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A design for an X-band rf photoinjector that was developed jointly by SLAC National Accelerator

Laboratory (SLAC) and Lawrence Livermore National Laboratory (LLNL) is presented. The photo-

injector is based around a 5.59 cell rf gun that has state-of-the-art features including: elliptical contoured

irises; improved mode separation; an optimized initial half cell length; a racetrack input coupler; and

coupling that balances pulsed heating with cavity fill time. Radio-frequency and beam dynamics modeling

have been done using a combination of codes including PARMELA, HFSS, IMPACT-T, ASTRA, and the ACE3P

suite of codes developed at SLAC. The impact of lower gradient operation, magnet misalignment,

solenoid multipole errors, beam offset, mode beating, wakefields, and beam line symmetry have been

analyzed and are described. Fabrication and testing plans at both LLNL and SLAC are discussed.
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I. INTRODUCTION

The development of rf photoinjector technology has
enabled free electron lasers and other fourth generation light
sources, such as the Linac Coherent Light Source (LCLS) at
SLAC National Accelerator Laboratory (SLAC). At
Lawrence Livermore National Laboratory (LLNL) a novel
gamma-ray light source is being developed and built taking
advantage of inverse Compton scattering to extract energy
fromhigh brightness electron bunches to boost laser photons
to MeV energies. At SLAC advanced compact X-band
(11.424 GHz) photoinjector R&D is being done to inves-
tigate the possibility of generating short enough high bright-
ness electron bunches that at least one stage of bunch
compression may become unnecessary, as well as to enable
an all X-band free-electron laser by establishing a proven
electron beam source.

Nuclear resonance fluorescence (NRF) is a process in
which a nucleus, excited by gamma rays, reradiates high-
energy, very narrow bandwidth photons. Because NRF en-
ergy levels depend on the exact nuclear structure of the
emitter, NRF spectra are isotope specific. Monoenergetic
gamma-ray (MEGa-ray) sources using Compton scattering
and the detection of NRF resonances have applications in
homeland security, nuclear waste assay, medical imaging,
and stockpile surveillance. Currently, Compton scattering is

the only process capable of producing a narrow bandwidth
radiation (below 1% �!=!) at gamma-ray energies by
using state-of-the-art accelerator and laser technologies. In
Compton scattering sources, a short laser pulse and a rela-
tivistic electron beam collide to yield tunable, monochro-
matic, polarized gamma-ray photons. Building on prior
work on narrowband gamma-ray light sources at LLNL
[1–8], the LLNL Nuclear Photonics Facility (NPF) will be
equipped with a tunable MEGA-ray source using an all
X-band linac including an X-band rf photoinjector. The
advantages of operating at X band and further detail on the
linac design are available in [9].
This paper describes an rf photoinjector which will be

tested at the X-band test area (XTA) at SLAC, at an X-band
test station at LLNL, and will serve as the injector for the
X-band very energetic light for the observation and charac-
terization of isotopic resonances and the assay and precision
tomography of objects with radiation (VELOCIRAPTOR)
linac, designed to drive the precision, compact, MEGa-ray
source at the NPF [9]. The XTAwill be built parallel to the
Next Linear Collider Test Accelerator (NLCTA) beam line,
and use a single 105 cm traveling wave accelerator structure
to produce bunches of �100 MeV so that they can be
accurately measured using a combination of diagnostics
including: emittance measurement via quad scan technique
[10], profile measurements on optical transition radiation
and yttrium aluminum garnet screens, charge measurement
via Faraday cup, and slice emittance using an X-band trans-
verse deflecting structure. The X-band test station at LLNL
will use a single 53 cm traveling wave accelerator structure
to produce up to 50MeVelectron bunches, and will serve as
a platform for future X-band development at LLNL.
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An X-band rf gun has been designed and operated at
SLAC as reported in [11–13]. This Mark 0 structure
achieved peak electric fields of 200 MV=m on the cathode
surface. In collaboration, LLNL and SLAC have designed
and extensively modeled a new Mark 1 rf gun building on
the experience with the Mark 0. The X-band rf guns are
both 6 cell design, supporting 6 eigenmodes including the
11.424 GHz �mode that will be used for acceleration. The
Mark 1 rf gun improves on the Mark 0 design to produce a
higher quality electron bunch with less chance of rf break-
down. A computer-aided design (CAD) rendering of the
Mark 1 rf gun is shown in Fig. 1. The major design
modifications include: a geometry change from circular
cross-section irises to elliptical contoured; an iris thickness
adjustment to improve mode separation; a longer initial
half cell; a racetrack coupler; and input rf coupling to
balance pulsed heating with cavity fill time. A combination
of design codes were used including: PARMELA [14,15],
HFSS [16], IMPACT-T [17], ASTRA [18], and the ACE3P suite

of codes developed at SLAC [19,20].

