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MOTIVATION 
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The main motivation:  

• Recent publications have shown that it is possible to focus very high-energy electron beams to produce high dose 

volumes inside a water phantom at depths, and it is possible to change the shape of the dose distribution by 

changing only the quadrupole configuration[1-3]. 

 

What will be the results when electron energy is 22MeV? 

 

• Zakaria has presented the simulation results for 22 MeV electron beam focused in water. In particular, results have 

shown that in the case of a large RMS beam size, a narrow dose peak can be generated inside the water at depth.  

In this case beams with different RMS spot sizes were used. The beams were focused to a point without any 

quadrupole magnets. 

Also in this modeling, water is surrounded only a vacuum, and the exit window is not taken into account. 

Therefore, I tried to investigate a more realistic model. 
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GOAL OF THE STUDY 
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The main purpose of this study was to investigate dose distribution in the water when 𝟐𝟐𝑴𝒆𝑽 electron beam is focused 

using quadrupole magnets. 

A series of Monte Carlo simulations were carried out to figure out the following:  

 Dose distribution for various magnetic strengths. 

 Dose distribution dependency on the size of the beam at the focal point. 

 Beam distribution at the entrance to the water surface for various magnetic strengths. 

 Dose distribution during a focused electron beam with energies from 𝟐𝟐𝑴𝒆𝑽  to 𝟏𝟎𝟎𝑴𝒆𝑽 . 

Simulation setup 

• Three beam spot size were considered 𝟓𝒎𝒎, 𝟏𝟎𝒎𝒎  and 𝟐𝟎𝒎𝒎  

• Water as target with sizes 𝟏𝟎𝟎 × 𝟏𝟎𝟎 × 𝟔𝟎𝒎𝒎𝟑, which is located 𝟔𝒄𝒎 after window 

• There are five quadrupole magnets in front of the window, and the fifth quadrupole is at a distance of 7 cm from 

the water. 

• Three cases were observed 

 No exit window and the area around the water is in a vacuum. (case 1) 

 Exit window is titanium foil with a thickness of 𝟓𝟎𝝁𝒎 (case 2) 

 Exit window is two layers material pyrolytic graphite. First layer density is 𝝆 = 𝟐. 𝟎𝒈 𝒄𝒎𝟑  and thickness is 

𝟓𝟎𝝁𝒎 and second layer density is 𝝆 = 𝟏. 𝟓𝒈 𝒄𝒎𝟑  and thickness is 𝟓𝟎𝟎𝝁𝒎. (case 3) 



DETERMINE MAGNETIC FIELDS 

Quadrupole Parameters: 

• Length: 10 cm 

• Distance from center to center:  22 cm 

• 𝑸𝟓 distance from window: 1cm 

• 𝑸𝟓 distance from water: 7cm 

• Focusing Strength k [𝒎−𝟐]: defined by Mad-X 

 

𝒌 𝒎−𝟐 =
𝟏

𝒇𝑳
=
𝟎. 𝟐𝟗𝟗𝒈 𝑻 𝒎 

𝜷𝑬[𝑮𝒆𝑽]
;   𝒈 =

𝒅𝑩𝒚

𝒅𝒙
 

 
 

Beta function in the region of quadrupole magnets. 

The Mad-X code was used to determine the number, position, and strength of 10 cm long quadrupole magnets to 

focus a 5 mm, 10 mm, and 20 mm initial RMS beam at a depth of 30 mm in water. 
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SIMULATION SETUP 

Schematic of the quadrupole set-up used in the symmetric 

focusing electron beam. 
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Quadrupole magnets field distribution in XZ plane (FLUKA) 
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𝒆−  
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Schematic representation of the geometry and magnetic fields of the simulation model in FLUKA code. 
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BEAM DISTRIBUTION 

Figure D1 shows the smallest beam profile in the XY plane at the focal point that was used in the 

simulation.  

Figure D4 shows the largest beam profile in the XY plane.  

