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Background and Motivation 

• Beam asymmetry and imperfection observed from experiment 

Due to field imperfection of RF coupler kick and solenoid. 

Normal quads and skew quads can produce the beam wings structure, consistent with 

experiment results, induce the x and y plane beam coupling. 

Gun quads are used for compensation the quads error field in the gun section, from experiment 

confirms work well. 
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 Try to find a reasonable and judgeable way to decide the optimized comenpensation quads 

strength and can optimize….standard procedure. 

 Goal: minimize rms emittance. 

 Start from: coupling beam dynamics and 4D beam emittance….  

But…. 

We still need to know…. 
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4D emittance  

|   4D emittance measurement  |    Quantang Zhao|    PPS | Zeuthen| 

Coupling factor: 

4D beam matrix: 

Beam brightness: 

𝒕 =
𝜺𝒙𝜺𝒚

𝜺𝟏𝜺𝟐
− 𝟏 ≥ 𝟎 

𝑩 =
𝑰

𝜺𝒙𝜺𝒚
=

𝑰

(𝟏 + 𝒕)𝜺𝟏𝜺𝟐
 

4D emittance: 

𝜺𝟒𝑫 = 𝜺𝟏𝜺𝟐 = 𝐝𝐞𝐭(𝑪) 

 Intrisic-emittances are 

invariant under 

symplectic 

transformations and the 

Intrisic-emittances are 

equal to the rms 

emittances if and only if 

inter plane correlations 

are zero. 

rms emittance(2D) 

u—x or y 

For PITZ gun quads compensation: 
 

 Try  to minimize the coupling factor 

or correlation terms in the 4D beam 

maxtrix. 

 

 

 So for each gun quads settings, we 

need to know how the correlation 

terms change measure the 

Correlation terms in 4D matrix or 4D 

emittance. 
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Multi-quads scan for 4D emittance measurment  

*Eduard Prat and Masamitsu Aiba. Four-dimensional transverse beam matrix measurement using the multiple-quadrupole scan technique. PHYSICAL REVIEW SPECIAL TOPICS - 

ACCELERATORS AND BEAMS 17, 052801 (2014). 
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Multiple-optics/single-location Measured <xx>, <yy>, <xy> 

*Florian L¨ohl, Measurements of the Transverse Emittance at the VUV-FEL, Diploma theis, 2005. 

s0 s 
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Multi-quads scan measruement at PSI and XFEL 

|   4D emittance measurement  |    Quantang Zhao|    PPS | Zeuthen| 

*M. Scholz, Proceedings of FEL2017, Santa Fe, NM, USA, TUP005  

*Eduard Prat and Masamitsu Aiba. Four-dimensional transverse beam matrix measurement using the multiple-quadrupole scan 

 technique. PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS 17, 052801 (2014). 

The rms emittance increase due to 

transverse coupling is 5.4% 

PSI XFEL 
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Beam coupling simulation studies due to quads error fields 

|   4D emittance measurement  |    Quantang Zhao|    PPS | Zeuthen| 

Qs Qn rmsemitx rmsemity intriemit1 intriemit2 Coupling term 

0 0  2.658e-05 
 2.555e-

05 
2.683e-05 2.529e-05  4.782e-04 

-0.01 0.01 3.091e-05 2.325e-05 3.145e-05 2.251e-05 0.0147 

-0.05 0.05 6.387e-05 3.244e-05  6.308e-05  2.465e-05  0.322 

-0.1 0.1 8.269e-05 6.748e-05 6.726e-05  3.554e-05 1.3338 

Simulation settings: 

• Gun 51.36MV/m, solenoid 350A, bunch charge 500 pC, laser rms size 0.3mm, gaussian beam. Beam momentum after gun:5.87 MeV/c 

• Booster:17.2 MV/m,after booster:20.874 MeV/c 

•  Qs at z=0.18m, Qs is negative polarity;  

      Qn at z=0.36m, Qn is related to solenoid, for normal current, Qn is positive polarity. 

• Quads error scan in simulation (g[T/m],effective length 1cm) Qs = [-0.1:0.01:0.1]  Qn = [-0.1:0.01:0.1]; 
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Qs and Qn is about 0.05T/m, the coupling contributes to the rms emittance is about ~10 ~15% . 
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Beam distribution at High1.scr1 for reconstruction 

|   4D emittance measurement  |    Quantang Zhao|    PPS | Zeuthen| 

Qs=-0.01 T/m Qn=0.01 T/m 

Qs Qn <xx> <yy> <x’x’> <y’y’> <xy> <x’y> <xy’> <x’y’> <xx’> <yy’> nemitx nemity Coupling term 

-0.01 0.01 0.34953 0.222786 6.54E-08 3.64E-08 -0.02761 -1.3E-05 -1.4E-05 -6.6E-09 0.000148 8.7E-05 1.236357 0.94868 0.014298 

(Unit m rad) 
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Simulated experiment set up for PITZ 

|   4D emittance measurement  |    Quantang Zhao|    PPS | Zeuthen| 

Multi-Quads, Q3-Q10 used for scan. 

With multi-quads settings simulated 

beam distribution. 

 

(For experiment, the beam will be 

measured at here, <xx>, <yy>, <xy>). 

