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1. EXECUTIVE SUMMARY  

EuPRAXIA aiming at driving a Free Electron Laser (FEL) with plasma accelerator beams. Their specifici-
ties are requiring particular beam manipulation and associated magnetic elements. The most critical 
are the quadrupoles for handling the beam divergence, in view of the required strength for a strong 
focusing. The introduction presents the typical laser plasma accelerator characteristics, the issues for 
Laser Plasma Acceleration (LPA) beam handling, where the most critical, from the point of view of 
accelerator components, is the focusing elements for which different technologies can be considered. 
The permanent magnet quadrupoles of fixed gradient or variable strength are then reviewed, while a 
comparison with active plasma lens is performed at the end.  

2. INTRODUCTION  

2.1. LASER PLASMA ACCELERATOR CHARACTERISTICS 

Proposed in 1979, LPA1 enables the creation of ultra-high accelerating fields capable of generating up 
to several GeV electron beams with short beam size (fs), excellent emittance at the plasma-vacuum 
interface (<1 mm mrad) and high peak current (1-10 kA) within centimeter scale. The concept of LPA1 
is based on the focusing of an ultra-intense laser pulse used to drive large-amplitude plasma waves 
that then act as accelerating structures for particles. Since then, various LPA configurations have been 
conceived and realized like the laser wakefield accelerator (LWFA)1, the plasma beat wave accelerator 
(PBWA)1, the self-modulated LWFA2, wakefields driven by multiple pulses3 and the highly nonlinear 
regime of electron cavitation4. The most efficient scheme to date is the so-called LWFA bubble (or 
blowout) regime5, this regime preserves the normalized emittance of an accelerated electron bunch, 
the focusing force can be very large and is linear, and provides charges of the order of hundreds of pC, 
mrad level divergences, fs bunch durations and good electron energy tunability. 

The understanding of the LPA accelerator stages: i.e. the injection, where the electrons are introduced 
into the acceleration structure and the acceleration, is important to better control the resulting elec-
tron bunch characteristics. Specific acceleration techniques can thus be developed in multiple injec-
tions schemes. Ponderomotive injection6 uses a laser to generate the plasma wakefield via LWFA and 
a second one to drive electrons to the wakefield which allows for a good injection control. Trapping in 
the self-modulated LWFA7 uses a single laser to cause self-trapping and generation of sub-ps electron 
bunches by trapping background plasma electrons in the wakefield. Colliding pulse injection8 uses a 
three laser system for plasma wave generation, backward and forward injection is used to generate a 
slow beat wave which heats and traps background electrons that are injected in a fast wakefield. 
                                                
1 Tajima, T., & Dawson, J. M. (1979). Laser electron accelerator. Physical Review Letters, 43(4), 267. 
2 Ting, A., Esarey, E., & Sprangle, P. (1990). Nonlinear wake-field generation and relativistic focusing of intense laser pulses 
in plasmas. Physics of Fluids B: Plasma Physics, 2(6), 1390-1394. 
3 Esarey, E., C. B. Schroeder, and W. P. Leemans. "Physics of laser-driven plasma-based electron accelerators." Reviews of 
Modern Physics 81.3 (2009): 1229. 
4 Feit, M. D., et al. "Electron cavitation and relativistic self-focusing in underdense plasma." Physical Review E 57.6 (1998): 
7122. 
5 Rosenzweig, J. B., Breizman, B., Katsouleas, T., & Su, J. J. (1991). Acceleration and focusing of electrons in two-dimensional 
nonlinear plasma wake fields. Physical Review A, 44(10), R6189. 
6 Umstadter, D., Kim, J. K., & Dodd, E. (1996). Laser injection of ultrashort electron pulses into wakefield plasma waves. 
Physical Review Letters, 76(12), 2073. 
7 Modena, A., Najmudin, Z., Dangor, A. E., Clayton, C. E., Marsh, K. A., Joshi, C., ... & Walsh, F. N. (1995). Electron accelera-
tion from the breaking of relativistic plasma waves. nature, 377(6550), 606. 
8 Esarey, E., Hubbard, R. F., Leemans, W. P., Ting, A., & Sprangle, P. (1997). Electron injection into plasma wakefields by col-
liding laser pulses. Physical Review Letters, 79(14), 2682. 
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Density transition9 uses a downward transition in the plasma density to induce local self-trapping in 
the plasma wave allowing the generation of well-collimated, narrow energy spread and short electron 
bunches. Ionization injection10 uses a simple scheme where a target medium of low Z with a small 
proportion of high Z gas is used so in front of an intense laser the outer shell of the high Z gas is ionized 
contributing mainly to the plasma wave and the inner shell electrons ionized at the intensity peak are 
easily trapped by the plasma wave. Table 1 shows some experimental results for LPA electrons from 
the hundreds of MeV to the GeV level. 