A Mark 2 X-band rf gun is currently being designed to
include a removable photocathode, as well as incorporating
design changes found necessary by operational experience
with Mark 0 and Mark 1 guns. Modifications that are being
considered for the Mark 2 include: removable photocathode
geometry including the ability to use higher quantum effi-
ciencymaterials, rf pickups for a direct measurement of gun
field magnitude and phase, a more symmetric cooling chan-
nel, and a redesigned solenoid with lower field asymmetry.
In the following sections, more detail is given on the

design and trade-off considerations for the Mark 1 LLNL/
SLAC gun, solenoid, and subsequent accelerator sections.
The Mark 1 parameters are summarized in Table I. The
photoinjector that will be used in the LLNL NPF will need
to be as robust as possible to minimize downtime and
maximize the number of photons delivered to the greatest
number of experiments. The number of photons extracted
via inverse Compton scattering scales with Ne=�

2 [9]; the
goal for this rf photoinjector is an rms emittance as far
below 1 mmmrad as possible at 250 pC. These consider-
ations drive improvements in the Mark 1 rf gun, and future
generation designs.

II. RF DESIGN

The rf gun design process began in 2D with SUPERFISH

runs providing field maps for PARMELA beam dynamics
simulations. The 2D design allowed the cells to be rapidly
tuned to achieve field flatness, mode frequency, before
modeling the gun performance. 2D modeling was also
used to determine elliptical iris profile, and to tune the
first cell length. 3D modeling using HFSS and ACE3P was
required to determine the final cell dimensions and to
optimize the racetrack coupler. The final design require-
ment was to generate a 250 pC bunch with minimal trans-
verse emittance, while lowering the peak surface electric
field on the irises, improving the mode separation, balanc-
ing the longitudinal electric field from cell to cell, and
achieving an optimized coupling with an rf-quadrupole-
minimized racetrack coupler.

A. Initial 2D design

Beginning with the Mark 0 rf gun parameters, the code
SUPERFISH was used to alter the cell geometry and iris

FIG. 1. CAD rendering and schematic of the Mark 1 X-band
rf gun.

TABLE I. Mark 1 rf gun parameters.

Frequency 11.424 GHz

Unloaded quality factor 7055

First cell length 0.59 cell

Coupler type Dual feed racetrack

Iris shape Elliptical, 1.8 major/minor

Mode separation 25 MHz

Cathode material Oxygen-free high conductivity

Cathode peak field 200 MV=m
Final kinetic energy 7 MeV

R.A. MARSH et al. Phys. Rev. ST Accel. Beams 15, 102001 (2012)

102001-2



parameters. Measurement of the Mark 0 rf gun confirmed
that the distance between the operating � mode and the
nearest neighboring mode was<10 MHz as designed, and
time domain modeling of the multiple eigenmodes simul-
taneously excited in the Mark 0 gun showed that the
nearest mode would still have a significant excitation at
the nominal fill time as a result. In order to generate as
bright a beam as possible, the mode separation was in-
creased to 25 MHz, at which point mode beating contrib-
utes a negligible emittance increase. The mode separation
was increased to 25 MHz by increasing the iris radius to
4.6736 mm and thinning the iris slightly to a thickness of
4.6228 mm.

An important use of the fast running 2D codes is tuning
cavity parameters for field flatness and correct frequency;
the most critical dimension in this regard is the cavity
radius for each of the 6 cells. The fast run time of
SUPERFISH meant that the cells could be tuned beyond 4

significant figures to achieve a very flat field from cell to
cell and a � mode at exactly 11.424 GHz. This 2D opti-
mum provided a starting point for 3D optimization.

Although circularly shaped irises are typically used in rf
guns and accelerators, the shape can be made elliptical,
which can lower the peak surface electric field for the
same axial electric field [21]. Though this change increases
the surface area with a high field, it should lower the
probability of rf breakdown. The optimal elliptical profile
varies with iris geometry, and depends on the iris radius and
thickness. The iris radius and thickness for theMark 1 rf gun
are determined by the goal of increased mode separation, as
discussed in Sec. II A, allowing an optimization of elliptic-
ity for an iris radius of 4.6736 mm and an iris thickness of
4.6228 mm. The ellipticity chosen in 2D simulation and
confirmed in 3D simulation has amajor tominor ratio of 1.8.
With this ratio, the peak surface electric field is about 10%
lower than that for a circularly shaped iris.

