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Abstract

The six-dimensional beam phase space at the exit of a photoinjector can be completely characterized by means of an RF deflector and
a dispersive system. In this paper we summarize the main features of the use of an RF deflector to measure aspects of the longitudinal and
transverse phase space in an ultra-short electron beam. In particular we illustrate these measurements through the simulation of
experiments currently under development at the SPARC photoinjector. We also discuss the design procedure followed to design the RF
deflector for SPARC. This device is a five-cell structure operating on the T mode at 2.856 GHz. Finally, we report and discuss the cold-

test measurement results on a full scale aluminum prototype.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The main goals of the SPARC [1] injector project are the
(1) generation of a high brightness electron beam able to
drive a self-amplified spontancous free-electron laser
(SASE-FEL) experiment in the green visible light and (2)
the development of an ultra-brilliant beam photoinjector
needed for the future SASE-FEL-based X-ray sources.

The characterization of the longitudinal and transverse
phase space of the beam at the injector exit is crucial, as it
allows the tuning and verification of all the photoinjector
performance parameters. These parameters concern physi-
cal phenomena which occur on a time scale much shorter
than a picosecond, thus making time-resolved measure-
ments extremely challenging. With the use of an RF
deflector it is possible to measure the bunch length [2,3] at
this level, however. The addition of a dispersive system
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further allows the measurement of the longitudinal beam
phase space distribution. Similarly, since the longitudinal
beam distribution can be projected along a transverse
coordinate, the transverse emittance of each longitudinal
bunch slice can be measured using the quadrupole scan
technique [4-6].

In the second section of this paper we briefly review
the basic principles of the longitudinal and transverse beam
phase space characterization using an RF deflector. In
the third section we show the simulation of the measure-
ments in the case of the SPARC photoinjector. In
particular we illustrate the longitudinal phase space
measurement (Section 3.1) and the horizontal beam slice
emittance measurement (Section 3.2). In the fourth section
we illustrate the procedure followed to design the RF
deflector for SPARC (Sections 4.1 and 4.2) and the
RF measurement results on a full scale aluminum
prototype (Section 5). Finally, in the last section, we
briefly illustrate the RF deflector power feeding system that
we are planning to use.
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2. Longitudinal and transverse beam phase space
characterization using an RF deflector

The effect of the RF deflector on a beam traveling along
the z direction is sketched in Fig. 1: the RF deflector
voltage (the integrated transverse Lorenz force per unit
charge) is null in the center of the bunch and gives a linear
transverse deflection to the head and tail of bunch. After
the deflector, at the position of the flag, the transverse kick
(vertical, for example) results in a transverse displacement
of the centroid of each bunch slice proportional to the slice
longitudinal position with respect to the bunch center. If
the bunch length is Lp, the vertical dimension of the bunch
at the flag, neglecting the vertical beam emittance of the
bunch, is given by:

. V .
Y8 = /By aenBy ag Sin (AD) (T/Te) sin (wrpLg/2c)
- ORFLBVT\/B) denlPy flag SIN (AD) 1
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where f8, gon and i, g., are the vertical f functions at the
deflector and flag position, respectively, A® is the phase
advance between the deflector and the flag, wgrpg the
angular frequency of the deflecting voltage, V't the peak
transverse voltage, and E the beam energy in eV units. If
we consider a simple drift space of length L between the
deflector and the flag, the Eq. (1) reduces to:

_ CURFLLB VT
VBT T /e
Egs. (1) and (2) show that the longitudinal bunch
distribution can be measured by measuring the transverse
bunch distribution after the deflector.

In the actual case, the transverse distribution of the
bunch at the flag position is the superposition between the
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Fig. 1. Bunch length measurement schematic setup using an RF deflector.
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Fig. 2. Longitudinal phase space measurement setup using an RF
deflector and a dipole magnet.

deflected beam size and the vertical dimension of the bunch
slices at the flag position (o,), as illustrated in Fig. 1. The
rms resolution length (L) can be defined as the bunch
length that gives, on the flag, a vertical spot exactly equal
to g,. From the previous expressions it is easy to verify
that:

Lo~ cE/e fe; 3)
7 wrey/B, gen sin (A®) 'y

where ¢, is the transverse vertical emittance of the beam. In
the case of a drift space this expression becomes:
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A sketch of the complete longitudinal phase space
measurement setup is shown in Fig. 2. In this scenario,
the bunch is vertically deflected by the RF deflector and
horizontally by a magnetic dipole. The dispersion proper-
ties of the dipole allow to completely characterize the
energy distribution of each bunch slice reconstructing the
longitudinal phase space. In this case the rms energy spread
resolution is simply given by:

A_E Y Sxﬁx_ﬂag (5)
E res Dﬂag

where ¢, By fag and Dg,, are the horizontal emittance, the
horizontal f function and dispersion at the flag position,
respectively.

With the deflector it is also possible to measure the
horizontal beam slice emittance: the deflecting voltage gives
the correlation between the longitudinal slice position and
the vertical coordinate and the horizontal emittance can be
measured with the quadrupole scan technique. This scheme
is conceptually illustrated in Fig. 3.

