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Abstract: The FAST beamline is the injector for the planned Gamma-Ray Electron ENhanced Source
(GREENS) program, which aims to achieve the demonstration and first application of a high-efficiency,
high-average-power free-electron laser at 515 nm. FAST-GREENS requires high 5D peak brightness;
transverse normalized projected emittances of 3 mm-mrad and a peak current of 600 A are the
minimum beam requirements for the FEL to reach the 10% efficiency goal. In this work, studies of
the low-energy section of the FAST beamline are presented toward these ends, including preliminary
measurements of beam compression and beam emittance. An effort toward developing a high-fidelity
simulation model that could be later optimized for FAST-GREENS is presented.

Keywords: high-brightness beams; accelerator modeling; particle tracking simulation

1. Introduction

The Fermilab Accelerator Science and Technology (FAST) facility is host to several cur-
rent and proposed projects of notable scientific merit. The FAST injector provides beams for
the Integrable Optics Test Accelerator (IOTA) [1] and the under-construction FAST Gamma-
Ray Electron Enhanced Source (GREENS) [2], and FAST will host upcoming photocathode
studies in a high-gradient photoinjector proposed by the Center for Bright Beams.

FAST-GREENS is a high-efficiency free-electron laser (FEL) experiment initially aimed
at demonstrating the Tapering Enhanced Stimulated Superradiant Amplification at a
short radiation wavelength [3-5]. The high average power of 515 nm radiation can then
be redirected against the high-repetition-rate electron bunches from the FAST linac to
generate copious amounts of circularly polarized gamma-rays [6]. The requirements for
peak 5D beam brightness from the injector are particularly demanding. To these ends,
FAST-GREENS will require the FAST injector to run near the boundary of capability on the
Pareto front of beam charge vs. transverse emittance. Indeed, the nominal requirements of
3 mm-mrad emittance in each dimension, along with a peak current of 600 A, will require
the careful optimization of the upstream injector parameters on an offline model.

This article reports on the development of a high-fidelity model of FAST for optimiza-
tion toward high-peak 5D beam brightness for FAST-GREENS. Additionally, the proposed
work to deduce photocathode properties from solenoid scans at FAST will benefit greatly
from such a model, as such studies require a model to invert/optimize (e.g., [7-9]).

2. Materials and Methods

The FAST beam line (shown in Figure 1) starts with the gun, of similar type to the
DESY-PITZ gun [10,11]. The 1054 nm output from a fiber laser is frequency-quadrupled and
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is shone onto a Cs,Te photocathode to produce photoelectrons [1,12], which are accelerated
in the 1.3 GHz, 1.5-cell cavity. This is in turn followed by an emittance compensation
solenoid, with adjustable position. The bucking solenoid directly upstream of the gun is
generally set to produce a magnetic field in the opposite direction of the main solenoid at a
magnitude such that the field at the photocathode is zero, so that the beam is born with
zero angular momentum. The gun has an INFN-style load lock system [13] that allows
for the exchange of photocathodes. Two TESLA cavities [14] (CC1 and CC2 in Figure 1)
are used to accelerate the beam to 35-50 MeV in nominal cases. A series of quadrupoles
are used to manipulate the beam transversely. The quadrupoles are followed by a chicane
that is used to compress the beam. The chicane starts with D114 in Figure 1. The dipoles
in the chicane are set to bend the beam 22.5°, which gives a nominal Rs of —0.18 m. The
chicane can also be bypassed and the beam can be directed from Q113 to Q118, the start
of a quadrupole triplet. Following B122, the beam energy can be measured on the beam
dump line.
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Figure 1. The FAST injector, with selected diagnostics shown. Q106, Q107 and Q111 are 45-degree
skew quadrupoles. Diagnostics with X delineation are screens (Yittrium Aluminum Garnet (YAG) or
Optical Transition Radiation (OTR)), while those delineated with a B are noninvasive beam position
monitors (BPM).

As mentioned above, one of the primary goals of this study is to provide a model for
the optimization of compression in the chicane at beam energies below 40 MeV. At these
levels, in a chicane, the beam emittance will be diluted by space charge as well as coherent
synchrotron radiation (CSR) effects, which must be modeled properly [15,16]. To these
ends, the General Particle Tracer (GPT) [17] has been shown to be a good choice to model
3D CSR effects [18]. As such, GPT was chosen as the physics model to use in this effort.

