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Abstract
The aim of the SPARC project is to promote an R&D

activity oriented to the development of a high brightness
photoinjector to drive SASE-FEL experiments at 500 nm
and higher harmonics generation. Proposed by the
research institutions ENEA, INFN, CNR with the
collaboration of Universita` di Roma Tor Vergata and
INFM-ST, it has been  funded in 2003 by the Italian
Government with a 3 year time schedule. The machine
will be installed at LNF, inside an existing underground
bunker. It is comprised of an rf gun driven by a Ti:Sa
laser to produce 10-ps flat top pulses on the photocathode,
injecting into three SLAC accelerating sections. In this
paper we present the status of the design activities of the
injector and of the undulator. The first test on the RF
deflector prototype and the first experimental
achievements of the flat top laser pulse production are
also discussed.

INTRODUCTION
The SPARC project is an R&D activity to develop a high
brightness photoinjector for SASE-FEL experiments
funded by the Italian Government in 2003 with a 3 year
time schedule. The installation of the machine at LNF
will start on September 2004, and the first beam is
expected on June 2006. The SPARC [1] complex is
composed of an rf gun driven by a Ti:Sa laser producing
10-ps flat top pulses that hit on a photocathode. The out
coming beam is injected into three SLAC accelerating

sections to feed a 14 m long undulator, see Fig.1. The
main goals of the project are:

(1) the generation of a high brightness electron beam
able to drive a self-amplified spontaneous free-electron
laser (SASE FEL) experiment in the green visible light
and higher harmonics generation,

(2) the development of an ultra-brilliant beam photo-
injector needed for the future SASE FEL-based X-ray
sources.

Figure 1.SPARC project layout.

The project is also aiming at the development of sub-ps
bunch length diagnostic, at the investigation of the beam
emittance degradation due to the CSR in the  dogleg
magnetic compressor and the effects induced by the
surface-roughness wake fields on the beam quality.
In the next section of this report the status of the design
activities of the injector and undulator is presented. In the



following sections the first test results on the SPARC RF
deflector are described and finally those obtained in the
flat top laser pulse production are also presented.

SPARC PHOTOINJECTOR WORKING
POINT OPTIMIZATION

The beam current required by the FEL experiment
pushes the injector design towards the limits of the state-
of-the-art for what concerns pulse charge and pulse shape.
The design goal of the SPARC accelerator is to provide a
155 MeV bunch with less than 2 µm for the projected
emittance and less than 1 µm for the slice emittance. The
SPARC FEL operates in the diffraction dominated range
and peak current, which, in the range of the diffraction
dominated SPARC FEL the beam current is a key
parameter for shortening the FEL gain length. Once
including possible errors in the undulator system the
analysis [2] of the SPARC-FEL operation shows that in
order to leave  a significant contingency margin to ensure
full saturation and testing of harmonic generation a safer
parameter set requires a beam having 100 A in 50% of the
slices with a slice emittance ≤1 µm. For this purpose a
new optimization, with Start-to-End simulations and
parametric sensitivity studies aiming to reduce the FEL
saturation length, was performed [3].
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Figure 2: PARMELA computed rms normalized
emittance and rms horizontal envelope vs z from gun to
the linac output for Q=1.1 nC, τ=10 psec, εth=0.34 µm,
laser spot radius=1.13 mm.

0 2 4 6 8 10 12 14 16
0.1

1

10

100

1 .10
3

1 .10
4

1 .10
5

1 .10
6

1 .10
7

1 .10
8

Z (m) 

P
o
w
e
r
 
(
W
)

Figure 3 : Power vs. z for the SPARC FEL, from
GENESIS (final step in STE) simulation.
The best result was obtained with a scaling approach [4]
in which more charge is launched from the cathode. The
configuration that gives the minimum emittance

corresponds to a working point with 1.1 nC and a pulse
length of 10 psec.The overall result is the reduction of the
FEL-SASE saturation length from 12 to 9 m at 500 nm
wavelength, see Fig. 2-3.

Table 1 – Injector Parameters
ELECTRON BEAM A

Electron Beam Energy  (MeV) 155
Bunch charge (nC) 1.1
Repetition rate (Hz) 1-10
Cathode peak field  (MV/m)   120
Peak solenoid field @ 0.19 m (T)  0.273
Photocathode spot size (mm, hard edge radius)

1.13
Central RF launch phase (RF deg)    33
Laser pulse duration, flat top  (ps)    10
Laser pulse rise time (ps) 10%→90%     1
Bunch energy @ gun exit  (MeV)   5.6
Bunch peak current @ linac exit (A)   100
Rms normalized transverse emittance @ linac exit
(mm-mrad); includes thermal comp. (0.3)

 < 2

Rms slice norm. emittance (300 µm slice) <  1
Rms longitudinal emittance (deg.keV)   1000
Rms total correlated energy spread (%)     0.2
Rms incorrelated energy spread (%)    0.06
Rms beam spot size @ linac exit (mm)    0.4
Rms bunch length @ linac exit (mm)     1

Table 2 – FEL Parameters
UNDULATOR  &  FEL A

Undulator period  (cm) 3.0
# Undulator sections 6
Undulator parameter 1.4
Undulator field on axis  (T)
Undulator gap (mm) 11
Undulator section length (m) 2.13
Drifts between undulator sections (m) 0.36
FEL wavelength (nm) 500
Saturation length (m, geometrical) < 14
FEL pulse length (ps) 8
FEL power @ saturation (MW) > 80
Brilliance (st. units)
# Photons/pulse 1015

FEL power @ sat. (MW) 3rd harm. > 10
FEL power @ sat. (MW) 5th harm. > 0.7

LASER TEMPORAL PULSE SHAPING
The need to minimize nonlinearities in the space

charge field of the electron bunch, in particular during the
early stages of acceleration from the photo-cathode
surface, leads to the needs of shaping the temporal profile
of the laser pulse as it strikes the photo-cathode - the
required shape is a uniform intensity distribution in time,
often termed a flat-top time distribution. Beam dynamics
simulations show that flat-top profile should exhibit very
sharp edges in the head and tail of the pulse. The
associated rise times must be at least shorter than 1 ps,
with 0.5 ps being a desirable optimum value

In collaboration with the Milano Politecnico ultra
fast laser laboratory, a series of tests have been performed
to demonstrate the fessibility of the pulse shaping with the



Dazzler crystal. The preliminary results are of great
interest to the SPARC laser pulse shaper design [5].

The obtained temporal intensity was measured by
sampling the flat top pulse with the 20 fs reference pulses,
delayed varying the optical path length by a translation
stage with 100 nm resolution. The very short reference
pulse assures a highly precise measurement of the shaped
pulse. An interferometric filter was used to reduce the
bandwidth of the incoming pulse. The measurements
indicated that the acoustic optic crystal could produce
pulse with duration up to 12 ps. Figure 4 reports the
measurement of shaped intensity profile that approach the
required pulse for SPARC photoinjector.

As shown in the plot, the pulse rise and fall time is less
than 0.7 ps and the ripple peak to peak is less than 20%
and the pulse’s duration is thereabouts 11 ps FWHM.
These preliminary results are very promising for
producing the flat top temporal profile required in the
SPARC photoinjector

Figure 4: Cross-correlation of the output shaped pulse
in double-pass configuration.

RF DEFLECTOR DESIGN & TESTS
The characterization of the longitudinal and transverse
phase space of the beam provided by the SPARC
photoinjector at 150 MeV is a crucial point to establish
the performance quality of the photoinjector itself. By
means of an RF deflector it is possible to measure the
bunch length: the longitudinal beam distribution can be
projected along a transverse coordinate and the image is
collected on the screen. Using the orthogonal transverse
coordinate distribution, both the horizontal and vertical
beam emittances can be measured with the quadrupole
scan technique. With the combination of the RF deflector
and a dispersive system the longitudinal beam phase
space can be completely reconstructed, (flag location
FD2). The schematic layout of the measurement is
reported in Fig.5.  An aluminum cold test model of the 5-
cell π-mode rf deflector has been manufactured to LNF
specifications and tested (Fig. 6) at the University of
Rome “La Sapienza” by members of the SPARC team.

Figure 5: Schematic SPARC measurement layout for
high energy beam characterization.

Figure 6: Deflector alluminum prototype and
measurement setup.

The results of the bead pull tests on the field profile of the
rf deflector π-mode reveal a good level of magnetic field
flatness.

CONCLUSIONS
The SPARC project has been approved by the Italian

Government and funded in June 2003 with a schedule of
three years. After the first year the project has been fully
defined, the major components ordered and promising
tests on laser pulse shaping with Dazzler and RF deflector
for beam diagnostics performed. The installation of the
system will start in January 2005.
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Abstract
 A new optimization of the SPARC photo-injector,

aiming to reduce the FEL saturation length, is presented
together with Start-to-End simulations. A systematic scan
of the main parameters around the operating point showed
that the probability to get a projected emittance exceeding
1 µm is only 10 % and the slice emittance remains below
1 µm in all cases.

INTRODUCTION
 The SPARC [1] injector will be the first one driving a

saturating SASE FEL without the use of a compressor
scheme. The FEL requirements in terms of beam current
have pushed the design towards the limits of the state-of-
the-art for what concerns pulse charge and pulse shape. In
order to reach this goal with a good level of confidence
we have explored a range of parameters that are not far
from the previous best performances obtained in photo-
injector laboratories [2]. The design goal of the SPARC
accelerator is to provide a 155 MeV bunch with less than
2 µm for the projected emittance and less than 1 µm for
the slice emittance of 50% of slices. Detailed analysis of
the SPARC-FEL operation including different errors in
the undulator showed that the previous set of beam
parameters [3] giving a peak current I ≈ 85 A does not
leave a significant contingency margin to ensure full
saturation and testing of  harmonic generation in the 14.5
m allocated for the undulator. The peak current, which, in
the range of the diffraction dominated SPARC FEL is the
key parameter for shortening the FEL gain length, should
then be increased. A safer set of parameters requires a
beam having 100 A in 50% of the slices with a slice
emittance ≤1 µm. For this purpose a new optimization,
with Start-to-End simulations and parametric sensitivity
studies aiming to reduce the FEL saturation length, was
performed. The best performance in terms of increasing
final current was obtained with a scaling approach [4] in
which more charge is launched from the cathode. The
scaling law indicates that the preservation of the beam
plasma frequency requires that the spot size be scaled

according to σ x ∝ Q /σ z( )1 / 2
. The configuration that

meets the requirement with the minimum emittance
corresponds to a working point with 1.1 nC and a pulse
length of 10 psec.

START TO END SIMULATIONS
The accelerator consists of a 1.6 cell RF gun operated

at S-band  with a peak field on the cathode of 120 MV/m
and an incorporated metallic photo-cathode followed by
an emittance compensating solenoid and three
accelerating sections of the SLAC type (S-band,
travelling wave), the first one embedded in an array of 13
coils. A transfer line allows the matching with the
undulator optics.
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Figure 1: PARMELA computed rms normalized
emittance and rms horizontal envelope vs z from gun to
the linac output for Q=1.1 nC, τ=10 psec, εth=0.34 µm,
laser spot radius=1.13 mm.

