voltage are given in
Fig. 2. Since the instrument does not measure absolute
values of phase but only relative changes in phase, the
phase scale on the vertical axis has been determined by
fitting the data in ways which will be described later.
As will be seen, this calibration might be off by a
degree or two. A further caveat is that these curves
are not to be trusted in fine detail (#%°) and, espe-
cially, they are likely to be misleading below currents
of several milliamperes where the Vector Voltmeter pro-
duces a phase shift error which increases rapidly as
the amplitude of the excitation on the channel (Channel
B) coming from the beam pickup is decreased. The
curves shown in Fig. 2 are the average between two runs
in which this systematic shift in phase as a function
of beam current is in opposite directions.
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Fig. 2--Synchronous phase as a function of team current
at constant peak cavity voltage at 1.5 GeV.

If the higher-mode resistance Ry, were a constant,
a phase shift plot such as that in Fig. 2 would consist
of more or less straight Tines having intercepts on the
vertical axis given by ¢(23) = cos~! ?VS/V). The fact
that the curves are nowhere near linear is a reflection
of the fact that rapid changes in bunch length take



place as a function of current and voltage. To inter-
pret these phase plots, we must know the dependence of
bunch length on 1 and 6. The experimentally-measured
dependence is shown in Fig. 3. Note the following fea-
tures of these curves, which will be used in interpre-
ting the phase shift data. At 400 kV the bunch length
is nearly constant as a function of current above about
10 mA. At about 20 mA the bunch length is nearly the
same for all cavity voltages from 400 to 1000 kv. At
25 mA and above ¢,(1000 kV) tends to be greater than
5,(400 kV), while at 20 mA o, decreases monotonically
with increasing V. Finally, the knee in each curve,
where slope is varying most rapidly, shifts to progres-
sively higher currents as V is increased. In Fig. 2,
the Tlocations of these knees are indicated by K's. We
see that these also mark approximately the locations of
knees in the phase shift plots,
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Fig. 3--Bunch length as a function of beam current for

several values of peak cavity voltage at 1.5 GeV.

An additional feature of interest in the phase
plots of Fig. 2 are the abrupt jumps in phase, indica-
ting discontinuous changes in bunch length, at about
5 mA on both the 1000 kV and 1200 kV curves. Discon-
tinuous changes in both bunch length and beam width
were indeed observed directly by measurements made just
above and just below the currents indicated by the phase
jumps. The beam is also vertically unstable at currents
just above the phase jumps. In addition, there is an
abrupt increase in the strength of the beam excitation
at the synchrotron frequency as the current increases
through the phase jump. A possible interpretation of
these phase jumps is that they mark regions of negative
resistance on the ¢(i) curves, such that an increase in
current would produce a decrease in loss if it were not
for the jumps. A stable bunch length is not possible
in a region where do/di is positive.

We can extract a parasitic mode resistance from
the data given in Fig. 2 from the slope of the 400-kV
curve above 10 mA, where the bunch length is nearly con-
stant at about 6.5 cm. By differentiating Eq. (1) with
respect to current, we find

R = ¥ sin g (- desdi) - 1(dR/di) . (2)
If bunch length is independent of current, we can set
dR/di = 0 and R can then be calculated from the slope
dé/di at constant voltage. An error of a few degrees
in the absolute value of & makes little difference,
since sin ¢ = 1. In this manner, we obtain R = 6.8 M
in the 10 - 15 mA region of the 400-kV curve. We next

look at the error that is made by ignoring a small rate
of change of bunch length with current. Let us approxi-
mate the higher-mode loss by Ryp = A exp{- Bop). That
this is a reasonable form for the higher-mode loss (over
the Timited range of bunch lengths under consideration
here) is shown by the detailed calculations in Refs. 3

and 4. We will later show that experimentally B = 0.3
for SPEAR II. Using this form for Ry, in Eq. (2), we
obtain

AR/R = iB(1 - Rgy/R)(dog/di)
where AR = 1(dR/di). For B = 0.3, i = 20 mA,
Rem = 1.5 MR and R = 6, we calculate that a do,/di of
1°¢cm per 50 mA will produce a 10% error in R. This is
the order of the slope of the 400-kV curve as drawn in
Fig. 3, and is below the resolution of the actual bunch
length data. The sign of the error is such that the
true value of R will be larger than the value calcula-
ted from Eq. (2) under the assumption that dR/di = 0.
The change in synchronous phase was also measured
as a function of cavity voltage at constant current.
This data is analyzed by assuming an absolute value of
phase at some particular voltage, say 1200 kV, and then
using the measured phase shifts to obtain the phases at
other voltages. The loss resistance R is then computed
from Eq. (l?. The characteristics discussed previously
of the 0,(V,i) curves are used to determine the best
value of ¢${1200 kV). When we have chosen the correct
absolute phase, we should find, for example, that at
20 mA R is nearly constant independent of V, since the
bunch Tength is also nearly constant. Results are
given in Table 1 for several different values of the
absolute phase at 1200 kV. We see that a phase at
1200 kV of B81© or 82° produces a roughly constant value
of R over the measured values of ¥, while there is con-
siderable variation in R for 800 and 83°. Proceeding
in a similar manner for other values of beam current,
we obtain the results shown in Table II. The phases
have been chosen such that R is roughly constant at
400 kV, while at 1200 kV the variation in R is consis-
tent with the bunch length data shown.

TABLE I.

