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Abstract
Due to the finite bunch length, photoemitted electron

beams sample RF-nonlinearities that lead to energy-time
correlations along the bunch temporal profile. This is an
important effect for all applications where the projected en-
ergy spread is important. In particular, for time-resolved
single shot electron microscopy, it is critical to keep the
beam energy spread below 1× 10−4 to avoid chromatic aber-
rations in the lenses. Higher harmonic RF cavities can be
used to compensate for the RF-induced longitudinal phase
space nonlinearities. Start-to-end simulations suggest that
this type of compensation can reduce energy spread to the
10−5 level. This work is an experimental study of x-band
harmonic linearization of a beam longitudinal phase space at
the PEGASUS facility, including developing high-resolution
spectrometer diagnostics to verify the scheme.

INTRODUCTION
Controlling the details of the longitudinal phase space

in high brightness beams is of paramount importance. En-
ergy correlations along the bunch temporal coordinate affect
the emittance compensation process, how lenses act on the
transverse beam size and generally any application where
monochromatic beams are required.

If a short (< 1 ps) electron bunch is generated at the in-
jector (either by using a short laser pulse or by some form
of beam compression), in an S-band RF acceleration cavity
(2.856 GHz), the beam occupies less than 1 degree of RF
phase and the variation of the beam energy along the beam
can be neglected (especially when compared to the one in-
duced by space charge effects). Conversely, if long beams
are needed the spread in particle energies induced by the RF
curvature can be significant and have a dominant effect on
the beam evolution.

One scheme that has been put forward to compensate the
RF-induced energy spread is the use of higher harmonic
RF cavity to impart equal and opposite energy correlation
and linearize the longitudinal phase space distribution [1, 2].
In this paper, we present our current status of experiments
running at the UCLA Pegasus laboratory aiming to generate
ultralow (< 1e-4) energy spread beams by compensating the
higher order correlations in longitudinal phase space with
an X-band RF cavity. In order to improve the energy resolu-
tion of the spectrometer currently installed on the beamline
we added to the setup a pinhole to reduce the transverse
emittance and a quadrupole to magnify the dispersion.

∗ pdenham@physics.ucla.edu

The data indicate that we can compensate up to 2nd order,
the beam energy spread in agreement with start-to-end simu-
lations of the injector column. These measurements suggest
that chromatic aberrations in a single shot time-resolved
TEM experiment, using the PEGASUS injector can be re-
duced to a small level similar to space charge aberrations,
validating the feasibility of using the PEGASUS injector for
single shot TEM with 10 nm-10 ps spatio-temporal resolu-
tion [3–5].

PEGASUS BEAMLINE AND X-BAND
CAVITY DESCRIPTION

(a) (b)
Figure 1: (a) X-band cavity installation at PEGASUS. (b)
Shunt Impedance measurements of X-band cavity.

The injector layout is shown in Fig. 1. The photocathode
is illuminated by a 266 nm drive Ti:Sa laser. The temporal
profile of the laser is stretched from the initial 40 fs RMS
temporal duration to a nearly uniform flat-top > 10 ps long
pulse. To this end, we use 3 𝛼-BBO crystals with respec-
tive lengths 8.75mm, 4.375mm, 2.1875mm, which splits the
single 40fs beam into 8 beamlets spanning 13.3 ps [6]. The
pulses are then sent through a 𝑀𝑔𝐹2 crystal and a prism to
further stretch each pulse and facilitate temporal overlap. Af-
ter that, the laser is focused onto a NaKSb photocathode by a
175 mm focal length lens through a 72 degrees oblique inci-
dence vacuum port. The oblique port allows the final lens to
be brought closer to the cathode surface [7], but the illumi-
nation of the cathode is asymmetric. The alkali-antimonide
photocathode is inserted in a BNL/SLAC/UCLA 1.6 cell
clamped S-band RF gun [8] using a specially designed load-
lock chamber. Note that operation of these cathodes using
UV laser results in a relatively large MTE of 2 eV, which
is not important for this particular experiment. A focusing
solenoid immediately after the gun is followed by a 9.6 GHz
x-band linearizing cavity and S-band Linac [9] centered
1.1 m and 1.7 m downstream of the cathode respectively.
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The X-band cavity and S-band Linac are 0.1 m and 0.62 m
in length respectively. The installation of the X-band cavity
is shown in Fig. 1. Between the X-band and the booster
linac is an integrated current transformer for non destructive
measurements of the bunch charge. A dipole positioned at
the exit of the linac that is used to measures beam energy
and energy spread, which we initially used to characterize
the cavity shunt impedance, phase and amplitude stability.