Figure 2: Computed slice parameters: slice energy spread,
slice current, x and y rms normalized slice emittance



In Fig. 1 the rms normalised emittance and the rms
envelope from the gun to the linac output, as computed by
PARMELA [5], are shown for the best case (εn =0.71 µm)
with increased current (I=100 A) [6]. In this study, a
thermal emittance linearly increasing with the radius and
equal to 0.3 µm/1 mm of radius and a rise time of 1 psec
(derived from previous optimization studies) were
assumed. It has to be noted that the charge/pulse-length
scaling from the parameters found for the original 85 A
working point (φgun=33°, Bsol= 2.73 kG, and average
longitudinal fields in TW section 1 of B=750 G, E=25
MV/m, TW sections 2 and 3 E =12.5MV/m) preserves the
emittance compensation scheme. The plots of Fig. 2 refer
to the slice analysis for the same case: 85% of the
particles are in slices with an emittance smaller than 0.7
µm, 54% have current ≥100 A and 70% have a current
≥90 A. In this analysis the slice length has been taken
approximately equal to one cooperation length (~300
µm).

Two triplets are used to match the optical functions of
the beam at linac exit to the values desired at the
undulator entrance. This solution, as compared to a
doublet and a triplet configuration which was also
suitable, has been chosen in order to assure flexibility to
the line [7]. In Fig. 3, the rms horizontal beam size from
the end of the linac (corresponding to z=0 in the plot) to
the undulator input is shown. The matching has been
performed with MAD [12] including the focal effects of 6
undulator sections interleaved by small horizontally
focusing quadrupoles. The effect of each undulator
section on the beam has been simulated as a vertically
focusing quadrupole.

Figure 3: rms beam sizes in mm (black horizontal, red
vertical) from the Linac output to the undulator output.

A slice analysis has been carried out in order to
evaluate the mismatch of the single slices of the bunch.
The relative mismatching parameter:

M = 0.5 βoγ − 2αoα + γ oβ( )
(αo, β o and γo being the undulator matched parameters)
results to be lower than 1.2 for 85% of the beam.

The undulator parameter set used for the simulation of
the SPARC FEL are summarized in Table 1 [8].

Table 1: Undulator parameter set

Period 2.8 cm
# Periods/section 77 (+1 for matching)

Number of Sections 6
K 2.145

The simulation has been performed by using GENESIS
1.3 [9] in time dependent mode, and taking into account
the bunch distribution as provided by PARMELA. In
Fig.4 the FEL power as a function of z is shown. The
saturation length is shorter than 9 m, with a net gain of 2
m compared to the previous optimization.
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Figure 4 : Power vs. z for the SPARC FEL, from
GENESIS (final step in STE) simulation

PARAMETER SENSITIVITIES
In order to investigate the stability of the SPARC

working point and to predict the most probable values of
the projected and slice emittance in realistic conditions, a
sensitivity study to various types of random errors in the
SPARC accelerator was performed [10]. The study was
divided in two steps. In the first one the tolerances of the
main tuning parameters were set using the criterion of
having a maximum increase of the projected emittance of
10% with respect to the nominal case (0.71 µm). In the
second step these errors were combined in the defined
tolerance ranges and a statistical analysis was performed
in order to study the effect of the combination of errors on
the projected and slice emittance and on the mismatching
at the entrance of the undulator. The sensitivity of the
projected emittance to errors of individual parameters that
can fluctuate during the machine operation was studied by
PARMELA code extensive simulations. The parameters
that have been considered are relative to the gun system
only and the data were studied at the linac exit.

Table 2: Minimum variation of the single parameters
value for a 10% emittance increase

Gun Phase jitter ± 3°
Charge fluctuation + 10%
Gun magnetic field ± 0.4%
Gun electric field ± 0.5 %

Spot radius dimension ± 10%
Spot ellipticity 3.5% (xmax/ymax=1-1.035)



Step 1: the resulting tolerances on the different tuning
parameters are listed in Table 2. It can be seen that the
most critical parameters are the electric field amplitude
and the spot ellipticity.

Step 2: one hundred PARMELA runs were performed,
each one with random error sets within the tolerance
limits. PARMELA was interfaced with a MATLAB based
program that accepts in input the limits of variation of the
single parameters and generates a number of input files in
which the six parameters of interest are varied randomly
in the pre-defined ranges according with the sampling
technique of the “latin hypercube”, an algorithm
implemented in the MATLAB statistical toolbox. The
numbers used are uniform distributions with average
values and rms widths listed in Table 3. The interval of
errors distribution is ±√3 σ around the average value.

Table 3: Variation of parameters for combined tolerance
study of errors in SPARC gun

Parameter Average
value

RMS value

Gun phase 31.5° 1.74°
Charge 1.15 nC 0.032 nC

Gun B field amplitude 2733 gauss 5.8 gauss
Gun E field amplitude 119.9 MV/m 0.32 MV/m

spot radius 1.132 0.068 mm
Ellipticity 1 0.02

The results of the simulations were used to construct the
curve plotted in Fig. 5 that gives the probability to obtain
an emittance greater or equal than the corresponding
value on the abscissa: for example the probability to get a
normalized projected emittance ≥ 1 µm is less than 10%.
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Figure 5: Probability vs emittance over 100 simulations

Concerning the slice emittance, in the 100 simulations it
does not exceed 0.9 µm for the 9 central slices out of 13
slices, as it can be seen in Fig. 6 in which two extreme
cases obtained from the error simulations are compared
with the ideal case.

The effect of random errors on the transverse phase
space orientation at the entrance of the undulator has also
been investigated. The distribution of the average and the
rms mismatching factor are respectively 1.3 and 0.32.
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Figure 6: Interval of variation of slice emittance over 100
simulations

CONCLUSIONS
Start-to-End simulations showed that, with a 1.1 nC
charge in a 10 ps long bunch we can deliver at the
undulator entrance a beam having 100 A in 50% of the
slices with a slice emittance ≤1 µm, thus reducing the
FEL-SASE saturation length to 9 m at 500 nm
wavelength. The stability of the nominal working point
and its sensitivity to various types of random errors, under
realistic conditions of the SPARC photo-injector
operation has also been studied. On this basis it can be
concluded that combining multiple errors on tuning
parameters the projected and slice emittance values
remain within the limits of the SPARC design. Additional
systematic investigations taking into account element
misalignments, orbit steering and wake fields [11] effects
are under way.
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WAKE FIELDS EFFECTS IN THE SPARC PHOTOINJECTOR 
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M. Migliorati, L. Palumbo, �La Sapienza University�, Roma, Italy

Abstract 
When a bunch travels off axis across structures 

whose shape is not uniform, such as RF cavity or bellows, 
generates longitudinal and transverse wake fields [1]. In 
addition transverse time dependent fields (like transverse 
RF components and wake fields ) may induce correlated 
slice centroids displacement, so that each slice centroid 
motion is affected also by a different space charge force 
generated by the next slices. In this paper the analytical 
diffraction model for wake fields, developed by Bane and 
Sands has been implemented in the HOMDYN code 
taking into account also space charge forces acting on the 
slice centroids.  

As a first application, the preliminary evaluation of the 
emittance degradation in the SPARC linac when 
structures are misaligned with respect to the nominal axis 
is reported.  

WAKE FIELDS DIFFRACTION MODEL 

Single cavity 
When the bunch length σ is much smaller then the 

beam pipe radius a, σ<<a, methods of diffraction theory 
[2] are used to calculate the impedance at high 
frequencies, ω>>c/a, where c is the velocity of light.  

The model suppose each structure as a pill box cavity, 
whose geometric dimensions are: a the beam pipe radius, 
b the cavity radius and g its length. When a bunch reaches 
the edge of the cavity, the electromagnetic field produced 
is just the one that would occur when a plane wave passes 
trough a hole; with this hypothesis it is possible to use the 
classical diffraction theory of optics to calculate the 
fields. 

According to it, the longitudinal and transverse wake 
fields, in the high energy regime, are respectively [2] 
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where Z0 is the characteristic impedance and s the 
longitudinal coordinate inside the bunch, being s=0 the 
bunch�s head.  

The above expressions are given for the ultrarelativistic 
case β→1; the case of low energy regime was studied in 
[3-4] where It was shown a dependence of the energy loss 
and of the wake fields from the relativistic factor γ. 
However It was shown in [5] that the high energy regime 
represents an over estimation of the low energy one.  

It�s worth noting that both the longitudinal and 
transverse wakes do not depend on the cavity radius b. 

Infact part of the diffracted field, generated when the 
leading edge of the bunch enters the cavity, will 
propagate in the cavity; if the bunch�s rms length σ is 
shorter than the cavity radius b, then the geometrical 
condition 

σ2
)( 2abg −

<  

is verified and the scattered field coming from the upper 
wall of the cavity will never reach the tail of the bunch 
itself: this is called �cavity regime�.  

Using Eq. 1 and Eq. 2 as a green function we can 
calculate the transverse and longitudinal wake field: 
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where q and L are the bunch�s charge and length 
respectively. 

BEAM DYMAMICS IN HOMDYN 

Off-axis beam dynamics 
We use the HOMDYN code to study the dynamic of an 

off axis bunch which travels along structures whose shape 
is not uniform. The code [6] describes a bunch as a 
uniformly charged cylinder of charge q and length L, 
divided in cylindrical slices of radius Rs. The evolution in 
the time domain of the slice�s envelope Rs is described by 
its envelope differential equation [6] and the centroid 
longitudinal position zc of each slice is described by 
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where ξs=zs-zt and zt is the bunch�s tail. 
The first term on the right hand side describes the 
longitudinal space charge on each slice centroid [5], 
whilst the wake field is the second term on the right hand 
side. The remaining terms describe the longitudinal 
motion in a solenoid field; transverse components of the 
magnetic fields are approximate with the Bz derivative. 



where εnth is the thermal emittance. 

 
Figure 1: Bunch divided in slices in Homdyn. 

In order to describe the displacement of each slice 
centroid xc, yc from the nominal axis of the bunch, it is 
necessary to include in the code the differential equation 
describing the centroid motion 
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Each slice� s centroid can be transversally displaced 

from the nominal axis; in this case it experiences a 
transverse deflection due to the space charge force 
produced by the neighbour slices (first term on the right 
hand side) [6] and the transverse wake force (second term 
on the right hand side). Finally the last terms describe the 
beam motion in a solenoid field, including the case of 
solenoid�s coils misalignment xi,off and yi,off respect to the 
nominal axis. 

We suppose the transverse wake force on each slice 
depends on the displacement of the first slice from the 
axis, xc

1 or yc
1 and the space charge on the centroid varies 

linearly with the distance dxc or dyc of the considered 
slice�s centroid from the straight line r (see Fig. 1). The 
straight line is obtained interpolating the centroids along 
the bunch with the least square method.  

The space charge on centroids was tested generating a 
bunch in a case where space charge on centroids is strong; 
then we compared centroid motion with Parmela results. 

Emittance Computation 
The total rms emittance is calculated in the code as 

follow [6]  
222 )()( corr

n
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When all the slices lies on the same axis, the correlated 
emittance is only given by the �envelope� emittance 
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where X is the slice envelope. 
On the contrary if the slices do not lie on the same axis 

then the correlated emittance is given by the quadratic 
sum of three terms: the �envelope� emittance mentioned 
above, the �centroids� and the �cross� emittance, 
respectively 
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Figure 2: Centroid, cross, envelope and total emittance 
(light blue line) using Eq. 3, compared with Parmela�s 

emittance results (black crossed line). The bunch is 
generated with an offset.  

The emittance complete expression of an off axis bunch 
has been inserted in the Homdyn code. Using Parmela�s 
output to obtain slice�s envelope and centroid positions, 
we insert such results in the above equations and calculate 
analytically the emittance; then we compare the analytical 
result with the emittance as computed by Parmela. The 
excellent agreement validates the above computation.  

For the Homdyn emittance calculation we assume that 
the bunch�s charge distribution is uniform. The results of 

r 

xc 



Fig.2 show a good agreement demonstrating the 
nonlinearities of the space charge force can be neglected. 