3. Simulation of the measurements for SPARC

The SPARC photoinjector layout, given in Fig. 4,
consists of:

(a) 1.6-cell RF gun of the BNL/UCLA/SLAC type [7]
operating at S band (2856 MHz) with incorporated
metallic photocathode (Cu or Mg) and generating a
6 MeV clectron beam;
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(b) two accelerating sections of the SLAC type (S band,
traveling wave).

The beam parameter list at the end of the injector is
reported in Table 1.

A detailed layout of the magnets and measurement flags
that will be used for the longitudinal and transverse phase
space characterization is reported in Fig. 5.

The longitudinal beam profile will be measured using the
RF deflectors and directly analyzing the image produced
by the beam on the flag FO while the complete longitudinal
phase space will be reconstructed using the RF deflector in
combination with the dipole magnet and analyzing the
image produced by the beam on the flag F1.

Using the RF deflector the horizontal slice emittance can
be measured either on the transfer lines or on the dogleg, at
the flags FO or F3, respectively.The first two quadrupoles
after the linac sections, Qt1 and Qr2, are used, in this case,
for the quadrupole scan.

y (e<long. Pos.)

T X
{rje—
c

x_slice

DEFLECTOR L

-] rac

~ —
LINAC Quadrupoles DEFLECTOR
for quad. scan

Fig. 3. Horizontal slice emittance measurement schematic setup using an
RF deflector.
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3.1. Simulation of the longitudinal phase space measurement

In the SPARC case, using Eq. (4) it is possible to
calculate the longitudinal resolution L. as a function of
the deflecting voltage Vr. The result is plotted in Fig. 6
assuming L =2m and ¢, = 30 um at the flag position. In
the SPARC case since the rms bunch length is about 1 mm,
an rms resolution length of the order of 100 um is sufficient.
Therefore a deflecting voltage of 1 MV can be chosen as the
required RF deflector voltage for SPARC.

A beam represented by 1.5 x 10° particles obtained from
PARMELA [8] simulation at the end of the SPARC
LINAC section has been tracked with the ELEGANT [9]
code along the SPARC transfer lines. The beam images
obtained at the RF deflector location and at the flag
location, F0, are shown in Fig. 7.

The results of the data analysis are shown in Fig. 8 where
the vertical profile of the beam at the flag with V't = 1 MV
and the longitudinal distribution of the bunch are
displayed. The value of o, as obtained by applying

Table 1

Beam parameter list at the end of the SPARC injector

Electron beam energy (MeV) 155
Bunch charge (nC) 1.1
Repetition rate (Hz) 10
Cathode peak field (MV/m) 120
Photocathode spot size (mm) 1.13
Laser pulse duration (ps) 10
Bunch energy at gun exit (MeV) 5.6
Bunch peak current at linac exit (A) 100
RMS normalized transverse emittance at linac exit (mm mrad) <2
RMS slice normalized transverse emittance at linac exit <1
(300 pm slice) (mm mrad)

RMS longitudinal emittance at linac exit (degkeV) 1000
RMS energy spread (%) 0.2
RMS bunch length at LINAC exit (mm) 1

36m

Laser clean room

. \/
\ Transfer lines
"~ Focusing solenoids

Undulators
Beam dumper -

—~+1.3m

To lower

apparatus area

Sparc hall

Fig. 4. SPARC photoinjector layout.
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Fig. 5. Schematic layout of the magnets at the end of the SPARC photoinjector for longitudinal and transverse phase space characterization with an RF

deflector.
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Fig. 6. Resolution length as a function of the deflecting voltage.

Eq. (2) and by the longitudinal analysis of the raw data
obtained from ELEGANT tracking agree with an error
smaller than 1%.

The images collected on the dogleg at the flag located in
F1 show the complete reconstruction of the longitudinal
phase space as shown in Fig. 9, where the time—energy (¢,p)
distribution is replicated in the transverse plane (y,x). The
“reconstructed” longitudinal phase space is in very good
agreement with the real one.

3.2. Transverse phase space

The measurement of the beam slice emittance in the
horizontal plane can be done with the quadrupole scan
looking at the beam size at the flag locations FO or F3,
where two different values of image resolution can be
achieved for the minimum horizontal rms size reconstruc-

tion. The optical functions of the SPARC transfer lines and
dogleg for the measurement setup of the horizontal
emittance are shown in Fig. 10.

In Fig. 11 the beam horizontal slice emittance is given
together with the two simulated measurements at FO (b)
and F3 (¢), respectively. Between the two flags it is possible
to achieve two different resolutions, investigating a wide
range of beam emittance values [10].

