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Performance of the x-ray free electron laser Linac Coherent Light Source (LCLS) and the Facility for
Advanced Accelerator Experimental Tests (FACET) is determined by the properties of their extremely short
electron bunches. Multi-GeV electron bunches in both LCLS and FACET are less than 100 fs long.
Optimization of beam properties and understanding of free-electron laser operation require electron beam
diagnostics with time resolution of about 10 fs. We designed, built and commissioned a set of high
frequency X-band deflectors which can measure the beam longitudinal space charge distribution and slice
energy spread to better than 10 fs resolution at full LCLS energy (14 GeV), and with 70 fs resolution at full
FACET energy (20 GeV). Use of high frequency and high gradient in these devices allows them to reach
unprecedented performance. We report on the physics motivation, design considerations, operational
configuration, cold tests, and typical results of the X-band deflector systems currently in use at SLAC.
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I. INTRODUCTION

One of the many technical challenges in LCLS commis-
sioning and operation is the measurement and diagnosis of
its extremely short 14 GeV electron bunches. For example,
at a low charge of 20 pC the rms bunch length is under 10 fs
[1]. It is important that bunch diagnostics include measure-
ments of charge distribution in the phase space along the
bunch length (the so-called “beam slice emittance”).

In the 1960s SLAC developed technology to measure
electron bunch length utilizing a traveling wave structure to
produce transverse tf deflecting fields [2,3]. The high
frequency time variation of these fields was used to deflect
an electron bunch from head to tail by different amounts.
When such a beam is transported to a simple profile monitor,
the elongated size on the screen represents the bunch length.
This is a reliable, single shot measurement of the absolute
bunch length.

Since the method effectively converts one of the profile
monitor’s transverse dimensions into time, the bunch
structure can be analyzed in detail. This reveals important
time correlations with other phase space dimensions thus
allowing the measurement of “time-sliced” energy distri-
bution or other parameters of the beam. This measurement
now is an essential diagnostic for the FEL operation of
LCLS where such time-sliced beam parameters are of
fundamental importance. If the deflector is placed after the
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undulator, the spent beam can be continuously monitored
without interfering with FEL operation. The effects of the
undulator on the bunch can be visualized.

The longitudinal resolution of this method o, is given by

2
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where 4 is rf wavelength, my, is the electron rest mass, c is
the speed of light, y is the relativistic factor of the beam, ¢,
is the normalized emittance of the beam, and e is the
electron charge. V|, is the peak deflecting voltage at crest
phase, sin Ay is the betatron phase advance from deflector
to screen, and S, is the beta function at the deflector. The
assumption here is that the beam size on the screen doubles
with application of the defecting voltage. For details on the
derivation see [4,5].

The 3 GHz deflecting structures built and tested for the
SLAC linac in the 1960s are now used as indispensable
diagnostics for LCLS operation [1,6]. An example of such a
deflector is LOLA-IV with 2.44 m length and maximum
deflecting voltage of 19 MV at 20 MW input power. We
note that one such deflector is insufficient to resolve the
beam structure at full LCLS energy. If we wanted to use
these 3 GHz LOLA-IV structures downstream of the LCLS
undulator to measure bunch structure to about 10 fs
resolution, we would need a maximum transverse kick
of up to 132 MeV/c. This kick would require seven
LOLA-IV structures with a total length of 17 m and total
input power of 140 MW which is not practical. Shortening
the deflector rf wavelength increases its time-resolving
power. Two 1-m-long X-band deflectors powered by one
SLAC XL-4 50 MW Kklystron provide an equivalent
resolution and occupy much less space along the beam line.
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The requirements for such an X-band deflector were
formulated in [7] which is based on analysis of S-band
deflector applications to LCLS [4]. The preliminary elec-
trical design of a 1-m-long traveling wave deflector that
satisfies these requirements is presented in [8]. The structure
described in [8] uses a power coupler never before consid-
ered for rf deflectors in order to reduce multipole compo-
nents of the field [9] and improve high-power performance.

