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Abstract
This paper discusses the commissioning of an X-band (9.6

) linearizer cavity at the UCLA PEGASUS beamline.
The photoinjector gun and booster linac operate at S-band
(2.856 GHz) and the linearizer cavity can be used to compen-
sate temporally correlated energy spread inherited by the use
of relatively long (many ps) laser pulses at the photocathode.
The cavity is comprised of 7 cells for a total length of a 9.45
cm, and is installed in the drift section between the gun and
the linac. It can be used to remove higher order correlations
and minimize the beam energy spread of 13 ps long beams
to 10−4.

INTRODUCTION

Linearizing the longitudinal phase space (LPS) of elec-
tron beams generated in RF-photoinjectors is essential for
pushing the limits of ultrafast electron diffraction (UED) and
ultrafast electron microscopy (UEM) [1]. UED sources that
rely on velocity bunching benefit from having additional
cavities because they can be utilized to remove higher-order
distortions that show up at the ballistic focus, which can
yield sub fs pulses. On the other hand, UEM sources favor
ps long Cigar beams with low energy spread (<10−4), as they
have demonstrated an ideal compromise between temporal
and spatial resolution (10 ps–10 nm) [2, 3].

Extensive work has been done, using multiple cavities of
the same frequency for LPS linearization for both UED and
UEM applications. Multi-objective optimizations of injec-
tors with several cavities can feasibly generate attosecond
pulses when operated in stroboscopic mode [4]. Alterna-
tively, the pairing of an RF-gun and buncher LINAC has
shown capable of linearizing either the bunching process or
energy spread [5].

We focus on using a single higher harmonic X-band cavity
for LPS linearization to reduce energy spread at the PEGA-
SUS beamline. First, we provide design details and measure-
ments of the X-band Cavity shunt impedance, then amplitude
and phase stability. Then the LPS linearization procedure
is described. Finally, we present results of energy spread
minimization at the PEGASUS beam line that were obtained
by using a high resolution (1.1 m dispersion) spectrometer.

Figure 1: (a) X-band cavity installation at PEGASUS. (b)
Forward and reverse power measurements. (c) Longitudinal
Field profile. (d) Shunt Impedance measurement.

Figure 2: Measured central energy fluctuations at cavity zero
crossing.

X-BAND CAVITY CHARACTERIZATION
The X-band linearizer is a 7 cell X-band (9.6 GHz) acceler-

ating cavity that removes the higher order longitudinal phase
space correlations and suppresses energy spread for ultra-fast
electron microscopy. Each cell in the cavity is 13.492 mm
(9.45 cm total length), and has a side-coupled geometry with
noses. The Noses were added to increase accelerating volt-
age. The Beam pipe radius is 4 mm. The relative phase
velocity of the structure is 𝛽 = 0.9922 (ideally correspond-
ing to a 3.5 MeV beam). There is a 30 MHz mode separation
between accelerating and neighboring modes. The design
shunt impedance is 90 MΩ/m. We installed the cavity 1.1 m
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Figure 3: Schematic of Beamline Layout for energy spread compensation measurements.

downstream of the cathode, which is also 0.5m upstream of
the linac entrance. The cavity installation and forward and
reverse power measurements are shown in Fig. 1 (top left
and right panels, respectively). The longitudinal field profile
is shown (bottom left panel).

The cavity frequency of 9.6 GHz is chosen to facilitate
synchronization with the 1.6 cell S-Band photogun and 11-
cell S-Band LINAC cavity on the PEGASUS beamline. The
low-level 2.856 GHz RF seed that is used to drive the S-
Band klystron has a portion split of first to be frequency
divided by 36 down to 79.33 MHz, with part of the signal as
an input to the Sycnhrolock system to synchronize with the
Ti:Sapphire laser system. The remaining low level signal is
then frequency multiplied up by 121 to achieve a nominal
frequency of 9.599 GHz that is phaselocked with the low
level RF, which is then preamplified and sent to our X-band
klystron.

