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Abstract 

Production of high bunch charge beams for the Electron-

Ion Collider (EIC) is a challenging task. High bunch charge 

(a few nC) electron beam  studies at Jefferson Lab using an 

inverted insulator DC high voltage photo-gun showed evi-

dence of space charge limitations starting at 0.3 nC, limit-

ing the maximum delivered bunch charge to 0.7 nC for 

beam at -225 kV, 75 ps (FWHM) pulse width, and 1.64 mm 

(rms) laser spot size. The low extracted charge is due to the 

modest longitudinal electric field (Ez) at the photocathode 

leading to beam loss at the anode and downstream beam 

pipe. To reach the few nC high bunch charge goal, and to 

correct the beam deflection exerted by the non-symmetric 

nature of the inverted insulator photo-gun the existing 

photo-gun was modified. This contribution discusses the 

electrostatic design of the modified photo-gun obtained us-

ing CST Studio Suite’s electromagnetic field solver. Beam 

dynamics simulations performed using General Particle 

Tracer (GPT) with the resulting electrostatic field map ob-

tained from the modified electrodes confirmed the validity 

of the new design. 

INTRODUCTION 

Delivering high bunch charge beams for the EIC cooler 

to meet the ion beam high luminosity specification has 

been a challenging task. At Jefferson Lab, we studied space 

charge limitations for generating electron beams using a 

DC high voltage photo-gun with inverted insulator geom-

etry, biased at -225 kV, with a bialkali-antimonide photo-

cathode and a commercial laser [1]. At -225 kV, the ex-

tracted charge at the dump was only ~ 0.3 nC. Increasing 

the laser power yielded ~ 0.7 nC but with significant vac-

uum activity in the beamline stemming from beam loss [1].  

DC high voltage photo-guns have been employed in a 

variety of accelerator facilities to produce both polarized 

and non-polarized beam such as the Continuous Electron 

Beam Accelerator Facility (CEBAF), Free Electron Lasers 

(FELs), Energy Recovery Linacs (ERLs), etc. The majority 

of these photo-guns have a Pierce geometry at the cathode 

front to focus the beam [2-5]. In addition, inverted insula-

tor geometry photo-guns like the JLab design serve to con-

nect the high voltage cable to the cathode electrode, and 

have a shield to minimize the electric field at the insulator-

metal-vacuum interface known as the triple point junction 

[3]. However, the Pierce geometry reduces the Ez at the 

cathode, thus increasing space charge effects and reducing 

bunch charge extraction. Additionally, the inverted insula-

tor and triple point junction shield combine to introduce 

asymmetric electric fields in the anode-cathode gap which 

then result in deflecting the beam vertically at the exit of 

the anode, causing difficulty in beam steering, and ulti-

mately beam losses [2-5]. This paper presents the electro-

static design of the modified photo-gun resolving the above 

design issues using CST Studio Suite’s electromagnetic 

field solver to obtain a higher Ez at the cathode while keep-

ing the beam on-axis in comparison with the original 

photo-gun [6]. Further, beam simulations conducted using 

GPT software [7], implementing the electrostatic field map 

obtained from the modified electrodes will also be pre-

sented. 

ORIGINAL PHOTO-GUN DESIGN 

Figure 1 shows the 3D CST model of the original photo-

gun design which mainly includes a 15 cm diameter spher-

ical cathode electrode with a 25⁰ Pierce focusing geometry. 

The angle terminates on a 1.2 cm diameter aperture expos-

ing the flat photocathode. The electrically isolated anode 

with slightly curved front face to match to the Pierce ge-

ometry is located 9 cm downstream of the cathode front. 

The inverted ceramic insulator, triple point junction shield, 

and array of eight non-evaporable getter (NEG) pump 

modules complete the photo-gun assembly [2]. 

 

 

Figure 1: Left: CST model of the original gun. Right: Pho-

tograph of the cathode electrode assembly mounted to the 

inverted insulator. The spherical photocathode is 15 cm in 

diameter. 

This gun operated reliably at -300 kV high voltage and 

10−12 Torr vacuum without field emission or high voltage 

breakdown.  
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Due to the Pierce geometry the Ez at the photocathode 

was 2.5 MV/m at -350 kV, which is relatively small for 

extracting nC bunches. Additionally, the asymmetric na-

ture of the inverted photo-gun leads to significant beam de-

flection; Fig. 2 illustrates the beam trajectory obtained us-

ing GPT simulations. The left figure shows a slight beam 

deflection (~3 mm at 1 m) in x due to the asymmetry in 

placing NEG pumps at the bottom of the vacuum chamber. 

The right figure shows a significantly larger beam deflec-

tion (~3.3 cm at 1m) due to the inverted insulator and triple 

point junction shield. Standard steering magnets placed 

just at the exit of the gun chamber can correct these deflec-

tions and minimize the beam loss. 

