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Characterization of 9–9.5 MeV electron beams produced in the dc-gun based Cornell photoinjector is
given for bunch charges ranging from 20 pC to 2 nC. Comparison of the measured emittances and
longitudinal current profiles to optimized 3D space charge simulations yields excellent agreement for
bunch charges up to 1 nC when the measured laser distribution is used to generate initial particle
distributions in simulation. Analysis of the scaling of the measured emittance with bunch charge shows that
the emittance scales roughly as the square root of the bunch charge up to 300 pC, above which the trend
becomes linear. These measurements demonstrate that the Cornell photoinjector can produce cathode
emittance dominated beams meeting the emittance and peak current specifications for next generation free
electron lasers operating at high repetition rate. In addition, the 1 and 2 nC results are relevant to the
electron ion collider community.
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I. INTRODUCTION

The development of a high-luminosity polarized elec-
tron-ion collider (EIC) with center of mass energies on the
order of 100 GeV represents the next major accelerator
based nuclear physics experimental challenge [1].
Realization of such a facility requires significant advances
in accelerator technology, including, but not limited to
the development of energy recovery linacs (ERLs) with
unprecedented currents and energies (up to multi-GeV)
[2–5], as well as the development of both polarized and
unpolarized electron sources beyond the state of the art
in high-brightness, high-current machines. In particular,
the production of multi-nanocoulomb electron bunches
delivered at repetition rates up to tens of MHz represents
a major technological hurdle for polarized electron source
technology.
While not currently operating as a polarized source, the

Cornell photoinjector provides a unique experimental setup
for testing the feasibility of many of the design goals for
EIC electron sources. In this paper, we demonstrate that
the Cornell photoinjector is capable of delivering high-
brightness beams with bunch charges up to 2 nC (well
beyond the initial injector design specification). In doing
so, we give a more detailed description of the production of
cathode emittance dominated beams which meet the design
emittance and peak current specifications for the next

generation LCLS-II light source discussed in [6].
Comparison is given with optimized 3D space charge
simulations for bunch charges up to 1 nC. These results
help determine where the current state of the art in dc gun
based photoinjectors stands with respect to EIC electron
source goals, and provide further benchmarking of 3D
space charge codes at bunch charges not previously
explored.
The remainder of this paper is structured as follows:

first we give an updated description of the injector layout.
Next, a detailed account of the setup and calibration of the
machine is given, including a description of the optimiza-
tions used to find the machine settings producing optimal
emittance. In addition, the discovery and mitigation of stray
quadrupole fields in the emittance compensation solenoids
is discussed. After that follows the results of measurements
of the emittance and longitudinal current profile for bunch
charges from 20 pC to 2 nC, and the corresponding
comparison to 3D space charge simulations. Last, we
discuss the effect of measured laser shape on the optimal
emittances measured.

II. EXPERIMENTAL SETUP

Figure 1 shows the current layout of the Cornell photo-
injector. The element positions in the gun and linac sections
of the injector remain identical to those used in previous
measurements [7,8]. However, the diagnostic beam lines
after the superconducting radio frequency (SRF) cryomod-
ule have changed substantially during the subsequent years.
Currently, the merger section used in previous emittance
measurements has been removed, and the entrance to the
chicane section has been moved upstream towards the
SRF cryomodule. The double slit emittance measurement
system (EMS) is now located in the straight section, in
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between the entrance and exit of the chicane, with three
quadrupole magnets before the first measurement slit. New
radiation shielding was added around the EMS so that
emittance measurements could be performed at energies
above roughly 7 MeV [7], allowing for neutron production.
The dc gun has now been processed up to 395 kV, but all
other features of its design remain the same [9,10].
Similarly, the buncher has been processed up to 90 kV,
to allow for adequate bunching at high charge. No addi-
tional processing was needed for the five SRF cavities,
running stably up to 2–2.5 MVenergy gain. For this paper,
a NaKSb cathode with a mean transverse energy (MTE) of
140� 10 meV and a large (> 1 cm) active area with a
nearly uniform quantum efficiency (QE) around 5% was
used [11]. A more detailed description of the beam line and
EMS can be found in [7,12] and [9,13] respectively.