EMITTANCE DEGRADATION IN THE 
SPARC PHOTOINJECTOR 

We used the improved version of the Homdyn code 
described in the previous section to preliminary evaluate 
the emittance degradation at the end of the travelling 
wave structures (TW) of the SPARC�s project [7].  

The bunch is generated on axis whilst the TWs can be 
transversally displaced with respect to the nominal axis; 
besides the thirteen coils forming the solenoid of the first 
TW can be independently displaced as well. We looked 
for the coils� configuration giving the biggest offset of the 
bunch�s centroid from the nominal axis thus enhancing 
the wake fields across the bunch. We combined it to a 
worst configuration for the TWs as specified in Table 1. 
Table 1: Solenoid coils and TWs misaligned configuration 

Device ∆x [mm] ∆y [mm] 
Solenoid coil  

1 
0. +0.1 

Solenoid coils 
2-3-4-5-6 

+0.1 0. 

Solenoid coils 
7-8-9-10-11-12-13 

0. -0.1 

TW1 0.1 0.1 
TW2 -0.1 -0.1 
TW3 -0.1 -0.1 

 
Finally we corrected the bunch trajectory inserting 

three steering coils placed at the entrance of each TW 
structure. 
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Figure 3: Bunch�s centroid position along the structure 

without (black lines) and with (red lines) steering 
correction.  

Fig.3 shows the bunch centroids positions with and 
without steerings in the case of the above misaligned 
configuration for an offset of 0.05mm and 0.1mm. Table2 
shows the emittance degradation at the end of the TWs 
structures whilst Fig.4 shows the emittance behaviour 
along the structure for the two cases. 

It�s worth noting the main causes of emittance 
degradation are the wake fields in the TWs structures. 
Infact Fig. 5 shows the bunch�s emittance when a bunch 
enters off axis, as an example, in the second TWs 
structure.  

Table 2: Normalized emittance degradation without and 
with steering correction at the end of the TWs (z=12.0m). 
Offset εnx  

steer off 
εnx  
steer on 

εny  
steer off 

εny  
steer on 

0.05mm 1.68µrad 0.84µrad 0.89µrad 0.85µrad 
0.1mm 3.47µrad 1.08µrad 1.22µrad 1.06µrad 
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Figure 4: Normalized emittance behaviour along the 

structure without (black line) and with (red line) steering 
correction for the case of 0.05mm offset.  
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Figure 5: Normalized emittance along the second TW 

structure for a bunch� offset of 0.1mm when both wake 
and RF are on (black line) and when only RF is on (red 

line). 

CONCLUSIONS 
The analytical diffraction model for wake fields has 

been implemented in the Homdyn code; we included 
space charge force acting on each slice�s centroids. As a 
consequence a new analytical calculation for emittance 
has been developed and inserted in Homdyn. As a first 
application, a preliminary evaluation of the emittance 
degradation and tolerances in the SPARC linac when 
structures are misaligned respect to the nominal axis, has 
been studied.  

ACKNOWLEDGEMENT 
The authors would like to thank Concetta Ronsivalle 

for many helpful and interesting discussions. 

REFERENCES 
[1] L. Palumbo et al., �Wake Fields and Impedance�, 

CAS: 5th Advanced Accelerator Physics Course. 
[2] K. Bane, M. Sands, SLAC-Pub-4441 
[3] J.D. Lawson, RHEL/M144. 
[4] E. Keil, NIM 100 (1972) 419-427 
[5] H. Henke, CERN-LEP-RF/85-41 
[6] M. Ferrario et al., SLAC-PUB-8400 
[7] D. Alesini et al., �Status of the SPARC Project�, this 

Conference
 



EMITTANCE DILUITION DUE TO 3D PERTURBATIONS IN RF 
PHOTOINJECTORS 

M. Quattromini, L. Giannessi, C. Ronsivalle, ENEA, C.R. Frascati (Roma), Italy 

 
Abstract 

The predictions from different simulation codes are 
compared to investigate the effects of fluctuations of 
quantum efficiency and other sources of in-
homogeneities in the performances of a typical RF 
photoinjector. The layout includes a RF gun and a 
focusing solenoid in a configuration aimed at 
minimizing the emittance growth due to space charge 
effects. 

INTRODUCTION 
Many applications from X-ray Free electron lasers to 

high energy colliders require high brightness beams 
produced by photo-injectors. The final performances of 
these devices are strictly linked to the beam quality 
produced by the electron source.  In the case of FELs 
the role played by emittance becomes crucial at sub-nm 
wavelengths where the emittance is related to the 
transverse coherence of the output radiation. Most of 
the emittance budget that characterizes the beam at the 
undulator is produced at the injector in the first stages 
of the beam acceleration. The emittance optimization 
procedure rely on the linear theory [1] which has been 
verified both experimentally and numerically. In this 
analysis we examine in these optimized conditions, the 
role played by a non uniform electron emissivity that 
may be induced by non-uniformities generated by 
quantum efficiency variation on photocathode and laser 
illumination non-uniformity. This study has been 
performed by using two different codes based on 
different algorithms: the Los Alamos version of 
PARMELA  (PARMELA-LANL) [2] and TREDI [3]. 
TREDI has been used in “static” mode, i.e. ignoring 
effects associated to the finite velocity propagation of 
signals within the bunch. 

PROBLEM DESCRIPTION 
The aim of this work is to study the effect of charge 

in-homogeneities at the cathode surface, by decoupling 
in a transverse Fourier space, the in-homogeneities 

occurring  at a specific  wave-number Rk π2= , on 

a scale of the beam spot radius R, and higher. We have 
considered a standard S-Band (2856 MHz). 1.6 cells, 
BNL type photo-injector configuration[4], in a set-up 
optimized at minimizing the emittance in terms of 
accelerating gradient, extraction phase, beam spot size, 
focusing solenoid strength. Space charge effects 
compensation is achieved assuming both transverse 
and longitudinal flat charge distribution at extraction. 
The gun starts at z=0 and the drifts ends at z=2 m. The 

peak electric field in the gun and the solenoid peak 
magnetic field have been  set respectively to 120 
MV/m and 2.73 kG. The longitudinal shape of the pulse 
is square with a length of 10 ps and the charge is 1 nC. 
The phase of the centre of the bunch is 35°. No thermal 
emittance is included. The beam spot radius R is 1 mm.  
The charge distribution extracted from the cathode has 
been modelled as a perturbation with respect to the 
ideal case with the following cosine function showing a 
maximum on the centre of the spot: 

 
                                                                               (1) 
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sensitivity of the emittance in this injector 
configuration to the charge in-homogeneities at the 

frequency 
n

k  . 

The study has been performed by varying the two 
parameters δ and n and estimating the effect on the 
normalized rms emittance at the location of the first 
minimum (fig.1). The parameter δ has been varied with 
values comprised between 0 and 40% and n the values 

4,2,1,2/1=n . 

A previous comparison between the two codes in the 
ideal configuration, i.e. at δ=0, has shown a good 
agreement [5].  A final remark is in order about phase-
space random generation: results obtained by Monte 
Carlo simulations of such low-emittance beams are 
very sensitive to the initial values of  macro-particles 
used to describe the macroscopic charge distribution. 
As a matter of fact,  the  fluctuations associated with 
standard pseudo-random numbers generators translate 
in charge density gradients and fields obfuscating the 
emittance compensation mechanism at work. As a 
consequence, less than linear convergence is achieved  
as a function of the number of macro-particles. Quasi-
random (or Halton or Sobol[6]) sequences yield usually 
much faster convergence because of the highly 
desirable capability of uniformly populating a given n-

[ ] [ ])cos(1)cos(1
0

),( ykxkyx
p nn ⋅+⋅⋅+= δδρρ



dimensional box. This prevents macro-particles from 
getting too close one another, which induces  a 
spurious collisional regime and unphysical space 
charge fields. For the study presented here, the quasi-
random generator has been slightly modified by using 
the rejection method [6] to fit the distribution (1). The 
phase spaces were generated by TREDI and the 
particles set has been exported to PARMELA to ensure 
exactly the same initial conditions.   

CALCULATIONS RESULTS 
The behaviour of the transverse emittance as a 

function of the longitudinal coordinate at δ =40%, for 

different values of nk  is shown in fig. 1 as computed 

by PARMELA.   The emittance undergoes a typical 
series of oscillations due to the changes in correlation 
between longitudinal slices along the bunch which are 
subject to different focusing as a function of the 
extraction phase. These oscillations exhibit the well 
known  structure with a double minimum located at the 
places where the correlation is maximized. In the figure 
the effect of  distributions with n≠0 on emittance is 
visible and compared to  the optimal conditions. 
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Fig.1 RMS horizontal normalized emittance vs z for 
δ=40% and n=1/2,1,2,4 compared with the uniform 
case 

As an indication of the emittance of the beam we 
have considered the first minimum, whose position 
may depend on the in-homogeneity 
parameterδ especially at the lower perturbation 

frequencies nk . In figure 2 the value computed by 

PARMELA of the horizontal normalized rms emittance 
divided by the value obtained with a completely 
uniform distribution  is plotted  as a function of n. A 
qualitatively similar behaviour  has been obtained with 
TREDI as it is shown in figure 3 where TREDI and 
PARMELA results relative to the emittance growth for 
δ=20% are compared.  
For n=1/2 TREDI indicates a reduction of the 
emittance not evidenced by PARMELA, but for values 
of n≥1 the two codes are in fairly good agreement and 
both give the maximum emittance increase for n=1,  
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Figure 2: Emittance growth vs n in the position of the 
first minimum of the emittance as computed by 
PARMELA 
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Figure 3: Emittance growth vs n in the first 

emittance minimum for δ=20% as computed by 
PARMELA and TREDI 

 
This behaviour may be understood by looking at the 

x-y space shown in fig.4. in three longitudinal 
positions: at the cathode (z=0), near the minimum of 
emittance (z=1.25 m) and near the maximum of 
emittance (z=1.5 m).  The non-linear space charge 
forces induced by the non uniform transverse 
distribution at the cathode gives  a deformation of the 
beam shape. The distortion is stronger when the non-
uniformities are more localized respect to the cases in 
which they are more diffused and tend to a partial re-
compensation along the drift.  

In fig 4 the action of the solenoid focusing is also 
visible as a rotation of the distribution around the axis. 

The emittance degradation increases with the 
modulation depth δ as expected.  An analysis of the 
data has shown a repeatable dependence of the 
emittance growth with δ of the following functional 
form,  

 

( ) ( )3
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suggesting that the first two coefficients of the series 

expansion (2) are negligible. In table 1 the values of the 
coefficients derived from the analysis of TREDI and 
PARMELA data are reported. 