The RMS value of the incident Gaussian parallel beam is 10 mm, and the energy is 22 MeV. 
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Simulations were carried out for several beam sizes at the focal point. 
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BEAM DISTRIBUTION 

The graphs shown the transverse spatial distributions of the electron beam at the focal point.  The incident beam for 

RMS 5mm, 10mm and 20mm. 
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BEAM PROFILE ON WATER SURFACE RMS: 5 mm 

Beam profiles before entering to the water phantom area in XY 
plane for RMS 5mm. The focusing point is R𝐌𝐒 𝝈𝒙 = 𝝈𝒚 = 𝟎. 𝟎𝟒𝒎𝒎 [D1]. 

Focused center of water 

Beam profiles before entering to the water phantom area in XY RMS 
5mm. The focusing point R𝐌𝐒 𝝈𝒙 = 𝝈𝒚 = 𝟎. 𝟒𝒎𝒎 [F4]. 

Beam Profile on Water Surface 

D4 
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Beam Profile on Water Surface 

D1 



Incident Beam RMS 5mm / Focused Center of Water 

𝐕𝐚𝐜𝐮𝐮𝐦 (mm) 

 

Water(mm) 𝑇𝑖 𝟓𝟎𝝁𝒎 & Water 

(mm) 

𝑪 𝟓𝟎/𝟓𝟎𝟎𝝁𝒎& Water 

(mm) 

 𝐃𝟏  𝝈𝒙 =  𝝈𝒚 = 𝟎. 𝟎𝟒 𝝈𝒙 = 𝟎. 𝟑𝟐 
𝝈𝒚 = 𝟎. 𝟏𝟓 

𝝈𝒙 = 𝟏. 𝟐𝟓 
𝝈𝒚 = 𝟏. 𝟐𝟐 

𝝈𝒙 = 𝟏. 𝟒𝟒 
𝝈𝒚 = 𝟏. 𝟒𝟏 

 𝐃𝟐  𝝈𝒙 =  𝝈𝒚 = 𝟎. 𝟎𝟖 𝝈𝒙 = 𝟎. 𝟑𝟔 
𝝈𝒚 = 𝟎. 𝟏𝟗 

𝝈𝒙 = 𝟏. 𝟐𝟔 
𝝈𝒚 = 𝟏. 𝟐𝟐 

𝝈𝒙 = 𝟏. 𝟒𝟓 
𝝈𝒚 = 𝟏. 𝟒𝟐 

𝐃𝟑  𝝈𝒙 = 𝝈𝒚 = 𝟎. 𝟏𝟒 𝝈𝒙 = 𝟎. 𝟒𝟐 
𝝈𝒚 = 𝟎. 𝟐𝟓 

𝝈𝒙 = 𝟏. 𝟐𝟖 
𝝈𝒚 = 𝟏. 𝟐𝟒 

𝝈𝒙 = 𝟏. 𝟒𝟕 
𝝈𝒚 = 𝟏. 𝟒𝟑 

𝐃𝟒  𝝈𝒙 = 𝝈𝒚 = 𝟎. 𝟒𝟎 𝝈𝒙 = 𝟎. 𝟕𝟖 
𝝈𝒚 = 𝟎. 𝟒𝟕 

𝝈𝒙 = 𝟏. 𝟒𝟒 
𝝈𝒚 = 𝟏. 𝟑𝟎 

𝝈𝒙 = 𝟏. 𝟔𝟎 
𝝈𝒚 = 𝟏. 𝟒𝟖 

BEAM PROFILE ON WATER SURFACE 

The table shows that by increasing the size of the beam at the focal point from D1 to D4 ( by means of changing the 

magnetic fields), the electron beam size RMS in the horizontal and vertical directions at the entrance to the water 

surface increases by 2.4 and 3.1 times, respectively.  