A cavity frequency of 9.6GHz simplifies the synchroniza-
tion with the S-band gun and linac system. A part of the
low level 2.856 GHz seed used to drive the S-band klystron
is frequency divided by 36 to 79.33 MHz, then split in two.
A fraction of the power goes to the synchrolock system to
synchronize the laser to the RF system. The other portion is
frequency multiplied by 121, pre-amplified to 1 W level, and
then further amplified to up to 40 kW with a small X-band
klystron, to simultaneously phase lock the X-band system to
the laser at the operating frequency of 9.599 GHz.

The shunt impedance of the X-band cavity was measured
using the dipole just after the linac. Specifically, the accel-
erating voltage was determined from the energy gain of the
beam at the maximum accelerating phase as the input power
was varied. The results are shown in Fig. 1). The power
fit to the data indicates a shunt impedance of 8.69 MΩ in
good agreement with the cavity design. Given the klystron
power budget, the maximum field achievable in the cavity is
10 MV/m.

We also assessed the amplitude and phase stability of the
RF system. Amplitude stability was quantified by setting the
X-band to the maximum accelerating phase. where the beam
energy is linearly dependent on the cavity amplitude and
essentially insensitive to the phase. Over a hundred shots,
the rms amplitude fluctuations were 2 × 10−3. Alternatively,
phase fluctuations were quantified at the zero crossing, where
the beam energy changes linearly with phase offset. Again,
the energy deviations were collected over a 100 shots. After
removing long term drift, we found rms phase fluctuations
to be 1◦. With respect to the intended applications of the X-
band cavity, the phase fluctuations will have a bigger impact
than the amplitude fluctuations on stable compensation.

ANALYTICAL COMPENSATION AND
BEAM DYNAMICS SIMULATION

Here we analyze analytically and numerically third-order
energy spread compensation. At the exit of the gun, the
LPS has a dominating correlation between energy and po-
sition (relative to the beam centroid) of the form 𝛾(𝑧) =

𝛾0 cos(𝑘𝑧 + 𝜙0) where 𝛾0 is a normalized cavity voltage,
𝑘 is the cavities spatial wave-number, and 𝜙0 is the op-
erational phase of the gun. In the following we will as-
sume that the longitudinal positions of the particles are
frozen during propagation. In practice depending on their
energy the particles can move towards the tail or head of
the beam. Mathematically, for a drift distance characterized
by 𝐿, this is a good approximation if sin(𝜙0)𝑘𝐿/𝛾2 << 1.
In this case, we can reasonably estimate the LPS RF corre-

lations after the sequence of gun, X-band, and linac to be
𝛾(𝑧) = 𝛾0 cos(𝑘𝑧+𝜙0)+𝛼𝑥 cos(𝑘𝑥𝑧+𝜙𝑥)+𝛼𝐿 cos(𝑘𝑧+𝜙𝐿).
where 𝛼𝑥,𝐿 are the normalized voltages of the X-band cavity
and linac respectively. The correlation can be Taylor ex-
panded to 3rd order, 𝛾(𝑧) = 𝑐0 + 𝑐1𝑧 + 𝑐2𝑧

2 + 𝑐3𝑧
3 +𝑂 (𝑧4).

Typically, the optimum gun phase and voltage are deter-
mined by other considerations (emittance, charge, etc.). and
the linac voltage can be changed to tune the final beam en-
ergy. The expansion coefficients, 𝑐1, 𝑐2, and 𝑐3 are the main
contribution to energy spread. They all vanish if the configu-
ration has the x-band phase set to 𝜋, the linac phase such that
sin(𝜙𝐿) = −𝛾0 sin(𝜙0)/𝛼𝐿 , and finally the X-band voltage,

𝛼𝑥 =

(
𝛾0 cos(𝜙0) +

√︃
𝛼2
𝐿
− 𝛾2

0 sin2 (𝜙0)
)
𝑘2/𝑘2

𝑥 , then 𝑐0 is

given by:

𝑐0 =

(
𝛾0 cos(𝜙0) +

√︃
𝛼2
𝐿
− 𝛾2

0 sin2 (𝜙0)
) (

1 − 𝑘2

𝑘2
𝑥

)
(1)

Figure 2: Longitudinal phase space 3 m downstream of the
gun, after the linearizer and linac cavities, where the beam
coasts with 2 × 10−5 relative energy spread. The LPS is
color coded with particle radius from core. Energy and
temporal projections are shown along the corresponding
axes. The input laser profile (initial temporal distribution) is
also shown.