III. EXPERIMENT

A. Setup and calibration

1. Mutiobjective genetic algorithm optimizations

In order to find machine states producing optimal
emittance compensation for each bunch charge, we use
multiobjective genetic algorithm (MOGA) optimization
software and the 3D space charge code general particle
tracer (GPT) [14] (a detailed description of our 3D injector
model can be found in [7]). For each of the desired charges
up to 1 nC (issues with 2 nC are discussed later), we
simultaneously optimized both the emittance and rms
bunch length at the location of the EMS in the simulated
injector, subject to physical constraints on all relevant
injector and beam parameters. In contrast to previous
simulations [7], in these optimizations the optimizer varied
the initial laser distribution by selecting the laser pinhole
diameter, truncation fraction, and the longitudinal shaping
crystal angles, in precisely the same manner that the real
laser is adjustable.
For all bunch charges, the optimizer selected a final

energy of roughly 9–9.5 MeV. At this energy, the emittance
continues to oscillate due to space charge after exiting the
injector cryomodule. Consequently, the optimizer chose
settings producing an emittance oscillation minimum at the
location of the EMS, roughly three meters downstream
of the rf cavities. For bunch charges up to 300 pC, the

resulting optimized injector settings satisfied all of the
LCLS-II injector 95% emittance and peak current speci-
fications. To accomplish this, the optimizer chose laser
pinhole sizes of 0.73, 1.9, and 3.5 mm, as well as a
truncation of roughly 50% for each respective charge.
Moving well above those charges in simulation began to
necessitate unrealistically large transverse laser distribu-
tions, and as a result, we switched to using a longer set of
shaping crystals in simulation for charges above 300 pC.
With this change, similar optimizations were carried out for
1 nC. As with the LCLS-II bunch charges, the optimizer
selected roughly a 50% truncation fraction for the trans-
verse laser distribution and roughly a 5 mm pinhole size.
Simulations were not carried out for 2 nC, though one
would expect the ideal aperture size to scale to approx-
imately 7 mm, as it scales roughly as

ffiffiffi
q

p
, keeping the peak

charge density constant.

2. Laser modifications and characterization

For all measurements in this paper, we exclusively use a
50 MHz laser, as well as a pulse picking Pockels cell to
reduce the average power deposited in the interceptive
EMS. At this repetition rate, a 2 nC bunch charge would
require 5 Watts of laser power for a 5% QE cathode.
Allowing for losses in transport and shaping, this requires
>10 W of initial laser power. As a result, the laser was
recently upgraded [15] to produce up to 70 W average
power, however, in order to remain below the manufac-
turer’s specified average power damage threshold of the
Pockels cell, the average power was limited to 20 W. With
no transverse shaping (i.e., clipping) of the laser beam,
2.5 nC bunches were produced at the maximum allowable
laser power.
The shape of the laser is tunable both in the transverse

and longitudinal directions. For longitudinal shaping, N
rotatable birefringent crystals (YVO4) temporally shape the
primary pulse by splitting it into 2N copies with tunable
relative intensities set by the crystals’ rotation angles. As in
simulation, we used two sets of crystals for this work, the
longer set used for charges above 300 pC. This results in a
roughly 9 and 25 ps rms laser pulse length for bunch
charges of 20–300 pC, and 1–2 nC, respectively. The
crystal lengths for both sets are given in Table I.