There are numerous free parameters for the model. Table 1 lists these parameters and
the data taken to fit them.

Table 1. Free parameters in the model and the tests completed to fit these parameters.

Parameter Data
Main Solenoid Position Main Solenoid Scan & Downstream Images
Bucking Solenoid Position Bucking Solenoid Scan
X101 Position Main Solenoid Scan & Downstream Images
Gun Peak Field CC1 Energy Scan
Gun Phase Gun Phase Scan
Initial Pulse Length Gun Phase Scan & Streak Camera Images
Beam Initial Transverse Size Virtual Cathode Image
Solenoid Strengths Solenoid Magnetic Measurements
CC1 Peak Field CC1 Energy Scan & Downstream Images
CC1 Phase CC1 Energy Scan

3. Results
3.1. Longitudinal Dynamics

In order to benchmark longitudinal beam dynamics, two tests were performed: a gun
phase scan at X101 and a streak camera measurement at X121 (see Figure 1), approximately
17.4 m downstream of the photocathode. Both will be described below.

For the first test, the gun phase was changed in 0.2-degree intervals and the extracted
charge was measured at the exit of the gun. The time it takes for the beam to be extracted
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from the cathode can be measured from this scan. Neglecting the Schottky effect, the mea-
sured charge should start as soon as the RF phase is such that the field accelerates the head
of the bunch downstream. As the phase is increased, more of the bunch experiences an
accelerating field, until the full bunch does, at which point the full beam charge is mea-
sured. Based on the degrees of phase sampled between the first electrons and the full beam,
the length of the pulse from the gun can be determined. For a uniform distribution, the rise
will be linear, but for a Gaussian beam, the functional behavior will be an error function.
However, this is a simplified picture. In fact, as the RF phase changes, the magnitude
of the field at the cathode also changes, which changes the tunneling probability of the elec-
trons. As such, we have to take into account the Schottky enhancement when considering
the quantum efficiency:
QF (Eexcess)2 (1)
where
Eexcess = hv — $puw + Pschottiy 2)

Psatontty = || g \/ BEosin(6) ®

where hv is the photon energy and ¢, is the nominal work function of the photocathode.

Ey is the magnitude of the electric field, while 6 is the RF phase. In practice, the constants

e
47'[6(]

the error function can be combined with the Schottky fit to yield for the initial laser pulse
length a value of 8.6 + 1.6 ps RMS, as shown in Figure 2, which is in fair agreement with
the most recent photoinjector driver laser pulse configuration used at FAST.

and

can be lumped together with , the Schottky enhancement factor, in the fit. As such,
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Figure 2. RMS laser pulse length measurement obtained with a Schottky fit of the charge vs. RF
phase data assuming a Gaussian temporal profile.

The electron beam bunch length was also measured after the compressor using a streak
camera setup at X121. This measurement used an OTR screen and used the synchroscan
streak camera method established in numerous studies (e.g., in [19]) to characterize the
pulse length. Note that the beam conditions were different (no CC2 and different laser pulse
on the cathode for these measurements) so a direct comparison cannot be performed. Still,
considering the parameters fitted from the current experimental setup, these measurements
yielded comparable results to the GPT simulations, after factoring in a resolution term
due to the height of the collimating slit which sets the spot vertical limit in focus mode
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for the static spread function before the deflecting voltage is on. There is also a chromatic
dispersion term to consider and better results could also be obtained by using a bandpass
filter to minimize dispersion effects in the transport as discussed in [19]. See Figure 3
for details. The measurements were on a beam of approximately 700 pC per bunch and
50 bunches were integrated to improve the signal-to-noise ratio. Quadrupoles Q114, Q115
and Q116 were off for this measurement and were simulated as such in Figure 3.
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Figure 3. Measured RMS bunch length using CC1 phased off-crest and chicane for compres-

sion. Streak camera measurements are overlaid with GPT predictions convolved with a resolution
term (PSF).

The beam energy was measured using a dipole spectrometer. Using the geometry of
the system and the magnetic field in D122 (as shown in the Figure 1), the beam kinetic
energy can be calculated using the relationship Bp = pc/e, where B is the magnetic field, p
is the bending radius of the magnet and p is the beam momentum. p is determined by the
geometry of the system. By varying the phase in CC1, the beam energy can be controlled
directly. Given that a sinusoidal energy kick was imparted by CC1, the kinetic energy of
the beam at the exit of the gun can also be deduced.