4. RF deflector design

The required transverse deflecting voltage V= 1MV
can be, in principle, achieved by both traveling wave (TW)
or standing wave (SW) structures. In our case the choice
between the two solutions is related to the maximum
available input power (2 MW as shown in paragraph 5),
space (about 0.4m) and RF pulse length (~5 ps). Scaling
known deflecting TW structures [11] to the SPARC
frequency (frr = 2.856 GHz) it follows that, to achieve
the required deflecting voltage, the length of the deflector
has to be ~0.4m with a total number of cells equal to
about 12. As shown in detail in the next paragraphs the
same voltage can be achieved with a single SW cavity of
about 0.05m long. To allow reaching better resolution and
flexibility, also considering longitudinal compression ex-
periments in the next phases of SPARC [1], it has been
proposed to adopt a 5-cell SW structure operating on the «t
mode. As shown in the next paragraphs, this structure
allows reaching a maximum transverse deflecting voltage of
more than 3MV with low peak surface electric field.
Moreover the power to feed the cavity can be split from the
SPARC RF gun klystron waveguide by a 10 dB directional
coupler (see Section 6). Adopting this solution, the
circulator and the directional coupler itself preserve the
klystron and the RF gun from the cavity reflected power.
We will first address the two dimensional design of the
structure (Section 4.1), i.e., without including the coupler
and tuning system which are separately discussed later
(Section 4.2).
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Fig. 7. (a) Bunch transverse distribution at the RF deflector location and (b) bunch transverse distribution at the flag location.
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Fig. 9. (a) Bunch longitudinal phase space at F1 and (b) bunch transverse distribution at F1 after deflection.

4.1. Two-dimensioal design and electromagnetic
characterization

To illustrate the procedure followed to design the 5-cell
RF deflector, let us start with the single-cell design. The
first deflecting mode in a pillbox cavity is the TM;9 mode
and the deflection is given by the B field [12] only. In a
single cell with irises (sketched in Fig. 12) there is a
transverse E-field component that contributes to the total
deflection (see Fig. 13). The ratio between the electric and
the magnetic deflection contributions is strongly dependent
on the iris aperture and can be from 10% for small irises to
90% for large irises apertures.

To adapt the cell design to the SPARC requirements, the
inner radius @ has been chosen equal to the SPARC beam
pipe radius (20 mm), the cell length d equal to ¢/2frr (With
¢ speed of light) to synchronize the bunch passage and the

n-mode deflecting field while the external radius b has been
tuned to set up the resonant frequency' at 2.856 GHz by
using the electromagnetic (EM) codes MAFIA [13] and
HFSS [14]. The iris thickness ¢ has been chosen at a
reasonable value of 9.5mm, considering that it is
not a critical dimension in term of power dissipation,
frequency sensitivities and deflection efficiency. The single-
cell final dimensions, parameters and frequency sensitiv-
ities, are reported in Table 2 assuming copper material.
We have defined the transverse shunt impedance by the
formula:

’ 2

[ By + ) eimesle az
T =

R
2P

(6)

'In the single-cell simulations perfect magnetic boundary conditions on
the iris planes have been assumed.
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Fig. 10. SPARC transfer line optic functions for the horizontal quadrupole scan at FO (left) and F3 (right). The origin of the longitudinal coordinate
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Fig. 11. (a) Horizontal beam slice emittance as a function of slice number; (b) and (c) reconstructed horizontal beam slice emittance by quadrupole scan at

the flag FO and F3, respectively.

where B, and E, are the magnetic and electric transverse
field components (with the proper phase), L. is the cavity
length, P the dissipated power in the cavity and wgrp the
angular frequency.

The dispersion curves of the single cell (obtained by
MAFIA) are reported in Fig. 14. The deflecting © mode has
the frequency equal to 2.856 GHz, while the nearest
monopole and dipole modes are far away from the
deflecting one.

Different deflecting structure parameters and related
scaling laws® are given in Table 3 as a function of the
number of cells n. These results have allowed choosing the

>The scaling laws are empirical and have been obtained from the
analysis of different simulation results.

number of cells for the SPARC deflecting structure. The
choice has been done taking into account the following
constraints:

(a) the available space in the SPARC transfer line;

(b) the available transverse deflecting voltage for a given
input power;

(c) the mode separation with different number of cells to
avoid problems of mode overlapping;

(d) the maximum acceptable surface peak electric field to
avoid problems related to high field intensities,
discharges and so on.

The 5-cell deflecting structure fulfills all of the stated
requirements. In fact, it allows operating with a very low
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Fig. 13. Field profiles of the deflecting TM,o-like mode.

input power Prr<2 MW obtaining contemporary low peak
surface electric field and resolution length of the order of
12 um. These parameters permit measurement of the long-
itudinal beam profile with good accuracy, even considering
the possibility of longitudinal compression factors up to 20.
Moreover the operation at low input power (Prp<2MW)
allows to simplify the power line design as discussed in
Section 6. The complete 2D geometry, without coupler and
tuning system, of the 5-cell RF deflector has been studied by
using both MAFIA and HFSS and is shown in Fig. 15. The
final dimensions, parameters and frequency sensitivities are
reported in Table 4. The radius of the cells has been slightly
adjusted (especially those of the cells connected to the beam
pipe) in order to obtain a B-field flatness® smaller than 2%

3The B-field flatness can be estimated taking the maximum difference of
the B-field peaks in each cell normalized to the maximum B-field value.

