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Abstract
  A 100 mA 10 MeV continuous wave electron injector 

is required to delivery high brightness electron bunches 
for the spontaneous and VUV radiation sources of 4GLS. 
One of possible solutions might be a Superconductive RF 
(SRF) gun. Optimisation of the first half cell of the gun 
has been carried out to maximise the acceleration whilst 
providing additional focussing through shaping of the 
cathode region to meet the injector specification. In this 
paper, the cavity design and specification are presented.  

 INTRODUCTION 
Exploration in the fields of high energy particle physics, 

material and life sciences is made possible using large 
facility particle accelerators such as linear accelerators 
(linacs) linear colliders along with synchrotrons and free 
electron lasers based X-ray sources. These devices make 
the incredible structures of matter visible and give us a 
glimpse at the construction and operation of matter that 
was previously invisible and misunderstood. Intense 
electron sources are required to provide the necessary 
beam quality for successful experimental results to be 
achieved. 

Advances in RF subsystems have finally provided the 
justification to develop a world leading high brightness 
electron source desirable for the 4GLS High Average 
Current Loop [1]. In addition to their traditional role in 
fundamental particle and nuclear physics research, high 
brightness injectors can utilise the advanced electron 
beam transport of SRF technology and have become the 
essential instrument for much of the front line scientific 
investigations in the life and material sciences. The de-
mand for ever increasing injector specifications has 
required rapid evolution of the underpinning technologies 
and the key items are the high power RF delivery system 
and cold cathode based technology.  

Table 1: Required parameters of the HACL injector. 

 Design Goal 
Gun frequency 1.3 GHz 
Bunch repetition rate 1.3 GHz 
Average beam current 100 mA 
Beam energy 10 MeV 
Sliced emittance 1 �·mm·mrad 
Bunch length 20 ps 
RMS energy spread 0.1% 
Bunch charge 77 pC 

___________________________________________

* Work partially supported by the EU Commission in the sixth 
framework programme, EuroFEL contract no 011935 and RII3-CT-
2003-506395   

Due to the user requirements for 4GLS, the parameters 
are required from the injector operation are highlighted in 
Table 1. 

CONCEPTUAL DESIGN 
One of the most advanced SRF guns in development is 

currently underway at Forschungzsentrum Dresden (FZD), 
where they are developing a 10 MeV 1 mA 3½ cell gun 
operating at 1.3 GHz [2]. A number of reasons do not 
allow the operation of this gun at 100 mA. Due to trapped 
High Order Modes (HOM) and availability of RF power 
[3], namely 1 MW CW, and high power RF couplers a 
bespoke gun design is required that can utilise available 
RF sources and minimises disruption to the beam from 
unwanted HOMs. 

A 1½ cell design coupled onto a 2 cell cavity is being 
developed, that will contain fewer trapped HOMs and 
allow additional power couplers to be inserted that can 
handle the peak RF power already available in RF sources. 
Figure 1 illustrates the conceptual design of the gun 
cavity being proposed for the HACL injector. 

Figure 1: Conceptual design of 1½ cell gun cavity with 
fundamental power couplers located at 120º 

The optimisation criteria for the gun was carried out 
assessing the final beam energy that the gun is capable of 
against projected bunch length, transverse emittance and 
longitudinal emittance. The RF design was carried out 
using CST’s MAFIA and Microwave Studio [4], whilst 
the beam tracking simulations were carried out using the 
ASTRA code [5].  

RF CAVITY DESIGN 
Initially a simple TESLA [6] half-cell and the first half-

cell of the FZD SRF gun design were adopted. To en-
hance the acceleration fields inside the cavity a protruding 
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cathode design was employed and, finally, a re-entrant 
shape of the cavity also investigated. 

A cone was introduced onto the rear wall of the gun to 
enhance the field on the cathode surface keeping the cell 
shape unchanged. This should produce a much improved 
beam quality for an equivalent RF power.The majority of 
the gun shapes investigated is visualised in the Figure 2. 

FZD hal-cell TESLA half-cell 

TESLA half-cell with 
10 mm cone 

TESLA half-cell with 
20 mm cone 

FZD half-cell plus full 
TESLA cell 

TESLA 1½ cell 

Figure 2: RF design of the first ½ cell and complete 
cavities that have been assessed 

The cone on the cavity back wall increases the peak 
fields on the cathode surface; however this is only advan-
tageous if the particle is emitted from the cavity axis. Any 
electrons emitted away from the axis will have stronger 
defocussing fields immediately from the cathode surface 
causing increased divergence of the beam. An additio-
nal focussing can be applied by proper selection of the 
cone shape to minimise this divergence at the cost of the 
peak fields on the cathode. This is a parameter that will be 
investigated and optimized further during the course of 
the project. 

For each cavity shape proposed the distribution of Epk,
Bpk, and Eacc, were calculated to ensure safe operation of 
the design prior to using the longitudinal electric field for 
beam tracking. Optimisation of the first half-cell was 
carried out to determine the projected benefits from 
cathode shaping and how cavity shapes benefited the 
performance for the gun. 

The RF parameters for the different cavity shapes 
investigated are summarised in Table 2. 

Table 2: Comparison of RF parameters for the launch cell 

 R/Q Epk/Ea
cc

cBpk
/Eacc

FZD ½ cell 114.4 1.91 1.25
TESLA ½ cell 186.2 1.059 0.76
TESLA ½ cell & 5 mm cone 205.531 1.55 0.81
TESLA ½ cell & 10 mm cone 218.492 1.86 0.73
TESLA ½ cell & 15 mm cone 188.977 2.47 0.71
TESLA ½ cell & 20 mm cone 187.162 2.75 0.75

COUPLER DESIGN 
An anticipated 450 kW CW RF power required for the 

gun operation is transmitted through three separate 
couplers which should provide high level of coupling 
(Qext of 105). The field asymmetry introduced by the 
couplers is minimised in two ways: firstly, the couplers 
are placed equidistant radially around the beam pipe (see 
Figure 1); secondly, to minimise the couplers penetration 
into the beam pipe, a “pringle” shaped antenna has been 
adopted. 