The electrical design of the X-band deflector is described
in [10]. To design the deflector we applied our experience
gained in developing and testing numerous X-band high
gradient accelerating structures built for the Next Liner
Collider project [11,12] and the US High Gradient
Collaboration [13].

Existing X-band and Ku-band deflectors [14] are used in
various applications. Our deflector differs from those
because it was developed to satisfy the extreme require-
ments for femtosecond diagnostics of multi-GeV beams. It
uses a traveling wave structure similar to the Radiabeam
X-band deflector designed to measure a 100 MeV beam
[15-17]. Our X-band deflector is longer and has a new type
of coupler. It is designed to produce a significantly larger
transverse kick than compact low power standing wave
rf deflectors for femtosecond diagnostics of ~15 MeV
beams. Examples of such standing wave structures are
17 GHz deflectors made by Haimson Research Corporation
[18,19], and the 9.6 GHz cavity made at UCLA for its
Neptune Laboratory [20].

We note that traveling wave X-band deflectors are being
developed for beam manipulation at the final focus of the
Compact Linear Collider (CLIC) [21]. Requirements for
that deflector are different from ours as follows: total kick is
smaller; multibunch wakefields have to be suppressed; and
nondeflecting fields in couplers have to be minimized. To
satisfy the last requirement a new type of coupler was
recently introduced for the CLIC deflector [9].

At this moment two 1-m-long SLAC X-band deflectors are
operational at LCLS [22]; one 1-m-long deflectoris at FACET
[23]; two shorter ones are used at SLAC’s Next Linear
Collider Test Accelerator (NLCTA) for the Echo experiment
[24,25]; and another short one is used for X-band gun
diagnostics at SLAC’s X-band Test Facility [26]. In addition
to these operational deflectors, one 1-m-long deflector has
been sent to the High Energy Research Organization in
Tsukuba, Japan (KEK), for use at their B-factory.

This paper is organized as follows: motivation and
design requirements leading to the original LCLS deflector
(Sec. II); design considerations and design description
(Sec. III); manufacturing considerations and selected
cold-test data (Sec. 1V); practical applications at SLAC
and some measurement results (Sec. V).

II. MOTIVATION AND DESIGN REQUIREMENTS

The X-band deflector design is based on LCLS deflector
specifications given in [7], and an earlier S-band deflector

TABLE L. Parameter requirements for 10-fs temporal resolution
using an X-band rf deflecting cavity (Table 1 from [7]).
Parameter Value Unit
Electron energy 13.6 GeV
Desired temporal resolution 10 fs
Kick amplitude (at t = 6¢) in units 2
of rms beam size
Radio-frequency wavelength 26 mm
of deflector (X-band)
Vertical normalized rms emittance 1 pm
Vertical beta function at the center 50 m
of the rf deflector
Peak deflecting voltage at crest phase 33 MV

proposed in [4]. Tables I and II show these specifications.
These requirements were set before the LCLS was com-
missioned. Now LCLS operates with normalized emittan-
ces as low as ¢, = 0.14 ym at 20 pC bunch charge.

Since the temporal resolution of the rf deflector is
proportional to ,/g,, lower emittance, as well as a higher
rf voltage improve the resolution of the deflector to better
than 10 fs at 14 GeV. Running LCLS for softer x-rays
(electron energy 3—4 GeV) allows a temporal resolution
of ~2 fs.

The layout proposed in [8] utilizes horizontal deflectors
placed just after the LCLS undulators, as shown in Fig. 1.

The spent electrons are bent vertically to the main dump
and pass through a beam screen that is used to reconstruct
the longitudinal phase space of the beam. The screen’s
vertical coordinate, due to the dispersion of the vertical
bend magnet, reveals the electron energy; while the
horizontal coordinate, due to the deflector, represents the
bunch length coordinate (time). In addition, by switching
the FEL on and off, the effects of the FEL on the electron
bunch can be time resolved, allowing an absolute meas-
urement of the x-ray pulse length as well as its structure.
The FEL process could be switched off by creating a
distortion in the beam orbit, see for example [27].