as shown in Fig. 16. Concerning this last point it is
important to remark that:

1. in multi-cell structures with small irises apertures, since
the deflection is given essentially by the magnetic field,
the B-field flatness implies the uniformity of the
deflection given by each cell;

2. in case of a structure with bigger irises, the deflection is
given by both the magnetic and the electric fields.
Assuming an infinite number of cells, the B-field flatness
implies, also in this case, the uniformity of the deflection
given by each cell;

3. in case of few coupled cells with big irises, nevertheless,
the B-field flatness does not necessarily imply the
uniformity of the deflection given by each cell. In
principle, it is possible to find a configuration of the cells
radius that makes the transverse deflection uniform from
cell to cell [15]. It is, nevertheless, easy to verify that field
configurations slightly different from this optimum one
(with deflecting force not perfect uniform), give variations
of the transverse shunt impedance Rt of a few percent.

From these considerations and also because a uniform
B-field flatness from cell to cell implies equal dissipation in
all the cells (thus maximizing the shunt impedance), the cell
radius has been optimized in order to most simply obtain
B-field flatness.

Concerning the frequency sensitivities with respect to the
outer radius of each cell,* reported in Table 4, it is possible
to conclude that errors in the cell machining of the order of
+ 10 pum give resonance frequency errors of the order of
+100kHz that can be easily compensated by an appro-
priate tuning system, as demonstrated in the next section.

4.2. 3D structure design and characterization

Three-dimensional (3D) simulations of the deflecting
structure has been performed using HFSS and have been
oriented towards:

1. design the input coupler;

2. design the tuning system;

3. design the system to split the frequency of the 90°-tilted
polarity with respect to the working one.

The coupler has been inserted in the central cell in order
not to excite the 4/5 © mode that has the frequency closest
to the m mode, yet has no field in the central cell itself (see
Fig. 17). To reduce the coupler window dimensions and,
therefore, the perturbation to the deflecting field on the
central cell, the smaller dimension (34 mm) of the standard
S-band waveguide has been tapered to the dimension of
16 mm. The HFSS-simulated structure is plotted in Fig. 18.
We have simulated one-quarter of the deflector with

“The outer radius of each cell is the most critical dimension in terms of
sensitivity.
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Single-cell dimensions, parameters and sensitivities
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Dimensions (mm) Parameters MAFIA HFSS Sensitivities (MAFIA results) (kHz/um)
a 20.00 Jres (GHz) 2.855925 2.855905 Of s/ 0a —19
b 60.01 Qo 16250 15979 Of s/ Ob —43
t 9.50 Rt (MQ) 0.49 0.49 Of s /01 1.4
d 52.48 Rt/Q (MQ) 30.4 30.9 Of s/ 0d 1.8
Epea/v/P 7.45 x 10* 6.92 x 10*
(V/mW~2)(*)
*maximum electric field on the surface.
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Fig. 14. (a) Single-cell dispersion curves and (b) detail of the deflecting mode dispersion curve (MAFIA results).
Table 3
Deflecting cavity properties as a function of the number of cells and scaling laws
Number of cells Total length Transverse shunt impedance Nearest mode frequency Epeak /NP =
L=0.0525n (m) Rr=0.5n (MQ) separation Af~1 16/n* (MHz) 7'45104/\/5 (V/mW~'7?)
3 0.16 1.5 13 431 x 10*
5 0.26 2.5 4.6 3.34 x 10
9 0.47 4.5 1.4 2.49 x 10*

Fig. 15. 2D profile of the 5-cell deflecting structure.

the proper boundary conditions. The dimensions of the
coupler window w and of the central cell radius by have 2.
been tuned in order to obtain a coupling coefficient f =1,
a resonant frequency of the whole system equal to

J U.

b2

2.856 GHz and to preserve a good B-field flatness. This
has been done by following two steps:

1. a single cell with coupler has been simulated, tuning the
dimensions of the coupler window and cell radius to

obtain a coupling coefficient =35 (five times the

coupling coefficient that we would reach with the

complete structure) and a cell resonant frequency equal

to 2.856 GHz;
the complete structure has been simulated starting
from the dimensions found in the previous case and
adjusting the dimensions of the coupler cell, window and
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Table 4
5-cell structure dimensions, parameters and sensitivities
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Dimensions (mm) Parameters HFSS MAFIA Sensitivities (MAFIA) (kHz/pm)
by 60.04 fres (GHz) 2.855961 2.855596 0f s/ 0o -9.6

by 59.93 Qo 16540 16329 Of s /Ob1 —10.5

b, 60.72 Rt (MQ) 2.44 2.40 Of s/ 0b2 —8.1

a 20.00 R1/Q (MQ) 148 147

! 9.5 Epear /NP 3.33x 10* 3.40 x 10*

d 52.48 (V/[mW~"?)

E,B/c[a.u.]

Fig. 16. B and E field of the 5-cell cavity obtained by MAFIA 2D.
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Fig. 17. B field profiles of the 4n/5 and 3n/5 modes.