We measured the shunt impedance of the cavity by mea-
suring accelerating voltage amplitude (relative to the zero
crossing phase) on the first spectrometer screen for different
cavity input power set points. We find a shunt impedance of
8.69 MΩ to be in good agreement with the design (bottom
right panel of Fig. 1). At the maximum power set point of
30 kW, the peak field in the cavity is 10 MV/m.

Next we assessed the amplitude and phase stability in op-
eration. To quantify amplitude stability, we set the X-band
to the maximum accelerating phase. At this set point, the
centroid energy gain is described by the taylor expansion
of Δ𝛾 = 𝛼𝑋 cos(𝛿𝜙) ≈ 𝛼𝑋(1 − 𝛿𝜙2/2), where 𝛿𝜙 is a
small phase offset. In this scenario, the centroid energy is
an excellent proxy for amplitude fluctuations because the
dependence on phase is second order. The statistics from
100 shots indicate the amplitude stability of the X-band is
2×10−3. On the other hand, the deviations of centroid energy
at the zero crossing phase are linear with phase fluctuations,
i.e., 𝛿𝛾 = 𝛼𝑋 sin(𝛿𝜙) ≈ 𝛼𝑋𝛿𝜙. The energy deviations
were collected at the zero crossing phase over a 100 shots.
They are shown in Fig. 2. After dividing the rms energy
deviations 𝜎𝐸 = 0.012𝑀𝑒𝑉 by the cavity voltage, we ob-

tain an estimate of phase fluctuations, Δ𝜙 = 1.2∘. This
level of phase fluctuations is tolerable in the energy spread
compensation.

LONGITUDINAL PHASE SPACE
LINEARIZATION

The experimental layout for LPS linearization is shown
in Fig. 3. Correlations imparted on the longitudinal phase
space by a S-band gun, S-band LINAC, and the X-band
linearizer can be obtained by integration. To estimate what
degree of compensation is obtainable, we assume all cavities
are set to maximum accelerating/decelerating phases. In that
case, the relation between energy and time is given by:

𝛾(𝑡) = 𝛾0 cos(2𝜋𝑓0𝑡) − 𝛾𝑥 cos(2𝜋𝑓𝑋𝑡) + 𝛾𝐿 cos(2𝜋𝑓0𝑡)
(1)

where 𝑡, is the time of arrival relative to the resonant particle,
𝛾0, 𝛾𝐿, 𝛾𝑥, are normalized accelerating voltages of the S-
band gun, Linac, and x-band linearizer, respectively. The
cavity angular frequencies 𝑓0, 𝑓𝑋 are 2.856𝐺𝐻𝑧, and 9.6𝐺𝐻𝑧
respectively. If 𝛾𝑥 = (𝛾0 + 𝛾𝐿)𝑓 2

0 /𝑓 2
𝑋 , then the quadratic

correlation in the Taylor expansion of Eq. (1) vanishes. If
we neglect space charge effects, then an initial 10 ps flat-top
distribution can achieve an RMS relative energy spread of
𝜎𝛾/𝛾 ≈ 10−5. To further exemplify the process, the results
of a start-to-end simulation of the PEGASUS beamline are
shown in Fig. 4. The longitudinal phase space is quadratic
before the X-band is activated, then becomes flat with a
narrow projection of 2 × 10−5 along the relative energy axis
after activation. In a typical injector operation, the gun
imparts linear chirp, which must also be compensated.

To experimentally achieve the aforementioned degree of
compensation we first worked to reshape and stretch our 40 fs
RMS Gaussian temporal profile into 13.3 ps flat top shape
at the cathode by using 3 𝛼-BBO crystals with respective
lengths 8.7 5mm, 4.375 mm, 2.1875 mm. Then a 𝑀𝑔𝐹2 crys-
tal and a prism were utilized to smear the temporal profile.
Next, preliminary laser pulse characterization was done us-
ing spectrometer 1, with the gun phase set to 30 degrees. The
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Figure 4: GPT simulation of longitudinal phase space lin-
earization before (left panel) and after (right panel) compen-
sation of the longitudinal phase space by the X-band cavity.