 
Figure 4: X-Y plots derived from PARMELA computations for δ=20% in different longitudinal positions 

 

Table 1: coefficients an 

Coefficient TREDI PARMELA 

a1 21 27 

a2 12 11.5 

a4 3.3 3 

CONCLUSIONS 
The preliminary analysis presented in this paper has 

been based on the observation of the projected 
emittance at the location of the first minimum along the 
propagation, as a function of the frequencies associated 
to the cosine perturbation defined in (1). A scaling law 
of this effect in function of the perturbation amplitude 
has been derived and some indications of the 
dependence  of the effect with the transverse frequency 
have been obtained. In the future we plan to have 
further verifications of these scaling laws by extending 
the analysis to sine-like perturbations and to higher 
transverse oscillation frequencies. While with the sine-
like perturbation we might expect similar results at 
high frequencies kn, the situation might be substantially 
different at low n where the phase has a significant 

influence on the distribution symmetry. Furthermore 
we plan to continue this study by extending the 
observation to the beam slice emittance, which is not 
affected by correlations between slices and is probably 
a better indicator of the influence of cathode 
inhomogeneities on the beam quality. This work will 
require a significant computational effort since the 
number of macroparticles and the transverse mesh 
fineness for the evaluation of the fields grow non-
linearly with the frequency associated to the transverse 
mode.  
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Abstract 

Laser for driving high brightness photoinjector have to 
produce UV square pulse which is predicted to be the 
optimum profile for emittance compensation in advanced 
photoinjectors. The longitudinal laser pulse distribution, 
according to numerical simulations for the SPARC 
photoinjector, must be square with rise and fall time 
shorter than 1 ps and flat top variable up to 10 ps FWHM. 
In this paper we report the results of pulse shaping 
obtained using an acousto-optic (AO) programmable 
dispersive filter (DAZZLER). The DAZZLER was used 
to perform spectral amplitude and phase modulation of 
the incoming 100 fs Ti:Sapphire pulses. Because of the 
finite length of the crystal the maximum duration of the 
shaped pulse is 6 ps. To overcome this limitation we used 
a configuration in which the laser pulses pass twice 
through the AO filter. A dispersive glass section was also 
used to lengthen the pulse with a single pass in the 
DAZZLER. In this paper we report the experimental 
setup, hardware description and time and frequency 
domain measurements. 

INTRODUCTION 
The SPARC project (Sorgente Pulsata Autoamplificata 

di Radiazione Coerente) is a 150-MeV advanced 
photoinjector designed to drive a SASE-FEL in the visible 
and near UV range[1]. The machine consists of a Ti:Sa 
laser to illuminate a metal photocathode, an high gradient 
rf-gun and 3 SLAC s-band accelerating sections. The 
photoinjector, which is under construction at LNF, is 
conceived to explore the emittance correction technique 
and high current production, with proper preservation of 
the transverse emittance. The aim of the project is to 
explore the scientific and technological issues for the 
construction of  SASE-FEL based X-ray source.  

The photocathode drive lasers for high brightness 
electron beam applications must show very specific 
capabilities motivated by two major considerations: the 
low photo-emission efficiency of robust photocathodes 
requires high UV energy to extract the needed charge; the 
emittance compensation process is most successful with 
uniform temporal and spatial laser energy distribution. In 
particular beam dynamics simulations confirm that the 
optimal pulse shape has flat-top profile up to 10 ps, with 
ripple less than 30% and very sharp edges of the pulse: 

the rise and fall times must be at least shorter than 1 ps. 
To assure repeatable SASE-FEL performance, additional 
demands are low energy fluctuations (<5%), small time 
jitters from pulse-to-pulse (<1 ps) and good pointing 
stability. Finally, the laser pulses have to be synchronized 
with the accelerator master oscillator, in order to extract 
electrons at a precise phase of the RF field. To satisfy all 
these requirements it is necessary a pulse shaper device 
and a large bandwidth laser system; so the Ti:Sa 
technology was adopted.  In Fig. 1 is reported the laser 
layout for SPARC.    

 
Figure 1: Conceptual layout of SPARC laser system. 

The 100 fs pulses delivered by Ti:Sa laser naturally 
display a sech2 temporal profile. The device that convert 
this pulse shape in a flat top one works as a spectral filter. 
The pulse shaper has high insertion losses and low 
damage thresholds: therefore the filtering has to be 
applied before amplifying the laser pulse. Beside, the 
spectral manipulation has to retain almost all the spectrum 
of the incoming pulse because otherwise it would induce 
problems for the amplification process [2].  

To produce the desired pulse shape it was proposed a 
liquid crystal matrix placed between two gratings [3]. The 
liquid crystal mask can operate as spectral amplitude filter 
or phase shifter.  

Instead we tested a new technique based on a 
programmable AO dispersive filter produced by 
FASTLITE (named DAZZLER). This device is able to 
perform simultaneously amplitude and phase modulation.  

Because of the filter behavior of the DAZZLER the 
output signal in the spectral domain is given by [4]: 
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where S2, S1 and Sac are respectively the complex 
output optical signal, the input signal and the acoustic  
transfer function. 

In details inside the AO filter, a chirped acoustic wave 
and the optic pulse linear polarized along the ordinary 
axis interact in a TeO2 crystal. The AO interaction occurs 
for different optical wavelengths, at different depths, 
where the AO phase matching condition is satisfied [5]. 
The interaction induces a rotation of the polarization 
toward the extraordinary axis. The refraction index along 
the extraordinary axis is different from that along the 
ordinary one and thus a frequency dependent phase delay 
is obtained. In practice the filter shifts in time the pulse 
frequencies thus stretching the pulse temporally. The 
intensity of the acoustic signal governs the amplitude 
modulation of the optical wavelengths. A radio frequency 
generator (with frequencies between 40 and 55 MHz) 
drives a piezo-transducer to produce the acoustic wave in 
the crystal.  

EXPERIMENT OVERVIEW 
We tested the DAZZLER at the ULTRAS laboratory of 

the Politecnico in Milan. 
The source used for the experiment was an amplified 

Ti:Sapphire laser similar to the one expected for SPARC. 
The laser delivered 20 fs FHWM, 1 mJ pulses at 1 kHz 
repetition rate with the central wavelength at 800 nm, in 
horizontal linear polarization. A small fraction of the laser 
beam (20 µJ) was sent to the experimental setup; here the 
beam was divided in two arms by a 50% beam splitter.  

In the first arm the beam was sent through a 10-nm 
band pass spectral filter, to obtain 100 fs FWHM pulses 
(as we expect for the SPARC laser), and then through the 
DAZZLER crystal. The second pulse (gate pulse) was 
sent to a delay line controlled by a 100 nm linear 
resolution stepper motor. For the measurement the shaped 
pulse and the gate signal overlapped in a non linear BBO 
crystal. The emerging double frequency pulse was 
proportional to the cross-correlation of the two pulses, 
and was measured by a photodiode. The measurement 
was based on the lock-in technique. 

The cross-correlation corresponded in our case to the 
temporal intensity measurement of the shaped pulses, 
because the gate pulse was much shorter than the 
DAZZLER pulse. The resolution was about the duration 
of the gate optical signal (20 fs).  

We developed the numerical code, in Labview 
environment, to simulate the optimal phase and amplitude 
modulation for the DAZZLER. The calculation allowed 
the control of the shaping in real time according to Eq. 1. 
The program simulates the behavior of the DAZZLER: it 
allows the modification of the amplitude and the spectral 
phase of the measured input spectrum, and then, through 
the FFT, calculate the output temporal profile. With  the 
amplitude modulation we corrected also the non flat 
response of the DAZZLER due to the frequency-
dependent diffraction efficiency.  A general comment is 

that we cannot impose the spectral modulation as sinc 
function which would give under Fourier Transform a 
perfect  square profile in time. This is because the output 
pulse would have a too narrow spectral bandwidth, not 
compatible with Ti:Sa amplifier operation[2]. 

Because of the finite length of the crystal (2.5 cm) the 
maximum theoretical duration of the shaped pulse is 6 ps. 
To overcome this limitation we used a configuration in 
which the laser pulses pass twice through the AO filter. In 
this case we observed high energy losses (≈80%). For this 
reasons we tested also a configuration with a single pass 
through the DAZZLER crystal and through 30 cm of 
dispersive glass (SF57). The glass introduced an extra 
second order phase modulation. The total dispersion of 
the glass sections was 0.2 ps2. In this way the losses were 
reduced to 50%. The single passage simplified also the 
alignment of the AO crystal. 

 
Figure 2: Cross-correlation of the output shaped pulse in 

double-pass configuration. 

In Fig. 2 is reported the cross-correlation signal 
obtained with double passage configuration, with the 
estimated error bars. The measured pulse shows a very 
sharp rise and fall time, definitely less than 1 ps, and the 
pulse duration is about 10 ps FWHM. The ripple on the 
top of the pulse is very smoothed. The overshoots remains 
below 15% of the average value of the pulse intensity.  
The pulse’s characteristics obtained are in good 
agreement with the SPARC requests for the pulse [6].   

In Fig. 3 it is shown the input spectral intensity, the 
phase and amplitude modulation used to obtain the flat 
top pulse reported in Fig. 2.   

The phase modulation is given by symmetric 
polynomial expansion up to 8th order centered at 780 nm. 
The amplitude modulation (absolute value of the transfer 
function) is given by Eq. 1 assuming a Super-Gaussian 
output amplitude spectrum:   
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with the exponent n=9.35, bandwidth ∆ν=4.14 THz and  
ν0 is the central frequency. It is important to stress the fact 
that we did not impose the DAZZLER a phase curve 
which gives the same group delay (defined as the 
derivative of the phase respect to the frequency)  for two 
different frequencies. This in fact could have very 



deleterious consequences including unstable beat 
phenomena. 

 
Figure 3: (a) input spectrum; (b) phase modulation;  

(c)  amplitude modulation. 

In Fig. 4 is reported the cross-correlation signal with 
the estimated error bars, obtained with single passage 
through the AO crystal and the dispersive glass. In this 
case the rise and fall time is more smooth than the double 
passage results.   

The reason is that in this configuration the DAZZLER 
dynamics is reduced and the glass introduce only second 
order phase shift without high orders which are 
responsible for the rise and fall time duration.  Thus we 
have a lower ripples as the Gibbs phenomenon asserts. 
However the result still satisfies the SPARC 
requirements. The duration of the shaped pulse is about 
6.5 ps; if a longer temporal pulse duration is requested, it 
is necessary the insertion of additional dispersive glass. 

  
Figure 4: Cross-correlation of the shaped pulse in 

single-pass configuration. 

The best results were obtained with a feedback from 
cross-correlation measurements and by successive 
optimizations of the filter’s parameters. The cycle went 
on until we found the best result achievable. For further 
improvements we think it will be helpful to develop a 
genetic algorithm with an automatic feedback loop. 

The results were reproducible with not appreciable 
differences, over a time scale compatible with  the laser 
source  stability. We observed also a very low influence 
by beam pointing instability of few mrad. This value is 
much larger than the typical Ti:Sa oscillator 
performances. Finally measurements showed that the 
DAZZLER filter is insensitive to microseconds jitters 
between acoustic wave and laser pulses. 

In the SPARC laser layout the Dazzler is placed ahead 
of the laser amplifier, therefore the final temporal profile 
of the pulse on the cathode is determined by the 
successive processes that the pulse undergoes. The effects 
of amplification, UV conversion and propagation through 
the optical transfer line are to be investigated. However 
the flexibility of the DAZZLER device could also  be 
used to compensate some of these effects. To integrate the 
DAZZLER in the whole laser system it is required the 
development of temporal UV diagnostic tools.  

 

OUTLOOK 
The experiment conducted was conceived as a proof of 

the flat top pulse generation by AO crystal.  
The preliminary measurements conducted indicate the 

DAZZLER as a promising technique to produce the 
required flat top laser pulses up to 10 ps FWHM in double 
passage configuration. We believe also that, in the single 
passage configuration, it is possible to obtain longer pulse 
up to 10 ps with more external dispersion.  

