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Abstract
APEX2 is a proposed normal conducting radio-frequency

(RF) electron gun operating in the very high frequency
(VHF) range in continuous wave (CW) mode, designed to
drive applications that require both high beam brightness
and high repetition rate, such as free electron lasers (such as
LCLS-II-HE), ultra-fast electron diffraction, and microscopy.
The gun consists of a two-cell RF cavity operating at 162.5
MHz with a cathode field of 34 MV/m, together with an
embedded focusing solenoid. We study the beam dynamics
in an APEX2-based photoinjector (up to 20 MeV), targeting
a transverse 95% beam emittance of 0.1 µm at 12.5 A peak
current for the case of 100 pC charge for FEL applications.
The high cathode field leads to enhanced beam brightness,
while the increased gun exit energy of 1.5 MeV reduces the
effects of space charge, and possibly eliminates the need
for an RF buncher. The embedded solenoid is designed to
control the transverse beam size while minimizing emittance
growth due to geometric aberrations. As a result, the trans-
verse beam performance targets are achieved, and ongoing
work will further optimize longitudinal beam quality for
downstream FEL transport.

APEX2 GUN AND PHOTOINJECTOR
Figure 1 illustrates the current APEX2 gun design, con-

sisting of two 162.5 MHz RF cells with embedded bucking
and focusing solenoids. The cells are optimized to achieve
a peak cathode accelerating field of 34 MV/m, while main-
taining acceptable wall power density and providing a beam
kinetic energy of 1.5-2.0 MeV. Details of the RF and me-
chanical gun design are described elsewhere [1, 2]. Figure 2
illustrates the resulting fields along the axis in the gun region.
The focusing field of the embedded solenoid penetrates into
the gap of the second cell, while a bucking solenoid is used
to zero this field at the cathode.

RF Design complete, comparison with APEX  
3D modeling to include vacuum slots, RF coupler, …  

Parameters Gun cell  2nd cell APEX 

Frequency (MHz) 162.5 162.5 185.7 

Cavity inner radius R (cm) 39.3 39.1 36.0 

Cavity length L (cm) 38.7 36.0 35.0 

Accelerating Gap (cm) 2.5 4.6 4.0 

Beam Iris r (cm) 1.0 1.0 - 1.5 1.5 

Operation mode CW CW CW 

Gradient at cathode (MV/m) 34 (30) N/A 19.5 

Energy gain V (kV) 820 (724) 820 750 

Emax (MV/m) 37.0 (33) 24.7 24.0 

Power (kW) 90.7 (70.6) 85.4 88.5 

Max. power density (w/cm2) 32.1 (25) 29.8 22.8 

Multipacting studies 

Gun cell 2nd cell 

•  Further'op*mized'cell'geometries'(2D):'
ellip*cal'curves'to'further'reduce'peak'
surface'field'and'peak'power'density;'

•  Itera*ons'with'beam'dynamics'and'
engineering'designs;'

•  Mul*pac*ng'simula*on'studies'
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13 Figure 1: Schematic of the APEX2 162.5 MHz CW RF gun
structure with embedded solenoids.
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Figure 2: On-axis field profiles from the cathode through the
gun exit. (Red) Accelerating fields. (Blue) Focusing fields.

The primary purpose of these studies was to to aid in selec-
tion of the APEX2 gun configuration (comparing single-cell,
double-cell shared wall, and split double-cell options) and
element spacings (parameters d and s in Fig. 2) based on
achieving optimal beam quality in a simple photoinjector.
Figure 3 illustrates the layout used, which is a modification
of the experimental APEX injector layout [3]. Three 7-cell
normal-conducting 1.3 GHz cavities are used to accelerate
the beam to an energy of 15-20 MeV. Previous studies in-
dicated that similar emittance and peak current could be
obtained with or without the use of an RF buncher [4], so
for these studies, the APEX RF buncher section has been
removed.

 
 

•  Optimization carried out for a fixed charge of 100 pC. 
•  Goals: 

•  Cavity geometry selection based on best performance 
•  Emittance < 0.1 µm at 15-20 MeV (motivated by LCLS-II-HE) 
•  Peak current, HOM* same as for APEX optimization (>12 A, <10 keV/c)  
•  Electron beam energy at the gun exit ≥ 1.5MeV  

variable element 
spacing 

fixed element  
spacing 

Test layout and target beam parameters for preliminary 
APEX2 beam dynamics studies 

APEX-like photoinjector layout: 

SOL1 GUN CAV1 CAV2 SOL3 CAV3 

CE
LL
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4 *Longitudinal rms momentum spread after removing linear and quadratic correlations. 

