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Abstract
The Wisconsin superconducting electron gun is 

modeled with multiparticle tracking simulations using the 
ASTRA and GPT codes.  To specify the construction of 
the emittance-compensation solenoid, we studied the 
dependence of the output bunch's emittance upon the 
solenoid's strength and field errors.  We also evaluated the 
dependence of the output emittance upon the bunch's 
initial emittance and the size of the laser spot on the 
photocathode.  The simulations indicate that a 200-pC 
bunch with peak current of 35 A and normalized 
emittance of about one mm-mrad can be produced for a 
free electron laser.    

INTRODUCTION
A superconducting radiofrequency (SRF) electron gun 

has been designed to produce bunches that are suitable for 
a high-repetition-rate soft-xray free electron laser (FEL) 
[1–3].  The Department of Energy (DOE) is funding a 3-
year project to build and test the electron gun for 
production of 200-pC bunches with normalized emittance 
of one mm-mrad at a repetition rate of 5 MHz.   

The bunches will be created by laser illumination of a 
photocathode and then accelerated along the z-axis to 
energy of 4 MeV by a 200-MHz SRF cavity with peak 
field of 41 MV/m.  Operation will commence with a Cu 
cathode, which can be replaced with a CsTe cathode for 
lower laser power.  For a bunch created with x = y = 1 
mm, initial normalized slice emittances x and y of ~1 
mm-mrad and slice energy spread of ~0.5 eV are expected 
for these cathodes; the initial emittances are expected to 

be proportional to x and y [4, 5].  To minimize 
modulations in longitudinal phase space at the expense of 
slightly increased transverse emittance, “blowout” mode 
is employed, in which the initial bunch length is small 
compared to that of the accelerated bunch [6].   

The projected transverse emittance due to space charge 
is reduced by focusing in a high-temperature 
superconducting (HTS) solenoid [7], whose construction 
has been contracted to industry.   In simulations, placing 
the solenoid immediately downstream of the SRF cavity 
gives the best performance. Figure 1 displays the 
photocathode, SRF cavity and HTS solenoid within the 
liquid-He-cooled cryostat. 

For use in an FEL, the bunch may then be accelerated 
to energy of 85 MeV by a cryomodule containing eight 
TESLA 1.3-GHz SRF cavities, in which the bunch 
becomes longitudinally frozen and the emittance-
compensation process is completed [8].  In simulations, 
we analyze the bunch at the exit of this cryomodule. 

HTS SOLENOID 
The solenoid specifications are based upon 100,000-

particle simulations with the ASTRA code [9].  To model 
ideal performance, we performed 2D simulations in which 
the initial 200-pC bunch is a uniformly filled ellipsoid 
with zero transverse emittance, propagating along the z-

Figure 1: The photocathode, SRF cavity and HTS sole-
noid  in the liquid-helium cryostat. Courtesy of M. Fisher.
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Figure 2: Normalized emittances and slice energy spread
vs. solenoid focusing.  (a) initial emittance is zero. 
(b) initial emittance is 0.8 mm-mrad. 
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axis with x = y = 0.8 mm, t = 300 fs, and initial kinetic 
energy of 0.5 eV. 

Figure 2(a) shows the projected emittance versus the 
on-axis focusing strength Bz2dz of a solenoid with 
physical length of 92.7 mm.  The emittance and energy 
spread of a 500-particle slice in the longitudinal center of 
the bunch are also shown.  The best performance is 
obtained with Bz2dz = 31 kG2-cm, with output projected 
and slice emittances of 0.3 and 0.2 mm-mrad, slice energy 
spread of 0.5 keV and peak current of 33 A.  Figure 2(b) 
models a Cu or CsTe cathode; the best performance is 
again obtained with a focusing strength of 31 kG2-cm, 
which gives output projected and slice emittances of 0.8 
mm-mrad and slice energy spread of 0.5 keV.  Similar 
performance is obtained with solenoids of different 
lengths, provided that Bz2dz = 31 kG2-cm. 

ASTRA 3D simulations were used to obtain 
specifications for the solenoid’s allowable field errors.  In 
these 3D simulations with initial emittance of 0.8 mm-
mrad for a Cu or CsTe photocathode, the output emittance 
is about 10% higher than in comparable 2D simulations. 