We think that better temporal profile can be achieved 
with a more careful control of the acoustic modulation; 
this task can be accomplished by improving the control 
code via genetic algorithm. More work should be devoted 
to the integration of the DAZZLER with the whole photo-
injector  laser system and optical diagnostics. 
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Abstract 
THE EMITTANCE-METER Preliminary studies of the SPARC RF-Gun are planned 

to obtain an accurate analysis and optimization of the 
emittance compensation scheme, measuring the beam 
emittance evolution downstream the RF-Gun with an 
appropriate diagnostic system. Since in a space charge 
dominated beam the use of the quad-scan method is not 
applicable a 1D pepper-pot method will be used instead. 
A metallic mask with narrow slits will be installed on a 
longitudinally movable support, spanning a 1.5 m long 
region, to measure the emittance in several positions and 
reconstruct its evolution in the post gun section. 
Numerical simulations of the measurement, mainly based 
on PARMELA, have been used to estimate the achievable 
accuracy and to optimize the experimental setup. Wake 
field effects induced by the beam propagation through the 
long bellows have been also investigated with 
HOMDYN. Based on these simulations the design of the 
apparatus, called emittance-meter, has been realized and 
is under construction at LNF.  

General Layout 
The technique that will be employed for the emittance 

measurement consists in selecting one or several beamlets 
by means of an intercepting multi-slit mask (fig.1) or a 
single slit moving transversally over the beam spot.  

 
 
 
 
 
 
 
 
 
 
 
 

Figur
domiINTRODUCTION 

The aim of the SPARC project is to promote an R&D 
activity to develop a high brightness photo-injector suited 
to drive a SASE-FEL experiment.  
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The first phase of the SPARC Project foresees the 
systematic emittance measurement along the post-RF gun 
drift where the emittance compensation process occurs. 
The complete characterization of the beam parameters at 
different distances from the cathode is important for code 
validation and to place the first accelerator module in the 
best position according to the emittance compensation 
scheme. 
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For this measurement a dedicated movable (in z) 
emittance measurement tool will be used giving the 
possibility to perform measurements from about z=83 cm 
to z=233 cm (the cathode is at z=0). The technique that 
will be employed for the emittance measurement consists 
in the use of a double system of emittance slit-arrays, 
horizontal and vertical, to measure the emittance and the 
Twiss parameters in both planes.  
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Numerical simulations of measurement based on this 
apparatus, mainly using ad-hoc simulation codes and 
PARMELA beam dynamics calculation, have been done 
[2] in order to optimize the mechanical design and the 
overall system performances. 
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e 1: Multi-slits mask intercepting a space charge 
nated beam. 

e slits reduce the dominated space charge incoming 
 into some emittance-dominated beamlets that drift 
 an intercepting screen. If the screen response is 
, the intensity of beamlets spots on the screen are 
ly proportional to the number of particles in the 
lets which hit the screen and the rms un-normalized 
ance value can be retrieved by the formula [1].  
e slits mask must stop, or largely degrade, the 
epted components of the beam. High-Z material, 
 thick tungsten in our case, will be used. The design 
e apparatus is sketched in Fig.2. Two 1.5 m long 

s allow the cross, housing the slits mask, to be 
d along a region where the most relevant part of the 
ance compensation process occurs. 
e measurement conditions change at different 
tudinal positions, as consequence the distance 
en the slits mask and the analyzing screen cannot be 

. For instance, when the value of the Twiss 
eter α is close to zero (beam is highly collimated) a 

drift is needed to produce a noticeable difference in 
eamlets size respect to the slits width. On the 
ite when the beam is strongly diverging a long drift 
advisable because the beamlets spread on a large 
In this case the possible beamlets overlapping and 
wer signal-to-noise ratio might reduce the accuracy 
e measurement. For this reason another bellow is 
en between the slits mask and the screen, allowing 



changing their distance from 20 to 40 cm, a measure that 
the simulations demonstrated to be a good compromise 
for the different scenarios.  

 

 
Figure 2: Emittance-meter design. 

 
The beam will be spent in a dump after a bending 

magnet. Before the dump, beam energy and energy spread 
will be measured.  

Slits Mask 
Two slit masks, mounted on two independent holders 

90º with respect to each other, will be used to measure the 
emittance in the horizontal and vertical planes. A 2 mm 
thick tungsten mask was considered as sufficient to 
completely stop the 5.6 MeV electron beam. The slits 
width will be 50 µm, being it a compromise between the 
requirement to produce emittance dominated beamlets, so 
the space charge contribution is negligible after the mask, 
and the practical requirement to have still enough 
electrons for the sensitivity of the analysis system. 
PAMELA code was run with 450K particles to check the 
influence of the residual space charge and, as evident 
from Fig.3, the contribution is negligible. 

 

 
Figure 3: Analysis of the residual space charge effect after 
the metallic mask. 

 
Every single slits are realized precisely machining a 

tungsten piece, and removing in the central part 50 µm of 
metal. Then the parts are stacked to build the multi-slits 
mask (see Fig.4) and two single slits mask 50 µm and 100 
µm respectively. A prototype of the pepper-pot has been 
realized to verify the achievable machining accuracy for 
this design. In the first set of slits produced, 8 over 9 
shown machining accuracy better than 10%, thus 
compatible with the needed tolerances. Since the multi-
slits masks are made assembling single metallic parts, 

they will be built selecting the best slits among those 
being produced. It is worth to mention that the precise 
values of the slit widths will be included into the analysis 
formula avoiding systematic errors in the evaluation of 
the beam emittance. 

In the slits-array the distance between slits is 500 µm 
providing an adequate transverse sampling of the beam 
and compatibility with machining tools. The main 
advantage of a multi-slits mask is the possibility to have 
single-shot measurements, thus not affected by possible 
shot-to-shot beam fluctuations. 

 

 
Figure 4: Slit mask design. 

 
In spite of that, the multi-slits system might not be 

suited in such conditions where the beam is well focused 
and highly collimated, i.e. in the proximity of a beam 
waist, because the number of beamlets emerging form the 
multi-slit mask might not be sufficient for a good 
reconstruction of the phase space, as illustrated in Fig.5. 

Figure 5: Phase space and multi-slit option for different 
scenario. 

In this case we�ll use a single slit to transversally scan 
the beam collecting together the image from different 
positions. In this case the measurement is not single shot 
and beam fluctuations must be taken into account. 

The thickness (z-direction) of the slits defines the 
angular acceptance of the mask, i.e. the maximum 
divergence allowed for particle trajectories selected from 
the mask. As consequence, this value cannot be lower 
than the beam angular divergence otherwise the particles 
will be also selected because of their divergence and not 
just because their transverse position. Following a 
detailed analysis by simulations we decided to design the 
mechanical support in such a way to allow tilting of the 
metallic mask in order to optimize the mask vertical angle 
with respect to the beam before the measurements. 



Screens and Image Acquisition 
Two main requirement must be fulfilled by the radiator 

screen: it needs to have a linear response with beam 
charge in the range of few tenths of pC and it must 
guarantee a resolution better than 20 µm. Although OTR 
(Optical Transition Radiation) radiators, like aluminum 
foils, provide both high resolution and perfect linear 
response they have the disadvantage of a low intensity 
radiation. For our application, possible alternatives are 
Ce:YAG radiators and fluorescent material like BeO, that 
we are currently testing in the DAFNE Beam Test 
Facility. 

For the image acquisition we�ll use digital CCD 
cameras. They offer the advantage that the signal is 
digitalized directly from the camera electronics and there 
is no need of frame grabber, as result the outgoing signal, 
being it digital, will not be disturbed by the environmental 
noise, Furthermore the IEEE1394 (firewire) link allows 
simpler cabling topology because it carries both pixels 
readout and commands to the camera. A simple �macro� 
type objective will be used as imaging system. 

Bellows 
The influence on the beam quality of the 1.5 m long 

bellow has been investigated [3]. Wake fields 
perturbations due to the corrugated structure, especially 
when beam will not be well-aligned on-axis, were studied 
using HOMYDIN code and the wake fields were 
computed with the diffractive model Bane Sands. 

The graph in Fig.6 shows the variation in percent of the 
beam emittance (at position z=150 cm from the cathode) 
due to a bellow misalignment for different values of the 
beam transverse position with respect to the bellow axis. 
In the worst case of 1 mm misalignment the contribution 
of the wakes to the emittance degradation is lower than 
2%, thus practically negligible. 

 
 

 
Figure 6: Degradation of the emittance due to a possible 
bellow misalignment. 

 
The increasing of the energy spread due to the beam 

flight through the long bellows is analyzed in the plot of 

Figure 7. As for the emittance, the degradation of the 
beam has not practical relevance. 

 

 
Figure 7: Energy spread vs z with (red curve) and without 
bellow. 

CONCLUSION 
The SPARC Emittance-meter will be built to perform a 

detailed study of the emittance compensation process in 
the SPARC photo-injector and to optimize the RF-gun 
and the accelerator working point. Installing the 
measurement system, based on the so-called �pepper-pot� 
method, between two long bellows we will have the 
possibility to scan a region 1.5 m long downstream the 
RF-gun. 

Simulation codes have been used to study the layout 
and the mechanical design of the apparatus. Mask 
thickness, slits width, drift length between mask and 
screen, single slit vs. multi-slits option, alignment errors 
etc. have been studied to optimize the design and evaluate 
the performance of the system. 

A prototype of the metallic mask has been already 
realized and measured. The overall apparatus design has 
been completed and the components are under 
construction at the LNF to be finally assembled by the 
end of 2004.  
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Abstract
The characterization of the longitudinal and transverse

phase space of the beam provided by the SPARC

photoinjector is a crucial point to establish the

performance quality of the photoinjector itself. By means

of an RF deflector and a dispersive system, the six

dimensional beam phase space can be analysed. A five-

cell SW aluminum prototype of the SPARC RF deflector

has been realized and tested. We report in this paper the

design issues together with the RF measurement results.

The simulation results of the 6D phase space

reconstruction of the SPARC beam are also presented.

INTRODUCTION

The characterization of the longitudinal and transverse

phase space of the beam at the exit of the third LINAC

section, (E 150MeV), is a tool to verify and tune the

photoinjector performance. With a RF deflector it is

possible to measure the bunch length and, together with a

dispersive system, the longitudinal beam phase space can

be reconstructed [1]. A schematic layout of the

measurement is reported in Fig. 1. The effect of the RF

deflector is null in the longitudinal center of the bunch

and gives a linear transverse deflection to the bunch itself.

If we consider the beam distribution and a drift space of

length L after the deflector, the transverse kick results in a

transverse displacement of the centroid of the bunch slice.

The displacement is proportional to the slice longitudinal

offset LB, and RF voltage according to the expression:

x
f LL V

cE e
B

RF B
=

/
(1)

where V is the peak transverse voltage, and E/e is the

beam energy in eV units.

Equation (1) shows that the longitudinal bunch

distribution can be obtained by measuring the transverse

bunch distribution at the position zs. To measure the

bunch length with a proper accuracy, the “displacement”

xB has to be greater than the rms transverse beam size x.

The resolution length Lres can be defined, therefore, as the

relative slice longitudinal position that gives, on the

screen, an xB equal to x. From Eq. (1) we can calculate

the transverse voltage V necessary to achieve the desired

resolution:

V
cE e

f LL
x

RF res
=

/
(2)

A voltage V = 1.0 MV has been chosen for the RF

deflector, obtaining a resolution of 2 %. The complete

longitudinal phase space measurement can be obtained

adding the effect of a dispersive system. In this scenario,

the bunch is vertically deflected by the RF deflector and

horizontally by a magnetic dipole. The dispersion

properties of the dipole allow characterizing the energy

distribution of the bunch and the total longitudinal phase

space can be displayed on the screen. The transverse

phase space characterization is obtained measuring the

beam slice emittance in both the transverse planes with

the quadrupole scan technique.

SIMULATION RESULTS

A 150k particle beam obtained from PARMELA [2]

simulation at the end of the linac section has been tracked

with the ELEGANT code [3] along the SPARC transfer

lines.