FIG. 1. Top view of the Cornell injector. The deflecting cavity (not shown) is located between the second EMS slit pair and the
A4 Faraday cup.
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For transverse shaping, we use a manually adjustable
beam expander and pinhole aperture [16] to clip the
approximately Gaussian laser distribution at roughly the
half maximum intensity. This amount of truncation of
the laser was found to work consistently well in simulation
for all charges. Importantly, truncating a Gaussian beam at
the 50% intensity point also clips off half of the laser power.
Since we only had enough laser power to produce 2.5 nC
with no transverse clipping, we could not clip off 50% and
still reach 2 nC. For this bunch charge, a 8.8 mm aperture
(compared to the 7 mm optimal value) and less aggressive
clipping was required. Using the simulation as a guide, the
diameter of the laser was chosen from the available set of
pinhole apertures. Notably, with the exception of the smallest
aperture, all of the available pinholes were within a few
percent of the simulation values for charges up to 1 nC. For
the smallest pinhole a 1 mm aperture was used instead of the
0.73 mm size selected by the optimizer, leading to a slightly
larger thermal emittance than is optimal.
For each emittance measurement, the transverse shape of

the laser beam was recorded by picking off the laser beam
and sending it to a CCD at precisely the same path length
as the cathode. The longitudinal shape was measured once
for each crystal set by sending a near-zero charge beam
(0.02 pC) through the injector with all cavities turned off.
Because there is very little effect from space charge at
this charge, the temporal profile remains nearly constant
throughout the machine. After reaching the diagnostics
section, the beam was passed through a single horizontal
slit of the EMS, producing a thin beamlet on a downstream
viewscreen. The width of that slit (20 μm ), as well as the
timing jitter of the laser with respect to the deflecting cavity
(300 fs rms), determines the measurement resolution.
Turning on the vertical deflecting cavity after the slit
resolves the time axis of the beamlet on the downstream
viewscreen, providing a measurement of the temporal beam
profile.
The transverse profiles recorded during each emittance

measurement and the longitudinal profiles for both crystal
sets are shown in Fig. 2, along with a comparison to a
longitudinal simulation done with the 0.02 pC machine
settings. Interestingly, even though the temporal profile of
the laser beam has many sharp peaks due to the stacking of
individual laser pulses, by the time the bunch reaches the
deflector, these peaks are smeared out from space charge
both in simulation and measurement, even at this small
bunch charge.

The pulse picking Pockels cell is not fast enough to pick
a single laser pulse, so a short pulse train is used for
emittance measurements. In practice, this sets a minimum
duration of 300 ns to the bunch train, long compared to the
rise and fall time of the Pockels cell. Below this minimum
duration, the rise and fall time cause a significant portion of
the bunches in the bunch train to have the wrong charge,
confusing the interpretation of the measured phase spaces.
Longer durations were used for smaller bunch charges, in
order to increase the signal level from the EMS. At the
largest charges, this minimum duration causes there to be
significant beam loading in the cavities, especially in the
buncher. At 1 nC, the buncher phase was seen to vary by
roughly 5 degrees (peak to peak) during the bunch train,
and almost 10 degrees at 2 nC. Somewhat surprisingly,
reducing the duration of the bunch train by a factor of 2 did
not affect the measured phase spaces, and thus the optimal
machine settings are apparently robust to that level of
buncher phase changes. To roughly estimate this effect in
simulation, we offset the buncher cavity phase by 2.5 deg
for the 1 nC bunch charge settings in GPT and saw a
roughly 10% increase/decrease in the horizontal/vertical
emittance respectively. This error is roughly within the
systematic error of the EMS.

3. EMS calibration and thermal emittance

The largest source of error in the EMS measurements is
the calibration of the scanner magnets. Using a downstream

TABLE I. Longitudinal shaping crystal lengths.