Figure 5: (Left) Simulated and measured spectrometer 1
screen beam size (solid) with respect to the accelerating
voltage for optimum phase; the energy spread’s contribution
to beamsize (dashed). Expected energy spread is plotted on
the right axis in red. (Right) Simulated spectrometer 2 beam
size and energy spread.

introduction of the 𝑀𝑔𝐹2 crystal and prism on the laser path
smoothed out density modulations on spectrometer screen.

Resolving energy spread below 10−4 requires nm-scale
normalized emittances. To minimize the emittance, we fo-
cused the drive laser (266 nm) onto a NaKSb photocath-
ode [6] by utilizing a 72◦ oblique incidence vacuum port
and a final focus lens (f = 175 mm) mounted on a translation
stage. The oblique port allows the final lens to be brought
closer to the cathode surface [7], but makes the initial spot
to be asymmetric. A potential drawback is that the gun
solenoid couples the larger of the two projected emittances
into the horizontal plane at the spectrometer screen.

The linac was tuned to the off-crest accelerating phase,
compensating for the initially imparted linear correlation
between time and energy; then, a purely quadratic correlation
between time and energy remained. Finally, the X-band was
tuned to the decelerating phase, the gun solenoid was set
to minimize the beta function at the spectrometer screen,
then we scanned the X-band cavity amplitude. The beamsize
reached a minimum. It was reduced by a factor of 2, from
300 µm to 150 µm, as shown in the bottom left panel of
Fig. 5. We performed GPT simulations of the experimental
scan. The results are superimposed with experimental data
in the bottom left panel of Fig. 5, where the horizontal beam
size is plotted along with the contribution from the energy
spread to the final screen size as a function of the X-band
cavities voltage. The corresponding relative energy spread
is shown in red and contributes less than a pixel when the

Figure 6: Spectrometer 2 sample image statistics for 20
shots.

energy spread is < 10−4. The figure shows that our ability to
resolve the actual energy spread was limited by the emittance
contributions to the beam size at spectrometer 1.

The next experimental phase is focused on improving
resolution in the second dispersion section illustrated in Fig.
3. The main improvements come from adding a 100 µm
pinhole and a horizontally defocusing qadrupole in the final
dispersion arm. The pinhole reduces the contribution to
the measured beam size from the horizontal emittance (at
the cost of charge transmission). Meanwhile, the final quad
increases the dispersion coefficient. Typically, for a final
dispersion length 𝐿, dipole bend radius 𝜌 and bend angle 𝜃
the dispersion is denoted by 𝑅16 = 𝜌(1−cos(𝜃))+𝐿 sin(𝜃).
In the thin lens approximation, if a defocusing lens with
focal length 𝑓 is positioned in the dispersion arm between
the dipole and the screen such that it maximizes dispersion,
then the expression characterizing dispersion becomes:

�̃�16 = 𝑅16 (1 + 𝐿 + 𝜌 tan(𝜃/2)
4𝑓 ) (2)

With these additions, spectrometer 2’s dispersion exceeds
1𝑚 when the final quadrupole is fully powered. Shown in
the bottom right panel of Fig. 5, we find these enhancements
enable there to be a linear relationship between energy spread
and beam size at the detector screen for relative spreads
below 5 × 10−5. Initial measurements taken on spectrometer
2 are shown in Fig. 6. We find that the measured beam sizes
correspond to energy spread within an order unity factor of
10−4.

FUTURE DIRECTION
An X-band harmonic linearizer cavity has been installed

at the PEGASUS beamline and is currently being commis-
sioned. So far, preliminary energy spread compensation
measurements have been taken. Energy spread has been
reduced below the transverse emittance resolution limit at
the first spectrometer. A more comprehensive analysis of the
dependence on arrival time to phase, and amplitude stability
is envisioned. In the interim, we will work on improving
beam pointing stability at spectrometer 2 pinhole for future
energy spread measurements. We plan to utilize the X-band
Cavity in future UEM experiments.
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