The system uses two l-meter-long traveling wave rf
deflectors powered by one SLAC 50-MW XL-4 klystron.
The klystron is capable of producing 1.6 us pulses but the
deflectors need only about 100 ns. An alternative approach

TABLE II. Approximate specifications for an X-band rf
deflecting cavity (Table 3 from [7]).

Parameter Value Unit
Maximum repetition rate 120 Hz
Minimum iris radius 5 mm

(if located after undulator)

Maximum cavity length (approximate) 2 m
Radio frequency 11.424 GHz
Pulse-to-pulse rf phase jitter 0.05 deg.
Radio-frequency relative 1 %

amplitude stability (rms)
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FIG. 1. Schematic layout of LCLS deflector rf system.

of using a single 1.5-meter-long deflector was proposed in
[28]. We chose two 1-meter-long structures instead because
a shorter defector has a faster fill time, requiring less input
power and is easier to braze and handle. Both the shorter fill
time and the lower input power reduce the probability of rf
breakdown and thus improve reliability during operation.

Further design considerations require a peak electric
field of under 150 MV/m, and peak pulse heating below
50°C. The limits on field and pulse heating are based on
results of our rf breakdown testing [13] and pulse heating
damage studies [29]. Accelerating structures operating at
these field levels have rf breakdown probability below 1077
per pulse per meter. We found experimentally that the
threshold for observable pulse heating damage of the metal
surface starts at about 50 °C [29].

III. DESIGN APPROACH

The geometry of the rf deflector is that of a constant-
impedance traveling-wave disc-loaded waveguide, similar
to early SLAC S-band deflectors [2,3]. We chose constant
impedance to reduce manufacturing cost because the
available rf power is sufficient to produce the required
transverse kick. The commercial 3D finite-element code
HFSS [30] was used for the electrical design.

The aperture of the deflector was set to 10 mm to stay
well clear of the diverging LCLS x-ray beam, especially at
long x-ray wavelengths [7]. At this aperture size, with
working frequency of 11.424 GHz, and practical iris
thickness the dipole mode is backward propagating [28].
With rf power and aperture fixed, the kick delivered to the
beam weakly depends on phase advance per cell, with a
slightly higher value at z/2 than at 2z/3. We chose
structure with 27z/3 phase advance per cell as more
practical to build and tune since it has fewer cells.

Similar to X-band accelerating structures, the deflector is
assembled from a set of cells. The cylindrically symmetric
structure supports two degenerate dipole modes with two
different polarizations. In practical structures these two
modes become coupled by imperfections in cell shape and
thus will reduce the kick and rotate its direction. To avoid
the coupling we introduced rounded polarizing pockets at
the outer diameter of the cell. We chose this method instead
of holes in the cell iris [16] or polarizing pins to avoid
chances of enhancing rf fields inside the cell.

A waveguide type coupler [8,12] feeds rf power into the
structure. This coupler was developed for X-band high
gradient accelerating structures but to our knowledge has
never been used in rf deflectors. It has several advantages
over the traditional, one-sided coupler as in [2,3,15,20].
These advantages are no field enhancement in the com-
plicated part of the coupler; no monopole or quadrupole
field component that can effect the beam; and the mechan-
ically complicated part of the coupler has looser tolerances
than in a traditional coupler. Another feature of this
particular realization of the coupler is its extra-long cutoff
beam pipe. With these cutoff beam-pipes we eliminated
leakage of high power rf from the deflector into the LCLS
beam pipe where it could degrade the performance of
nearby rf beam position monitors. We note that the wave-
guide coupler occupies more longitudinal space than the
traditional coupler, by approximately one cell length. For
most applications this length difference is insignificant and
well worth the advantages that the waveguide coupler
affords.

The parameters of the rf deflector are listed in Table III.
We note that the total kick from two deflectors, each
powered by 20 MW rf power, is 48 MV and exceeds the
original temporal resolution requirement specified in
Table I.