Table 1: Typical results of LPA electron bunch generation experiments 
Laboratory Max. electron en-

ergy 
Divergence Pointing Shot-to-shot 

energy stabil-
ity 

Energy 
spread 

LPA Extra Detail 

Lawrence Berke-
ley National La-

boratory11 

4.2 GeV 0.3 mrad RMS --- --- 6% RMS en-
ergy spread 

self-trapping 
regime with 
capillary-dis-

charge-
guided 

--- 
 

LOASIS (Lawrence 
Berkeley National 

Laboratory12) 

463 MeV 1.2 mrad rms --- --- 2.8% energy 
spread 

--- --- 

The university of 
Texas13 

2GeV 0.5 mrad 
FWHM 

1.4 rms --- 5% spread 
FWHM 

blowout re-
gime in a gas 
cell filled with 

He 

collimated 
quasi mono-

energetic 
beam 

Max-Planck-Insti-
tut für Quante-

noptik14 

200 MeV 2.1+-0.5 mrad 
FWHM 

1.4 mrad and 
2.2 mrad 

(transverse 
directions) 

2.5% rms --- gas cell filled 
with H 

--- 

LOA15 178 MeV 
(Peaked distribu-
tion of 2.4 MeV 
FWHM width) 

3+-1 mrad 
FWHM 

--- --- 1.3% FWHM 
relative 

two colliding 
laser pulses in 
a supersonic 

gas jet 

--- 

 

2.2. ISSUES TO BE HANDLED FOR LPA BASED FELS 

EuPRAXIA aims at developing a laser plasma or beam driven accelerator based FEL. Electron beam 
performance should thus fulfill the electron beam requirements imposed by the FEL. For a FEL16 to be 
achieved, a relative slice energy spread !" over a coherent length of less than 

!" #$ < &, with # the 
relativistic factor and &	the pierce parameter is needed. This condition is difficult to achieve since en-
ergy spreads on the percent level have been measured for MeV-GeV LPA electron beams. So, in order 

                                                
9 Bulanov, S., Naumova, N., Pegoraro, F., & Sakai, J. (1998). Particle injection into the wave acceleration phase due to non-
linear wake wave breaking. Physical Review E, 58(5), R5257. 
10 Audet, T. L., Hansson, M., Lee, P., Desforges, F. G., Maynard, G., Dobosz Dufrénoy, S., ... & Gallardo González, I. (2016). 
Investigation of ionization-induced electron injection in a wakefield driven by laser inside a gas cell. Physics of Plasmas, 
23(2), 023110. 
11 Leemans, W. P., et al. "Multi-GeV electron beams from capillary-discharge-guided subpetawatt laser pulses in the self-
trapping regime." Physical review letters 113.24 (2014): 245002. 
12 Plateau, G. R., et al. "Low-emittance electron bunches from a laser-plasma accelerator measured using single-shot x-ray 
spectroscopy." Physical review letters 109.6 (2012): 064802. 
13 Wang, Xiaoming, et al. "Quasi-monoenergetic laser-plasma acceleration of electrons to 2 GeV." Nature communications 4 
(2013): 1988. 
14 Osterhoff, Jens, et al. "Generation of stable, low-divergence electron beams by laser-wakefield acceleration in a steady-
state-flow gas cell." Physical Review Letters 101.8 (2008): 085002. 
15 Rechatin, Clément, et al. "Controlling the phase-space volume of injected electrons in a laser-plasma accelerator." Physi-
cal review letters 102.16 (2009): 164801. 
16 Madey, J. M. (1971). Stimulated emission of bremsstrahlung in a periodic magnetic field. Journal of Applied Physics, 42(5), 
1906-1913 
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to use these beams for FEL the slice energy spread should be reduced for example by cutting part of 
the initial distribution17, using a demixing chicane to separate longitudinally the energies and select 
them18 or opting for a different approach with the use of transverse gradient undulators19,20 (TGU). 
There is no specific issue regarding the dipoles of the chicane. The Tranvserve Gradient Undulator has 
been reviewed in a previous EuPRAXIA report.  