In the case of exit windows, the beam size at the entrance water surface is practically the same for different beam 

sizes at the focal point. 
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DOSE DISTRIBUTIONS RMS: 5 mm 

Energy deposition along the beam path where two transverse dimensions are integrated for central 𝟏 × 𝟏𝒎𝒎𝟐 space. The incident 

beam RMS is 5mm.  
Line colors correspond for different beam sizes at the focal point [D1,D2,D3 and D4].  

Energy deposition along the beam path where two transverse dimensions are integrated for central 𝟎. 𝟏 × 𝟎. 𝟏𝒎𝒎𝟐 space.  

Focused center of water 

Case1 

Case1 

Case2 

Case2 

Case3 

Case3 
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DOSE DISTRIBUTIONS RMS: 5 mm 

Energy deposition along the beam path where two transverse dimensions are integrated for central 𝟏 × 𝟏𝒎𝒎𝟐 space. The incident 

beam RMS is 5mm.  
Line colors correspond for different beam sizes at the focal point [D1,D2,D3 and D4].  

Focused initial beam RMS 5 mm: 

• In case on exit window FLUKA Monte Carlo simulations demonstrate that  

 the energy deposition along the path of the beam peaks at a depth of 3 mm in water. 

 The energy deposition, depending on the size of the beam at the focal point, leads to a change in the 

peak value, but the position remains almost unchanged. 

• In case exit window (on both) 

 the energy deposition along the path of the beam no have peaks. 

 the energy deposition behaves like the case parallel beam. 

Focused center of water 

Case1 Case2 Case3 
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BEAM PROFILE ON WATER SURFACE RMS: 10 mm 

Beam profiles before entering to the water phantom area in XY 
plane for rms 10mm. The focusing point rms 𝝈𝒙 = 𝝈𝒚 = 𝟎. 𝟎𝟓𝒎𝒎 [D1]. 

Beam profiles before entering to the water phantom area in XY 
plane for rms 10mm. The focusing point rms 𝝈𝒙 = 𝝈𝒚 = 𝟎. 𝟖𝒎𝒎 [D4]. 

Beam Profile on Water Surface 

D1 

Focused center of water Beam Profile on Water Surface 

D4 
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Incident Beam RMS 10mm / Focused Center of Water 

𝐕𝐚𝐜𝐮𝐮𝐦 (mm) 

 

Water(mm) 𝑇𝑖 𝟓𝟎𝝁𝒎 & Water 

(mm) 

𝑪 𝟓𝟎/𝟓𝟎𝟎𝝁𝒎& Water 

(mm) 