A. Cell design

We chose a traditional disc loaded waveguide with 27/3
phase advance per cell for the cell shape. It has a
2 millimeter-thick rounded iris and two polarizing pockets

TABLE III. Parameters of an 11.424 GHz traveling wave
deflector.

Parameter Value
Frequency 11.424 GHz
Beam pipe diameter 10 mm
Phase advance per cell 27/3
Input power 20 MW
Kick per meter in one regular cell at 20 MW 31 MeV/m

Total number of cells 117

Total structure kick 24 MeV
Maximum electric field (input coupler) 100 MV /m
Maximum magnetic field (input coupler) 405 kA/m
Maximum electric field in first regular cell 115 MV/m
Maximum magnetic field in first regular cell 340 kA/m
Peak pulse heating in first regular cell at 110 ns 16°C
Peak pulse heating in coupler at 110 ns 23°C
Total attenuation 0.62 Np
Power dissipated in the structure 14 MW
Cell quality factor 6300
Dipole mode frequency separation 100 MHz
Repetition rate 120 Hz
Group velocity divided by speed of light 3.2%
Structure length (with beam pipes) 1.185 m
Fill time ~110 ns

102801-3



VALERY A. DOLGASHEV et al.

Phys. Rev. ST Accel. Beams 17, 102801 (2014)

E [MV/m]

l86

64.5

I43
215

i

(a) (b)

H [MA/m]

.0'34 12 o> working

0255 N N mode
Io.17 >

2115 /

0085 3 T
l @ parasitic T

0 - mode

1

0 50 100 150
(€)  Phase advance per cell [deg.]

FIG. 2. Periodic eigen-solution for regular cell of the rf deflector: (a) surface electric fields; (b) surface magnetic fields; (c) dispersion
curves for both working and parasitic modes of orthogonal polarization, with about 100 MHz separation between the curves. Detailed

parameters of the cell are listed in Table III.

FIG. 3. Input part of the coupler assembly: (a) solid model of
the assembly; (b) brazed assembly before joining to disk-loaded
waveguide. In (a) are shown 1: input WR90 flange; 2: E-plane
splitter; 3: input iris of the first matching cell; 4: H-plane miter
bend; 5: extra long beam pipe.

at the outer diameter of the cavity. The shape, the opera-
tional surface rf fields, and the dispersion curve for the cell
are shown in Fig. 2. We note that the values of peak field
and peak pulse heating are significantly below our safe
limits.

B. Coupler design

The rf deflector has identical input and output couplers.
Each coupler consists of several parts. Starting from the
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regular structure cell it has two matching cells; four E-plane
WROI0 miter bends; E-plane WR90 3dB splitter; and an
input-output WR90 waveguide. A sectioned view of the
coupler assembly (without matching cells) and the brazed
assembly are shown in Fig. 3. The HFSS model of the
matching part of the coupler is shown in Fig. 4.

The peak fields and peak pulse heating in the matching
cells of the coupler are well below the conservative limit that
we set in our design requirements: limit on peak surface
electric field of 150 MV /m vs 115 MV/m expected in the
coupler, and damage limit of 50 °C vs 23 °C in the coupler.
Since these expected fields are significantly below our
requirements we did not expect any measurable breakdown
rate. This is now confirmed by many hours of operation of
the FACET deflector at ~35 MW of input power without rf
breakdowns. We note that the higher surface field in
matching cells could be dropped to a level of regular cells
as was shown in later developments [31].

The waveguide coupler is symmetric with respect to
vertical and horizontal planes as shown in Fig. 4. When
excited from both sides by rf fields with opposite phases, it
could be modeled as one quarter of the structure with
magnetic boundary in the horizontal plane and with electric
boundary in the vertical plane. Expansion of the fields into
waveguide modes propagating along the deflector axis does
not contain either monopole or quadrupole components.