The grand number of different configurations of LPA, each able to satisfy different needs, shows the 
spectacular development of LPA. The unique beam properties, the compactness and advantage in cost 
makes the use of LPA for future FEL21,22,23  attractive and conceivable, even though the properties of 
the beams cannot be directly used for FEL and as a result the beams should be first adapted and trans-
ported to the undulator. A problem arises regarding the transport of these beams through the line. 
Even though the beam at the plasma-vacuum interface has a low emittance when leaving the interac-
tion region, the normalized emittance suffers a strong worsening which makes the beam transport 
very difficult if not quickly mitigated17,24. So, once in the drift the Twiss beta function () = !+ ,$  with 
, geometric emittance and !+ transverse beam size, is sub µ., the transverse beam correlation in-
creases quadratically with the distance, due to a divergence of the order of mrad, becoming a predom-
inant term in the emittance. The high divergence also causes a constant rapid increase of the beam 
size. The approach for calculating normalized emittance as ,/ = 〈#〉, used for a drift in conventional 
accelerators is no more correct for LPA electron beams, and one has to employ the general definition25 
given by :  

,/2 = 〈3〉2〈(²#²3′2〉 − 〈3(#37〉² (1) 

with x and x’ the transverse position and divergence respectively, ( = 8/: and # the relativistic fac-
tor. If the correlation between energy and transverse position is negligible and assuming relativistic 
electrons (( = 1) one can write: 

,/2 = 〈#〉2<!"2!+72 !+2 + ,2> (2) 

with !+7 beam transverse divergence. Assuming that the beam is at a waist at the plasma-vacuum in-
terface (!+(@) = !+7@) with s the longitudinal beam position, equation (2) becomes: 

,/2 ≈ 〈#〉2<!"2!+7C @2 + ,2> (3) 

                                                
17 Antici, P., Bacci, A., Benedetti, C., et al. Laser-driven electron beamlines generated by coupling laser-plasma sources with 
conventional transport systems. Journal of Applied Physics, 2012, vol. 112, no 4, p. 044902. 
18 André, T., Andriyash, I. A., Loulergue, A., Labat, M., Roussel, E., Ghaith, A., ... & Marteau, F. (2018). Control of laser plasma 
accelerated electrons for light sources. Nature communications, 9(1), 1334. 
19 Huang, Z., Ding, Y., & Schroeder, C. B. (2012). Compact X-ray free-electron laser from a laser-plasma accelerator using a 
transverse-gradient undulator. Physical review letters, 109(20), 204801. 
20 Liu, T., Zhang, T., Wang, D., & Huang, Z. (2017). Compact beam transport system for free-electron lasers driven by a laser 
plasma accelerator. Physical Review Accelerators and Beams, 20(2), 020701. 
21 Couprie, M. E., Andre, T., & Andriyash, I. (2017). COXINEL: Towards free electron laser amplification to qualify laser 
plasma acceleration. Reza Kenkyu, 45(2), 94-98. 
22 Nakajima, K. (2008). Compact X-ray sources: Towards a table-top free-electron laser. Nature physics, 4(2), 92. 
23 GRÜNER, Florian, BECKER, Stefan, SCHRAMM, U., et al. Design considerations for table-top, laser-based VUV and X-ray 
free electron lasers. Applied Physics B, 2007, vol. 86, no 3, p. 431-435. 
24 Migliorati, M., Bacci, A., Benedetti, C., et al. Intrinsic normalized emittance growth in laser-driven electron accelerators. 
Physical Review Special Topics-Accelerators and Beams, 2013, vol. 16, no 1, p. 011302. 
25 FLOETTMANN, Klaus. Some basic features of the beam emittance. Physical Review Special Topics-Accelerators and Beams, 
2003, vol. 6, no 3, p. 034202 
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24 Migliorati, M., Bacci, A., Benedetti, C., et al. Intrinsic normalized emittance growth in laser-driven electron accelerators. 
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This rapid emittance increase is linked to the fact that the betatron frequency of a beam strongly de-
pends on the energy. During the drift, each energy component rotates with a different velocity in the 
transverse phase-space, increasing the area occupied by the bunch, resulting in a position and energy 
spread dependence of the normalized emittance. The projected normalized emittance of a LPA bunch 
of percent slice energy spread and mrad divergence causes a rapid increase of normalized emittance 
in a short drift distance causing the beam to become emittance dominated making it difficult to 
transport. A way to avoid a fatal emittance worsening of the beam is to capture and control the beam 
using strong focusing magnetic fields as close as possible of the interface plasma-vacuum with conven-
tional accelerators techniques (use of FODO with quadrupoles)23 or active plasma lenses (APL)26,27. In 
both cases, a high magnetic gradient is necessary in order to control the beam emittance. 

