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Introduction

Electron or positron beams in a storage ring radiate
electromagnetic energy ata rate proportional to the fourth
power of the recirculaling energy, and this loss must be
supplied by an rf system. Furthermore, a substantial
overvoltage is required to contain the stored beam against
losses due to quantum {luctuations in the cmitted photons .(1)
The energy loss per turn and the required rf voltage for
the first few storage rings built was quite modest: for ex-
ample, the storage ring ACO at Orsay required a peak rf
voltage of about 20 kV. This voltage was supplied at a
frequency of 27 MHz by an rf cavity formed around a ce-
ramic gap in the vacuum chamber of the ring. Later rings
required higher voltages. In the SPEAR ring at SLAC, a
peak rf voltage of about 600 kV is required to operate at
the present design energy of 2.8 GeV. Ceramic gaps are
no longer feasible at these high voitages, and in SPEAR
the rf voltage is provided by two vacuum cavities opera-
ting at 51 MHz. These cavities are about 2-1/2 meters
long and provide a shunt impedance of about 2 megohm
each, which is far from an optimum design. Atthese fre-
quencies an optimum design would have required a cavity
several meters in diameter, but with the straight section
space available it was not necessary to produce a cavity
design with the highest obtainable shunt impedance. An
improvement program is now underway to increase the
energy of the SPEAR ring to 4.5 GeV. At this energy the
radiation loss per turn is 2.8 MeV, and to maintain a
reasonable lifetime against quantum fluctuations a peak
voltage of around 7 MeV is required. Thus, the rf system
is similar to a continuously operating 7 MeV linear accel-
erator. Furthermore, the available straight sectionspace
in the ring which is suitable for containing the accelera-
ting structures is limited, and this means that a cavity
design must be sought with an optimum shunt impedance
per unit length so that the power dissipated in cavity wall
losscs will be held to a reasonable value. In the case of
SPEAR, about 9 meters of straight section space is avail-
able for accelerating cavities, requiring a gradient of
closc to 1 MV per meter. Other electron storage ring
proposals are being considered by the PEP(2) study group
at SLAC and LBL, and the ISABELLE(3) group at Brook-
haven. These rings would store electrons up to anenergy
of 15 GeV, and would require peak accelerating voltages
of around 50 MV, with about 100 meters of straight sec-
tion space available for accelerating structures.

Structure Design Considerations

The rcquirement of CW operation at high energy gain,
together with the limited space available in the straight
sections of a storage ring, demands an rf structure with
the highest shunt impedance. Thus, many of the same
considcrations entering into the design of the LAMPF ac-
celerating structure({4) also apply to structures for high
energy storage rings, but there are in addition some spe-
cial design problems. Thesc problems include the large
aperture required to accommodate the beam excursions
at injection, the neced for tuning to compensate for reac-
tive loading and for thermal detuning effects, and the re-
quirement to mask against intense synchrotron radiation.
The peak voltage, 0 required to attain a sufficient quan-
tum lifetime is a function of frequency; the higher the
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frequency, the higher the voltage required. (1) For an op-
timized cavity design the shunt impedance per unit length
ry scales as f1/2 where f is the frequency, assuming
that the cavity geometry is held constant. The cavity wall
losses for a specified peak voltage requirement can be ob-
tained from the power-length product, defined as

Dividing P L by the active structure length L gives the
total powet dissipation. Using ry =40 MQ/m at 800 MHz,
as measured for the Los Alamos side coupled structure
with a phase velocity equal to the velocity of light, and V
calculated (as an example) using the parameters(®) for the
15 GeV PEP ete™ storage ring, the quantity P.L can be
calculated as a function of frequency as shown in Fig. 1.
The power length product is shown for various values of
the ring lattice focussing parameter, v;, where y; is the
transition energy. The transition encrgy is inversely
proportional to the length of one period in the lattice. A
shorter period implies a larger number of magnets in the
ring circumference, stronger focussing and a higher tran-
sition energy. A morc weakly focussing lattice requires
a higher peak vollage to contain quantum fluctuations, and
hence a higher power dissipated in cavity losses. Ring
designers prefer weak focussing because the natural heam
cross sectional area is larger, resulting in larger attain-
able luminositics. (1) It is seen from Fig. 1 that, for
moderately strong focussing, frequencies around 400 MHz
require about 1 MW of rf power into wall losses for 100 m
of active cavity length.