Bunch charge YVO4 crystal lengths (mm)

0–300 pC 15.096, 7.5480, 3.7740, 1.8870
(four crystal set)

1 nC, 2 nC 40.8, 20.4, 10.2, 5.1, 2.55 (five crystal set)

(a)

(b)

FIG. 2. Characterization of the laser distribution: (a) measured
transverse laser distributions; (b) simulated temporal laser shape
(green) and corresponding simulated (blue) and measured (red)
temporal electron current profile at the EMS with no rf.
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viewscreen, the EMS scanner magnets were calibrated at
the target energy of 9 MeV. To verify this calibration, the
emittance of the beam at near zero charge was measured
using the EMS and compared to the value at the cathode,
computed using Eq. (1) and the laser distribution measured
by diverting the laser beam to a CCD. Both values agreed
within a few percent:

ϵcathode ¼ σlaser

ffiffiffiffiffiffiffiffiffiffiffi
MTE
mec2

s
: ð1Þ

Once calibrated, the EMS measurement of the thermal
emittance is a valuable tool to verify the alignment of the
various optics in the beam line. Without the effect of space
charge, the emittance of the beam is conserved along the
beam line, unless one has aberrations from misaligned
optics. As both another check of the EMS system itself, and
also to verify the cavity field maps used in GPT, we
intentionally misaligned the beam through the first SRF
cavity using the last steering magnet before it, keeping all
other cavities turned off. In simulation, we modeled the
same situation, including a model of the steering magnet.
As seen in Fig. 3, the thermal emittance grows just as
expected from simulation.

4. Stray quadrupole fields in the solenoid

Initial measurements at 20 pC produced asymmetric
horizontal and vertical emittance values, similar to those
measured in the merger section [7]. Previously, this
asymmetry was suspected to be due to the horizontal bends
that the beam takes in the merger, however this could no
longer explain the asymmetry seen in the straight section.
We initially thought the asymmetry was due to misalign-
ment in the gun, solenoids, buncher, or first two SRF
cavities. Subsequent attempts at realigning the beam
through these elements did not reduce the asymmetry.
Further investigation lead to the discovery of an asym-
metric beam spot on the first viewscreen (for bunch charges
with at least 10 pC) when the solenoid was tuned to put
the beam near a focus on the first viewscreen. Below that
charge, due to the optics layout, the beam could not be
strongly focused, and the asymmetry was not noticeable
to the eye.
Varying the solenoid current changed not only the size of

the elliptical beam spot on the viewscreen, but also the
orientation of the ellipse. We also noticed that the semi-
major axes of the elliptical beam profile aligned perfectly
with the kick axes of the horizontal and vertical corrector
magnets at the solenoid center, suggesting the ellipse
orientation was exactly half of the Larmor angle, as shown
in Fig. 4(a). This suggested the presence of a stray
quadrupole moment at the solenoid center [17].
Modeling this effect in GPTallowed for the estimation of

the stray quad strength by fitting to the measured transverse
second moments of the beam on the first viewscreen as a
function of the solenoid current. Figure 4(b) displays the
results of the fits. Assuming a 3 inch effective quad length
resulted in a roughly 0.5 G=cm quadrupole gradient at a
solenoid current around 3 A. By repeating this fitting
procedure at different gun voltages (allowing the beam to
focus at different solenoid currents), and also by checking
the other polarity of the solenoid magnet, we were able to

FIG. 3. Measured and simulated vertical emittance as a function
of misalignment going into the first SRF cavity, set on crest at
1500 kV cavity voltage. All other SRF cavities were off.

(a) (b)

FIG. 4. Characterization and correction of the quadrupole moment in the first solenoid. (a) Elliptical beam spot on the first viewscreen
after the first solenoid. The tilt of the ellipse was exactly half the Larmor angle of the solenoid. (b) Fitting the measured second moments
of the beam spot on the first viewscreen to GPT to estimate the quad strength.
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verify that the strength of the quad field scales linearly with
the applied solenoid current.
A temporary correction to this problem was found by

using the available holes in the solenoid magnet frame,
originally intended as beam position monitor (BPM) wire
feedthroughs, to wire a single-turn correction quad. The
field from this type of magnet may be roughly estimated
using