2.3. THE DIFFERENT CONVENTIONAL QUADRUPOLE TECHNOLOGIES 

2.3.1. Typically Required Quadrupole Strength 

It is relevant to consider conventional accelerator technology to handle the beam divergence. One 
can consider typical quadrupole requirement, as indicated in Table 2.  

Table 2: Typical quadrupole specifications 

 LPA 
Gradient G (T/m) 200 
G tuneability (%) ±20 

Gradient homogeneity over 5 mm 10-2 
Bore diameter (mm) 10.5 

Magnetic axis excursion (µm) <10 
Length (cm) 30 

2.3.2. Electromagnetic Technology 

Mature resistive magnets, with copper conductors wrapped around soft iron poles, enabling to tune 
the strength by simply changing the current with significant associated power consumption are mostly 
used nowadays. Superconducting magnets producing very large magnetic field require a costly Helium 
infrastructure to keep the magnets in superconducting state at few Kelvin.                                                                                                                                                                                                                                                                                                                                                

2.3.3. Permanent Magnet Technology  

Permanent Magnet (PM) Quadrupoles (PMQ) can offer high fields in a very compact design, free of 
power-supply and electricity consumption. Wide tuneability, high field homogeneity, cost optimiza-
tion are still challenges to be faced. 
  

                                                
26 Hosokai, Tomonao, et al. "Optical guidance of Terawatt laser pulses by the implosion phase of a fast Z-pinch discharge in 
a gas-filled capillary." Optics Letters 25.1 (2000): 10-12. 
27 Thaury, C., Guillaume, E., Döpp, A., Lehe, R., Lifschitz, A., Phuoc, K. T., ... & Tissandier, F. (2015). Demonstration of relativ-
istic electron beam focusing by a laser-plasma lens. Nature communications, 6, 6860. 

D6.4 Specific magnetic elements
Emittance growth due to divergence to be handled

Electromagnetic quadrupoles
Permanent magnet quadrupoles
Plasma Lenses

Van Tilborg, J., Barber, S. K., Benedetti, C., et al. Comparative study of active plasma lenses in high-quality electron accel- erator transport lines. 
Physics of Plasmas, 2018, vol. 25, no 5, p. 056702 



Horizon 2020

�5

D6.4 Specific magnetic elements

 
EUPRAXIA: DELIVERABLE REPORT 

Doc. Identifier: 
Del 6.4 

Date:20. June 2018 

 

Grant Agreement 653782 PUBLIC 10 / 16 
 

providing and integrated gradient of 2.5 T was built30. At PLEIADES ICS a 16 sector Halbach system of 

5 mm bore diameter and maximum gradient of 560T/m with adjustable focusing by longitudinal 

translation of the PMQ triplet has been designed and built31. At the department fur Physik, Munchen 

two 12 sector Halbach ring PM systems using four radially magnetized magnets of 17 mm (15 mm) 

length, 6 mm bore diameter, 500 T/m gradient and 7.5 T (8.5 T) integrated gradient have been built 

for table-top FEL application32.  Within a CLIC-CERN collaboration a modified 12 sectors Halbach PM 

with Permendur main frame that also work as poles of 100 mm (300 mm), 8.25 mm bore diameter 

and 575 T/m gradient has been designed33. At ESRF, a compact PMQ with hybrid undulator type de-

sign of 24 mm bore diameter and 82 T/m gradient for storage rings use has been constructed34. 
   