Integrated dipole error on axis: [( Bx dz)2 +  ( By dz)2]1/2

< 90 G-cm.  For a horizontal dipole-field error with the 
same longitudinal profile as the solenoidal field, this 
specification ensures that the projected vertical emittance 
increases less than 10%, while the increase in horizontal 
emittance is much smaller.  The field error was modeled 
in ASTRA by a 3D field map for a 1-Hz dipole mode in 
an RF cavity.  Figure 3 shows the horizontal and vertical 
emittances versus the integrated dipole error in 3D 
simulations.  For a horizontal field error of 90 G-cm, the 
increases in projected horizontal and vertical emittances 

can be reduced below 3% by a –0.8-mm horizontal offset 
of the solenoid.  Correction of the trajectory angle at a 
distance of 0.6 m from the photocathode (where a 
corrector magnet is planned) requires a rotated dipole 
field with nearly the same integrated B field as the error. 

Integrated quadrupole error on axis: {[ ( Bx dz)/ x]2 + 
[ ( By dz)/ x]2}1/2 < 10 G.  For a quadrupole field error 
with the same longitudinal profile as the solenoidal field, 
this specification ensures that the projected emittance 
increases less than 10% when the error is compensated by 
a correction quadrupole whose rotation angle is within 7.5 
degrees of its optimal value.  Figure 4 shows the 
horizontal and vertical emittances for an uncorrected 
normal quadrupole field error.  Figure 5 shows that a 
correction quadrupole located 0.6 m from the 
photocathode (with the same integrated quadrupole field 
as the error) keeps the emittance increase from a 10-G 
quadrupole error below 10% if the rotation is within 7.5º 
of optimal. 

ASTRA VERSUS GPT 
To confirm the ASTRA predictions and to study 

different initial bunch radii and emittances, we performed 
simulations using both the ASTRA and GPT codes [10].  
We again analyzed the bunch properties after the 
emittance compensation is completed by acceleration to 
85 MeV in a TESLA cryomodule.  The codes were 
compared by performing 100,000-particle simulations for 
a realistic initial bunch that can be modeled by both 
codes: a bunch with truncated Gaussian radial and 
longitudinal profiles.  To obtain approximately 
homogenous distributions, we use truncations at 0.8
[11].  To model a laser illumination of 300 fs, we consider 
a longitudinal  of 187.5 fs.  Similar results were obtained 
for shorter illuminations, consistent with blowout mode.   

For a Cu or CsTe photocathode with x,y [mm-mrad] 
x,y [mm], the lowest output emittance is obtained for a 

radial  of 1.75 mm, in which case the initial x and y are 
0.7 mm.  For this radius, Fig. 6 shows the output 
emittances and energy spread vs. solenoid focusing for a 
bunch with zero initial emittance.  The optimal focusing 
strength obtained by both GPT and ASTRA is 31 kG2-cm. 

Figure 7 shows the bunch properties vs. initial 
emittance for optimal solenoid focusing.  For a Cu or 
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Figure 3: Projected horizontal and vertical normalized 
emittances vs. the solenoid’s horizontal dipole error. 
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Figure 4: Projected horizontal and vertical normalized 
emittances vs. the solenoid’s normal quadrupole error. 
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Figure 5: Projected horizontal and vertical normalized 
emittances vs. rotation angle of a quadrupole corrector, 
for a HTS solenoid with a 10-G quadrupole error. 
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CsTe photocathode with initial transverse emittance of 0.7 
mm-mrad, the projected bunch emittances and slice 
emittances are 1.3 mm-mrad, the slice energy spread is 
0.5–1 keV, and the peak current is 35 A. 

 In our simulations of blowout mode, the output 

emittance of a 200-pC bunch from a Cu or CsTe 
photocathode illuminated by a truncated-Gaussian laser 
spot is ~50% higher than that of an initial ideal-ellipsoid 
bunch. 

SUMMARY 
For the Wisconsin superconducting electron gun, 

simulations have been performed with the ASTRA code 
in order to specify the strength and allowable error fields 
of the HTS solenoid.  Additional simulations have 
demonstrated the approximate agreement between the 
ASTRA and GPT codes.  For Cu or CsTe photocathodes, 
the electron gun can produce 200-pC bunches with peak 
current of 35 A, normalized projected and slice emittances 
of ~1 mm-mrad, and slice energy spread of 0.5–1 keV.  
These output bunches are suitable for a soft-xray FEL.  
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Figure 6: Bunch properties vs. solenoid focusing 
according to ASTRA and GPT, for an initial truncated 
Gaussian bunch distribution with r of 1.75 mm and zero 
emittance.  (a) projected and slice normalized emittances. 
(b) slice energy spread. 
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Figure 7: Bunch properties vs. initial emittance according
to ASTRA and GPT, for an initial truncated Gaussian 
bunch distribution with r of 1.75 mm.  (a) projected and
slice normalized emittances. (b) slice energy spread. 
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