FIG. 4. Waveguide coupler for the rf deflector. Fields are normalized to 20 MW of transmitted power: (a) surface electric fields with
maximum value of 100 MV /m; (b) surface magnetic fields with maximum value of 400 kA /m which corresponds to 23 °C peak pulse

heating for 110 ns pulse duration.
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E-plane splitter for feeding the waveguide coupler of the deflector, fields normalized to 100 MW of transmitted power: (a) solid

model of the splitter’s rf volume; (b) surface electric fields with maximum value of 47 MV/m; (c) surface magnetic fields with

maximum value of 129 kA /m.
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FIG. 6. H-plane miter bend for feeding the waveguide coupler of
the deflector, fields normalized to 100 MW of transmitted power:
(a) surface electric fields with maximum value of 34.3 MV /m; (b)
surface magnetic fields with maximum value of 80.5 kA/m.

For detailed study of multipole fields in deflector couplers
see [9]. We note that quadrupole fields in the couplers could
be excited by the beam or by asymmetry of the circuit
feeding the waveguide. The discussion about these is
outside the scope of this paper.

The coupler is fed from both sides with fields of opposite
rf phases. To create such fields we designed the E-plane
splitter shown in Fig. 5. The design minimizes both electric
and magnetic rf fields to practical limits. The bandwidth of
the splitter is 0.27 GHz at —20 dB.

To transport rf power from the splitter to the structure we
used two H-plane miter bends on each side of the structure.
Fields in the miter are shown in Fig. 6. The bandwidth of
the miter is more than 0.6 GHz at —50 dB.

IV. MANUFACTURE, TUNING, AND COLD TEST

The deflector is constructed from two identical half-
structures consisting of 56 regular cells each, two coupler
assemblies, two pairs of matching cells, and a single joining
ring. The deflector is symmetric around the joining ring.
The half-length-structures are diffusion bonded and brazed
to the coupler assemblies first, then the entire structure is
brazed together along with its water cooling system. All
regular cells, matching cells and the joining ring have two
symmetrically placed tuning pins for after-braze matching

and tuning of the phase velocity. The matching cells and the
joining ring do not have polarizing pockets. The deflector
structure is stiffened by four stainless steel longitudinal ribs
with adjusting screws at midlength to adjust the straight-
ness after brazing. Sockets for alignment tooling balls are
brazed into the coupler assemblies.

The whole structure was brazed in several steps. Figure 7
shows all essential components including two diffusion
bonded cell stacks, a joining ring, two matching cells, and
prebrazed input and output couplers.

The nodal shift method [32] with a reflective plunger
was used for tuning and matching of the deflectors. During
the measurements and tuning, the deflector was filled
with pure dry nitrogen and its temperature was stabilized
to 20 °C + 0.05° C. Figure 8 shows the measurement setup.

After tuning, the deflector was measured using the
nonresonant perturbation technique [33,34]. The amplitude
and phase of electrical field were obtained by analyzing the
reflection from a small glass bead moving along the central
axis of the deflector. Figure 9(a) shows the measured
electrical field amplitude along the central axis of the
deflector. This measurement shows that there is no internal
standing wave; this means that the tuning was successful.

Measured after-tuning phase variation between cells of
+2° is typical for X-band accelerating structures. The error
comes partially from how precise we could deform the cell

FIG. 7. All components are ready for the final brazing:
1: matching cell; 2: joining ring; 3, 4: brazed coupler assemblies;
5, 6: diffusion bonded half-length structures.
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FIG. 8. Setup for microwave measurement and tuning: 1: vector
network analyzer; 2: rf deflector; 3: reflective plunger.

and how precise we could measure it. In the case of the
deflector, the error is higher because the method for
determining the phase of each cell is less accurate.
Although rf phase in accelerating and deflecting structures
are measured in the same bead-pull configuration, there is a
difference. The rf phase of each cell in both cases is
measured at the cell’s center. In the case of accelerating
structures this is a dwell point of the measured phase. In the

020fF " f -
0.15 |- .
= ]
— ]
(/)010_— 7
0.05 :—J -
0.00 ™% L 1 I Ll ]
0 20 40 60 80 100 120
(a) z [mm]
20
10 .
) .
3 oI"? -, o0 °
= oL e oo o o0 ’.‘Q o.* ° o]
3 ®% ®e 0o e ° e %° co’._
;E“ :.?..&. °.° ®op oo
10 ]
ool v v v
0 20 40 60 80 100
(b) Cell Number