Table 3: Characteristics of fixed gradient quadrupoles 

 

 
  

                                                
30 W. Lou, D. Hartill, D. Rice, D. Rubin, and J. Welch, “Stability considerations of permanent magnet quadrupoles for CESR 

phase-III upgrade," Physical Review Special Topics-Accelerators and Beams, vol. 1, no. 2, p. 022401, 1998 
31 Lim, P. Frigola, G. Travish, J. Rosenzweig, S. Anderson, W. Brown, J. Jacob, C. Robbins, and A. Tremaine, “Adjustable, short 

focal length permanent-magnet quadrupole based electron beam final focus system," Physical Review Special Topics- Accel-

erators and Beams, vol. 8, no. 7, p. 072401, 2005 
32 Eichner, T., Grüner, F., Becker, S., Fuchs, M., Habs, D., Weingartner, R., ... & Lauth, W. (2007). Miniature magnetic devices 

for laser-based, table-top free-electron lasers. Physical Review Special Topics-Accelerators and Beams, 10(8), 082401. 
33 M. Modena, J. Garcia Perez, P. Thonet, C. Petrone, A. Vorozhtsov, O. Dunkel, E. Solodko, and D. Tommasini, “Design, as-

sembly and first measurements of a short model for CLIC final focus hybrid quadrupole QD0," in Conf. Proc., vol. 1205201, 

p. THPPD010, 2012 
34 P. Ngotta, G. Le Bec, and J. Chavanne, Hybrid high gradient permanent magnet quadrupole," Physical Review Accelerators 

and Beams, vol. 19, no. 12, p. 122401, 2016 

Labs/Projects Gradient  [T/m] bore diameter [mm] 
PLEIADES ICS 550 5 

FEL LPA 500 6 

CLIC 575 8.25 

SLAC/Kyoto 285 14 

CESR 25.4 67 

CESR 27.5 67 

ESRF 82 24 

Permanent magnet quadrupoles of fixed gradient
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3. PERMANENT MAGNET BASED QUADRUPOLES OF FIXED 
STRENGTH 
 
Permanent Magnet based Quadrupoles (PMQs) mainly consist of Nd2Fe14B magnets due to their high 

remanent field and coercivity. Several Halbach based PMQ with fixed gradient were designed and built 

(see Table 3). With strong permanent magnet material NEOMAX made from Nd2Fe14B (Sumitomo Spe-

cial Metal Co, Ltd), a PMQ was fabricated (at Kyoto University/SLAC) with a modified Halbach configu-

ration28. Fig. 1 presents the magnetic design of the quadrupole where it consists of 12 magnets and 4 

poles with a 14 mm bore diameter and 100 mm magnetic length attaining a gradient of 285 T/m. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1
28

: (left) magnetic design of the quadrupole, (right) image of the quadrupole. 

 

A high gradient miniature PMQ is built for a laser-based table top free electron lasers29. It has a bore 

diameter of 6 mm with a magnetic length of 17 mm (as shown in Fig. 2) producing a field gradient of 

503 T/m. The quadrupole field is defined by four radially magnetized wedges of Nd2Fe14B with a rem-

anence field of 1.5 T. 

 

 

 

 

 

 

 

 

 

 
 

Fig 2
29

: (left) magnetic design of the quadrupole, (right) image of the quadrupole. 

 

In addition, various different PMQs have been built. At CESR a PM with a 16 sector Halbach system 

with 1.22 remanence field Nd2Fe14B magnets of 67 mm bore diameter and 92 mm magnetic length 

                                                
28 Y. Iwashita et al, Super strong adjustable permanent magnet quadrupole for the final focus in the linear Collider. Proceed-
ing of EPAC 2006, Edinburgh, Scotland 
29 T. Eichner et al, Miniature magnetic devices for laser-based, table-top free-electron lasers. PRST Accelerators and beams 

10, 082401 (2007) 

Y. Iwashita et al, Super strong adjustable permanent 
magnet quadrupole for the final focus in the linear 
Collider. Proceed- ing of EPAC 2006, Edinburgh, Scotland  

T. Eichner et al, Miniature magnetic devices for laser-
based, table-top free-electron lasers. PRST Accelerators 
and beams 10, 082401 (2007) 
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Permanent magnet quadrupoles of variable gradient
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Table 4: Characteristics of variable gradient quadrupoles 