In a practical rf system design, the requirement of a
large beam hole diameter must also he considered. In
Fig. 2, the shunt impedance per unit length for a fixed
beam hole diameter of 15 ¢m is shown for a side coupled
structure of the Los Alamos design. At higher frequen-
cies, where the size of the hole relative to the wavelength
is large, ry is reduced considerably below its optimum
value. Using the values from curve B in Fig. 2, the
values of P,L have been recalculated for the PEP 15 GeV
ring and are given in Fig. 3. It is seen that lower fre-
guencies are now more strongly favored with this design
restriction taken into account, requiring about 1.5 MW of
rf power dissipated in cavity losses at 400 MHz for the
case of a lattice with moderately strong focussing. Some
variations on the basic Los Alamos structure design,
which give comparable values of shunt impedance for
large beam apertures, are discussed in the concluding
section.

Bandwidth Requirements

In high energy storage ring applications, the sum of
the rf power dissipated in the structure per unit length
and the rf power transferred to the beam per unit length
is typically high (~50 kW/m). The length of structure
supplied by each power source is, as a consequence, limi-
ted. For frequencies in the range 250-500 MHz, and for
rf sources with an output power ~200 kW, the length of
structure supplied by each rf feed will be 5 to 10 half-
wavelengths (5-10 7-mode cells, or 10-20 7/2-mode cells).
The number of cells is sufficiently small so that operation
in the m-mode can be considered.
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In the case of T-mode operation, a phase shift from
cell to cell away from an exact 7 phase shift is necessary
to transmit power along the structure to make up for
losses, both to the beam and to the structure walls. As-
suming a center-fed structure. the phase shift between
the end cells and the center cell is{6)

2
20 555)

eff
where N is the total number of cells, k is the relative
bandwidth, k =[w(7)~2(0)] ,«w(7,2), and Qugp is an effec-
tive @ which takes into account both beam and wall losses.
If Af is to be limited to, say, 0.2 radians, and if Qefp ~
104, then for N~5-10 a bandwidth k ~ 0.2-1.0% is re-
quired. In the case of the 7/2 mode, the first order ef-
fect due to losses is the introduction of fields in the nomi-
nally unexcited cells. The ficld in the unexcited cell next
to center cell coupled to the rf source is, relative to the
field in an excited cell
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If AE E is limited o 0.1, and if N~10-20 and Qupp~10%,
then a bandwidth in the range k ~0.1-0.4'7 is required.
The bandwidth requirement is less than for the m-mode
case, but not by very much for the short structure lengths
considered here.

The ficld profile is also affected it one of the cells is
mistuned. This could happen if, for example, a tuner
placed in onc cell is used to pull the frequency of the en-
tire structure, or if there is a tracking crror between
ganged tuners located in cach cell. If §w/w is the rela-
tive frequency error for a tuner located in the center cell.
then in the casc of the # mode the principal effect is to
cause a droop in the field profile between the center and
end of the structure given hy(6)
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In the case of a 7/2-mode structure, such a tuning per-
turhation produces a ficld level in the nieghboring, nomi-
nally unexcited, cell given by

[AEy (N-3) [ow
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The tuning range will be satisfactory if the cavity fre-
guency can be tuned several bandwidths on either side of
resonance, or il Sw/w~+ 3x 1074, If we again limit
AE/E to ~0.1, and if N ~5-10 for the mmode and ~10-20
for the 7/2 mode, then the bandwidth requirements for
the two cases are k(7) ~ 2-1/2 — 12% and k(7/2) ~2-5%.
Tor a structure 5 half-wavelengths long a single tuner
might be practical for either case, while for a longer

structure scveral ganged tuners will probably be required.

Structure Design Examples

Several specific rf structure designs will be con-
sidered here, taking into account the requirements dis-
cuszed in the preceding sections.  The structuve parame-
ters have bheen calculated using the Los Alamos LALA
program.(7) Although the calculations have been made
at 2856 MHz, the shunt impedances are casily scaled to
other frequencies.