Figure 1: SPARC measurement layout for high energy beam characterization



The images of the beam obtained at the screen location,

FT2, are shown in Fig. 2 with the RF voltage OFF and

ON, respectively.

Figure 2: Bunch transverse distribution at the FT2

location with the RF deflector voltage OFF (left) and ON

(right) respectively.

The results of the data analysis are shown in Fig. 3

where the vertical projected and the longitudinal

distributions of the bunch are displayed.

Figure 3: Above: the longitudinal bunch distribution as

projected by the RF deflector on the vertical coordinate of

the screen FT2; below: the particle distribution vs. time.

The value of z, as obtained by applying Eq. (1), and by

the longitudinal analysis of the raw data from ELEGANT

tracking agree with an error less than 1%. The images

collected on the dogleg at the screen located in FD2 show

the reconstruction of the longitudinal phase space as

shown in Fig. 4 where the time-energy (z, p /p )

distribution is replicated in the transverse plane (y,x).

Figure 4: Above: Longitudinal phase space distribution of

the SPARC beam . Below: Beam transverse distribution

at the FD2 screen location as obtained tracking the beam

through the SPARC dogleg  with the RF deflector ON.

The “reconstructed” rms energy spread value is in very

good agreement with the real one, and the same holds for

the slice analysis. To measure the beam slice emittance in

the horizontal plane the RF deflector is used to scan the

beam rms size at the screen locations FT2.

In Fig. 5 the beam horizontal slice emittance is given

for the simulated measurement: (left figure),on the right

the result of the temporal analysis of the raw data is

reported.

Figure 5: Reconstructed horizontal beam slice emittance

(in mm-mrad) as a function of slice number with the

beam size scanning at FT2. The left curve is the

horizontal emittance as calculated by slicing the beam

output file (tracked with Elegant) along the temporal

coordinate, the right curve is the result of the simulated

quadrupole scan at the screen location.

RF DEFLECTOR DESIGN

The simplest and more efficient multi-cell deflecting

structure that can be used to deflect the bunch is a

standing wave structure operating in the -MODE. The

choice of the number of cells has been done according to

the following considerations:

a) the available transverse deflecting voltage for a

given input power;

b) the available space in the SPARC transfer line;

c ) the mode separation with different number of

cells to avoid problems of mode overlapping;

d) the maximum acceptable surface peak electric

field to avoid problems related to high field

intensities, discharges and so on.

A 5-cell deflecting structure fulfils all of the stated

requirements. In fact, it allows operating with a very low

input power (PRF 2MW) obtaining contemporary low

peak surface electric field and resolution length up to

mµ25 . These characteristics permit measurement of

the longitudinal beam profile with good accuracy, even

considering the possibility of longitudinal compression

factors of up to 20. Moreover the operation at low input

power allows simplifying the power line design.

The 2D profile of the 5-cell RF deflector has been

studied using the MAFIA 2D code. The simulated 5-cell

profile is reported in Fig. 6 with the final dimensions and

parameters shown in Table 1. The radius of the cells

connected to the beam pipe tube in this design has been

changed in order to achieve a field flatness of 3%. The

on-axis magnetic field profile in the structure is plotted in

Fig. 7.



Table 1: Final dimensions and parameters of the 5-cell

deflecting structure.

a 20.00

b2=b3 59.97

b1 60.67

t 9.50
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d 52.48

Frequency [GHz] 2.85699

Q 16800
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R [M ] 2.47

Figure 6: 5-cells deflecting cavity simulated by MAFIA2D.

Figure 7: Absolute value of the magnetic field for the 5-

cells cavity obtained by MAFIA 2D simulations.

The coupler design has been chosen to adapt a

rectangular waveguide; more details about the design

procedure can be found in [1].

PROTOTYPE MEASUREMENT RESULTS

A full-scale aluminum prototype, see Fig. 8, has been

constructed to make field measurements and to implement

tuning procedures. Bead-pull measurements have been

done to measure the field flatness in the cavity [4].

Different perturbing objects have been used to measure

the H-E field components. The tuning procedure that we

have implemented is based on the study of field and

frequency sensitivities with respect to the 5-tuners and is

widely discussed in [5]. The reflection coefficient at the

input coupler port is plotted in Fig. 9. The comparison

between the measured quantities and the simulated ones is

reported in Table 2. The external quality factor should be

slightly increased by adjusting, experimentally, the

window coupler dimensions.

Figure 8: Deflector aluminum prototype and measurement

setup.

Figure 9: Measured reflection coefficient at the input

coupler port.

Table 2: compare between the measured quantities and

the simulated ones

Q0 QEXT R /Q
Simulations 13200 16800 147

Measurements 6600 12900 149

CONCLUSIONS

A five-cell SW aluminum prototype of the SPARC RF

deflector has been realized and test results are in

agreement with the design predictions. The SPARC

diagnostic layout has been presented together with the

measurement simulation and the results of the 6D phase

space reconstruction show the feasibility of a complete

characterization of the longitudinal and transverse phase

space of the beam provided by the SPARC photoinjector.
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BASIC RF RECTILINEAR COMPRESSOR 
THEORY 

Abstract 
The generation of high brightness electron beams with 

longitudinal length less of 1 ps is a crucial requirement in 
the design of injectors for new machines like the X-ray 
FEL facilities. In the last years the proposal to use a slow 
wave RF structure as a linear compressor in this range of 
interest, to overcome the difficulties related to magnetic 
compressors, has been widely discussed in the accelerator 
physics community. 

The figure of merit for the compression may be defined 
as the ratio between the initial phase spread and the final 
one at the extraction. A simple model for the compression 
process may be developed analyzing the motion equations 
for an electron travelling in a rf structure. The phase 
extent at the extraction is a function of the initial energy 
spread and of the phase at the injection. A suitable tuning 
of the latter will result in an increase of the compression 
value. 

In this paper we will review the work carried out in the 
last 2 years and focused on the design a RF compressor 
based on a 3 GHz copper structure.  The rationale of the 
conceptual design along with a description of the main 
experimental activities will be presented and a possible 
application of such a scheme to the SPARC project will 
be discussed.  

A remarkable improvement of this scheme may be 
obtained whenever a beam, slower than the synchronous 
velocity, is injected into an rf structure at the zero 
acceleration phase, allowing it to slip back in phase up to 
the peak accelerating phase, and is extracted at the 
synchronous velocity. 

INTRODUCTION A detailed mathematical treatment of this process may 
be found elsewhere [2]. The basic behaviour of the RF 
compressor may be easily understood  thinking about an 
iris loaded TW structure designed to sustain a wave 
whose phase velocity is slightly lower than c (i.e. where 

we have that k
c

kk ∆+=∆+=
ω

0

0k

k  with the detuning 

parameter. k <<∆ ). In such a structure the velocity of 
the beam will match that of the wave when the resonant 
beta and gamma can be well approximated by the 

expressions: 
kcr

kc

∆
=

∆

2
and

ω
γ

ωr
−= 1β   , where 

beta_r is the normalized phase velocity of the wave. 

The strategy to attain high brightness electron beams 
delivered in short (sub picosecond) bunches is based on 
the use of RF Linacs in conjunction with RF laser driven 
photo-injectors and magnetic compressors. The formers 
are needed as sources of low emittance high charge beams 
with moderate currents, the latter are used to enhance the 
peak current of such beams up to the design value of 2-3 
kA by reduction of the bunch length achieved at 
relativistic energies (> 300 MeV). Nevertheless problems 
inherent to magnetic compression such as momentum 
spread and transverse emittance dilution due to the bunch 
self-interaction via coherent synchrotron radiation have 
brought back the idea of bunching the beam with radio-
frequency (rf ) structures. 

If beta_r is smaller than 1 the beam may advance in 
phase (i.e. slip forward on the wave) and the phase 
contour plots in the [γ,ξ] phase space (ξ is the phase of the 
wave as seen by the beam) become closed curves. Figure 
1 shows the phase compression picture achieved 
assuming the injection at ξ=0 and the extraction at γ=γr.  
The analytical expression for this phenomena becomes  

Such a type of bunching (named velocity bunching) has 
been experimentally observed in laser driven rf electron 
sources[1]. Velocity bunching relies on the phase slippage 
between the electrons and the rf wave that occurs during 
the acceleration of non ultra relativistic electrons. 

It has been recently proposed to integrate the velocity 
bunching scheme in the next photoinjector designs using 
a dedicated rf structure downstream of the rf electron 
source [2]. The basic idea is to develop a rectilinear RF 
compressor, based on slow wave RF fields, that works 
indeed as a standard accelerating structure which 
simultaneously accelerates the beam and reduces its 
bunch length.  

( ) αγβγξα
γ

−−−=⋅− 1cos1 2
00 rex

r

  (1) 

which shows that the extraction phase ξex is a function of 
the injection conditions and the wave parameters. Using 
this expression it may be shown that compression values 
in excess of 9 may be obtainable and that the whole 



compression process may be tunable in this range acting 
on the wave parameters. 
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Fig. 1:  Phase space plots of a slow RF wave  

A PROTOTYPE  SLOW WAVE RF 
COMPRESSOR 

In 2003 we started a two years development program 
aimed at the design and construction of a slow wave TW 
structure which can be used as a prototype for a RF 
compressor. 

The Italian SPARC injector project [3], whose target is 
the development of an ultra-brilliant beam photo injector 
for future SASE FEL based X ray sources, foresees the 
possibility to use a source like the one 

 above discussed and we used its parameters as a 
general reference to define the scientific case to study. 
Table 1 shows the main parameters which we used for our 
investigations: 

 
Parameter Value 
  
Frequency of the wave structure 2856 MHz 
Linac structure TW 
Accelerating gradient 20 MV/m 
Initial energy 5.7 MeV 
Extraction energy 14 Mev 
Compression factor (at 130 MeV) 7 
RF pulse repetition rate  1÷10 
Bunch length 10 ps 

 
Table 1: Reference parameters for the study of the RF 
compressor  

The expression (1) shows that the rf structure parameter 
which provides the metric of the compression process in a 
slow wave structure is the phase velocity (vf). In an iris 
loaded TW structure the phase velocity may be expressed 
as: 











−⋅=

g

f

f

f

v
v

f
df

v
dv

1  

 
The  above relation shows that the vf can be controlled 

by changing the excitation frequency or, in a equivalent 
way, by detuning the structure.  

The first period of our study has been devoted to the 

analysis of the way to detune in a controlled fashion the 
structure.  

A preliminary analysis between possible alternatives 
showed that a thermal induced detuning of the rf 
structure, at a fixed exciting frequency, may be a suitable 
solution. The feasibility of this approach depends both on 
a detailed study of the compression factor as a function of 
the structure temperature and on a new design of the 
cooling system of the structure which takes into account 
all the requirements.  

 To investigate the effects of the temperature on the 
compression process we started evaluating the typical 
parameters of a standard SLAC structure. The required 
compression factor of 7 results in a  change of the order 
of 1‰ of the phase velocity that is equivalent to a 
variation of the order of 0.6 °C in the temperature of the 
structure. This calls for a system able to control in real 
time the temperature set point with a resolution at least 
five times smaller (0.12 °C) both in term of sensibility 
and of stability. The RF power load on the structure, 
computed using the beam parameters of table 1, is  of the 
order of 1.1 kW. The resolution required to the control 
system in such a situation was evaluated against the usual 
cooling plant specifications and in a survey of the 
available industrial components to be used as the building 
block of the new cooling facility. We evaluated that it 
would be too much difficult to achieve such a 
performance mainly due to the requirements in terms of 
stability.  We decided to move toward a new TW 
structure designed to support slow waves and with the 
goal to decrease of a factor of 3 the thermal sensitivity, so 
that the required phase velocity modulation will ask for a 
temperature variation of the order of 2 °C. Table 2 shows 
the main parameters of the new structure (referenced as  
ALMA 5) which we propose for the RF compressor.  