0.2

(b)

Fig. 18. 3D HFSS simulated structure with coupler.

cell dimensions to obtain =1, frr = 2.856 GHz and
B-field flatness.

After this optimization we have obtained the dimensions
and the final structure parameters reported in Table 5. The
reflection coefficient at the input port is plotted in Fig. 19.

A complete analysis has been performed in order to
calculate the frequency separation between the working
deflecting mode and the other modes. It is important to
distinguish between the four deflecting TM;o-like modes
with the same polarity of the working mode, and those
having polarity rotated by 90°. Concerning the first
category, the closest 4m/5 mode at 2.860 GHz is (in
principle) not excited by the coupler and it can, therefore,
negligibly perturb only the deflecting field. The nearest
mode with the same polarity that can be excited by
the coupler is the 3n/5 mode (shown in Fig. 17) whose
frequency is about +20 MHz away from the working one.
To prevent the excitation of the modes with polarity
rotated at 90°, two longitudinal rods (of radius » = 1.5 mm)
crossing the cells off-axis have been inserted, as shown in
Fig. 20. The resonance frequencies of such modes are
shifted far enough from the operating mode frequency
(even if, in principle, they are not excited by the central
coupler) to be ignorable. The calculated frequency shift for
the rotated modes due to the rods is about +50MHz,
while the working mode is practically unperturbed.
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Table 5
RF deflector final dimensions and parameters obtained with HFSS

Dimensions [mm] Parameters Driven solution Eigenmode solution
by 60.04 fres (GHz) 2.856152 2.856178

by 59.93 Qo 15240 16312

by 60.72 Ry (MQ) 2.24 2.39

a 20.00 Rt/Q (MQ) 147 147

t 9.5 Epear /NP (V/mW ™) 3.39 % 10* 3.35x 10*

by 16.0 1 /

w 19.0

h 1.1

09
08 by sl s
07
06
05

04

coupler reflection coefficient

(TR VRO RO - U (50 O SRRSO OO
02

0.1

2.856 2.8565 2.857

frequency [GHz]

0 H
2.855 2.8555 2.8575

Fig. 19. Reflection coefficient at the input port obtained with HFSS.

Finally, for the tuning system, we plan to use a
cylindrical tuner of r = 5mm that gives a sensitivity of
about 500 kHz/mm in the resonant frequency of each cell.
The possible machining errors can be therefore compen-
sated by a penetration of the tuners of a few mm.

5. Prototype measurement results

A full scale aluminum prototype has been constructed
and is shown in Fig. 21. The cells are joined by six rods. To
probe the field in the structure we have also inserted four
lateral small antennas coupled with the working mode and
with the rotated polarity modes. The details of the tuning
system, coupling window and rods are all given in Fig. 21.
The prototype has been constructed in order to:

1. measure the resonant frequency and input port coupling
coefficient;

2. measure the EM field of the working mode by the bead-
pull technique [16];

3. completely characterize the other modes of the RF
deflector in term of frequency and EM field.

Fig. 20. Longitudinal rods to split the mode frequency of the 90°-rotated
polarity modes.

Fig. 21. Deflector aluminum prototype and details of the coupling
window, tuning system and rods.

5.1. Resonant frequency and input port coupling
measurements

The reflection coefficient at the coupler input port after
the tuning procedure is reported in Fig. 22. As expected, it
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is possible to excite only three of the five deflecting modes
with the input coupler. The measured external quality
factor of the working mode is Qpxt=17000, in agreement
with the simulation results,” while the measured unloaded
quality factor Qy is about 6300 and is lower than what we
expected with aluminum (Q, = 14000) because of the fact
that the structure is simply assembled and not welded.
Concerning the rotated polarity, in Fig. 23 the transmission
coefficients between the two probes coupled with the
working mode and that between the two probes coupled
with rotated polarity are shown. As expected the rotated
polarity has a frequency shift more than 50 MHz.

5.2. Bead-pull measurements results

The measurements of the field in the cavity have been
done with the bead-pull technique. The complete measure-
ment setup is shown in Fig. 24. The PC controls both the
network analyzer Agilent N5230A (interfaced by a GPIB
ethernet device) and the control circuit of the steeping
motor through Labview [17]. The nylon wire is kept
straight by a 75 g weight. Since the deflection is given by
both the magnetic and the electric field, both components
have to be measured for a correct characterization of the
device. Two types of perturbing objects have been used to
measure the B-E field components: a small dielectric
(teflon) cylinder (Fig. 25(a)) and a small metallic sphere
(Fig. 25(b)). With the first object we have measured the E
field component only while, with the second one, both the
B and E field components. The used formulas were:

_ 2 2
dielectric bead : v =g l—a <k5d: |:| + kpar [E1] >

fo 2+ & w w
A E.|? Er|?
metallic bead : % = —¢g <kEmz% + KEmT | WT) )
|B-* |Br|?
+ Uy (kBmz 7 + kpmt W

(7

Here Afis the resonant frequency variation® with respect to
the unperturbed frequency f,, W the total energy stored in
the cavity and kg, and kg are the form factors associated
with the E or B field, with the subscripts d and m indicating
the dielectric and metallic objects, respectively, and z or T
indicating the longitudinal or the transverse components of
the field. On axis, we have for deflecting modes B. = 0 and
E.=0.