Eyin = Egun + ECClCOS(Q) 4)

The geometry of the system is determined by four non-destructive BPMs, B121, B122,
B123, and B124, as shown in Figure 1. The latter two of these BPMs are in the dogleg
beamline. As such, both the beam position and angle of the beam can be determined before
and after the dipole. While the probe inside the dipole gives a readback on the magnetic
field inside the dipole, this measurement has systematic (mostly due to calibration errors
and physical misalignment) and measured error associated with it. As such, the energy in
the preliminary GPT model is adjusted slightly to match the transverse behavior described
below. See Figure 4.
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Figure 4. Kinetic energy measurements as a function of the CC1 phase.

3.2. Transverse Dynamics

On the transverse side, a virtual cathode camera image was recorded on each run day.
This was used to start a distribution of particles in simulation. To give an idea of the beam
sizes used in these experiments, a nominal beam size of 500 pm RMS at the photocathode
was used, although some variance and asymmetry was observed.

Solenoid scans were carried out on screen X101. The position of the screen is considered
to be a free parameter within a range of the estimated position of 1.062 m downstream of
the photocathode. See Figure 5 for more details. The best fit puts the screen approximately
5 cm upstream in simulation relative to the center of this range. Note that in simulation,
the positions of the solenoids were also kept as free parameters, as these magnets can be
translated along the beamline. The main solenoid was positioned 32 cm downstream of
the photocathode.
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Figure 5. Example solenoid scans at multiple charges with GPT predictions overlaid.

Importantly, the transverse beam sizes were measured at X108 (when available), X109
and X111 and compared to simulation for various charges. See the qualitative agreement
with the preliminary model in Figure 6.
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Figure 6. Downstream beam second-order moments indicated with small markers, shown together
with GPT predictions (blue and red lines) for an approximately 100pC beam (left) and an approxi-
mately 700pC beam (right).

The transverse emittance was measured using the two-quadrupole scan method [20].
Generally, the retrieved emittance is higher than predicted by the preliminary model.
For example, the projected emittance of an approximately 700pC beam was approximately
20 mm mrad in each dimension with skew quadrupole X107 on, while the simulated RMS
normalized projected emittance was approximately 9 mm mrad in x and 17 mm mrad
in y for the same configuration. With the skew quadrupoles off, with a beam charge of
approximately 100 pC, the emittance was measured to be approximately 4 mm mrad in x
and 8.5 mm mrad in y, whereas in simulation, it was 4 mm mrad in x and 5 mm mrad in y.

4. Discussion

Preliminary measurements of the photoinjector beam dynamics and a comparison with
a newly developed GPT model of FAST are presented. While the simulations qualitatively
match the behavior observed in the experiment, there are still significant discrepancies that
will need to be improved before quantitatively relying on the beam quality predictions
from the model.

There is a clear asymmetry between x and y beam sizes in the solenoid scans. Some of
it can be attributed to the elliptical shape of the laser on the photocathode (which is included
in the simulation). But it is very likely that skew and normal quadrupole components in
the solenoids or RF fields additionally contributed to the development of this asymmetry.
These spurious quadrupole moments could be introduced in the model, but without a
direct measurement of the fields (which should be avoided as it would shut down the
facility for a long time), the best option is to acquire a complete set of data for varying laser
spot sizes and solenoid values to characterize the injector. This asymmetry could be one of
the main reasons for a larger emittance value in the experiment than in simulation. Other
possible reasons for the discrepancy include non uniformities in the beam distribution at
the cathode (both transverse and longitudinal) giving rise to nonlinear space charges or
stronger CSR effects.

In order to reach the best possible beam quality needed for the high-efficiency FEL,
it will be important for the second RF cavity CC2 to be online, as this will allow the
beam to be compressed at higher energy and the cathode emittance to be better preserved.
Furthermore, minimizing higher-order modes and short-range wakefields in the RF cav-
ities and cryomodules will be required to reduce emittance degradation [21-23]. Finally,
the transport in the cryomodule and up to the undulator will also need to be simulated
and benchmarked with experiments.
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