Table 1: Simulation Beam Parameters

Parameter Value
Beam Kinetic Energy 4.2 MeV
Relative Energy Spread 2 × 10−5

Normalized Emittance 130 nm· rad

An injector simulation was performed using the General
Particle Tracer (GPT) software, including smooth 3D space
charge effects and comparing the results to the effect of
Coulomb scattering modeled using the spacecharge3Dtree
option [10]. The simulated beam is initialized with an MTE
of 2 eV, 250 fC bunch charge, 50 µm rms transverse size,
and 10 ps (FWHM) duration. The analytical estimates just
presented provide an excellent starting point for the opti-
mization. In Table 1 we list the results of the simulation at a
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(a) (b) (c)
Figure 3: (a) Shows a comparison of horizontal projections taken at spectrometer 1, with x-band on, off, and at accelerating
phase. (b) Shows a top down cartoon view of the high resolution spectrometer layout. (c) Vertical quadrupole scan
reconstruction and energy spread measurements at spectrometer 2.

screen 3 m downstream of the cathode. The beam’s LPS at
this location is shown in Fig. 2. Notably, all RF correlations
other than 0𝑡ℎ order have been removed from the LPS. The
remaining spread in energy is mainly due to smooth space
charge effects. In order to minimize these, the initial tempo-
ral profile should be free of temporal modulations, and the
rise and fall times of the laser pulse should be sharp. Trans-
verse uniformity of the electron beam is difficult to maintain
because the beams inherit at emission a Gaussian angular
spread from the photocathode. The outlying particles in the
LPS are due to Coulomb collisions, which overall are found
to contribute negligibly to the overall measure of energy
spread at the level of beam current densities present in the
injector.

HIGH RESOLUTION SPECTROMETER
MEASUREMENTS

The energy spectra after compensation recorded on the
first spectrometer are shown in Fig. 3(a). The profiles in-
dicated suppression of second-order RF curvature which
manifests manifests as an asymmetry in the energy projec-
tions. Unfortunately, we could not accurately distinguish the
relative energy spread because of the large betatron contri-
bution to the horizontal beam size which limits the energy
resolution in this setup, so we developed a spectrometer with
a higher resolution.

In our second spectrometer line located nearly 4 m down-
stream of the Pegasus linac, we placed a pinhole with radius
𝑟 = 50 µm , 0.5 m upstream of a round-pole dipole mag-
net. The pinhole reduces the spot size and subsequently
the emittance by nearly two orders of magnitude. With a
good approximation we can assume a waist condition at the
pinhole as the beam is very gently focused with the gun
solenoid there. Additionally, a quadrupole at the mid point
of a 0.5 m dispersion arm is used to increase dispersion and
reconstruct the vertical trace space. The entire layout of the
high-resolution spectrometer is shown in Fig. 3(b).

The x-band system stability made it challenging to consis-
tently transmit the beam through the pinhole, so we chose to

benchmark the resolution of the second spectrometer with
a beam generated without the use of the x-band linearizer.
We found a working point where the beam is compressed by
a factor of 4 so that only a small interval of RF phase is sam-
pled in the linac and the energy spread can be maintained
below 1e-4.

After sending the beam through the spectrometer, we saw
a scattered background on top of a transmitted beam (due to
the pinhole only being 30um thick). which can be filtered out
thresholding the image intensity at the 2 sigma value of the
entire beam. Then a vertical quadrupole scan reconstruction
yielded a spot size in agreement with the pinhole size, a
nearly zero 𝛼 twiss parameter, and divergence of 4 × 10−5.
The quadrupole scan fit is shown in the top panel of Fig. 3
(c).

Assuming a round beam (every active element in the beam-
line is cylindrically symmetric) we can use this information
to retrieve the energy spread by algebraically subtracting
the betatron contributions from the final horizontal spotsize.
The explicit formula for the relative energy spread is:

𝜎𝛿 =
1
𝑅16

√√√
⟨𝑥2⟩ − ⟨𝑦2⟩

𝑅2
12

𝑅2
34

−
(
𝑅2

11 −
𝑅2

12𝑅
2
33

𝑅2
34

)
𝑟2/4 (2)

Eq. 2 is valid if the trace space is at a waist after the pinhole.
Mathematically, the waist condition is met if 𝜎𝑥0 >> 𝑟𝛼,
where 𝜎𝑥0 and 𝛼 are the spot size and twiss parameter before
the pinhole. With Eq. 2 we measured the energy spread
and divergence shot-to-shot; the results, color coded with
intensity, are shown in the bottom panel of Fig. 3(c). Most
shots consistently yielded divergence of 4 × 10−5 ± 5 ×
10−6 rad, in accordance with the vertical scan, and relative
energy spread of 1×10−4 ±3×10−5, with many shots under
1 × 10−4.
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