The length of the first half cell can have a strong impact
on the final beam emittance. For any given cell length, there
is a different optimal laser injection phase and emittance
compensation solenoid field strength. By varying the cell
length and retuning the entire design, the effect of cell
length alone can be isolated, and a final cell length can be
determined. The final emittance also depends on the laser
pulse shape and other external constraints, such as the
length over which the emittance is compensated. For this
design study the distance from the photocathode to the entry

point of the traveling wave accelerator section was fixed at
80 cm. The laser pulse profile was assumed to be a clipped
Gaussian transversely, with a temporal shape corresponding
to the stacking of 8 short pulses. Table II summarizes the
photocathode drive-laser pulse parameters [22].
For this laser pulse, a parameter study was completed to

find the optimal first cell length by changing the first cell
length, flattening the field and adjusting the operating
frequency, and then optimizing the injection phase and
emittance compensation solenoid magnetic field strength.
The design study assumed the operation of a T53 accel-
erator section located at a distance of 80 cm from the
cathode position operating at an accelerating gradient of
75 MV=m. Results are shown in Fig. 2 for four designs,
with a first cell length of 0.59 cell being optimal.
Either a single Gaussian laser pulse or two stacked

Gaussian pulses will be used at the SLAC XTA, but the
optimum cell length is still close to 0.59 so this length was
adopted.

B. Circuit model

In order to analyze the rf gun response to realistic input
pulses, a circuit model was developed using full 3D HFSS

simulation results as a starting point, including: unloaded
quality factor (Q0) and coupling coefficient (�); the driver
cell, middle cell, and end cell frequencies; the shunt im-
pedance; the generator impedance; the input power level
for a peak surface electric field of 200 MV=m on the
cathode; and the generator frequency for the � mode
(standing wave mode with 180� phase advance per cell).
The elaborate circuit model was validated against HFSS and
found to be in good agreement. This was done by exciting
the � mode in both an HFSS driven simulation and a circuit
model calculation and comparing the electric field magni-
tude and phase, as shown in Table III.
The circuit model was first used to compare its predic-

tion of the rf gun energy gain to that predicted by the beam
dynamics modeling code. In particular, the circuit model
included the characteristic input rf pulse shape from a
SLED-II pulse compressor, which is part of the X-band
rf system at SLAC that will be used to power the

TABLE II. Photocathode drive-laser parameters.

Wavelength 263.25 nm

Energy 50 �J
Transverse � 0.55 mm

Transverse hard edge 0.46 mm

Temporal rise/fall 250 fs

Temporal FWHM 2 ps

FIG. 2. Normalized emittance of a 250 pC bunch along the
photoinjector for rf guns having different initial cell lengths.
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photoinjector. Very little deviation was seen in comparison
to IMPACT-T results for beam energy gain after the 5.59 cells
of the rf gun.

The circuit model was next used to optimize �. The
input coupling to the rf gun was chosen as a trade-off
between keeping the required rf pulse length short (which
decreases pulsed heating [23,24] and the likelihood of rf
breakdown), reducing the required input power (which
simplifies the requirements on the rf source and the rf
feed system, including the rf gun window), and generating
the bunch when the cavity fields are near steady state
(which decreases the sensitivity to timing jitter and mini-
mizes the effect of transient excitation of nearby modes).

For a baseline input power of 17.7 MW, the required
cavity pulse length fill time is plotted as a function of � in
Fig. 3. Also shown are curves for larger input powers (10%,
20%, and 30%), and the corresponding peak pulsed heating
in the regular rf gun cells. The peak heating is about a
factor of 2 larger at the waveguide opening in the coupler
cell, and in general, one wants to keep the heating below
50�C to prevent heating related breakdown enhancement
[25,26]. From these curves, one can see that increasing the
input power by 10% shortens the fill time and lowers
the pulsed heating considerably for a broad range of �.

