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Particle Beam Crabbing and Deflecting Structure

The United States‘ of America may have certain rights to this invention under
Management and Operating Contract DE-AC05-060R23177 from the United States

Department of Energy.

Background of the Invention

01) Radio frequency (rf) cavities for the deflection or crabbing of particle beams
have been developed for many years. Most of these devices are comprised of
superconducting cavities operating in the transverse hlagnetic (TMi10) mode
although some are room temperature structures operating in the 2/4 mode or are of
the H-type. Crabbing rf structures have been of interest for the increase of
luminosity in colliders and more recently for the generation of sub-picosecond X-ray

pulses.

02)  While all of these structural solutions have proven satisfactory and reliable,
they have a number of major shortcomings. These include: 1) they are unsuited to
low frequency applications; 2) they have lérge transverse dimensions; and 3)
becaﬁse of their requirement that they be located in the 5eam line they are not

compact, but occupy significant beam line space.
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03)  Thus, there remains a need for a compact particle beam deflection/crabbing

structure that is useful in low frequency applications and minimizes transverse

dimensions.

Objects of the Invention

04)  Itis therefore an object of the present invention to provide a compact

particle beam deflection/crabbing structure.

05)  Itis another object of the present invention to provide a particle beam

deflection/crabbing structure having a minimized transverse dimension.

06) Itisyet a further object of the present invention to provide a particle beam

deflecting/crabbing structure that is useful at low frequencies.

07)  Itis yet a further object of the present invention to provide a particle beam
deflecting/crabbing structure that is efficient in u.sing rf energy to create

deflecting/crabbing voltages.

Summary of the Invention
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08) A new type of structure for the deflection and crabbing of particle buhches in
particle accelerators comprising a number of parallel transverse electromagnetic
(TEM)-resonant) lines operating in opposite phase from eachAother. Such a
structure is significantly more compact than conventional crabbing cavities
operating the transverse magnetic TM;19 mode, thus allowing low frequency

designs.
Description of the Drawings -

09) Figurelisa perspective view of the parallel bar deflecting structure of the

present invention.

10) Figure2isa tdp plan schematic view of the electric field in the mid-plane of

the parallel-rod structure of Figure 1 operating in the m-mode.

11).  Figure 3 is a top plan schematic representation of the electric field in the top

plate of the parallel-rod structure of Figure 1 operating in the a-mode.

12)  Figure 4 is a perspective view of a two cell parallel-rod deflecting cavity in

accordance with the present invention.

13)  Figure 5 is a graph showing the ratio of peak to transverse electric field given

by equation 1 described below.
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14)  Figure 6 is a graph showing the geometrical factor G and the transverse
shunt impedance R/Q given by equations 4 and 5 described below.

15)  Figure 7 is a graph showing the ratio of peak to deﬂeétihg electric field for

the 400 MHz structure shown in Figure 1.

16)  Figure 8 is a graph showing the ratio of peak to G¥*R/Q for the 400 MHz

structure shown in Figure 1.

17)  Figure 9 shows a schematic side view of an alternative embodiment of the

structure of the present invention.

18)  Figure 10 shows a schematic side view of yet another alternative embodiment

of the structure of the present invention.

‘Detailed Description

19) As used in the description that follows, the following terms have the
following meanings: “generally parallel” means that the elements are not

necessarily completely parallel, but rather extend along side each other in the



WO 2010/036292 PCT/US2009/003787

same directions and, in some cases, with mirror image shapes; ) is the
wavelength in the rf mode; R is the radius of rods 12, 14, and between the axes of
rods 46, 48, etc.; A is one half of the distance between the axes of rods 12, 14,

etc.; and Q is the quality factor of the structure.

20) Referring now to the accompanying drawjngs, as shown in Figure 1, one
embodiment of the deflecting/crabbing structure 10 of the présent invention
comprises at least one pair of opposing and generally.parhllel rods 12 and 14 of a
length approximately A/2 thus defining A/2 TEM resonant lines operating in opposite
phase. Rods 12 and 14 are sﬁsceptible to rf energy generating electromagnetic fields
upon the application thereto of rf energy from ah external source. The voltages
generated are maximum and of opposite sign in the middle oft rods 12 and 14 and
generate a transverse electric field as shown in Fig_. 2. The magngtic field is null in
the mid-plane containing the beam line 20 and isvltnaximum'where rods 12 and 14
meet the shorting planes 16 and 18 (the tdp and bottom of housing 13 that also
includes curved or rounded end walls 15 and 17 and rounded: or curved side walls
26 and 28), as shown in Figures 1 and 3. Thus, unlike TM;;o structures where the
deflection is produced by interaction with the magnetic field, in the pafallel—rod
structure 10 of the present invention, the deflection is produced by interaction with
the electric field produced by the inj.ection of rf energy. The length of rods 12 and
14 is dictated by the frequency at which the stfucture is to operate. That is a |
function of the particular application to whi;h structure 10 is applied. The length of

rods 12 and 14 is half the wavelength of the rf energy input. The spacing between
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rods 12 and 14 or between the rods of any rod pair, one on each Side of the beam
line 20,a free design parameter that depends on the application. The distance
between the rod pair 12, 14 and the rod pair 46, 48 (and other subsequent pairs) is
the distance that a particle in the beam travels along the beam line 20 in one half of
an rf period; for a particle travelling at the speed of light it is',pne half of the
wavelength. Beam pipe apertures 22 and 24 provide a path for the passage of beam

line 20 through housing 13 between generally parallel rods 12 and 14.