SEspecially if we consider that, in the aluminum prototype there are
strong losses and Qy is strongly perturbed.

®Instead of the A frequency one can measure the A phase (A¢) of the
transmission coefficient between two ports coupled with the field in the
cavity since it is related to the frequency variation through the formula:
tan Ap = (Af/f)2Q; where Qp is the loaded quality factor of the
resonance [18].
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Fig. 22. Measured reflection coefficient at the input coupler port.
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Fig. 23. Transmission coefficient between the two antenna coupled with
the working mode and between the two antenna coupled with the 90°-
rotated polarity.

In order to extrapolate the transverse magnetic field
components one can proceed by following these two
different ways:

1. if one is interested in the measurements of the magnetic
field profile and not in its absolute value, one can simply
scale the result of the first measurement in order to
subtract the contribution of the electric field from the
second one. Looking, in fact, at the field profile
components reported in Fig. 16 the two central peaks
of the electric field correspond to zero crossing of the
magnetic field. Therefore it is straightforward to
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Fig. 25. Perturbing objects employed: (a) dielectric cylinder; (b) metallic
sphere and (c) metallic needle.

subtract the contribution of the electric field from the
second measurement, just scaling the first measurement
results by making equal the peaks of the electric field.
These type of measurements can be useful if one is
interested, for example, in B field flatness tuning only;

2. if one is interested in the measurement of the absolute
value of the B field one has to calibrate the perturbing
objects by doing measurements on different modes on a
simple geometry (e.g., pillbox cavity) and calculating the
coefficients through Egs. (7).

To calibrate the perturbing objects we have used the
pillbox cavity shown in Fig. 26. The resonant modes used
were the TM;;o mode (having no E field component on
axis) to calculate the kg, factor and the TE;;; mode
(having no B field component on the center of the cavity) to
calculate the kgq and kg, factors.

It is possible, also, to calculate the total deflection given
to the particles by integrating the longitudinal electric field
component off axis and by using the Panofky—Wenzel
theorem [19]. To do this it is possible to use a small metallic
needle (Fig. 25(c)), with a previously calibrated form factor
k gm-. To calibrate the needle we have used the TM;( mode
of the pillbox cavity.

The final measurement results are summarized in Figs.
27-30. The results of the measurements using the metallic
sphere and the dielectric cylinder are reported in Fig. 27,
where the average curves calculated over 30 measurements
are plotted; the B field profile is sketched as well (green curve)
and it has been calculated by the subtraction of the previous
measurements as discussed above. The maximum standard

Fig. 26. Pillbox cavity used for calibration of perturbing objects.

Aw/o

= =~teflon cilinder
== -metallic cilinder

Bl G — B profile obtained by subtraction | -
-0.15 -0.1 -0.05 0 0.05 01 0.15
z[m]

Fig. 27. Results of the measurements using the metallic and the dielectric
cylinder: average curves calculated over 30 measurements and B field
profile calculated by subtraction.

deviation of measurements were about 1x 107 in case of
dielectric cylinder and 7 x 10~ in case of metallic cylinder.’

In Fig. 28 we plot the B and E field components obtained
by calibrating the measurements with the form factor
found with the pillbox. In the same figure are plotted the
simulation results obtained by MAFIA.

"We define the average curves and the maximum standard deviation as
follows:

(a) we have plotted the 30 measurements with the same longitudinal
coordinate;

(b) for each longitudinal coordinate we have calculated an average value
and a standard deviation;

(c) we have defined the average curve as the ensemble of the average
values and the maximum standard deviation as the maximum of the
standard deviations previously calculated.
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Fig. 28. B and E field components (plots (a) and (b), respectively)
obtained by calibrating the measurements with the form factor and
comparison with simulation results obtained by MAFIA.
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Fig. 29. Measurement results obtained with a metallic needle on axis and
Smm off axis. The longitudinal electric field component off axis has been
obtained by simply subtracting the two measurements.

Finally, in Fig. 29, the measurement results obtained
with a metallic needle on axis and 5 mm off axis® are given.
The off-axis longitudinal electric field component has been

8In the figure there are plotted the average curves calculated over 30
measurements. The standard deviation of the measurements is 3 x 1077 in
the case of the off-axis measurement and 1 x 1077 in the on-axis case.

17
x 10
12 T T T T T T T

: ; : : ——=simulation
—— measurements

(E,/b)*/W [VIm*1J]
@

015 -01  -0.05 0
z[m]

Fig. 30. Longitudinal E field component normalized to the bead
displacement from the axis » and comparison with simulation results
obtained by MAFIA.

obtained by simply subtracting the two measurements
since the transverse E and B field components (affecting
the measurements of the longitudinal electric field off axis)
do not vary, to the first order, with the transverse
coordinate. In Fig. 30 the longitudinal E field component
obtained by calibrating the measurements with the form
factor found with the pillbox is shown. In the same figure
there are plotted the simulation results obtained by
MAFIA.