Assuming the baseline 100% input power, a� of 1.7 was
chosen, which results in an rf pulse length of about 200 ns.
This length is �3 times the field time constant of 65 ns so
the fundamental mode fields reach * 95% of their steady

state values. Using a square input rf pulse, the circuit model
predicts that the field contribution from the neighboring
modes is less than 2%. Tests will also be done at SLAC
where the gun will be run at a 10% higher power with a
160 ns pulse. This lowers the pulsed heating significantly
while still keeping the neighboring mode contribution less
than 2%.
Finally, the circuit model was used to gauge the sensi-

tivity of the reflected rf phase to the rf gun frequency,
which depends on the operating temperature. A 1�C
change in temperature detunes the rf gun by 190 kHz,
which is �5% of the cavity bandwidth. To keep the rf
gun in tune, the temperature will be regulated to the 0:1�C
level, and if necessary, the phase of the reflected rf will be
regulated as well. Figure 4 shows circuit model simulations
of how the phase varies with the rf gun temperature.
These results show that a 0.5� X-band phase regulation
near the nominal tune is equivalent to a 0:1�C temperature
regulation. This agrees with that expected from a simple
analytical treatment of the rf gun as a resonator.

C. Minimizing coupler asymmetry

The impact of the coupler fields on the beam dynamics
was studied by analyzing the particle transverse momen-
tum change after traversing the coupler fields [27,28]. In a

FIG. 3. Mark 1 X-band rf gun � for fill time to reach 200 MV=m cathode field, and the corresponding pulsed heating temperature
rise. Curves are shown for the nominal input power (100%) and 10%, 20%, and 30% additional power.

TABLE III. Electric field phase (deg) comparison between
HFSS and circuit model.

Cell HFSS Circuit

1 (driver) 0 0

2 176.84 176.80

3 5.50 5.72

4 �172:93 �172:4
5 8.00 8.50

5.5 �171:65 �170:50

FIG. 4. Mark 1 X-band rf gun reflected power at the input port
as a function of temperature change for a square input pulse.
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periodic accelerator structure the lowest longitudinal
Fourier component (�z) of Ez can be expressed as

Ezðr; �; z; �zÞ ¼
X1

n¼0

AnJnð�rrÞ cosðn�Þe�{�zz

þ X1

n¼0

BnJnð�rrÞ sinðn�Þe�{�zz; (1)

where �2
r þ �2

z ¼ !2=c2 and Jnð�rrÞ is the nth Bessel
function. Assuming � � 1 and a straight trajectory, from
the Panolfsky-Wenzel [29] theorem, to first order in r, the
transverse momentum (p?=moc) change is given by

�ð� ~�?Þ¼ {e
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þSðyx̂0þxŷ0Þ; (2)

where Dx and Dy are the rf dipole deflection in the x and y

planes, F is the radial rf focusing, and Q and S are the
quadrupole and skew quadrupole moments. The synchro-
nous condition requires that �2

r ¼ !2=c2 � �2
z ¼

�!2=ðv�Þ2, where v is the particle velocity. Since
Jnð�rrÞ / ð�rrÞn for small r and Ez is independent of �,
the Ez field expansion coefficients satisfy

A0¼ constant A;B1/1=�r/� A2;B2 /1=�2
r /�2:

(3)

As a result, the rf dipoleD, and quadrupoleQ and S factors
are independent of � while the radial focusing factor F is
proportional to 1=�2. The relative rms head-tail transverse
momentum change (��p?) results in a projected emittance

growth, which can be approximated as follows in the x
plane, for example, when �z � 1 and the effect is small at
a waist location:

�n;f ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2n;i þ �2

x

�
��px

m0c

�
2

s
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�
1þ �2

x�
2
�ð��xÞ

2�2n;i

�

� �n;i

�
1þ 1

2

�
��ð��xÞ=�

�x0

�
2
�
: (4)

Thus, the fractional emittance growth is roughly one half
of the induced rms-squared angular spread divided by the
incident beam angular spread squared. Having a small
waist (low lattice beta) reduces the effect. Also, the in-
duced angular spread depends on the phase of the higher
multipole fields (being on the zero crossing produces the
largest effect) and the growth is reduced with shorter
bunches. Finally, the growth scales as 1=� for the dipole
kicks, 1=�2 for the quadrupole kicks, and 1=�4 for radial

kicks; thus, the emittance growth induced by the coupler
multipole fields is more of a concern at lower energies.
This dipole head-tail effect can be eliminated via a

symmetrized power feed. The quadrupole head-tail effect
was minimized by using a racetrack shaped coupler ge-
ometry as shown in Fig. 5. A standard coupler has no offset,
which results in a round cell profile; a nonzero offset
results in a racetrack shaped coupler cell. The offset and
cell radius were tuned for a given iris opening to achieve
minimal �ð��?Þ. A significant improvement was
achieved as illustrated in Fig. 6, which compares the
standard coupler kick (similar to that used in the Mark 0)
to that from the Mark 1 racetrack coupler for 100 MV=m
peak electric field. The scale for the two couplers differs by
a factor of 100. The coupler optimization results were
confirmed with the particle tracking code IMPACT-T using
3D electromagnetic field maps generated with the ACE3P

codes OMEGA3P and S3P using 3rd order maps for high
accuracy. The achievable emittance was lowered from
1 mmmrad to & 0:5 mmmrad [28]. IMPACT-T simulations

Cell Radius

Offset Iris Opening

FIG. 5. Racetrack input coupler geometry; one quarter of the
full cell is shown inset. The standard (round) coupler corre-
sponds to an offset of zero.