In Fig. 4, the top structure shows a scries of shaped
m-mode cavities. By optimizing the length and shape of
the re-entrant nose cones, and by adjusting the elliptical
outer cavity boundary to hold the resonant frequency con-
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stant for different heam apertures, the theorctical curve for
shunt impedance shown in Fig. 5is obtained. Therc is negli-
gible coupling betweenneighboring cells as they are shown in
TFig. 4, because the beam drift tube is well below cut-off. By
cutting a slot in the cavity wall at B, magnetic field coupling
makes possible operation inthe 7 mode. By cutting slots at
A-A, side-mountedcavities canhe added to achieve resonant
coupling and = /2-mode operation, at the expenscofa consid-
erable increase in mechanical complexity. Ineithercasc,
the addition of the coupling slots increases the loss by pertur-
bing the rfcurrent flow, and reduces the shunt impedance by
15-20% to the values shown by the dashed curves in Fig. 5. It
is seenthat the shunt impedance for a slot coupled ora side
coupled structure falls off rather rapidly at larger beam aper-
tures.

Several structures using on-axis clectrice field coup-
ling, that might compete with the side coupled structure
at larger beam apertures, were investigated, On-axis
coupling offers severaladvantages. First, ceylindrical sym-
metry and mechanical simplicity makes construction casi-
er. Second, the maximum overall diameter ts smaller, an
advantage at very low frequencies. Third, the loss asso-
ciated with magnetic field coupling slots is avoided. Fourth.
the coupling constant k is set by the beam aperture. This
dimension can be controlled with greater precision thanis
possible for the dimensions of a siot cut in the curved
outer cavity wall. Nonresonant electric field coupling can
be achieved in the shaped cavity structure hy opening up
the drift tube dimensions as indicated by the dashed line
al C in Fig. 4. Calculations have not yvet been made which
will indicate whether sufficient coupling can be obtained in
this way. An interesting 7/2-mode siructure, using reso-
nant on-axis coupling cells, is the "bent disk™ structure
shown in Fig. 4. This structure is obtained hy deforming
the disk-loaded biperiodic structure by bending the disks
inward into the excited cells to form nose cones. In this
way the transit angle is reduced and the shunt impedance
increased. Note that, for a beam aperturc of 1.0 ¢cm
radius at 2856 Mllz, the bent disk structure has a shunt
impedance comparable to that of the side-coupled structure
after coupling loss has been taken into account.

Another structure of interestfor large beam apertures
is the tripertodic structure, shownatthe bottom of Fig. 4.
The calculations for this structure have heen made for the
cascofaZto 1 ratio between the lengths of the excited and un-
excited cells. The disks have bulges which form, in effect,
short nosc cones. As isscen in Fig. 5, for very large beam
openings this structure also becomes competitive with the
side-coupled structure. For comparison, the shunt im-
pedances of several other structures are also plotted in
Tig. 5 for a beam aperture radius of 1.0 cm.

As discussed in the previous section, the bandwidth
is an important structure parameter. For a bheam aper-
ture radius of 1.0 ¢cm at a frequency of 2856 MIiz, the
bandwidths of the hent disk, triperiodic bulgy disk, and
biperiodic hulgy disk structures are respectively 0.4%,
0.6'% and 1.0%. The bandwidth increases rapidly for lar-
ger beam openings, approximately as the fourth power of
the diameter. These bandwidth figures can be compared
with the requirements outline previously. TFor example.
a 20 cell 7/2-mode structure requires a bandwidth of 5%
if tuning is to be accomplished by a single tuner located
in the center cell. A bent disk or triperiodic structure
with a 15 cm diameter beam opening, operating at400 MHz,
would have a bandwidth about one~tenth of this value. and
more than one tuner must therefore be used. If ganged
tuners are located in each excited cell of such a structure,
they must track with a relative accuracy onthcorderof0. 1.
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DISCUSSION
Miller, SLAC: Isn't your large aperture require- Allen: That's right. I said a beam clearance
ment really only in the horizontal plane and diameter of 15 mm, but I think it's actually about half
wouldn't it make sense, since the number of cavities that in the vertical direction so that is something
you have is reasonably small.to consider one with a that could be considered.

rectangular or oval aperture? 1 think you could
gain in shunt impedance; and although it's a messy
cavity to make, I would think it might pay off.
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