6. RF deflector power feeding system

The 2 MW input power needed to feed the structure can
be split out from the first klystron waveguide feed with a
10dB directional coupler, as illustrated in Fig. 31. The
circulator and the directional coupler assure that the
reflected power from the deflector does not interact with
the power feeding the RF gun. Moreover the high-power
switch is included to allow the deflecting field to be
completely turned off.

Because of the relatively low power needed for the
structure it is possible to simply employ an air-filled
waveguide system, thus reducing the cost of the entire
power feed system.

7. Conclusion
In the first section of this paper we have discussed

our intended technique to completely characterize the
longitudinal and transverse phase space at SPARC.
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Fig. 31. Sketch of the RF deflector power feed system.

The methods are based on the use of an RF deflector
that allows measuring the temporal profiles of the beam,
as well as the complete longitudinal phase space by
adding a dispersive system. Using the quadrupole
scan technique the horizontal beam slice emittances
as a function of longitudinal position in the beam can
also be measured. Simulations made by the ELEGANT
code have shown the feasibility of this diagnostic
system.

In second part of the paper we have illustrated the RF
deflector design procedure made by the use of the e.m.
codes MAFIA and HFSS. The RF deflector proposed
is a 5-cell SW structure working on the m mode at
2.856 GHz and fed by a central coupler with f=1.
Since the transverse shunt impedance is ~2.5MQ and
the maximum input power is 2MW, it is possible to
obtain a resolution length of the order of 12pm. Two
small longitudinal rods have been inserted to shift
the resonant frequency of the 90°-rotated polarity
modes with respect to the working mode. In the last
part of the paper we have discussed the measure-
ment results made on an aluminum prototype of the
deflector. By the bead-pull technique we have measured the
deflecting field on axis. A tuning procedure has been
implemented in order to reach a field flatness of the order
of a few percents. External quality factor measurements
have also been done, showing good agreement with
expectations.
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RF MEASUREMENTSRESULTS OF THE FINAL BRAZED SPARC
RF DEFLECTOR *
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Abstract

The longitudinal phase space and the horizontal beam
slice emittance measurements of the SPARC 150MeV —
1nC electron beam, foresee the use of a RF deflector. The
device is a five cells standing wave structure operating
on the TM110-like dipole mode at 2.856Ghz and allows
reaching a longitudinal resolution of ~ 12um with 2M W
of peak input power. In the paper we illustrate the RF mea-
surements results on the final brazed copper device.

INTRODUCTION

The characterization of the longitudinal and transverse
phase space of the SPARC [1] beam is a powerful tool in
order to verify and tune the photoinjector performances.
With the use of an RF deflector it is possible to measure the
bunch length ([2] [3]) and, adding a dispersive system, the
longitudinal beam phase space can be completely recon-
structed. In the first section of this paper we briefly review
the SPARC RF deflector design parameters. In the second
paragraph we report the RF measurement results on the fi-
nal copper device before the brazing. In the third paragraph
we illustrate the adopted tuning procedure and the final RF
measurement results on the brazed device. The conclusions
are reported in the last section.

RF DEFLECTOR DESIGN PARAMETERS

A sketch of the complete longitudinal phase space mea-
surement setup of the SPARC beam is shown in Fig. 1. The
SPARC bunch is vertically deflected by the RF deflector
and horizontally by a magnetic dipole: this allows to com-
pletely characterize the energy distribution of each bunch
slice reconstructing the longitudinal phase space, as dis-
cussed in detail in [4]. The RF Defector is a 5-cell SW

‘x(hng.Pu&)
: /‘ Y (AE/E)

SCREEN

DEFLECTOR

DIPOQLE

Figure 1: Layout of longitudinal phase space measurement
setup.

structure operating on the = mode 2. This structure allows

*This work has been partially supported by the EU in the sixth frame-
work program, Contract no. 011935 EUROFEL-DS1.
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Table 1: SPARC RF deflector main dimensions and param-
eters.

Dimensions[mm] Parameters

bo 60.72  fres|GHz]  2.855961
b1 59.93 Qo 16540
bo 60.04  Rp[MQ) 2.44

a 20 [ 147

t 9.5 16} 1

reaching a maximum transverse deflecting voltage of more
than 3V with on input power of ~ 2M W and a longitu-
dinal resolution lenght of ~ 12um [4]. The structure has
been design using the electromagnetic codes MAFIA and
HFSS. The dimensions and main parameters are reported
in Table 1. The radius of the cells has been slightly ad-

Figure 2: 3D sketch of a quarter of the SPARC RF deflec-
tor.

justed in order to obtain a B-field flatness smaller than 5%.
Concerning the coupler design it has been inserted in the
central cell in order not to exite the nearest mode that have
no field in the central cell. The dimension of the coupler
window and of the coupler cell radius by have been tuned
in order to obtain a coupling coefficient 5 = 1 and a reso-
nant frequency equal to 2.856G H z and to preserve a good
B field flatness. The tuning system has been realized using
metallic cylinders of 5mm radius that can compensate all
possible machining errors.
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MEASUREMENT RESULTS BEFORE
BRAZING

Resonant frequency and input port coupling mea-
surements

The reflection coefficient at the coupler input port before
the tuning procedure is reported in Fig. 3. As expected, it
was possible to excite only three of five deflecting modes.
The measured external quality factor of the working mode
was Qg x1 = 17050, while the measured unloaded quality
factor Qo was = 15500 and was lower than the expected
one because of the fact that the structure was simply as-
sembled and not brazed. The corresponding coupling coef-
ficient 5 was = 1.1.