FIG. 6. Comparison of the quadrupolekickversus rf phase for the
Mark1 gun racetrack couplerwith that if a standard (round) coupler
had been used, normalized to 100 MV=m peak electric field. The
scale for the racetrack coupler has been magnified by 100 times
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using these 3D maps and then 2D field maps confirm that
the influence of residual coupler asymmetry on the bunch
emittance is negligible.

D. Final 3D design

The full 3D rf design for the rf gun was accomplished
using HFSS. Each modification to the design has a different
sensitivity: the field flatness is primarily a function of
relative cell radii; the coupling is primarily a function of
the coupler cell radius and coupling aperture; and the
frequency is primarily changed by scaling all cell radii.
However, when trying to fix one of these parameters, the
other two also change to some extent. The final design was
achieved by successive iteration, until all parameters were
simultaneously met: a�-mode frequency of 11.424 GHz, a
<1% field flatness, and a coupling � of �1:7.

Final modification of the design was necessary to con-
verge on a set of dimensions for engineering drawings and
fabrication. Machining will be done at 20�C, while opera-
tion is planned for 45�C. The design dimensions were thus
scaled for the temperature difference and then truncated to
acceptable fabrication tolerances. Final dimensional ad-
justments were then made to ensure the desired parameters
would be achieved at 45�C.

Final design results were used for various beam dynam-
ics modeling. In some cases, e.g., in PARMELA and ASTRA

runs, these were 2D axially symmetric design results which

most closely matched the final design, in others, e.g., in
ACE3P and IMPACT-T, the full 3D geometry was used to

accurately gauge the impact of wakefields or coupler
asymmetry.

III. BEAM DYNAMICS

Beam dynamics modeling was done as well to optimize
the overall photoinjector design, in particular, by adjusting
the bunch phase, solenoid strength, and the gun-to-
accelerator-structure spacing to achieve the best emittance
compensation. Initial modeling determined the emittance
achievable in the photoinjector, and set the scale for errors
that were acceptable in magnet misalignments, mutipole
field components, etc.
A serendipitous result of the collaboration on this photo-

injector designwas thatmultiple beamdynamics codeswere
brought to bear on the problem, and the results were able to
be checked across codes. Because the physics included in
many of these codes was not entirely overlapping, single
sources of emittance growth were identifiable.

A. Photoinjector performance

Figure 7 shows PARMELA results on the normalized rms
emittance and rms size of a 250 pC bunch as a function of
distance along the photoinjector. A thermal emittance of
0.9 mmmrad per mm rms of laser spot size was assumed

FIG. 7. PARMELA simulation X position (mm) results for the Mark 1 X-band rf gun and a single T53 accelerator section: normalized
transverse emittance and beam size; kinetic energy gain through the length of the rf gun; kinetic energy as a function of longitudinal
position within the bunch; x phase space of macroparticles.
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following [30]. The energy gain of the electron bunch in
the Mark 1 rf gun is also shown in Fig. 7, along with the
energy distribution within the bunch, and the x phase
space. An emittance of 0.35 mmmrad and an energy spread
of 0.2% are expected at 50 MeV for a 250 pC bunch, which
requires the use of the Mark 1 rf gun and a single T53
accelerator structure operating at 75 MV=m. The T53 is a
2�=3 phase advance per cell traveling, constant gradient
structure [31] which is modeled in PARMELA using the
appropriate trwave commands and POISSON input. The
emittance at the end of the 250 MeV VELOCIRAPTOR
linac is expected to be 0.35 mmmrad for a 250 pC bunch
[9], which includes the Mark 1 rf gun and six T53 accel-
erator structures operating at 75 MV=m. ASTRA and
IMPACT-T results confirm the PARMELA predictions for

beam quality using 3D rf field maps.