 
 SLAC 

Mark IV Alma 5 

Cell radius (mm) 41.24 42.48 
Iris radius (mm) 11.30 15.40 

Disk thickness (mm) 5.84 5.9 
Cell length 35 35 

Frequency (MHz) 2856 2856 
Mode 2π/3 2π/3 

Q 13200 13205 
Shunt impedance (MOhm/m) 53 41 

Vg/c 0.0122 0.0341 
∆T (equivalent to 1‰ Vf) 0.6 °C 2.0 °C 
RF power required for a 3 
meter long structure (MW) - 66MW 

 
Table 2:  Main parameters of the Alma 5 TW structure 

The group velocity has been increased of a factor of 3 
to fulfil the requirement on thermal sensitivity. The 
subsequent decrease in shunt impedance has been 
considered acceptable since the maximum gradient 
required to the structure  is lower than that of standard 
SLAC cavities. The last row in the table shows the power 
required to the Klystron that feeds the structure. This 
parameter has been carefully taken into account in the 



design since, in principle, we may accept higher values of 
the group velocity (and consequently have a more 
comfortable thermal control) but this will results in an 
incompatibility with the RF power available for the 
SPARC project. 

Using the parameters above reported a set of 
simulations have been carried out using codes as Homdyn 
and Astra to verify the behaviour of a full scale model 
composed of a slow wave structure followed by two 
standard SLAC cavities. The results have been plotted in 
fig. 2 and they show that the compression factor 
obtainable is at least a factor of two higher with respect to 
the result available using standard SLAC structures. The 
dependence of the compression factor on the thermal 
stability is of the order of 20% for 0.1 °C while for 
standard SLAC structures it is 3 times more. 
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Fig.3: Simulations of the compression process  

The mechanical design of the cell has been carried out 
taking into account the requirements due both to the 
brazing process and to the tuning. The results of the 
studies about the effects of the allowed machining 
tolerances have shown that a maximum error of 0.5° will 
be obtained. Such a value may be corrected using dinging 
holes, foreseen in the body of the cells, during the tuning 
process. Measurements carried out using aluminium 
based cells confirmed this predicted behaviour.  

The thermal control of the structure has been studied 
using finite elements analysis. The solution has been 
found embedding the channels for water flow  within the 
cells body to take advantage of the whole copper mass 
available. The cooling water will be provided to the 
structure by a Neslab HX300 compact cooling unit. This 
refrigeration unit has been chosen as the basic element 
around which build the cooling plant. It provides the 
capabilities to handle a maximum power load of the order 
of 10kW  with a stability of the operating point of 0.1 °C.  

To study the real behaviour of the cooling plant a test 
bench has been prepared using a 3 meter long standard 
SLAC cavity thermal controlled by  the HX 300 unit. The 
cavity has been thermal insulated from the outside to 
reproduce as close as possible the characteristics of the 
ALMA 5 cooling circuits. The RF power load has been 

simulated by a controlled resistive load. 20 temperature 
probes (Tc and RTD) have been installed on the cavity to 
measure the temperature in different points. A network 
analyzer measures in real time the resonant frequency of 
the structure which has been maintained under vacuum 
for the whole duration of the test. 
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Fig.4: Temperature and frequency measurements  

A significant measure is reported in fig. 4. The results 
show that the structure can be controlled with a stability 
better than 0.1 °C and that a change in the set point of the 
HX 300 controller of 0.1 °C is reflected in the structure 
within a few minutes. The RF behaviour of the structure 
is fully compliant with the simulations carried out using 
Superfish and Ansys.   

CONCLUSIONS 
The development of a prototype structure for a RF 

compressor is close to the final stage. The cell detailed 
design has been finished and it has been validated by 
preliminary tests on samples. A nine cells copper brazed 
structure will be available in August 2004 for an extensive 
set of measurements. The thermal control scheme has 
been defined and validated on a 3 meter long structure 
using the final components.  
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Abstract
We present a design study for an upgrade of the

SPARC photo-injector system, whose main aim is the

construction of an advanced beam test facility for

conducting experiments on high gradient plasma

acceleration and for the generation of monochromatic X-

ray beams to be used for applications like advanced

medical diagnostics and condensed matter physics

studies. Main components of the proposed plan of

upgrade are: an additional beam line with interaction

regions for synchronized high brightness electron and

high intensity photon beams (co-propagating in plasmas

or counter-propagating in vacuum) and the upgrade of the

SPARC Ti:Sa laser system to reach pulse energies in

excess of 1 J. Results of numerical simulations modelling

the beam dynamics of ultra-short bunch production, based

on a slit-selection technique combined with double RF

deflection, are presented. Calculations of the

monochromatic X-ray beam angular and frequency

spectra, generated via Thomson back-scattering of the

SPARC electron beam with the counter-propagating laser

beam, are also presented. X-ray energies are tunable in

the range 20 to 500 keV, with pulse duration from sub-ps

to 20 ps. The proposed time schedule for this initiative,

tightly correlated with  the progress of the SPARC

project, is finally shown.

INTRODUCTION
The SPARC photo-injector under installation at INFN-

LNF will provide an ultra-bright electron beam at 150
MeV kinetic energy for the investigation of a SASE-FEL
experiment, as extensively described elsewhere [1]. The
beam is expected to be delivered in bunches of up to 1.1
nC of charge, rms normalized projected emittance smaller
than 2 mm.mrad, rms energy spread smaller than 0.2 %
with rms bunch length of about 2-3 ps (uncompressed
beam). The electron bunches will exit the photo-injector
with 1 ps time jitter w.r.t. laser pulses: these are produced

by a synchronized mode-locked Ti:Sa laser system
delivering 20 mJ pulses in the IR (800 nm) at 10 Hz
repetition rate, which are converted to UV (266 nm) to
drive the electron beam production by hitting a
photocathode located inside a RF gun. The foreseen
availability of a bright electron beam and an intense
synchronized laser is an ideal combination to pursue
experiments by exploiting the interaction of the two
beams (electrons and photons) either co-propagating or
colliding them. High gradient plasma acceleration or
mono-chromatic bright X-ray beam production in
Thomson sources are noticeable examples of these beam
interactions. For both of them a TW peak power laser
beam and ultra-short (sub-ps) electron bunches are
required. An upgrade of SPARC aimed at addressing
these issues must conceive the development of 3 key
components: the laser must be further amplified to reach
the level of a few Joule of energy per pulse, the photo-
injector has to be provided with an additional transport
beam line to serve the interaction region, a dedicated
diagnostic and control system has to be developed to
operate the beam interaction efficiently. The Ti:Sa
SPARC laser system will be installed starting this fall: it
will comprise a diode-pumped 150 fs oscillator, a solid-
state pumped regenerative amplifier (2 mJ) and a flash-
pumped multi-pass amplifier (20 mJ). We foresee to
upgrade the laser in two steps: a first multi-pass amplifier
to reach the level of 200 mJ energy per pulse with in air
compressor down to 100-200 fs pulse length, and a
second multi-pass amplifying stage, to reach the 1-3 J
energy per pulse, equipped with in vacuum compressor to
hold the 10-30 TW peak power delivered at this final
stage. Since the specified time jitter for the SPARC laser
system is smaller than 1 ps (with 0.5 being the desired
value), we can foresee to achieve the correct space-time
overlap of the colliding electron and laser pulses in the
final focus region of the Thomson source for mono-
chromatic X-ray production as far as the electron bunch is



Figure 1: Lay-out of SPARC photo-injector and SASE-FEL experiment with additional double dog-leg beam line

the standard uncompressed beam delivered by the SPARC
photo-injector (2-6 ps rms bunch length). For the
interaction of ultra-short pulses (rms length smaller than
0.5 ps) we need to improve the synchronization level
between the two beams. The anticipated beams that we
aim to deliver with the SPARC advanced beam facility are
listed in Table 1, which contains the main beam
parameters of interest, like bunch charge, kinetic energy,
rms bunch length, normalized transverse emittance and
energy spread (numbers in bold mark the most critical
beam parameter for the specific application). The FEL-
SASE application requires a very small emittance beam
with peak current in excess of 100 A (hence the 1 nC
bunch charge at a few ps rms bunch length),  the plasma
acceleration experiment (exploited by sending the laser
into a gas jet to drive a plasma wave in a synchronized
fashion to the ultra-short electron bunch injected in phase
into the plasma wave for further acceleration) needs ultra-
short bunches, while the Thomson source needs very
small energy spread beams to avoid chromatic aberrations
in the final focus system where the beam is focused down
to sub-10 µm spot sizes to collide with the laser beam.

Application Q
(nC)

T
(MeV)

!t

(ps)
"n

(µm)
!# /#
(%)

FEL-SASE 1    150    3    2    0.1
Plasma-Acc. 0.025    100 0.025 0.1    0.2
X-Thomson 1 30-150   6-3 2 0.05-0.2

Table 1: anticipated beams @ SPARC

TRANSPORT BEAM LINE

The lay-out of the SPARC photo-injector with
additional transport beam line is plotted in Fig.1: the 3
linac sections, embedded in solenoids, launch the beam

through a triplet, followed by the first RF deflector, a
double bend dog-leg containing a beam collimator (a slit
in the beam vertical plane) and the second RF deflector,
taking the beam into a final quadrupole triplet to apply
final focusing in the interaction region. While the beam
for the Thomson source is transported unchanged through
the dog-leg, the ultra-short bunch is produced by properly
selecting a thin slice (25 µm) of the SASE-FEL beam
produced at 150 MeV by the SPARC photo-injector. The
slice selection is accomplished as follows: the first RF
deflector induces a correlation between vertical position
of each bunch slice at the slit position (located at the
symmetric plane of the double dog-leg) and its
longitudinal coordinate within the bunch, the slit clips a
specific slice, finally the second RF deflector removes the
time-z correlation imparted by the first deflector. It should
be noticed that this technique is somewhat similar to the
one proposed[2] for LCLS with the aim to generate fs
long electron bunches, but it differs from that in the use of
RF deflectors, which remove the need of correlated
energy spread (energy vs. slice position within the bunch).

Fig. 2: beam distribution in (x,y) along the beam line
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The beam density distribution in the transverse (x,y)
plane is plotted in Fig.2, at 4 different positions along the
beam line, i.e. at the photo-injector exit (upper left
diagram), after the first RF deflector (upper right), after
the slit (lower left) and after the second RF deflector and
the final focusing triplet: the focal spot sizes are 7 and 2
µm (in x and y respectively) while the bunch rms length
is 25 µm (25 pC of bunch charge selected through the slit,
simulations performed with PARMELA and ELEGANT).
The longitudinal phase spaces are shown in Fig.3.