Bx ¼
2ðNIÞμ0
πR2

y ð2Þ

By ¼
2ðNIÞμ0
πR2

x: ð3Þ

From these expressions, it was estimated that roughly 40
Amp-turns of coil are required to cancel the field given the
coil radius of 6 inches, and a length of 3 inches. Correcting
coils were wired through both solenoids in the injector, as
seen in Fig. 5.
We set the correcting quad coil power supply to scale

automatically with the solenoid power supply, with an
adjustable scale factor determined by making the beam as
round as possible on the viewscreen. Figure 4(a) shows the
resulting beam spots after correction. The corrector coils
successfully removed the solenoid dependent tilt of the
beam spot, effectively a skew quad, however we still note
some remaining x-y asymmetry in the beam spot, perhaps
due to a (normal) quadrupole field from the downstream
ion pump. We did not attempt to correct this additional
remaining stray field, hoping that the effect of this nonskew
quad might be canceled by adjusting the downstream quads
in the measurement section.
The same fitting procedure was not done for the second

solenoid because the nearest viewscreen is located after the
SRF cavities, over 6 m downstream, a distance too far to
allow for a reliable measurement at 395 kV beam energy.
For this magnet we used roughly the same scale factor with
solenoid current to determine its correcting coil current, but
allow this parameter to be adjusted while searching for
minimum emittances.

5. Faraday cup selection

The injector has two Faraday cups that can be used to
collect the charge during emittance measurements: one in
the middle of the A4 section after the second EMS slit and
one after the 20° bend in the C2 section. Ideally, if all of
the charge is correctly guided to either Faraday cup, the
measured phase space should be independent of which
Faraday cup is used, as the same EMS slits in the A4
sections are used to clip the beam in both cases. In practice
however, we found a systematic discrepancy between
subsequent measurements using both Faraday cups.
Figure 6 shows an example phase space measured using

both the A4 and C2 Faraday cups. The majority of the
phase space is identical in both cases, but when using the
A4 Faraday cup, there is always a vertical smearing,
producing a shadowlike background mostly below the
core of the phase space. We were unable to determine
the cause of this, but believe this to be an artifact of the
measurement. We tried changing which axis of the phase
space is scanned quickly, to see if the smearing is somehow
due to the rapid changing of the scanner magnets, but the
background was always in the same place. We verified that
there was no beam lost when sending the beam into the C2
Faraday cup by moving all corrector dipoles over large
ranges, and seeing no change in the measured phase space.
Performing a phase space measurement with the electron
beam off shows only noise, implying that dark current from
the rf cavities is not the source of the background, as this
would be present without the beam. We speculate that the
spurious background is due to secondary electrons pro-
duced in the Faraday cup from radiation that penetrates the
second EMS slit. This slit does not have the same armor
beamstop material around the slit opening like the first slit
[9], and would be more likely to have radiation leaking
through it. Bending the remaining electrons into the C2
section would separate the electrons from the radiation and
thus remove the background. Unless otherwise stated, all
phase spaces reported here were measured using the
Faraday cup in the C2 section.

FIG. 5. Wiring of the correction quadrupole magnet, and photo
of the wiring as installed. The single turn of wire is indicated with
an arrow.

FIG. 6. Comparison of the measured phase space using the A4
and C2 Faraday cups. The 100% emittance in both images is
0.802 and 0.785 μm, respectively.
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B. Bunch charges up to 2 nC

1. Emittance measurements

We began emittance measurements by loading the
optimized machine settings from simulation for 20 pC into
the injector, and then tuning the machine for best emittance.
During tuning, the horizontal and vertical emittance were
rarely symmetric, and we would often improve one axis,
only to find the other had worsened. Eventually, we found
quad settings for the second solenoid corrector quad, and
the first two normal quads in the A3 section that produced a
roughly symmetric beam profile and symmetric emittances
at the measurement slit. Note that the first corrector quad
was held fixed during this process at the value that removed
the stray field in the first solenoid. We expect that these
optimized quad settings are not unique, and moreover
likely depend on the SRF cavity settings, since there is a
time dependent quadrupole effect from the couplers in the
cavities. After settling on these SRF and quad settings, they
did not need to be changed as the bunch charge was
increased.
Instead, we found that simply changing the size of the