Reflection coefficient at the coupler input port

N

| [dB]

11

——Not Brazed and Not Tuned |
|~ Brazed and Tuned |

IS
&

20+

g i i i i i i
Pea 286 268 29 297 294 295 298 3
Frequency ([GHz] x10°

Figure 3: Measured reflection coefficient at the input port.

Field measurement results

The measurements of the field in the cavity have been
done with the bead-pull resonant technique ([5] [6]). The
measurement setup with the device before brazing is given
in Fig. 4. The PC controls both the network analyzer (NA)

Figure 4. Measurement setup with the device before braz-
ing.
06 Instrumentation, Controls, Feedback & Operational Aspects
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HP8753E and the control circuit of the stepping motor. The
nylon wire is kept straight by a 75¢ weight. Since the the
deflection is given by both magnetic and electric fields,
both components have to be measured for device charac-
terization. With a small dielectric (teflon) cylinder we have
measured the on axis E field component only while, with
a small metallic cylinder both B and E field components.
The detailed description of such type of measurements is
reported in [4]. We have measured the field flatness of
the on axis H field before brazing the cavity. The deflector
were simply assembled by a dedicated metallic cage. The
measurement results obtained in air at room temperature of
about 22°C are reported in Fig. 5, in this case the tuners po-
sition were close to the internal surface. The field flatness

Not Tuned Magnetic Field

——Not Brazed
—Brazed e
5%

Figure 5: Measured on axis H field in the not tuned cavity.

was = 15% and the resonant frequency = 2.8563G H z in
good agreement with expectations even if a dedicated tun-
ing was necessary to obtain a field flatness of the order of
5%.

MEASUREMENT RESULTS AFTER
BRAZING AND FINAL TUNING

After the cavity brazing, the device has been installed in
SPARC (Fig. 6) to tune the structure at the working temper-
ature of 45°C. The measurements of the H field profile is

Figure 6: RF deflector installed in SPARC.

reported in Fig 5. As the plots shows, the brazing procedure
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has not modified the structure dimensions. The measure-
ments before brazing is more noisy because we used a re-
duced NA input power. The H field measurements and the
tuning has been done in air. For this reason, we tuned the
structure at the frequency of 2" = 2.8551G H 2. To tune
the deflector we have linearized the field profile sensitivity
and the resonant frequency as a function of the tuner po-
sitions around the initial working point following the steps
described below:

o we have measured H field peaks of each cell (H, ;) at
the initial resonant frequency (feso);

o we have measured the sensitivity coefficients of the H
field (%’éﬁ‘) and of the resonant frequency (%;;*’) asa
function of tuner positions;

o to find the required relative tuner variations (At ;) we
have resolved the following system:

°. (0H;, OH;
Ho,it1 — Ho,i = Z ( o, a;) - At
! (1)
5 of
fres_fresozz< 8753 ) Atj

Jj=1

wherei =1,---,4.and f..; = 2.8551GHz As example,
the resonant frequency as a function of the first tuner posi-
tion is reported in Fig. 7. In the same plot it is reported the
linearized curve that gives the frequency sensitivity. Fig. 8

Frequency Sensitivity

x10°

2.8556 : i
— | Measures
'f — Linear approximation

2.8554 - : : 2
&
L5
g
T 285521 5
& o
=
2 -
2 "
)]
& 2.855

g 4 2 0 2 ) 3 8

Tuner 1 position [mm]
Figure 7: Frequency sensitivity at different tuner positions.

shows the H field amplitude in the first cell as a function of
the tuner positions. The final tuned field profile at the fre-
quency of 2.8551G H z is reported in Fig. 9. The reached
field flatness is = 4%, according with the SPARC RF de-
flector requirements [4]. The final reflection coefficient at
the coupler input port after brazing and tuning is reported
in Fig. 3. The corresponding unloaded quality factor and
coupling coefficient are = 16000 and =2 1.1 respectively.
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Figure 8: First cell field amplitude sensitivity at different
tuner positions.
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Figure 9: Measured on axis H field in the brazed tuned
cavity.
CONCLUSIONS

The SPARC RF deflector as been successfully designed,
realized and brazed at LNF-INFN. It is a five cell SW struc-
ture operating at 2.856G H z made in copper. A complete
RF characterization using bead-pull and scattering coeffi-
cient measurements, has been done before and after braz-
ing. A dedicated tuning procedure has been implemented
to reach a field flatness of few percent at the designed res-
onant frequency.
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