Lab/Uni Gradient  [T/m] G [T] Bore diameter [mm] 
ILC 115 98.5 20 

COXINEL 208 93 11 
NLC 135 27 12.7 
SLAC 115 102 13 
ILC 120 98 20 

CLIC beam driver 60.4 45.4 27.2 
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4. PERMANENT MAGNET BASED QUADRUPOLES OF VARIABLE 
STRENGTH 
 
Various original designs were proposed and developed for a PMQ with variable gradient (see Table 4). 
A modified Halbach configuration PMQ with variable gradient is built for the final focus lens in a linear 
collider35. The quadrupole consists of an inner and outer ring, where the outer one is rotated to change 
the integrated gradient (see Fig. 3). The quadrupole bore diameter is 20 mm with a magnetic length of 
200 mm generating a maximum gradient of 115 T/m with tunability of 98 T/m. 

 
Fig 335: Diagram of the adjustable gradient quadrupole. 

 
An adjustable PMQ prototype has been designed and built in collaboration between CERN and STFC 
Daresbury Laboratory36. The design incorporates a novel method of adjustment based on moving the 
permanent magnets. The field is generated by four permanent magnets at an angle of 40° to the hori-
zontal and each pair is attached by a wedge-shaped bridge of ferromagnetic material, where the gra-
dient strength is varied by moving the bridge and permanent magnets vertically away from the center 
to increase the gap (See Fig. 4-left). The bore diameter is of 27.2 mm with a magnetic length of 241 
mm providing a maximum gradient of 60.4 T/m with a tunability of 45.4 T/m. A lower strength version 
is also designed with the same bore diameter but with 194 mm magnetic length (see Fig.4-right). The 
maximum gradient attained is 43.8 T/m with a tunability of 40.9 T/m. 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 436: (left) High-strength version PMQ design. (right) low-strength version. (blue) ferromagnetic material and (green) 
permanent magnets. 

                                                
35 T. Mihara, Y. Iwashita et al, Super strong adjustable permanent magnet quadrupole for the final focus in the linear Col-
lider. Proceeding of EPAC 2006, Edinburgh, Scotland 
36 B.J.A. Shepherd et al, Construction and measurement of novel adjustable permanent magnet quadrupoles for CLIC, Pro-
ceeding of IPAC 2012, New Orleans, USA 

 
EUPRAXIA: DELIVERABLE REPORT 

Doc. Identifier: 
Del 6.4 

Date:20. June 2018 

 

Grant Agreement 653782 PUBLIC 11 / 16 
 

 

4. PERMANENT MAGNET BASED QUADRUPOLES OF VARIABLE 
STRENGTH 
 
Various original designs were proposed and developed for a PMQ with variable gradient (see Table 4). 
A modified Halbach configuration PMQ with variable gradient is built for the final focus lens in a linear 
collider35. The quadrupole consists of an inner and outer ring, where the outer one is rotated to change 
the integrated gradient (see Fig. 3). The quadrupole bore diameter is 20 mm with a magnetic length of 
200 mm generating a maximum gradient of 115 T/m with tunability of 98 T/m. 

 
Fig 335: Diagram of the adjustable gradient quadrupole. 

 
An adjustable PMQ prototype has been designed and built in collaboration between CERN and STFC 
Daresbury Laboratory36. The design incorporates a novel method of adjustment based on moving the 
permanent magnets. The field is generated by four permanent magnets at an angle of 40° to the hori-
zontal and each pair is attached by a wedge-shaped bridge of ferromagnetic material, where the gra-
dient strength is varied by moving the bridge and permanent magnets vertically away from the center 
to increase the gap (See Fig. 4-left). The bore diameter is of 27.2 mm with a magnetic length of 241 
mm providing a maximum gradient of 60.4 T/m with a tunability of 45.4 T/m. A lower strength version 
is also designed with the same bore diameter but with 194 mm magnetic length (see Fig.4-right). The 
maximum gradient attained is 43.8 T/m with a tunability of 40.9 T/m. 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 436: (left) High-strength version PMQ design. (right) low-strength version. (blue) ferromagnetic material and (green) 
permanent magnets. 