initial laser profile, small tweaks to the first solenoid, and
increasing the second solenoid and buncher voltage with

charge were the only required changes up through 300 pC.
Above that charge, we were no longer able to easily
increase the buncher voltage, as we had reached the
maximum level that it had been processed to. As a result,
the bunch length entering the first cavity was longer than it
had been previously, and perhaps due to this, we found that
we had to slightly turn down its voltage and put it on crest
for best emittance. The other SRF settings remained
constant. All of these settings are summarized in Table II.
The final phase spaces and corresponding emittances for

this paper are found in Fig. 7 and Table III, respectively. All
phase spaces were produced using an N × N scan of the
scanner magnet currents. In order to ensure the emittance
was not overestimated due to pixelation of the phase spaces
required N ≥ 100. The EMS magnets scan at the same rate
as the Pockels cell, typically 0.5–1 kHz. This corresponds
to scan times of about 20 to 90 sec depending on the
number of scan points and Pockels cell rate used. This
implies that each pixel in phase space is computed from the
integrated charge over the Pockels cell macropulse. The
Pockels cell duration for each phase space scan is adjusted
to maximize the signal on the Faraday cup without
saturating the electronics. Thus larger bunch charges have
shorter Pockels cell duration: 10 to 0.3 μs for 20 pC
to 2 nC.
Figure 8 shows emittance vs bunch charge trend. Though

the emittance initially scales with the expected
ffiffiffi
q

p
depend-

ence, above 300 pC the trend becomes more linear with
charge. Similarly, below 1 nC the final 95% emittance is

TABLE II. Injector settings.

Parameter 20 pC 100 pC 300 pC 1 nC 2 nC

Laser pinhole, rms bunch length (mm, ps) 1, 8 2, 8 3.5, 8 5, 25 8, 25
Solenoid 1(T) −4.13 −4.04 −3.98 −4.0 −3.84
Buncher voltage, phase (kV, deg) 63, −90 64, −90 85, −90 85, −90 85, −90
Solenoid 2 (T) 2.18 2.33 2.58 2.86 2.98
SRF cavity 1 voltage, phase (kV, deg) 2100, −10 2100, −10 2100, −10 1900, 0 1900, 0
SRF cavity 2 voltage, phase (kV, deg) 1000, −20 1000, −20 1000, −20 1000, −15 1000, −15
SRF cavity 3 voltage, phase (kV, deg) 2300, −10 2300, −10 2300, −10 2300, −10 2300, −10
SRF cavity 4 voltage, phase (kV, deg) 1700, −10 1700, −10 1700, −10 1700, −10 1700, −10
SRF cavity 5 voltage, phase (kV, deg) 2000, −30 2000, −30 2000, −30 2000, −30 2000, −30
A3 quad 1 (A) −1.5 −1.5 −1.5 −1.5 −1.5
A4 quad 2 (A) 1.5 1.5 1.5 1.5 1.5

(a)

(b)

FIG. 7. Measured horizontal (a) and vertical (b) phase spaces as
a function of bunch charge.

TABLE III. Measured horizontal (vertical) normalized emit-
tances (μm).

Q (pC) 100% ϵn 95% ϵn Core ϵn Cathode ϵn

20 0.22 (0.24) 0.18 (0.19) 0.09 (0.08) 0.12 (0.11)
100 0.37 (0.39) 0.30 (0.32) 0.16 (0.16) 0.24 (0.23)
300 0.78 (0.78) 0.62 (0.60) 0.30 (0.28) 0.42 (0.41)
1000 2.3 (2.3) 1.6 (1.6) 0.56 (0.58) 0.59 (0.60)
2000 6.4 (5.4) 4.4 (4.0) 1.6 (1.3) 0.88 (0.90)
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only 1.5 times larger than the emittance on the cathode, but
this grows to almost a factor of 5 for 2 nC. Clearly, the
emittance growth is not as well compensated for the largest
charges.