B. Lower gradient operation

The Mark 0 rf gun was operated at 200 MV=m, but
achieving this high of gradient is a concern [11,12]. To
mitigate possible high dark current issues, and with a view
to run with higher repetition rates, operation at lower peak
surface fields was investigated. Beam dynamics modeling
was repeated at lower peak fields, and the emittance com-
pensation optimization was repeated in each case. Very
good emittances and relatively small bunches could still be
obtained at lower peak fields.

Once emittance compensation is reoptimized, the direct
effect of lower gradient operation was seen. Operation at a
reduced peak surface electric field of 180 MV=m produced
a & 10% increase in emittance, and operation at
140–160 MV=m produced a& 50% increase in emittance.
Sustained operation at a lower peak field would motivate a
complete redesign of the photoinjector, and would prompt
some reconsiderations as to optimal design decisions;

lower gradient operation is considered here only as a risk
mitigation due to surface preparation effects or damage. At
lower gradients, the first cell length optimum is shorter: for
100 MV=m peak electric field, a 5.4 cell rf gun would
perform better than the 5.59 cell gun [32].

C. Emittance compensation solenoid

A 6 kG emittance compensation solenoid similar to that
used with the Mark 0 rf gun has been fabricated, featuring
full insertion of the rf gun within the solenoid. The magnet
consists of two identical halves, which serve to cancel the
field in the center, where the rf gun cathode is positioned.
Each half is made up of six pancake coils aligned with their
current feeds alternating left and right for minimal field
disturbance. Each pancake coil is made of square cross-
section copper wire, with a circular water-cooling channel,
wound into two spiraling layers, the first spiraling in, and
the second spiraling out. The arrangement of the coils can
be seen in Fig. 8.
Magnet misalignments both steer and focus the electron

beam outside its design trajectory, which can increase the
bunch emittance due to dispersion and nonlinear rf field
effects. PARMELA results for transverse solenoid offsets are
shown in Fig. 9; this predicted level of emittance growth
has been used to set tolerances for solenoid alignment. This
solenoid will be aligned through precision engineering of
the rf gun mounting parts, which is discussed in more detail
in Sec. IVB.
The emittance compensation solenoid has been fabri-

cated at SLAC. The magnetic field multipole components
have been measured experimentally by SLAC metrology
using a rotating coil technique: a 2.54 cm length coil is
rotated at a radial distance of 2.714 cm, and a Fourier
analysis of the induced signals yields multipole moments.
Results are shown in Fig. 10 for the dipole, quadrupole,
sextupole, and octupole moments at the maximum 300 A
current, which corresponds to a peak solenoid field of
7122 G. The multipole moments were converted into full

FIG. 8. Schematic of the emittance compensation solenoid
fitted with the Mark 1 rf gun and precision alignment sleeve.

FIG. 9. Normalized bunch emittance growth calculated by
PARMELA as a function of transverse offset of the solenoid.

The photoinjector and bunch parameters are the same as those
discussed for Fig. 7.
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3D field maps by using each longitudinal data point at a
fixed radius to scale a corresponding 3D multipole field. A
linear interpolation was used between data points, and
beam dynamics modeling was completed using IMPACT-T

with full 3D field maps of the rf gun. Addition of the scaled
multipole moments produced & 10% emittance growth.
Field correction coils are under consideration to reduce
this source of emittance growth.

D. Beam offset

Laser pointing and centering errors can result in a non-
centered electron beam, which will then oscillate as it
travels through the rf gun. A laser alignment of <100 �m
has been specified, and achieved in a similar system [5]. The
result of this level of beam offset has been modeled and
results in<0:1 mmmrad emittance growth, and& 100 �m
of beam offset, which can be corrected with magnetic steer-
ing coils. ACE3P simulations with a full wakefield calcula-
tion are consistent with these results. On-axis injection into
the T53 accelerator section will be maintained using two
sets of x-y steering coils as necessary.

E. Mode beating

Using the full 3D fields of the X-band rf gun, beam
dynamics simulations were done to model the effects of all

modes excited in the gun as modeled in II B. In steady
state, after several rf gun fill times, the highest level of
other excited modes is the nearest neighboring mode
(which is 25 MHz lower in frequency with a � of �3), at
a level of & 2% (due to the rf losses in the cavity, not just
the � mode is excited in steady state). The emittance
impact of this and all other modes in steady state was
seen to be less than 1%. During the transient filling of
the gun, much higher levels of other modes can be excited,
though by 160 ns of filling, a level of & 2% is reached.