[D1] 𝝈𝒙 =  𝝈𝒚 = 𝟎. 𝟎𝟓 𝝈𝒙 = 𝟎. 𝟔𝟐 
𝝈𝒚 = 𝟎. 𝟐𝟔 

𝝈𝒙 = 𝟏. 𝟑𝟔 
𝝈𝒚 = 𝟏. 𝟐𝟒 

𝝈𝒙 = 𝟏. 𝟓𝟑 
𝝈𝒚 = 𝟏. 𝟒𝟑 

[D2] 𝝈𝒙 =  𝝈𝒚 = 𝟎. 𝟏𝟓 𝝈𝒙 = 𝟎. 𝟕𝟏 
𝝈𝒚 = 𝟎. 𝟑𝟔 

𝝈𝒙 = 𝟏. 𝟒𝟎 
𝝈𝒚 = 𝟏. 𝟐𝟕 

𝝈𝒙 = 𝟏. 𝟓𝟕 
𝝈𝒚 = 𝟏. 𝟒𝟓 

[D3] 𝝈𝒙 =  𝝈𝒚 = 𝟎. 𝟐𝟕 𝝈𝒙 = 𝟎. 𝟖𝟐 
𝝈𝒚 = 𝟎. 𝟒𝟗 

𝝈𝒙 = 𝟏. 𝟒𝟔 
𝝈𝒚 = 𝟏. 𝟑𝟎 

𝝈𝒙 = 𝟏. 𝟔𝟑 
𝝈𝒚 = 𝟏. 𝟒𝟖 

[D4] 𝝈𝒙 =  𝝈𝒚 = 𝟎. 𝟖𝟎 𝝈𝒙 = 𝟏. 𝟓𝟒 
𝝈𝒚 = 𝟎. 𝟗𝟑 

𝝈𝒙 = 𝟏. 𝟗𝟓 
𝝈𝒚 = 𝟏. 𝟓𝟐 

𝝈𝒙 = 𝟐. 𝟎𝟖 
𝝈𝒚 = 𝟏. 𝟔𝟖 

BEAM PROFILE ON WATER SURFACE 

The table shows that by increasing the size of the beam at the focal point from D1 to D4 ( by means of changing the 

magnetic fields), the electron beam size RMS in the horizontal and vertical directions at the entrance to the water 

surface increases by 2.5 and 3.6 times, respectively.  

In the case of exit window (Ti 𝟓𝟎𝝁𝒎), the beam size at the entrance water surface increases by 1.43 and 1.22 times. 
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DOSE DISTRIBUTIONS RMS: 10 mm 

Energy deposition along the beam path where two transverse dimensions are integrated for central 𝟏 × 𝟏𝒎𝒎𝟐 space. The incident 

beam RMS is 10mm.  
Line colors correspond for different beam sizes at the focal point [D1,D2,D3 and D4].  

Energy deposition along the beam path where two transverse dimensions are integrated for central 𝟎. 𝟏 × 𝟎. 𝟏𝒎𝒎𝟐 space.  

Focused center of water 

Case1 

Case1 

Case2 

Case2 

Case3 

Case3 
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DOSE DISTRIBUTIONS RMS: 10 mm 

Energy deposition along the beam path where two transverse dimensions are integrated for central 𝟏 × 𝟏𝒎𝒎𝟐 space. The incident 

beam RMS is 10mm.  
Line colors correspond for different beam sizes at the focal point [D1,D2,D3 and D4].  

Focused initial beam RMS 10 mm: 

• In case on exit window FLUKA Monte Carlo simulations demonstrate that  

 the energy deposition along the path of the beam peaks at a depth of 5 mm in water. 

 The energy deposition, depending on the size of the beam at the focal point, leads to a change in the 

peak value, and a slight change in position with depth of water.. 

• In case exit window (on both) 

 the energy deposition along the path of the beam no have peaks. 

 the energy deposition behaves like the case parallel beam. 

Focused center of water 

Case1 Case2 Case3 
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DOSE COMPARISON RMS: 5mm & 10 mm 

Comparison of energy deposition in water with a resolution of 𝟏 × 𝟏 × 𝟏𝒎𝒎𝟑 from a beam of rms 5mm and 10mm 

sizes of different focus sizes. The left graph correspond to the case 1, the center graph correspond to the case 2 

and the right graph case 3. The deposition energy unit is Gray for 1pC beam. 

Focused center of water 

D1 

D2 

D3 

D4 

D1 

D2 

D3 

D4 

D1 

D2 

D3 

D4 

Case1 

Case1 

Case2 

Case2 

Case3 

Case3 
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BEAM PROFILE ON WATER SURFACE RMS: 20 mm 

Beam profiles before entering to the water phantom area in XY 
plane for rms 20mm. The focusing point rms 𝝈𝒙 = 𝝈𝒚 = 𝟎. 𝟎𝟖𝒎𝒎 [D1]. 

Beam profiles before entering to the water phantom area in XY 
plane for rms 20mm. The focusing point rms 𝝈𝒙 = 𝝈𝒚 = 𝟏. 𝟓𝟐𝒎𝒎 [D4]. 