2. Longitudinal current profiles

Measuring the bunch longitudinal profile is more chal-
lenging at nonzero charge. For (near) zero charge, we
would use the first EMS slit to select a narrow slice of the
incoming beam, and then use the downstream deflector to
spread that narrow slice out according to its temporal
structure. An inherent assumption in this method is that all
slices of the beam have the same temporal profile. At zero
charge and with no rf, this assumption is valid, but in
general this is not true. At higher charges, we instead
perform a slice emittance measurement, effectively meas-
uring the temporal profile individually for each pixel of
the bunch’s phase space, and then performing a weighted

FIG. 8. Trend of the emittance as function of bunch charge.

(a) (b)

FIG. 9. The simulated and measured current profiles for each bunch charge.

(a) (b)

FIG. 10. Comparison of the optimal average 100% transverse emittance for 20–300 pC bunch charges (a) and 1 nC bunch charge (b).
Shown in blue are the optimizations using an ideal, varied laser shape. In red are the optimization results using the measured transverse
laser profile and fix shaping crystal angles. Measured values are shown in black.
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average to construct the profile for the entire bunch. All
profiles shown in Fig. 9 were constructed in this manner.
From these profiles, the rms bunch lengths at the EMS were
computed. This gave 1.6, 3.4, and 3.4 ps for the LCLS-II
charges, as well as 7 and 12 ps for the 1 and 2 nC data. This
corresponds to a compression factor of roughly 6, 3, 3, 4,
and 2 for these charges respectively.
Also shown in Fig. 9 is a comparison to simulation at the

same machine setting as used in each measurement. The
simulation profiles have been smoothed using a Gaussian
convolution, in order to smooth over the inherent noisiness
from histogramming the particles’ arrival times. Below
1 nC the agreement is very good, but above that charge a
long tail appears in simulation that is not measured in the
actual machine.

3. Effects of the laser shape

In order to determine the effect that the initial transverse
laser shape has on the final emittance, a second round of
MOGA optimizations were performed at each bunch
charge. In these simulations, the initial measured laser
distributions shown in Fig. 2(a) were used to generate the
transverse positions of the initial particle distributions.
Additionally, the simulated longitudinal shaping crystals
were set to produce the rough flattop distributions shown in
Fig. 2(b). As previously mentioned, analysis of the first
round of optimization results demonstrates that the final
optimal emittances show a weak dependence on the
longitudinal shaping crystal angles.
Figures 10(a) and 10(b) show the optimized average

100% transverse emittance ϵn ¼ 1
2
ðϵn;x þ ϵn;yÞ and rms

bunch length computed from the initial optimizations with
varied laser parameters (blue), computed from the second
round of optimizations using the measured transverse laser
profiles and fixed crystal angles (red), and computed from
the phase space data taken with the EMS (black) for
charges up to 300 pC and 1 nC, respectively. Good
agreement is seen in all cases when comparing the
measured emittance values to those resulting from the
simulations using the measured laser shape.

IV. CONCLUSION

In this paper, the production of low emittance beams
with normalized transverse emittance at 9–9.5 MeV beam
energy has been characterized for bunch charges up to
2 nC. MOGA simulations producing optimal emittances
were used to determine the injector settings for all mea-
surements. Realizing the final low emittances measured
required the identification and correction of stray quad
fields in the emittance compensation solenoids.
Comparison of the measured emittances to optimized 3D
space charge simulations shows excellent agreement when
the measured laser distribution for each bunch charge is
used to generate the initial particle distribution in

simulation. Both the final measured emittances as well
as the longitudinal current profiles show good agreement
with simulation for bunch charges up to 1 nC. Additionally,
for these charges the measured emittances were symmetric.
For 2 nC bunch charges, the emittance was likely non-
optimal as there was not sufficient laser power to clip the
laser at the truncation fraction and pinhole size suggested
by optimizations.
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