FIG. 9. Results of bead pull measurements: (a) rf electric field
amplitude along the central axis of the deflector; (b) difference
between beam synchronous phase and rf phase along the central
axis of the deflector.

case of the deflector the phase there has a steep gradient.
The lower accuracy of this phase measurement is one of the
reasons why tuning is done by a nodal shift method, not a
bead pull, typical for traveling wave accelerating structures.

Unlike in accelerating structures, the deflector on-axis
electric fields peaks are located on the centers of the irises
(the valleys are located at the centers of cavities). The
higher on-axis fields at input and output of the structure are
located in the part of the coupler where the eigenmode of
the rectangular waveguide is transformed into the hybrid
dipole eigenmode of the deflector. Location of this
enhanced on-axis electric field is clearly seen in the coupler
in Fig. 4. Consistent with simulations, the measured on-axis
electric field in the regions of the iris coupling to the input

10
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FIG. 10. Measurements of the deflector rf scattering parameters
vs frequency: (a) magnitude of the reflection from input coupler
with value at operating frequency of 0.03; (b) magnitude of the
reflection from input coupler with value at operating frequency of
0.04; (c) magnitude of the transmission through the deflector with
value at operating frequency of 0.53.
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TABLE IV. Summary of practically achieved parameters from SLAC X-band deflector applications.

Parameter LCLS FACET NLCTA XTA Unit
Beam energy 4,000-14,000 20,000 120 75 MeV
Beam emittance 0.5 ~40 2 0.55 um
Structure length (with beam pipes) 2 x1.185 1.185 0.432 0.293 m
Number of regular cells (including joining ring) 2x 113 113 27 11

Input power 17.54+17.5 35 20 2 MW
On-crest deflecting voltage 45 30 6 0.9 MV
Resolution achieved 1-4 70 30 30 rms fs
Distance to deflector screen 32 14.75 3 2.5 m
Beta functions at rf deflector 120 at 14 GeV 150 5 11 m
Beta functions at the screen 22 at 14 GeV 0.41 8 2 m
Quadrupole focusing after deflectors yes yes yes yes

Dipoles after deflectors yes yes no no

waveguide and first matching cell is a factor of 2 higher
than the field near the next iris. On the same iris, both
electric and magnetic surface fields are lower than the field
in the matching or the regular cells; therefore, we do not
expect increased breakdown probability at this location.
The contribution of the coupler region to the overall
deflection is equivalent to the deflection from about 1.5
regular cells. Figure 9(a) shows the measured rf phase
variation of the beam-synchronous phase along the central
axis of the deflector vs cell number. Random phase
variations of 4+5° has no appreciable effect on deflector
operation.

Figure 10 provides the frequency response of the
magnitude of the reflection coefficients of the input (S;;)
and output (S,,) ends, and the magnitude of transmission
through the structure (S;,). The reflection is very small
from either side of the deflector. Measured magnitude of
the transmission at 11.424 GHz |S,| = 0.53 is consistent
with the theoretical prediction. This consistency indicates
that the assembly and brazing of the structure were
performed perfectly. This particular deflector is one of
the two installed at LCLS.

V. APPLICATION EXAMPLES

We list main parameters of beam diagnostic rf deflector
systems in use at SLAC in Table I'V. Below are details about
these systems.

A. LCLS X-band deflector system

Based on the proposed X-band transverse deflector for
the LCLS, further studies were made for reconstruction of
the x-ray temporal profiles [22]. The start-to-end simulation
results were very promising and the LCLS X-band trans-
verse deflector project was launched in mid 2011.