SOL2%

Figure 3: Photoinjector layout used for studies of beam
dynamics up to an energy of ∼20 MeV.

Table 1 lists beam performance targets motivated by
free electron laser (FEL) applications (such as LCLS-II-
HE). Here, our focus is primarily on the transverse emit-
tance. As a measure of longitudinal beam quality, we use
the higher-order momentum spread, defined as σp̂, where
p̂ = pz − pz(z), with pz(z) a quadratic fit to the longitudinal
phase space (the longitudinal rms momentum spread after
removing linear and quadratic correlations) [5].

BEAM PERFORMANCE OPTIMIZATION
A multi-objective genetic algorithm coupled with Astra

[6, 7] was used to tune injector settings to find a nominal
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Table 1: Beam Dynamics Targets

Parameter Value
Bunch charge 100 pC
ϵx,n (95% projected) ≤ 0.1 µm
Peak current ≥ 12 A
Beam KE, gun exit ≥ 1.5 MeV
Beam KE, final 15-20 MeV
Higher-order σp < 10 keV/c

injector working point. The initial distribution is taken to be
transversely Gaussian, truncated at a radius of 1σx , with a
thermal emittance of 0.6 µm/mm and longitudinally plateau
with a rise time of 2 ps. The cathode field is always taken to
be 34 MV/m (at RF crest).

The two objectives to be minimized are the transverse
rms (100 %) projected emittance and the rms bunch length
at the injector exit. A total of ∼15 parameters are varied,
including the RF phase of both gun cells (allowed to vary
independently), the RF field amplitude in gun cell 2, the
solenoid strengths, and the gradients and phases of the ac-
celerating cavities. The initial beam size and pulse length
are also allowed to vary. In addition, several spacings of
the low-energy elements are considered (Fig. 3). During
optimization, four constraints are imposed at the injector
exit: ϵx,n ≤ 0.8 µm, σz ≤ 1.35 mm, σE ≤ 200 keV, and
σp ≤ 10 keV/c.

Figure 4 illustrates the best-performing solution so far
obtained, while Table 2 lists the corresponding beam param-
eters. This suggests that such a gun design can, in principle,
drive an injector that meets the targets in Table 1.

 
 

CAV1 CAV2 SOL2 CAV3 

Parameter APEX2  
(solution 4) 

εxn (100%) [µm] 0.1032 

εxn (95%) [µm] 0.0874 

Peak current [A] 12.5 

KE [MeV] 19.2 

HOM* [keV/c] 6.70 
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long 

embedded 
solenoid CE

LL
 2

 

*Longitudinal rms momentum spread after removing linear, quadratic correlations. 

Solution meets the stated 100 pC beam targets. 
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Solution 4:  Best 100 pC Beam Quality with a 2-Cell Design 
with Thinned Nose Wall and Embedded Solenoid 
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Figure 4: Best-performing 100 pC solution at the injector
exit for the layout shown in Fig. 3.

BEAM DYNAMICS STUDIES
This beam performance was achieved after considering

several variations of gun and injector design. In particu-
lar, we investigated sensitivity of the final rms emittance

Table 2: Beam Performance (for the solution shown in Fig. 4)

Parameter Value
ϵx,n (100% projected) 0.1032 µm
ϵx,n (95% projected) 0.0874 µm
Peak current 12.5 A
Beam KE, gun exit 1.5 MeV
Beam KE, final 19.2 MeV
Higher-order σp 6.70 keV/c

to RF gun cell separation and to the position of the main
focusing solenoid, parameters d and s in Fig. 2. In these
studies, an APEX-style solenoid was used for the primary
focusing (SOL1), and injector settings were re-optimized
for several fixed values of d and s. We found an optimal cell
separation near d = 11 cm, with an emittance sensitivity
of 5% over changes up to 6 cm (Fig. 5). In contrast, the
emittance sensitivity to the main solenoid location s is quite
strong. Mechanical constraints (when using an APEX-style
solenoid) required s ≥ 0.2 m, resulting in a final projected
emittance > 0.16 µm, more than 50% larger than the corre-
sponding result with s = 0.1 m. This is due to emittance
growth driven by geometric aberrations in the main focusing
solenoid, as a result of the large beam size in SOL1, as seen
in Fig. 6.
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 ε x
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)  

Figure 5: Sensitivity of the final beam emittance at injector
exit to RF gun cell separation (relative to optimum).
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Horizontal Beam Size with solenoid 

main 
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Mean slice emittance: 
0.11 µm 

Beam size is  
well-controlled. 

s = 0.1 m 
s = 0.2 m 
s = 0.3 m 

Aberrations can be controlled by reducing beam size 
through additional focusing  
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•  The best-performing solutions for s = 0.1 m, 0.2 m, and 0.3 m are compared without the 
additional solenoid, showing beam size increases strongly with the position of SOL1. 