At the moment no coaxial coupler exists at 1.3 GHz 
capable of handling 150 kW CW RF power, therefore it is 
anticipated that a rescaling of a Tristan type RF window 
will be integrated into the RF final design. 

Figure 3 shows a plot of the transverse electrical fields 
in the coupler region calculated for a single coupler and 
for two couplers installed at 180º. As may be seen, there 
is still a small asymmetric kick that may potentially lead 
to some emittance dilution. It’s influence on the beam 
dynamics will be studied in the future with a 3D code. 
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Figure 3: Transverse electric fields in the coupler’s region 

BEAM TRACKING 
The most optimum RF cavity design with regards to 

R/Q, cryogenic losses etc, may not necessarily provide 
the most desirable beam qualities, particularly at non-
relativistic case as the beam is far more susceptible to 
transverse fields. As part of the design process it is 
necessary to evaluate each cell of the RF structure and to 
compare with the same equivalent accelerating field. 

In order to make the comparison of each half-cell 
cavity geometry fair, the beam properties have been 
recorded at a distance of 1 m away from the cathode, 
where the RF fields decayed close to zero. It was assumed 
also identical accelerating field in the cavities. For each 
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beam parameter the RF phase has to be swept to find the 
optimum operating point. Once this is complete, it is then 
necessary to determine the best operating phase as a 
compromise between the different beam parameters. 
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Figure 4:  Comparison of bunch length for half-cell 
cavities 

As it is evident in Figure 4, at the optimum phase of the 
RF to provide the minimum bunch length, there is little 
gain with small variations in the cavity shape. The same 
can also be deduced for the rms transverse emittance. 
Although the parameters show little difference between 
cavity shapes, there is a fairly obvious optimum RF phase 
to provide the minimum bunch length, and this phase has 
to be evaluated with the other monitored characteristics to 
ensure operation within the design tolerances. 

The most significant advantage is observed when 
monitoring the energy of the beam (Figure 5). Here the 
TESLA cavity half cell provides the greatest acceleration 
for the same accelerating gradient. Modifications to the 
cathode region such as including the cone did not show 
any signs of improvement in acceleration. 
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Figure 5: Beam Energy as a function of RF phase for each 
cavity assessed 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

0 10 20 30 40

RF Phase (Degrees)

Sl
ic

ed
 E

m
itt

an
ce

 (p
i m

m
 m

ra
d)

TESLA
FZD

5mm Cone
10mm Cone
15mm Cone

20mm Cone

Figure 6: Sliced emittance as a function of RF phase for 
each cavity assessed 

As can be seen with the assessments presented, many of 
the beam parameters are insensitive to the cavity field 
profile, instead they are influenced more so by the 
achievable field amplitude. To develop the cavity shape 
further an assessment of a 1½ cell cavity is required.  

1½ CELL CAVITY ASSESSMENT 
From the information gathered on the single half-cell, 

an additional TESLA cell was added to the FZD and 
TESLA half-cell, and the same cavity and beam parame-
ters evaluated. 

Figure 7: Electric field contours in a TESLA 1½ cell 
cavity 

Here, the RF phase has more impact on the minimum 
beam emittance and energy spread, however the 
difference between the two types of cavities assessed, 
there was little benefit found for either cavity. Each gave 
a similar transverse and longitudinal emittance (Figure 8), 
whilst the TESLA type shape, again gave a slightly larger 
acceleration, see Figure 9. 
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Figure 8: RMS transverse emittance as a function of RF 
phase 
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Figure 9: Beam energy as a function of RF phase 

It is also observed that the phase of maximum accelera-
tion is within a few degrees of the point of minimum 
transverse emittance. Since the electrons are accelerated 
faster, the influence of space charge is less significant, 
highlighting the major advantage of RF guns in general. 

HIGH ORDER MODE ANALYSIS 
Clearly with increase of the number of cells in the 

cavity, the number of excited modes and the likelihood of 
their trapping is also enhanced. HOM power dissipated in 
the 2K liquid helium is proportional to the beam current, 
therefore will increase with the increase of the beam 
current and trap additional modes. The trapped HOMs 
will also perturb the beam affecting the quality of the 
transmitted beam 

In order to assess the improvement of the 1½ cell cavity, 
an assessment of the HOMs compared with the FZD 3½ 
cell gun has been made. The results are shown in Figure 
10. The mode analysis has shown significant reduction of 
the number of trapped HOMs in 1½ cell cavity compare 
to 3½ cell, however it is still desirable to remove the 
HOMs with the large R/Q values, as should the beam 
excite these modes excessive RF power will be deposited 
in the 2K liquid helium. 

HOM damping is therefore required to reduce the 
impedance of these modes and to reduce the chance of 
coupling them to the beam. 
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Figure 10: A comparison of the R/Q value for the first 30 
modes of the 1½ cell and 3½ cell structures 

Increasing the beam pipe diameter will assist in the 
propagation of the strong HOMs out of the superconduc-
tive cavity and will need to be assessed. 

CONCLUDING REMARKS 
The conceptual deign of the SRF gun is progressing. 

Optimisation of the launch cell provided a clear under-
standing as to the sensitivity of the cell deign againt its 
beam properties, and how the beam energy affects the 
transverse and longitudinal emittance. Before the final 
cavity design is made, an assessment of a re-entrant type 
cavity and additional beam focussing with the cathode 
cone will be made further. 
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