F. Wakefields

Fully self-consistent wake calculations have begun us-
ing the PIC code PIC3P from the ACE3P suite [19,20]. ACE3P
results confirm the beam offset specification is sufficient,
and that wakefields in the photoinjector will not signifi-
cantly impact single bunch 250 pC operation. Future simu-
lations will take advantage of the full computational ability
of the ACE3P suite of codes, but the results of this initial
series of runs form a basis for this work going forward. For
the bulk of the modeling effort on the Mark 1 rf gun, the
simplest code that is sufficient was used, with more com-
plex codes used for cross-benchmarking.
A fully 3D program, IMPACT-T, was also used to track

particles taking into account space charge forces, and the
3D rf fields in the structures, including the quadrupole
component of the couplers [33]. The effect of misalign-
ments of the various elements, including the drive-laser, rf
gun, solenoid, and accelerator structures, were evaluated.

ACE3P simulation results show good general agreement

with IMPACT-T results, as shown in Fig. 11. Simulations
were done for an on-axis initial electron bunch and for a
bunch with an initial 0.5 mm offset. Minor differences
toward the end of the rf gun are suspected to stem from
the differing treatment of boundary conditions.

IV. TESTING PLANS

A. Beam line symmetry

In order to maintain the electron beam brightness, con-
siderable effort was taken to fully symmetrize the photo-
injector beam line, especially before the 7 MeV electrons
arrive at the accelerator section. The low energy beam line
is visible in the CAD rendering in Fig. 12. The rf gun itself
has been symmetrized as discussed in Sec. II C. Vacuum
pumping on the beam line is done through a wrap-around
symmetric feed, so that the beam sees primarily the round
pipe, with small holes providing vacuum conductance and
much smaller asymmetry than a simple T-junction. A
vacuum valve is used to provide isolation of the gun, and
an rf version has been procured that provides a smooth and
symmetric aperture when the valve is open. A specially
designed pneumatically operated pop-in screen has been
fabricated so that when the screen is withdrawn a smooth
beam pipe is seen by the electron beam, as shown in
Fig. 13. Finally, the laser mirror has been placed external

FIG. 11. Evolution of the transverse emittance along the
X-band gun simulated with PIC3P and comparison with IMPACT-

T at 3 sampled longitudinal points.

FIG. 10. Multipole magnetic field measurements of the emit-
tance compensation solenoid at the maximum current of 300 A.
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to a smaller aperture beam pipe so that the electron beam
does not see the asymmetry of two 45� UV mirrors, but a
smooth beam pipe.

B. Fabrication

Engineering drawings have been completed using the
electromagnetic design dimensions, and the closed loop
cross-checking discussed in Sec. II D. Dimensions are
called out to 2:5 �m accuracy on critical parts such as
the cell diameters, and toleranced to �5 �m. Tuning is
capable of producing �5 MHz frequency shifts per cell,
which corresponds to a �5 �m fabrication error; four
push/pull tuning pins are included in each cell, and can
be effectively used more than once; if necessary an addi-
tional round of tuning can be done by reannealing the
structure. To significantly change the coupling � requires

retuning all of the gun cells, which was part of the moti-
vation of choosing a design � in the middle of the optimal
range. The frequency can be tuned by changing the oper-
ating temperature, which shifts the resonant frequency by
190 kHz=�C. Because the cells will be diffusion bonded,
mating surfaces will be diamond turned to 2 �m flatness.
The high temperature (1040�C) diffusion bonding cycle
will also leave a very clean copper surface with large
regrown grains, perfect for high gradient operation.
At LLNL, an alignment socket will be used to fix the rf

gun position relative to the magnetic center of the emit-
tance compensation solenoid and the rest of the test station
hardware. The precision sleeve is shown in Fig. 8 and is
capable of meeting alignment tolerances of�125 �m both
transversely and longitudinally. The alignment socket also
provides for thermal ballast against temperature variation
across the gun surface, or deviations from the operating
temperature due to air currents or thermal fluctuations in
the room.

C. Mark 2 design

There are many possible improvements that have been
identified during the Mark 1 design process that will be
considered for inclusion in a Mark 2 rf gun design.
Achieving low emittance requires laser injection at the

correct phase, which will require& 1� phase accuracy and
stability. Field probes in the gun itself would enable a
direct measurement, but were deemed a complicated addi-
tion given the operation at high peak fields, and the space
constraints in an X-band structure. Several probe geome-
tries are undergoing preliminary design currently, and may
be included in the next generation of X-band rf gun. The
phase measurement plan for the Mark 1 photoinjector will
rely on the reflected power measured from the directional
coupler on the gun rf feed. As discussed in Sec. II B, the
sensitivity of * 5�=�C has been deemed sufficient for
diagnostics purposes.