To reserve space for future applications directly down-
stream of the LCLS undulator beam line, the location
for the X-band deflector was chosen to be at the very end
of the LCLS beam line, immediately upstream of the dump
bending magnets. There are three quadrupoles between the

deflector and the screen. The beam optics has been
optimized by relocating one quadrupole magnet from its
original position to achieve 90° betatron phase advance and
better resolution. The deflectors, the klystron, the modu-
lator, the waveguide, as well as other supporting devices
were designed, fabricated, and tested in 2011 and 2012
[35,36]. The two adjacent 1-m-long X-band deflecting
structures were installed in the beam line in the summer
of 2012. Figure 11 shows the deflectors in the LCLS beam
line. The entire system was ready for beam commissioning
in May 2013.

At present the klystron operates at an output power of
about 53 MW. With losses in feeding waveguides, the
power at the entrance of each deflector is approximately
17.5 MW. This gives a total maximum deflecting voltage of
about 45 MV.

An example of a measurement is shown in Fig. 12:
(a) shows image on a screen with deflector off; (b) is with
deflector on; and (c) shows current beam profiles calculated
using measured calibration factors.

The measured tf phase jitter is about 0.15° rms. Matlab-
based graphical user interfaces have been developed to
perform the beam-based calibration, the bunch length

FIG. 11. A photo of the X-band 1f deflector system installed in
the undulator beam line. (Picture credit: P. Krejcik.)
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FIG. 12. The measured beam images with deflector (a) off and (b) on at LCLS electron beam energy 13 GeV, bunch charge 150 pC.
The curve on (c) shows the current beam profile with absolute units after applying the measured calibration factor.

measurement, and the x-ray temporal profile reconstruction.
The klystron amplitude and phase jitters, together with the
beam jitters such as arrival time, as well as current and
energy jitters, are included in the data analyses. At a beam
energy of 4 GeV, the preliminary measurement shows a
temporal resolution less than 1 fs rms. After further
commissioning studies [37], the deflectors are routinely
used in tuning and machine studies of LCLS and specifi-
cally for single-shot x-ray temporal characterization [38].

B. FACET X-band deflector system

The longitudinal profile of the electron beam at FACET
[39] is a crucial characteristic for nearly all experiments
at that facility, none more so than the plasma wakefield ac-
celeration (PWFA) experiments, wherein a two-microbunch
structure both drives a plasma wake (leading bunch) and rides
the accelerating field (trailing bunch) to produce a monoene-
rgetic, high energy beam at the output. When fully com-
pressed, the FACET 20 GeV beam is designed to be as short
as 20 ym rms in length. When in the two-microbunch
configuration, each microbunch is typically 30 ym rms long
with a peak-to-peak separation of about 130 gm. The final
energy of the PWFA beam and the interpretation of the results
of nearly all experiments at FACET depend highly upon
knowledge of the beam’s longitudinal profile to at least
20 pm resolution [23]. To satisfy this requirement, FACET
installed a 1-m-long X-band deflector powered by a SLAC
XL-4 klystron. Figure 13 shows a photograph of the deflector
installed in the FACET beam line.

The rf infrastructure, including the klystron, modulator,
and waveguide, was installed, tested, and commissioned
over a period of roughly one year, and first put to
experimental use in June 2012. The X-band deflector
was installed in the final arm of the FACET chicane to
give a phase advance of 90° and 180°, respectively, at the
Optical Transition Radiation profile monitors located at the
beginning of the final focus section of the beam line and at
the experimental interaction point. Beam optics configu-
rations were developed based on simulations to optimize
the longitudinal resolution of the system while minimizing

nonlinearities [23]. A Matlab graphical user interface was
used to perform routine deflection calibration and bunch
length measurements starting from the summer 2013 run.
The longitudinal resolution was estimated to be about
20 ym. As for now, longitudinal profiles are processed
off-line.

We note that the difference in resolution between FACET
and LCLS deflector systems is due to several reasons.
FACET has higher beam energy, larger emittance, signifi-
cantly larger bunch charge, a single 1-m-long deflector
(instead of two 1-meter-long deflectors as at LCLS), and
limitations of optical diagnostics due in part to extremely
large beam currents.