 
Figure 2: Beam trajectory (Left) x and (Right) y. 

MODIFIED PHOTO-GUN DESIGN 

The Ez at the photocathode depends on the anode-cath-

ode gap and on the Pierce geometry. The anode-cathode 

gap is a trade-off between achieving sufficiently higher Ez 

for charge extraction but not too high to minimize the risk 

of field emission. Fig. 3 shows Ez variations with the an-

ode-cathode gap from 4 cm to 9 cm without the Pierce ge-

ometry (flat cathode front and flat anode front). The cath-

ode is placed at 0 m with applied high voltage -350 kV. 

According to previous experience, the field emission can 

be negligible (after high voltage conditioning) when the 

gradient is maintained below ~10 MV/m [3]. Hence, 

though the 4 cm gap gives the highest Ez at the cathode, 

since it approaches -10 MV/m we settled on the 5 cm gap 

with no Pierce geometry. It provides -7.8 MV/m Ez at the 

cathode. 

 
Figure 3: Ez vs z for different cathode-anode gaps. 

Next, we focus on the beam deflection. The asymmetry 

in the x direction can be minimized by replacing the large 

NEG modules with NEG sheets which also helps to reduce 

the electric field at the bottom of the cathode electrode. The 

significantly large beam deflection in y cannot be removed 

without risking field emission and high voltage break-

down, e.g, if we decide to remove the triple point junction 

shield. Instead after a thorough examination of the design 

we found out that it can be cancelled by lowering the anode 

aperture by a few mm. Fig. 4 illustrates the beam deflection 

variation with anode aperture shift.  

 

 

Figure 4: GPT simulations of beam deflection in y for dif-

ferent anode aperture shifts. 

Beam deflection in y is very sensitive to the anode aper-

ture shift. According to our simulation results the beam de-

flection can be completely cancelled by shifting the anode 

aperture 1.6 mm in the negative y direction.  

Figure 5 shows the electrostatic field distribution inside 

the modified photo-gun at -350 kV biased cathode. The 

new design maintains the -10 MV/m electric field limit 

everywhere inside the chamber. 

 

 

Figure 5: CST simulation results showing the electrostatic 

field distribution of the modified gun biased at -350 kV.   

The horizontal (left) and vertical (right) electric field 

profiles in the anode-cathode gap of the modified photo-

gun design are illustrated in Fig. 6. The color map (a) 

shows the Ex distribution and the (b) graph shows the mag-

nitude of Ex along each of the colored dotted lines shown 

on the field map. The (c) and (d) panels show the corre-

sponding results for Ey. In both cases the vertical position 

of each dotted line is indicated with respect to the beam 

axis. According to (b) Ex is symmetric along the axis but 

(d) shows that Ey is distorted first due to the inverted insu-

lator and triple point junction screening electrode and then 

due to the shifted anode aperture. 



 

Figure 6: (a) Ex, (c) Ey variations along the dotted colored lines between the anode cathode gap when biased at -350 kV 

where each color line position is indicated with respect to the x axis (b) and  y axis (d).

 

Figure 7 illustrates the GPT simulations of the beam tra-

jectory (left) in x and (right) in y. With the shifted anode 

aperture, the beam is centered in both directions. 

 

 

Figure 7: Beam trajectory (left) x and (right) y. 

This beam deflection can also be corrected by tilting the 

anode and it will be discussed in comparison with the an-

ode aperture shift in a journal publication.  

Figure 8 provides charge extraction simulation results 

using GPT with the original and modified photo-gun elec-

tric field maps. Hence, the extracted charge at the cathode 

doubled with the increased Ez [1]. 

 
Figure 8: GPT simulations of the extracted charge at the 

cathode vs initial bunch charge from original and modified 

gun designs. (300 kV, 50 kHz, 75ps (FWHM), 1.64 mm 

(rms)). 

CONCLUSION 

Jefferson Lab’s -300 kV photo-gun was re-designed us-

ing CST Studio Suite’s electromagnetic field solver to ob-

tain a higher Ez at the photocathode for high bunch charge 

operations and to correct beam trajectory deflections inher-

ent to the inverted insulator geometry design. The longitu-

dinal electric field magnitude Ez was increased from -2.5 

MV/m to -7.8 MV/m by removing the Pierce geometry and 

decreasing the anode-cathode gap from 9 cm to 5 cm. The 

realization of the anode aperture shift effect on beam tra-

jectory represents a significant advancement for photo-gun 

designs with inverted insulator geometry. A 1.6 mm verti-

cal downward shift of the anode aperture is a simple design 

change to eliminate beam deflection. Our simulation re-

sults show that extracted bunch charge from the photocath-

ode should increase from 4.6 nC to 10.2 nC before account-

ing for beam loss. Modified parts have already been built, 

polished and are ready for assembly and commissioning. 
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