21)  The diameter/cross section/spacing of the bars are parameters that can be
optimized by the designer depending on the requirenients of the application. These
parameters depend on whether the structure is room temperature or

" superconducting, or whether one wants to maximize the voltage or minimize the

losses.

22) In the absence of beam pipe apertures 22 and 24, and if the outer side
walls 15, 16, 17, 18, 26 and 28 were flat planes, as opposed to the rbunde& or
curved shapes shown in the accompanying Figures, the deflecting n-mode would
degenerate with the accelerating O-mode where the rods 12 and 14 are oscillating
in phase. Because the n-mode has no electric or magnetic field where beam line
20 meets side walls 26 and 28, while the O-moﬂe has an electric field, beam pipe
apertures 22 and 24 remove the degeneracy. The mode splitting is further
increased by rounding all the corners 34 as shown in Fig. 1 and in a more radical

fashion in Figure 9.
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23) If the distance between side walls 15, 17, 26 and 28 and rods 12 ;md 14
is substéntially larger than the distance betwéen the rods and the vertical
symmetry plane, then the walls’ contributions to the electromagnetic properties
will be small and the fundamenfal cell can be modeled by two parallel infinite
planes separated by 4/2 and joined by Mo parallel cylinders of radius R and of
axis-to-axis separation 24. The properties of .such a strucfurg' can be caléuléted

exactly.

24) Defining the transverse electric field £ as £ =2V,// , where V, is the

transverse voltage acquired by an on-crest, velocity-of-light particle, the peak

surface electric field E, is

E, 11a+18" & R u' |
S eXPSZPI—x/a’-IH, @

2 -
E 4p R& - 15

where a = 4/R.

25) Since this model is a uniform transmission line operating in a pure

TEM mode, the peak magnetic field is related to the peak electric field by

B, (inmT) = 1—(0)1 E, (in MV/m). 2)

26)  The energy content U is related to the transverse gradient E; by
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€
U=E} 3—2‘;;l ‘cosh™'a exp

D >

4p /ﬁx/?-_l § @)

where ¢, is the permittivity of the vacuum in SI units.

R cosh'a '
G=QR’=2PZ°7-8R PEmRE )]
—cosh™'a +
/ al-1l

where Z, =./m/e, ; 377W is the impedance of the vacuum.

27) The transverse shunt impedance, defined as & - v?/p where P is the

power dissipation, is

expg-d,p -IIE\/a2 - lg
R/Q=4Z, cosh™ '@ . , )
28) It should be noted that the electromagnetic prbperties can be -

expressed simply as functions of Rr// | and a = 4/R. Universal curves for the peak
surface electric field and the product of the geometrical factor G and R, /Q are
shown in Figs. 4 and 5. The peak surface electric (and magnetic) field has a
weak dependence on R// and 4/R butis minimum for a rather large R/ .
G*R/Q, on the other hand, has a much stronger dependence on both and is
maximum for smaller r// . Thds the final design will depend on which
parameter to optimize, and in particular whether the structure will be normal or

superconducting.
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29) - Since one of the main characteristics of this gedmetry is its small
transverse size, it would be particularly attractive at low frequeﬁcy, and

preliminary design activities have focused on a 400 MHz s‘ingle-céll cavity.

30) The lengths of rods 12 and 14 and bf housing 13 were, to first order,
fixed at 375mm and the main design parameters were the radii and separation of
the two parallel bars. Results of simulations u;ing CST Microwave Studio® are
shown in Fig. 6. They compafe very favorably with the analytical results
previously discussed. The transverse shunt impedance of this design is quite
high compared toAdesigns based on TM;;o modes. This is similar to the high

shunt impedance of TEM accelerating structures compared to TMg;o structures.

31) * For velocity-of-light applications TEM acceleratihg structures have
peak surface fields larger that TMyo structures. The analytical model and these
simulations show that this is not the case for deflecting cavities as peak surface

fields for TEM structures are comparable to those in TMj;o structures.

32) Properties of a preliminary design of a 400 MHz parallel-rod
deflecting structure 10 obtained from Omega’3P are shown in Table 1 below. It
should be noted that the deflecting n-mode is the lowest frequency mode, which

would simplify the damping of all the other modes in high-current applications.
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Table 1: Properties of parallel-bar structure shown in Fig.1 calculated from
Omega3P and analytical model.