Beam Profile on Water Surface 

D1 

Focused center of water Beam Profile on Water Surface 

D4 
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Incident Beam RMS 20mm / Focused Center of Water 

𝐕𝐚𝐜𝐮𝐮𝐦 (mm) 

 

Water(mm) 𝑇𝑖 𝟓𝟎𝝁𝒎 & Water 

(mm) 

𝑪 𝟓𝟎/𝟓𝟎𝟎𝝁𝒎& Water 

(mm) 

𝝈𝒙 = 𝝈𝒚 = 𝟎. 𝟎𝟖 𝝈𝒙 = 𝟏. 𝟏𝟓 
𝝈𝒚 = 𝟎. 𝟒𝟑 

𝝈𝒙 = 𝟏. 𝟔𝟔 
𝝈𝒚 = 𝟏. 𝟐𝟗 

𝝈𝒙 = 𝟏. 𝟖𝟏 
𝝈𝒚 = 𝟏. 𝟒𝟕 

𝝈𝒙 = 𝝈𝒚 = 𝟎. 𝟐𝟑 𝝈𝒙 = 𝟏. 𝟑𝟒 
𝝈𝒚 = 𝟎. 𝟔𝟓 

𝝈𝒙 = 𝟏. 𝟖𝟎 
𝝈𝒚 = 𝟏. 𝟑𝟕 

𝝈𝒙 = 𝟏. 𝟗𝟑 
𝝈𝒚 = 𝟏. 𝟓𝟓 

𝝈𝒙 = 𝝈𝒚 = 𝟎. 𝟒𝟔 𝝈𝒙 = 𝟏. 𝟓𝟕 
𝝈𝒚 = 𝟎. 𝟖𝟗 

𝝈𝒙 = 𝟏. 𝟗𝟕 
𝝈𝒚 = 𝟏. 𝟓𝟎 

𝝈𝒙 = 𝟐. 𝟏𝟎 
𝝈𝒚 = 𝟏. 𝟔𝟔 

𝝈𝒙 = 𝝈𝒚 = 𝟏. 𝟓𝟐 𝝈𝒙 = 𝟑. 𝟎𝟐 
𝝈𝒚 = 𝟏. 𝟕𝟖 

𝝈𝒙 = 𝟑. 𝟐𝟐 
𝝈𝒚 = 𝟐. 𝟏𝟓 

𝝈𝒙 = 𝟑. 𝟐𝟗 
𝝈𝒚 = 𝟐. 𝟐𝟔 

BEAM PROFILE ON WATER SURFACE 

The table shows that by increasing the size of the beam at the focal point from D1 to D4 ( by means of changing the 

magnetic fields), the electron beam size RMS in the horizontal and vertical directions at the entrance to the water 

surface increases by 2.6 and 4.1 times, respectively.  

In the case of exit window (Ti 𝟓𝟎𝝁𝒎), the beam size at the entrance water surface increases by 2.93 and 1.7 times. 

In the case of exit window (𝑪 𝟓𝟎/𝟓𝟎𝟎𝝁𝒎), the beam size at the entrance water surface increases by 1.81 and 1.53 

times. 18 



DOSE DISTRIBUTIONS RMS: 20 mm 

Energy deposition along the beam path where two transverse dimensions are integrated for central 𝟏 × 𝟏𝒎𝒎𝟐 space. The incident 

beam RMS is 20mm.  
Line colors correspond for different beam sizes at the focal point [D1,D2,D3 and D4].  

Energy deposition along the beam path where two transverse dimensions are integrated for central 𝟎. 𝟏 × 𝟎. 𝟏𝒎𝒎𝟐 space.  

Focused center of water 

Case1 

Case1 

Case2 

Case2 

Case3 

Case3 
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DOSE DISTRIBUTIONS RMS: 20 mm 

Energy deposition along the beam path where two transverse dimensions are integrated for central 𝟏 × 𝟏𝒎𝒎𝟐 space. The incident 

beam RMS is 20mm.  
Line colors correspond for different beam sizes at the focal point [D1,D2,D3 and D4].  

Focused initial beam RMS 20 mm: 

• In case on exit window FLUKA Monte Carlo simulations demonstrate that  

 the energy deposition along the path of the beam peaks at a depth of in water. 

 The energy deposition, depending on the size of the beam at the focal point, leads to a change in the peak value, 

and a slight change in position with depth of water from 6 mm to 11mm . 