•  Addition of the solenoid between cells allows beam size to be tightly controlled. 
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Figure 6: Horizontal rms beam size evolution, showing
sensitivity to SOL1 location s. The beam size in SOL1 has
strong consequences for third-order geometric aberrations.
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To address this, three options were studied: 1) introduce
an additional focusing solenoid at low energy between the
two RF gun cells, to reduce the beam size and focusing
field required in SOL1, 2) eliminate the second RF gun cell
and place SOL1 adjacent to the gun cell exit, or 3) move
SOL1 closer to the cathode by mechanically redesigning
either the second gun cell or the solenoid. Options 1) and 2)
each resulted in beams with (100% proj.) ϵx,n ≈ 0.1 µm at
12.5 A. In the case of Option 1), we found that a trade-off
between aberrations in the two low-energy solenoids also
greatly reduced the sensitivity to SOL1 location, allowing for
greater design flexibility. However, for both Options 1)-2),
the beam energy at the gun exit was significantly lower than
our target (near 0.75 MeV). To explore Option 3), the nose
cone of the second gun cell was thinned and a new, embedded
solenoid design was developed, as shown in Fig. 1. This
resulted in the performance shown in Table 2.

SOLENOID ABERRATIONS
We characterize solenoid field quality using the following

two integrals of the on-axis magnetic field:

I1 =

∫ (
Bz

B0

)2
dz, I2 =

∫ (
1
B0

∂Bz

dz

)2
dz, (1)

where B0 = |Bz |max. The solenoid focal length f and quality
factor qf are defined by:

kmax =
B0
Bρ
,

1
f
= k2

max I1, qf =
I2

2I1
, (2)

where Bρ denotes the magnetic rigidity.

The emittance growth due to third-order geometric aberra-
tions is then approximated for a given focal length f by [8]:

ϵ
geom
x,n ≈ (βγ)

qf

f
κσ4

x, (3)

where κ, of order unity, is determined by the shape of the
transverse beam profile.

The field Bz/B0 of the narrow-bore embedded solenoid is
shown in Fig. 7, together with corresponding result for the
APEX solenoid design. For the embedded (APEX) solenoid,
we find I1 = 22.6 cm (15.8 cm) and qf =27.0 m−2 (72.6 m−2),
an improvement in qf by a factor of 2.7. The increased
effective length, and the embedding of this solenoid into
the nose code (Fig. 1) allows a penetrating focusing field
that reduces the transverse expansion of the beam in the
gun, reducing σx at the location of SOL1 by ∼ 10%. As a
consequence of improved beam size control and solenoid
field quality, the transverse emittance is improved by ∼ 15%,
nearly all of which appears in the slice emittance. In Fig. 7,
results are shown for 10K particle simulations, and emittance
values are 20% smaller at convergence (250K particles, as
reported in Table 2).

 
 

Replacing the APEX solenoid by the long embedded 
solenoid results in improved final beam emittance 

In both cases, the distance 
from the cathode to the main 
solenoid is as small as 
mechanically feasible. 
 
Reducing beam size and 
improving field quality in the 
main solenoid has resulted 
in improved final beam 
emittance. 
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Using long solenoid 
Using APEX solenoid 

Pareto-optimal performance (10K particles) 

z!(m)!

Figure 7: Pareto-optimal front illustrating beam performance
using an APEX solenoid versus an embedded solenoid for
SOL1. (Profiles of the on-axis magnetic field inset.)

CONCLUSION
In comparison with APEX [3], the increased cathode field

of APEX2 (34 MV/m) yields improved beam brightness
at emission, while the increased gun energy (twice that of
APEX) yields reduced sensitivity to nonlinear space charge
fields. To preserve this brightness, the beam size must be
tightly controlled, which is achieved using a new embed-
ded solenoid design with improved transverse field quality,
reducing third-order solenoid aberrations. The resulting
simulated emittance at 20 MeV (0.1 µm) is half that of the
optimized (simulated) APEX design for 100 pC bunches
at 12 A. We plan to revisit the injector design, including
the option of an RF buncher, and future work will focus on
improving the beam longitudinal phase space and current
profile. We also plan to consider optimization at higher and
lower bunch charge, and injection into an RF cryomodule,
bringing the beam energy up to ∼100 MeV.
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