FIG. 12. CAD rendering of the X-band rf photoinjector: Mark 1 rf gun, emittance compensation solenoid, low energy beam line, and
T53 accelerator section.

FIG. 13. CAD rendering of a pop-in screen showing symme-
trized insertion of the vacuum pipe when the screen is with-
drawn.
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The high current carrying technology used in the emit-
tance compensation solenoid leads to tight tolerances on the
current leads and coil crossovers. As noted in Sec. III C,
dipole errors on the order of 5 G have been measured when
the solenoid is operated at its full field strength of 6 kG.
Correction of field errors may be necessary with secondary
or even tertiary coils, which will be accomplished with thin
corrector coils around the alignment socket. In the future, a
move to an alternate magnet technology is being considered
in which more turns of lower current wire are used so that
the error induced by connections and crossovers is reduced.

The Mark 1 rf gun uses the same single channel cooling
geometry used in the Mark 0 gun. The single channel
provides both heating of the gun to its 45� operating
temperature and removal of excess heat from Ohmic losses
in the copper. Because a single channel is used, there is
some small dipole asymmetry, which has been calculated
and predicted to have a negligible effect. Sensitivity to
thermal asymmetry will however increase as the gun is
operated at higher gradients, higher instantaneous pulsed
heating temperature rises, and increasing repetition rates.
A quadrupole symmetric geometry or even a cylindrically
symmetric jacket are under consideration for the Mark 2
design if it appears necessary during testing of the Mark 1
rf gun.

A fixed photocathode surface is clearly both a lifetime
and risk liability, and the move to a removable photo-
cathode is the highest priority for inclusion in the Mark 2
design. A removable photocathode would extend the life-
time of the remaining gun structure, decrease downtime
between cathode/gun replacement, and enable photoca-
thode material research and advancements.

D. Testing facilities

Two copies of the Mark 1 rf gun are being built for
testing at LLNL and SLAC. Testing at LLNL will take
place at the X-band Test Facility; testing at SLAC will take
place at the X-band Test Accelerator (XTA) at the NLCTA.

E. LLNL testing

The advanced X-band test station will be an independent
beam line capable of performing experiments on future
improvements to the LLNL Nuclear Photonics Facility.
Until the full facility is built in B391, the test station will
be established in the shielded caves of B194. Early estab-
lishment of the test station will enable operational experi-
ence and allow multibunch experiments to begin in
advance of the full B391 facility being available for occu-
pancy. The parameters for the test station are shown in
Table IV. The test station will consist of a control room
with equipment racks, a high power solid-state modulator
and XL-4 klystron, rf distribution waveguide, a Mark 1 rf
gun, and a single traveling wave accelerator section with
beam line transport magnets and diagnostics. The system is
discussed in more detail elsewhere: the beam dynamics in

[34], laser systems in [22], rf distribution system in [35],
and complete test station [36].

F. SLAC testing

The XTA X-band photoinjector at the SLAC NLCTA
has the potential of producing bunch emittances that are
comparable or better than those at the LCLS injector, but
with a 3 times shorter bunch length, which would make
subsequent bunch compression simpler [32]. The beam
line includes a 105 cm long X-band acceleration section
(T105) which takes the electron beam up to 100 MeV and
an electron beam measurement station. Other X-band pho-
toinjectors such as the UCLA hybrid gun [37] will be
characterized at this facility.
The XTA beam line will be installed in a 6.7 m region at

the downstream end of the NLCTA tunnel. The gun, gun-
to-linac section, and T105 accelerator will use 1.7 m leav-
ing 5 m for beam characterization. More detail is available
in conference proceedings, including [32].

V. CONCLUSION

The design for a next generation X-band rf gun (the
Mark 1) was presented. It will be tested at new beam lines
being constructed at LLNL and SLAC that include X-band
accelerators. With 250 pC bunches, emittances of &
0:5 mmmrad are expected. Such rf photoinjectors would
be ideal for compact x-ray free-electron lasers and Compton
photon sources, such as the plan to produce monoenergetic
gamma rays at LLNL.
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TABLE IV. LLNL test station parameters.

Charge 250 pC

Bunch duration 2 ps

Bunch rise/fall <250 fs
Normalized emittance & 0:5 mmmrad
Gun energy 7 MeV

Cathode field 200 MV=m
Coupling � 1.7

Section gradient �75 MV=m
Final energy 30–50 MeV
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