C. NLCTA X-band deflectors

The two X-band deflectors installed at SLAC’s NLCTA
in 2011 have significantly enhanced the capability of this
facility [24,25]. One 11-cell deflector is mainly used to
increase the beam slice energy spread [25,40], and the
other 27-cell deflector is used for measuring the temporal
profile of electron beams. These two deflectors are shown
in Fig. 14.

FIG. 13.
beam line.

The 1-m-long X-band deflector installed in the FACET
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(b)

FIG. 14. X-band deflectors at SLAC’s NLCTA: (a) the 11-cell, and (b) 27-cell.

With 20 MW power (corresponding to about 6 MV
kick), the 27-cell deflector provides about 30 fs reso-
Iution in the measured beam temporal distribution.
Recently, two lasers (one at 800 nm and the other at
1550 nm) have been used to generate periodic density
modulation in the electron beam at 12 THz (the differ-
ence in frequency of the two lasers). This density
modulation has been directly resolved with the 27-cell
deflector [41]. The raw image of the streaked electron
beam distribution is shown in Fig. 15 where the density
modulation at 25 ym can be clearly seen.

D. X-Band Test Area deflector

The X-Band Test Area (XTA) [42,43] is equipped with
an 11-cell deflector shown installed in the beam line in
Fig. 16. The construction of the deflector is identical to the
NLCTA 11-cell defector shown in Fig. 14(a). It is powered
by a 50 MW SLAC XL-4 klystron. However, because of
the relatively low electron beam energy, no more than

FIG. 15. Raw image of the electron beam streaked by 27-cell
X-band deflector at SLAC’s NLCTA.

2 MW is needed to power the deflector. For beam line
parameters shown in Table IV the practical resolution of the
system can be as short as 30 fs.

During the commissioning of the X-band gun the
deflector was used to verify the bunch length. Despite
strong rf phase jitter in the main rf power source, an
accurate determination of the bunch length was possible
by running a large number of samples. An example of
such a measurement is shown in Fig. 17. The bunch
length was measured to be 476 fs rms at 290 pC bunch
charge and 70 MeV, confirming predictions from simu-
lations. Continued operation of the deflector is planned
at XTA to measure slice emittances and thus fully
characterize the beam.

Ultrafast electron diffraction experiments are planned
at the XTA. As part of this program the deflector will be
used to image dynamic properties of crystals in phase
transition. This approach was presented in [44] as an
improvement on the earlier work [45]. Note that the
resolution of the S-band deflector in [45] was limited to
200 fs. With the XTA detector the resolution is antici-
pated to be ~5fs at 5 MeV. This improvement in
resolution comes from shorter X-band wavelength, larger
maximum kick, choice of beta function, and from the
smaller transverse emittance of the XTA bunch.

FIG. 16. 11-cell deflector installed in X-Band Test Area.
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Example of bunch measurements using XTA X-band detector: (a) calibration curve, transverse bunch centroid position-to-rf

phase; (b) rf deflector off; (c) vertically streaked bunch profile observed on a Yttrium Aluminum Garnet screen.

VI. SUMMARY AND DISCUSSION

Motivated by LCLS requirements, we designed, built,
and commissioned a set of high frequency X-band
deflectors to measure beam longitudinal space charge
distribution and energy spread to better than 10 fs reso-
lution at full LCLS energy (14 GeV), and with 70 fs
resolution at full FACET energy (20 GeV). The high
frequency and high gradient features allow these devices
to reach unprecedented performances.

A total of seven X-band deflectors of this type have been
built at SLAC. Six are successfully operating at SLAC and
one was shipped to KEK for use at the B-factory injector.
This project successfully capitalized on the U.S.
Department of Energy’s (DOE) investment in X-band high
gradient technology. As a result, the FACET deflector
operates at up to 35 MW input power and thus far has not
exhibited any measurable breakdown rate.

We envision that in the future these deflectors could be
used in much more powerful systems such as four 1-m-long
deflectors fed by one XL-4 klystron with 1f pulse com-
pressor to give the beam a 92 MV kick [8].
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