• In case exit window (on both) 

 The energy deposition along the path of the beam reaches its maximum at a depth of 3 mm to 10 mm in water, 

depending on the size of the beam in focus.  

Focused center of water 

Case1 Case2 Case3 
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DOSE COMPARISON RMS: 5mm & 10mm & 20 mm 

Comparison of energy deposition in water with a resolution of 𝟏 × 𝟏 × 𝟏𝒎𝒎𝟑 from a beam of RMS 5mm, 10mm and 

20mm sizes of different focus sizes. The left graph correspond to the case 1, the center graph correspond to the 

case 2 and the right graph case 3. The deposition energy unit is Gray for 1pC beam. 

Focused center of water 

Case1 

Case1 

Case2 

Case2 

Case3 

Case3 

D1 

D2 

D3 

D4 

D1 

D2 

D3 

D4 

D1 

D2 

D3 

D4 
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Results for different focused beam positions 
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DIFFERENT FOCUSING POSITION 

Comparison of energy deposition in water with a resolution of 1 mm for different focusing position for initial beam RMS 5mm, 10mm 
and 20mm. The left graph correspond to the case 1, the center graph correspond to the case 2 and the right graph case 3. The 
deposition energy unit is Gray for 1pC beam. 

Case1 

Case1 

Case2 

Case2 

Case3 

Case3 

D2 
D2 D2 

D2 
D2 D2 
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DIFFERENT ENERGY 

Comparison of energy deposition in water with a resolution of 1 mm for different beam energies in the case of focusing at the 
center of the water and focus size [𝑫𝟐] for the different beam RMS sizes (5mm, 10mm and 20mm). 

Focused center of water 

D2 D2 D2 

D2 D2 D2 
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CONCLUSION 
Initial beam RMS 5 mm: 

• In case on exit window  
 the energy deposition along the path of the beam peaks at a depth of 3 mm in water.  
 The energy deposition, depending on the size of the beam at the focal point, leads to a change in the peak value, 

but the position remains almost unchanged. 
 By increasing the energy of the beam, the energy deposition along the path of the peak position changes into the 

depth of the water from 3mm to 10mm. 

• In case exit window 
 the energy deposition along the path of the beam no have peaks. (case2 and case3) 
 the energy deposition behaves like the case parallel beam. (case2 and case3) 
 By increasing the energy of the beam, the energy deposition along the path of the peak position changes into the 

depth of the water from 0.1mm to 7mm. (case2) 

Initial beam RMS 10 mm: 

• In case on exit window  
 the energy deposition along the path of the beam peaks at a depth of 5 mm in water.  
 The energy deposition, depending on the size of the beam at the focal point, leads to a change in the peak value, 

and a slight change in position with depth of water. 
 By increasing the energy of the beam, the energy deposition along the path of the peak position changes into the 

depth of the water from 5mm to 15mm. 

• In case exit window 
 the energy deposition along the path of the beam no have peaks. (case2 and case3) 
 the energy deposition behaves like the case parallel beam. (case2 and case3) 
 By increasing the energy of the beam, the energy deposition along the path of the peak position changes into the 

depth of the water from 1mm to 14mm. (case2) 
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CONCLUSION 

Initial beam RMS 20 mm: 
• In case on exit window  

 the energy deposition along the path of the beam peaks at a depth of in water.  
 The energy deposition, depending on the size of the beam at the focal point, leads to a change in the peak value, 

and a slight change in position with depth of water from 6 mm to 11mm . 
 By increasing the energy of the beam, the energy deposition along the path of the peak position changes into the 

depth of the water from 7mm to 24mm. 
• In case exit window 

 The energy deposition along the path of the beam reaches its maximum at a depth of 3 mm to 10 mm in water, 
depending on the size of the beam in focus.  (case2 and case3) 

 By increasing the energy of the beam, the energy deposition along the path of the peak position changes into the 
depth of the water from 5mm to 22mm. (case2) 
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Thank you for your attention  
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