                                                
35 T. Mihara, Y. Iwashita et al, Super strong adjustable permanent magnet quadrupole for the final focus in the linear Col-
lider. Proceeding of EPAC 2006, Edinburgh, Scotland 
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Other designs of PMQs with variable gradient have been proposed and developed: a design (SLAC, 

Fermilab collaboration) based on four permanent magnet blocks and four soft iron poles, with the 

possibility to retract linearly the permanent magnet blocks enabling an integrated gradient variation 

between 7 T and 68.7 T (gradient between 13 T/m and 115 T/m) for a 6.5 mm bore radius37; a "super 

hybrid quadrupole" concept (28 T/m, 7 T integrated gradient, 27.5 mm bore radius) combining perma-

nent magnetic material, coils and soft magnetic material with 30 % variability has been built38. A high 

reliability prototype quadrupole for next linear collider (NLC) of 12.7 mm bore with a range of inte-

grated strengths from 0.6 T to 132 T, a maximum gradient of 135 T/m and an adjustment range of 0 to 

-20% with a 1 micron magnetic center stability has been built and fully tested39. 

 

A new patented40 concept of compact hybrid permanent magnet quadrupoles of variable focusing 

strength for accelerators has been developed in the frame of the ERC COXINEL for handling the large 

divergence of the electron beams produced by LPA, while aiming at a free electron laser application 41. 

These so-called QUAPEVA (see Fig. 5) provide a large gradient (up to 200 T/m) and a wide tunability 

range (∼ 45%)42,43,44,45. They mounted on translation tables for fine alignment and combine a Halbach 

type quadrupole surrounded by four motorized rotating cylindrical magnets enabling the gradient ad-

justment and plates behind for magnetic field shielding. Seven built systems measurements confirmed 

the expected performance, and successfully enabled the LPA electron transport for COXINEL46. The 
magnetic center excursion while the gradient is modified remains in the ± 10 µm.  
 
 
 
 
 

 

 

 

 

 

 

Fig. 540: QUAPEVA scheme: Central Halbach hybrid ring (Nd2Fe14B PM blocks (blue), Iron-Cobalt alloy poles (orange)), variable 

part (radially magnetized PM cylinders (red), Iron-cobalt alloy plates (green). Aluminum frame for handling magnetic forces. 

(a) Maximum, (b) intermediate, (c) minimum gradient, (d) built QUAPEVA. 

 

                                                
37 S. C. Gottschalk, K. Kangas, T. E. DeHart, J. T. Volk, and C. M. Spencer, “Performance of an adjustable strength permanent 

magnet quadrupole," in Proceedings of the Particle Accelerator Conference, 2005. PAC 2005, pp. 2071{2073, IEEE, 2005 
38 G. Tosin, P. P. Sanchez, J. F. Citadini, and C. C. Vergasta, Super hybrid quadrupoles," Nuclear Instruments and Methods in 

Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment, vol. 674, pp. 67-73, 2012 
39 Rago, C. E., Spencer, C. M., Wolf, Z., & Yocky, G. (2002). High reliability prototype quadrupole for the Next Linear Col-

lider. IEEE transactions on applied superconductivity, 12(1), 270-273. 
40 C Benabderrahmane, ME Couprie, F Forest, and O Cosson. Multi-pôle magnétique réglable, 2016. WO2016034490 - 2016-

03- 10; C Benabderrahmane, ME Couprie, F Forest, and O. Cosson. Europe : PCT/EP2015/069649 of 27/08/2015, 

WOBL14SSOQUA / CA. 
41 M. E. Couprie et al. Journal of Physics B: Atomic, Molecular and Optical Physics, 47(23):234001, 2014. 
42 F . Marteau, A. Ghaith, P. N’Gotta, C. Benabderrahmane, M. Valléau, C. Kitégi, A. Loulergue, J. Vétéran, M. Sebdaoui, T. 

André, G. Le Bec, J. Chavanne, C. Vallerand, D. Oumbarek, O. Cosson, F. Forest, P. Jivkov, J. L. Lancelot, and M.E. Couprie, 

Variable high gradient permanent magnet quadrupole (QUAPEVA), Appl. Phys. Lett. 111, 253503 (2017) 
43 A. Ghaith et al., Proceeding FEL conference 2017, Santa Fe (USA), Jacow 
44 C. Kitegi et al., Proceeding FLS 2018, Shanghai (China), Jacow 
45 A. Ghaith, C. Kitegi, T. Andre, M. Valleau, F. Marteau, J. Vet- eran, F. Blache, C. Benabderrahmane, O. Cosson, F. Forest, et 

al., “Tunable high gradient quadrupoles for a laser plasma ac- celeration based FEL,” arXiv preprint arXiv:1712.03857, 2017. 
46 André, T., Andriyash, I. A., Loulergue, A., Labat, M., Roussel, E., Ghaith, A., ... & Marteau, F. (2018). Control of laser plasma 

accelerated electrons for light sources. Nature communications, 9(1), 1334. 