Analytical model
Parameter Q3P Unit
Frequency of n-mode 400 400 MHz
M2 of m-mode 3747 374.7 mm
Frequency of 0-mode 414.4 400 MHz
Cavity length 374.7 mm
- 00
Cavity width 500 mm
(o]
Rods length 381.9 374.7 mm
Rods diameter (2R) 100 100 mm
Rods axes separation (24) 200 200 mm
Aperture diameter 100 0 mm
Deflecting voltage V, * 0.375 0.375 MV
E,* 4.09 428 MV/m
B, * 13.31 14.25 mT
U * 0.215 0.209 J
.G 96.0 112 Q
R/Q 260 268 Q
*at E~F1IMV/m
33) As will be apparent to the skilled artisan, the sihglé—cell opposing pair

rod structure 10 discussed so far can be straightforwardly extended to a

multicell structure by the addition of sets of generally parallel rods 46 and 48

separated by A/2 as shown in Fig. 4. In the deflecting mode of operation each of

10
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rods 12 and 14 and 46 and 48 oscillates in opposite phase from its nearest
neighbors and each rod oscillates in opposite phase from the opposing rod across
beam line 20. This will increase the degrée of degeneracy'since the number of
TEM modes is equal to the number of bars, and splitting th‘e (mtym) deflecting
mode from all the others will need to be provided, for example by shéping the
outer walls or introducing partial waﬂs between the sets of rods. The addition of
multiple additional rod pairs is, of course, possible providing the spatial

limitations and requirements discussed herein are met.

34) In order too reduce degeneracy and to optimiie, for example rf
efficiency, some modifications to the basic design are possible and some possible
such modifications afe shown in Figures 9 and 10. In Figure 9 the addition of
dimples 50 at the mid-plane on side walls 15 and 17 and on end/shorting plates
16 and 18 enhances the splitting between the (7,7) deﬂeéting mode and all
others. In Figure 10 in order to optimize rf efficiency, i.e. re&uce peak fields,

rods 10 and 12 have flared ends 52 and are curved.

35) All the above examples use straigh't circular cylinders for rods 12, 14,
46 and 48. Further optimization can be obtained by deviation from a circular
cross-section, deviation from a constant cross-secﬁon (hyperboloidal shape) and
deviation from a straight rod _éenterline (see for example Figure 10). These and
other modifications will yield geometries with a lower surface magnetic field, for

example, at the expense of added engineering complexity.

11
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36) As will be apparent to the skilled artisan, for room temperature
applications, the material of choice for fabrication of structure 10 as just
described is copper while for superconducting operations in liquid helium it

would be niobium.

37)  The level of rf energy applied to deflecting/crabbing stfucture 10 is largely a
function of the particular installation. One would .like, in general to produce a
deflecting voltages of a few MV (million volfs). If structure 10 is superconducting, a
few 10s of watts of injected rf pov;'er will be required. In this case the limit is the
breakdown rf field of the superconductor. If structure 10 is normal conducting, it
will require several 10's of kW (kilo watts) of injected rf power. In this case the rf
power limit is related principally to the ability of the particuiar installation to cool

structure 10 to remove all of the kWs of injected rf energy.

38) An important characteristic. of the design described herein is that it
has a high shunt ﬁnpedance (defined as'Rt/Q) above). This is a measure of the
amount of rf power needed to be provided by the rf source .to geherate the
deflecting voltage. The higher the shunt impedance, the lower the amount of rf

power required. Thus, this design is very efficient compared to other designs.

12
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39) " There has thus been described a novel particle beam
deflecting/crabbing structure that is compact, minimizes transverse dimensions

and is useful at low operating frequencies.

40)  As the invention has been described, it will be apparent to thbse skilled in the
art that the same may be varied in many ways without departing from the spirit and
scope of the invention. Any and all such modifications are intended to be included

within the scope of the appended claims.

13
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What is claimed is:

1) - A compact particle beam deﬂecting/crabbing structure compﬁsing:

A) a housing having opposing side walls, top and bottom shorting
plates and opposing end Walls;

B) at least one pair of opposing genersilly parallel rods suscéptible
to injected rf energy extending from the top shorting plate to the bottbm
shorting plate between the side walls, the opposing generally parallel rods
having a length about eqlial to one half the wavelength of the injected rf

energy.

2) The compact particle beam deflecting/crabbing structure of claim 1
further including beam pipe apertures in the .opposing side walls that define
a path for a particle beam line passing through the housing and between the

pair of opposing generally parallel rods at mid-plane.
3) The compact particle beam deﬂecting/crabbing structure of claim 2
wherein the side walls, the end walls and the junctions between the top and

bottom shorting plates, the side walls or the end walls are curved or rounded.

4) The compact parﬁcle beam deﬂecting/crabbing structure of claim 2

wherein the end walls include dimples at mid-plane.

14
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5) The compact particle beam deflecting/crabbing structure of claim 2

wherein the pair of opposing rods are curved away from each other.

6) The compact particle beam'deﬂecting/crabbing structure of claim 2
wherein the pair of opposing rods have opposing ends that contact the top

and bottom shorting plates and the opposing ends are flared. |

7 The compact particle beam.deﬂecting/'crabbing structure of claim 2
including a plurality of pairs of opposing generally parallel rods, each of the

neighboring rods oscillating in opposite phase from it two nearest neighbors.
8) The compact particle beam deflecting/crabbing structure of claim 2

fabricated from a material selected from the group consisting of copper and

niobium.

15
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