EMSY1 measurement: 

Get twiss parameters for  

Matching set up. 
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Beam optics matching for 14 scans 

|   4D emittance measurement  |    Quantang Zhao|    PPS | Zeuthen| 

The basic requirements on the quad 

scan for these measurements is to scan 

the phase advance between the optics 

reconstruction position and the 

measurement screen in one plane over 

180 degree (if possible) and keep it 

constant in the second one.  

For current set up: 

Phase advance scan from 10 to 120 degree 

s0 s 
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Simulated results of <xx>, <yy> and <xy> for 14 scans at PST.scr1 
 

|   4D emittance measurement  |    Quantang Zhao|    PPS | Zeuthen| 

 Due to lower beam energy in PITZ, 

space charge effect need to be 

considered. 

 

 

 

 Simulation are done for three different 

cases: 

 

 W/o space charge, 500 pC 

 W space charge, 500 pC 

 W space charge, 100 pC (same 

optics as 500 pC, same particles 

distribution) 
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Reconsctructed results 

|   4D emittance measurement  |    Quantang Zhao|    PPS | Zeuthen| 

Emitx 

[m*rad] 

Emity  

[m*rad] 

Coupling 

term 

Initial beam 

(At z=5.277m) 
3.094e-08 2.487e-08 0.014039 

W/o spcae charge 

(500 pC) 
3.024e-08 2.320e-08 0.014298 

W space charge 

(500 pC) 
5.087e-08 3.266e-08  0.007501 

W space charge 

(100 pC) 

3.429e-08 

 

2.761e-08 

 

0.0112931 

 

<xy> <xy'> <x'y> <x'y'>

Initial (goal) -2.76E-08 -1.40E-08 -1.30E-08 -6.60E-09

500 pC w/o -2.72E-08 -1.40E-08 -1.30E-08 -6.52E-09

500 pC w -3.17E-08 -1.71E-08 -1.55E-08 -8.69E-09

100 pC w -2.81E-08 -1.46E-08 -1.35E-08 -6.94E-09

In quads scan, the rms emittance will be over estimated by space charge effect. Also the correlation terms 

(absolute value)  are over estimated. 

Correlation terms 2D emittance and coupling terms 
Unit m rad 
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Space charge effect investigation 

|   4D emittance measurement  |    Quantang Zhao|    PPS | Zeuthen| 

• The notion of space-charge dominated flow is quantified by comparing the space charge and 

emittance terms in the rms beam envelope equation for an ultrarelativistic beam in a drift space 

(𝛾 ≫ 1, 𝛽 = 𝑣/𝑐 ≈ 1). 

𝜎𝑥
′′ =

𝜖𝑛𝑥
2

𝛾2𝜎𝑥
3
+

𝐼

𝛾3𝐼0(𝜎𝑥 + 𝜎𝑦)
 

I is the peak beam current, I0 =ec/re is the characteristic current, 𝜖𝑛𝑥 

is the normalized rms emittance. 

taking the ratio of the second to the first terms on the right-hand side of the envelope equation, we have a 

measure of the degree of space-charge dominance over emittance in driving the evolution of the beam 

envelope 

𝑅0𝑥 =
𝐼𝜎𝑥

3

𝜖𝑛𝑥
2𝐼0(𝜎𝑥 + 𝜎𝑦)

≈ 2𝑘𝑝
2𝛽𝑥

2
 

𝑅0𝑦 =
𝐼𝜎𝑦

3

𝜖𝑛𝑦
2𝐼0(𝜎𝑥 + 𝜎𝑦)

≈ 2𝑘𝑝
2𝛽𝑦

2
 

plasma wave number associated 

with the beam density nb 

𝑘𝑝 =
𝜔𝑝

𝑐
=

4𝜋𝑟𝑒𝑛𝑏
𝛾3

 

*S. G. Anderson and J. B. Rosenzweig et al., Space-charge effects in high brightness electron beam emittance measurements, PRSAB, VOLUME 5, 014201 (2002)   
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Initial beam R calculation 
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• I=24.5 A, x rms size 0.591 mm, y rms size 0.472 mm, P = 20.874 MeV/c 

• norm x rms emittance 1.236 mm mrad, norm y rms emittance 0.949 mm mrad 

R0x= 4.37  

R0y= 3.78 

Assuming current beam with different enegy and charge, other parameters are same.the space charge effect 

ratio R depends on the beam energy for different bunch charge are shown in the plot. 

 For 100 pC, the R is smaller than 1, space charge has less effect. 

Zoom in 

High energy 

Small bunch charge 
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Summary and conclusions 

|   4D emittance measurement  |    Quantang Zhao|    PPS | Zeuthen| 

 Multi-quads scan method for 4D emittance measurment is studied by simulation for PITZ set up 

and considering for optimizing the gun quads compensation. 

 

 Quads settings for beam matching for each scan are critical and need beam match for all scans. 

 Phase advance 

 Beam size at the measured screen 

 

 The reconstructed 4D beam matrix from simulation are consistent with initial beam without space 

charge effect or less bunch chargeprinciple and experiment set up confirmed. 

 

 This method is precise for low bunch charge 4D beam matrix measurement for PITZ (~100 pC). 
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Restructed 4D matrix for different cases 

|   4D emittance measurement  |    Quantang Zhao|    PPS | Zeuthen| 

Initial beam 

(At  5.277m) 

W/o spcae 

charge (500 

pC) 

W space 

charge 

(500 pC) 

W space 

charge 

(100 pC) 

Unit m rad 