R as a function of : at 20 mA

for several assumed values of phase at 1200 «V

‘ v s R s R ¢ R s R ﬁ
{ 1200 | 80° B My | 817 7.6 My 82° 6.6 Mi . B30 5.6 M3
‘ 100 | 796 8.2 | 306 7.2 l 81.6 6.3 . 826 6.3
P00 | 79.c 7.8 8.0 6.3 (810 6.1 8.0 5.2 J
, 300 5 78.0 7.6 % 790 68 |80 61 |80 53 é
I 800 ] %7 75 |77 e 8.7 6.1 1 197 54 |
| 700 1742 7.8 ;7&? T2 782 66 7.2 £.0

! 600 l?LS 7.8 72.8 7.3 73.5 6.8 i74ﬁ £.3

! 500 | 68.3 7.5 % 89.3 7.1 703 6.7 713 6.3 ;
i 450 ' 66.3 7.3 7.3 6.9 i 68.3 6.6 ; 69,3 6.2

| 400 | 63.3 7.2 | 643 6.5 653 6.6 D66.3 6.3

i
H

The data in Fig. 2 can alsa be converted into re-
sistances using Eq. (1). The result is shown in Fig. 4
for three values of ¢,, where ¢, is a phase deviation
which is added to the scale shown on the vertical axis
of Fig. 2. A value of ¢, = - 20 is seen to be most
consistent with the bunch length data. That is,

R(400 kV) decreases monotonically with increasing cur-
rent, all the curves cross in the neighborhood of 20 mA
and the curve for R{1200 kV) continues to decrease
above 20 mA. For ¢, = - 29, the values of ¢(1200 kV)
at currents of 10, 15, 20 and 25 mA are 82.5°, 82.5°,
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where ¢ is the phase as shown in Fig. 2 and ¢, is a phase offset.
TABLE I1. 20 T 1 I T
~ Measured
Best choice of ${1200 kv) ~ Rpm=37 e-O.l’:O oz
to give R consistent with bunch length data 0
current | $(1200 kv) | R(400 kv) o (400 k¥) | R(1200 kv) o, (1200 &V) C
25.0 mA 80.5° 6.1 M 6.4 cm 6.1 M 6.6 cm - *
Predicted
20.0 81.5 6.7 6.3 6.5 6.3 5r- (Ref. 1)
15,5 82.5 6.9 6.3 7.1 5.5 a e —
10.2 83.0 6.8 6.2 10.7 4.6 Z
€ .
o
829 and 81C, respectively. These values agree well
with those given in Table II, obtained from the phase 2 n
variation measured at constant voltage. Finally, from ﬁ;?%ﬁe& onty)
Fig. 4b we see that, at 20 mA where o, * 6.3 cm, the vities Only
total loss resistance R is about 7 Ma. This result is
also in reasonable agreement with the results in Table |
I1. n ]
We are now in a position to make an estimate of - -
the varfation of parasitic loss with bunch length. - -
Higher-mode loss resistances Ry, = R - 1.5 MQ are ob- L -
tained for the varjous cavity voltages in Fig. 4b at a 0.5 | |

current of 10 mA. In Fig. 5 these resistances are
plotted as a function of the measured bunch length for
the corresponding cavity voltages at this current. The
plotted results are also seen to be in agreement with
the values of R and g, given in the last two columns of
Table II. It is seen that the variation of Rnp with
bunch Tength is slower than that computed* for the rf
cavities alone, and that the magnitude is considerably
higher. Recall also that the analysis from d¢/di at
constant voltage gave a value of Ryyp = 5.3 M2 at 400 kV
and 15 mA (g, = 6.3 cm). From Table Il we have about
the same result from the analysis at constant current.
This combined result is plotted as an open circle in
Fig. 5. Also shown is the value estimated by Sands.

Implications for High Energy Rings

If the result of the present measurement

{Rpm = 5 M2 at o, = 6.5 cm) is scaled from SPEAR 1I to
PEP parameters assuming first that all of the higher-
mode loss occurs in the rf cavities, then Ry, scales as
nL/b where n is the total number of individual cells in
the rf structure, L is the circumference of the ring
(proportional to the harmonic number for a fixed rf
frequency) and b is the number of bunches. Thus, for a
90-cell PEP structure, Ry, {PEP)
(90/20)(2592/280)(1/3) x 5 My = 70 Ma.

In the design
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Fig. 5--Computed and measured parasitic mode loss re-
sistances as a function of bunch length.

of the PEP rf system, excess rf power has been provided
to allow for a 75-MQ parasitic loss resistance.

On the other hand, we have seen that the present
experimental results give a value for the parasitic loss
which is nearly an order of magnitude greater than the
loss predicted by recent computations for the rf cavi-
ties alone. It is about three times higher than the
loss computed assuming that the rf structure is com-
posed entirely of pill-box cavities with no beam aper-
tures. It is difficult to see how the Toss in a struc-
ture with a beam aperture can be larger than that for a
closed pill-box cavity, where the calculation is not
approximate. We are compelled to conclude that either
the present measurement is in error, or that a major
fraction of the higher-mode loss occurs in the vacuum
chamber components outside of the rf cavities. If we
assume as a worst case that all of the parasitic loss
occurs in the vacuum chamber components, and that the
PEP and SPEAR components will have similar loss charac-
teristics per unit length of ring circumference, then



Rug scales as L2/b and Ryn(PEP) =
(2592/280)2(1/3) < 5 Ma = 140 Mq.

No great care was taken in the design of the SPEAR
vacuum chamber components to minimize higher-mode loss,
and it therefore seems reasonable that by careful at-
tention to the design of the PEP components the average
loss per unit length can be reduced by a factor of two
to reduce the total parasitic loss resistance to the
acceptable value of 75 MQ. In any event, the present
measurements indicate that parasitic mode loss must be
an important consideration in the design of the vacuum
charber components for the next generation of electron-
positron storage rings.
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