Fig. 3: beam distribution in (!z,!p/p) before and after the

double dog-leg with 2 RF deflectors and slit

THOMSON SOURCE

The collision of a relativistic electron beam and a
powerful laser gives rise to X-ray photons generated via
the Thomson back-scattering effect (when the energy of
the emitted photon is much smaller than the electron rest
mass energy, i.e. recoil effects are negligible). The energy
w
x

 of the emitted X-ray photon is given by

w
x

= w
las

1" # cos$l 1" # cos%ob( ) , where w
las

 is

the laser photon energy (1.5 eV for our case), "
l
 is the

colliding angle and "
ob

 the observation angle. Head-on

collisions ("
l

= # ) observed on axis ("
ob

= 0) give rise

to X-ray photons of energy w
x

= 4" 2w
las

. A relevant

range of energy is around 20 keV, in particular for
advanced clinical diagnostics applications. Applying
head-on collisions, which maximize the X-ray beam flux,
it turns out that the electron beam energy must be 30
MeV, much smaller than the nominal SPARC value for
which the photo-injector has been designed. Therefore,
we had to derive a different operating point for the photo-
injector, based on the launch of a longer bunch at the
photo-cathode (30 ps laser pulse length, 1 nC, cathode
spot size 0.6 mm) at lower phases, which generates a 20
ps electron bunch at the gun exit due to a weak bunching
effect in the gun. The beam is accelerated by the first
linac section up to 30 MeV, the second linac section is run
at zero phase to remove the correlated energy spread
while the third section is turned off. The combined effects
of longitudinal wake-fields and a 4th harmonic X-band
cavity are used to correct the longitudinal emittance by
removing the RF curvature, thus achieving a final rms

energy  spread lower than 0.05%. The transverse and
longitudinal beam dynamics through the photo-injector
are shown in Fig. 4 and Fig.5, respectively (simulations
performed with ASTRA). A final lens focuses down the
30 MeV beam to a 10 µm spot size at the collision point.

Fig. 4: 30 MeV beam for Thomson source: transv. dyn.

Fig. 5: 30 MeV beam for Thomson source: longit. dyn.

The estimated energy spectrum of the X-ray beam
generated by colliding the electron beam with a 3 J laser
pulse, 3 ps long and focused down to a spot size of 20
µm, is shown in Fig. 6.  2.108 X-ray photons per collision
are produced with 5% rms energy spread within a solid
angle defined by "

ob
= ±6  mrad  .

17 18 19 20 21 22
0,0

1,0x10
-10

2,0x10
-10

3,0x10
-10

dI/d!

E (keV)

Fig. 6: X-ray beam energy spectrum
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Abstract
 Recent advances in superconducting rf technology and

a better understanding of rf photoinjector design make
possible to propose a superconducting rf gun producing
beams with ultra-high peak brightness and high average
current. The superconducting rf photoinjector presented
here providing such high quality beam is scaled from the
present state-of-the-art design of the normal conducting rf
photoinjector that has been studied for LCLS SASE FEL.

INTRODUCTION
With the advent of proposed [1, 2] superconducting

radio-frequency (SRF) electron linear accelerators
dedicated to production of radiation or to high energy
physics that operate at high average current (high duty
factor), the demand for high quality beams, i.e. high peak
brightness♣, pushes one to consider the possibility of
using a SRF photoinjector. Usually, to enhance brightness
one has to expose emitting cathode to a very high electric
field, and also to introduce magnetic solenoid fields
within the photoinjector gun region. These focusing fields
allow control and mitigation of space-charge effects, a
process termed emittance compensation. Operation with
high average beam current requires photocathodes having
enhanced quantum efficiency (η). When superconductor
is used as a photoemitter, high η minimizes the thermal
load on the superconducting surface. More generally, high
η implies that one may keep the size and cost of the high
duty cycle laser system used to illuminate the
photocathode within reasonable limits.

In the past, for an implementation of SRF guns it was
always assumed that one needs strong focusing inside the
gun, near the photocathode. This assumption has been
partially driven by relatively low achievable gradient in
SRF guns in the past. An interesting solution which
avoids use of solenoid fields in transverse beam control
near the cathode, so-called “rf focusing”, has been
proposed in [3]. Unfortunately this method requires a
deformation of the cathode plane, causing nonlinear field
perturbations that may cause significant emittance growth
in the injector. We discuss in the following sections an
alternative scheme in which rf focusing is not required.
This optimized SRF gun is based on the scaling of
existing normal conducting high brightness sources to
lower frequency and lower rf field.
                                                            
♣ Peak Brightness: B = 2I p /εn

2  where Ip is the peak current

and εn is the normalized transverse emittance.

Concerning the choice of the cathode material, it has
been shown experimentally [11] that with various treat-
ments of a Nb surface (mechanical diamond polishing
or/and laser polishing), one can increase the Nb η  from
2·10-7 to  5·10-5. Further increase of η is possible when
emitting spot is exposed to high electric fields, through
the Schottky effect. Since η scales proportional with
electric field applied at the emitting spot one may expect
that at gradients of 60 MV/m quantum efficiency will
increase to 10-4, or above if higher energy photons can be
used to illuminate Nb wall. An improvement in η is of
great importance. Even with η = 10-4 the laser-deposited
power in the Nb wall needed accompanying cw, few MHz
1 nC/bunch beam photoemission, would be to high to
keep the illuminated spot superconducting [12]. In
addition, the illuminating laser itself would be technically
very challenging.

More recently, a new approach to the generation of
high-current, high-brightness electron beams has been
proposed by the BNL group [4]. In this scheme, primary
electrons are produced by a photocathode and are
accelerated to several keV. At that energy they strike a
specially prepared diamond window. The large secondary
electron yield (SEY) of diamond multiplies the number of
secondary electrons by about two orders of magnitude.
These electrons drift through the diamond under an
electric field and emerge into the rf accelerating field in
the gun through the diamond’s negative electron affinity
surface. The advantages of this approach are evident in
the context of SRF photoinjectors.

BASIC DESIGN PARAMETERS
It is often remarked that production of a very high

brightness beam from an rf photoinjector implies the use
of a large accelerating gradient. For example, the design
for the LCLS photoinjector, which is presently the highest
brightness source proposed, utilizes a peak on-axis
electric field of between 120 and 140 MV/m at an
operating rf frequency of 2.856 GHz [5]. While such
fields clearly exceed those achievable in superconducting
rf cavities, one may easily scale the fields downward by
moving to a different design frequency [6]. As the
longitudinal beam dynamics are preserved in this case by
scaling the fields as E0 ∝ λrf

−1 , at L-band (1.3 GHz) the

needed peak on-axis field is between 54 and 64 MV/m,
which is roughly equivalent to an average accelerating
field between 27 and 32 MV/m. These fields are within
the current state-of-the-art in superconducting cavities [7].



The working point of the LCLS photoinjector is
predicted to have a very high brightness, with a peak
current at 1 nC charge of 100 A (10 psec flat-top pulse),
and an emittance of 0.7 mm-mrad [8]. With these beam
parameters, obtained from detailed PARMELA
simulation, the calculated B is 5.6·1014 A/m2. One may
scale the space-charge dominated beam dynamics
naturally and exactly in rf wavelength, scaling the beam
dimensions by the rf wavelength σ i ∝ λrf  the solenoid

field as Bz ∝ λrf
−1, and the beam charge by  Q ∝ λrf  [6].

Under these assumptions, the current is independent of
λrf , and the emittance scales as  λrf —thus the brightness

scales as B ∝ λrf
−2 . Fortunately, if we scale back the

charge at L-band from 2.2 nC (natural scaling), to 1 nC,
we do not pay a strong penalty in brightness. For scaling
of charge, we must keep the beam plasma frequency
constant, which requires that σ i ∝ Q1 / 3 . Under these

conditions of both charge and wavelength scaling, it can
be shown that the brightness scales as

B A/m2( ) =
2 × 1012

a1λrf
2 (m) + a2Q4 / 3 nC( )λrf

2 / 3 (m) + a3Q2 nC( )

where the constants ai  are deduced from simulation
scans. These constants have physical meaning: a1

indicates the contribution of thermal emittance; a2  the
component due to space charge; a3  the emittance arising
from RF and chromatic effects.  For the LCLS design
"family" [9], these constants are determined to
be a1 = 1.5 , a2 = 0.81 , a3 = 0.052 .

For our L-band scaled design at 1 nC charge, we
obtain a current of 50 A, and an emittance, as before, of

0.7 mm-mrad, for a peak brightness of B = 2 × 1014  A/m2

which we expect from a potentially very high brightness
superconducting source. The possibility is thus within
reach that a scaled SRF version of the LCLS injector may
give bunches of electrons with extremely high brightness,

at average repetition rates well in excess of the present
state of the art.

Figure 2: 1.3 GHz 1.6 cell Nb SRF gun design

SRF CAVITY AND SOLENOID DESIGN
The proposed 1.3 GHz 1.6 cell Nb cavity, used here to

design the injector is shown in Fig. 2. The full cell
dimensions are the similar to an inner cell of a TESLA
cavity, while the first cell is longer than a half cell
(0.6 λrf /2) in order to compensate for phase slippage
occurring during the early, non-relativistic phase of beam
acceleration. A coaxial input power coupler has been
considered as in the normal conducting TESLA gun
design [1], in order to avoid any asymmetry in the
accelerating field and transverse RF kicks. The HOM
coupler is located on the beam tube close to full cell iris.

R = 40 cm

r = 2.6 cm

L = 10 cm

L

R

r

Figure 3: design of the solenoid coils

Further, this nearly scaled configuration has a
focusing solenoid geometry that keeps most of the
magnetic field outside the cavity. In fact in the frequency-
scaled, superconducting case, we have further constraints.
The magnetic field must not penetrate the super-
conducting cavity to avoid thermal breaks down when the
critical field of 200 mT is exceeded. The residual fringing
field (4 Gauss on the cavity iris see Fig. 4) is tolerable in
that the focusing is applied only after cool down and the
small field is excluded from the superconducting cavity
through the Meissner effect, thus avoiding any residual
flux trapping that may cause cavity Q0 degradation. In
Fig. 3 a schematic design of the solenoid coils and iron
screen is shown and in Fig. 4 the on-axis Ez component of
the RF field and solenoid Bz are displayed.

A more detailed study including the laser system and
cryostat design will be discussed in a future work.
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 Figure 4: On-axis profiles of the RF field Ez , and Bz



BEAM DYNAMICS SIMULATIONS
PARMELA simulations performed with 50,000 macro-

particles are shown in Fig. 5 and 6 up to the 1 mm-mrad
emittance threshold. Longer distances have been studied
by the fast running code HOMDYN and the results are
shown in Fig 7.
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Figure 5: Rms normalized emittance evolution in SC
photoinjector, from PARMELA simulations

According to the scaling philosophy discussed in the
previous section, in our simulation we consider a uniform
density 1 nC bunch 19.8 ps long and radius of 1.69 mm,
accelerated in the gun cavity up to an energy of 6.5 MeV,
corresponding to a peak field on the cathode of 60 MV/m
and an injection phase of 44.5 deg. Space charge induced
beam expansion (up to σx=2.4 mm) and emittance growth
in the gun are compensated in a downstream drift with a
solenoid located at the gun exit, 36 cm from the cathode,
producing a 3 kG maximum field on the axis.
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Figure 6: Rms bunch length and energy evolution, in SC
photoinjector, from PARMELA simulations.

As shown in Fig. 5 the emittance compensation process
is clearly visible in the drift until the bunch is injected at
z =3.3 m in a cryomodule housing 8 L-band
superconducting cavities of the TESLA type. Matching
conditions for optimum emittance compensation [10] sets
the accelerating gradient to 13 MV/m. At the exit of the
first cryomodule (z=14 m) the bunch has been accelerated
up to 117 MeV (the beam is space charge dominated up to
90 MeV) and space charge induced emittance oscillations

are totally damped (see Fig. 7). The final emittance is
lower than 1 mm-mrad (with a thermal emittance
contribution of 0.5 mm-mrad). A minor bunch elongation
(see Fig 6.) in the drift results in a final peak current of 50
A. The total length of the injector system is 14 m.

Figure 7: Rms normalized emittance and rms envelope
evolution up to the exit of the second cryomodule,
HOMDYN simulations.
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