T. Mihara, Y. Iwashita et al, Super strong 
adjustable permanent magnet quadrupole for 
the final focus in the linear Col- lider. 
Proceeding of EPAC 2006, Edinburgh, 
Scotland

T. Mihara, Y. Iwashita et al, Super strong 
adjustable permanent magnet quadrupole for 
the final focus in the linear Col- lider. 
Proceeding of EPAC 2006, Edinburgh, 
Scotland  

F . Marteau, A. Ghaith, P. N’Gotta, C. 
Benabderrahmane, M. Valléau, C. Kitégi, A. 
Loulergue, J. Vétéran, M. Sebdaoui, T. André, G. Le 
Bec, J. Chavanne, C. Vallerand, D. Oumbarek, O. 
Cosson, F. Forest, P. Jivkov, J. L. Lancelot, and M.E. 
Couprie, Variable high gradient permanent magnet 
quadrupole (QUAPEVA), Appl. Phys. Lett. 111, 
253503 (2017)  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dispersion is corrected (Fig. 4a) (tilted beam in position I ro-
tates towards position II). A ±400 µm maximum correction
of QUAPEVA transverse displacement mitigates the residual
alignment errors of the quadrupoles and a change of the elec-
trons pointing. Then, on a daily basis, adjustments remain
within 10�150 µm. Further steps of BPAC include optimisa-
tion of the beam on the downstream screens before and after
the undulator. The horizontal dispersion is then corrected on
the screen located in front of the undulator (Fig. 4b): the initial
beam (I) is artificially dispersed vertically leading to a tilted
image (II) indicating the presence of horizontal dispersion,
that is then suppressed by rotating the beam towards the ver-
tical direction (III), finally the introduced vertical dispersion
is removed leading to a well-focused dispersion-free centred
round spot (IV). Fig. 4c compares the applied position correc-
tions of the dispersion-free electron beam from the model to
the experimental measurements. BPAC enables to control the
electron beam position and dispersion just at the exit of the
QUAPEVA all along the downstream line even in presence of
electron pointing and residual equipment misalignment.

0.0 0.5 1.0

Density (arb. units)

5 0 5
X (mm)

10

0

10

Z 
(m

m
)

I

II

10 0 10
X (mm)

10

0

10
a b c

10

10 I II

10 10
X (mm)

10

10 III

10 10

IV

FIG. 4: BPAC alignment method. Super-imposed images with the
appropriate adjustment of the QUAPEVA magnetic axis. a, Case
of screen in the middle of the chicane where the beam is horizon-
tally dispersed, correction of the vertical dispersion (from I to II). On
screen located at the undulator entrance: (b) initial beam (I), with
artificial vertical dispersion introduced (II), with horizontal disper-
sion corrected (III), with artificial vertical dispersion removed (IV),
(c) beam experimental transverse position control with respect to ex-
pected displacements from the model (black crosses).

As a final control step, the variable gradient of the
QUAPEVA allows for the fine tuning of the focusing with
respect to the electron beam. Minor tuning of quadrupole
strength (decrease of the second QUAPEVA strength by
1.5%) from the model enables the beam optimisation from a
cross shaped profile (Fig. 5a), to a symmetric small round spot
on the screen placed after the undulator (Fig. 5c). Numerical
analysis demonstrates that the cross shape results from elec-
trons being focused at different energies accordingly to their
planes, as illustrated in phase space plots. Measurements and
simulations are similar; the tilt of the cross resulting from
a remaining skew quadrupole component of the QUAPEVA
magnets. Furthermore, the strength of all the quadrupoles
(QUAPEVA and electromagnetic quadrupoles) is also varied
along the line by the same ±2% amount (Figure 5b-d). The
electron beam remains well centred on the screen while keep-

ing the same size. Indeed, phase space plots are not modified
in shape but the focused part is just translated along the en-
ergy axis. Each energy slice of the electron beam is focused
one after the other along the undulator, a similar image being
achieved for every slice [41]. The fact that the beam shape re-
mains more or less identical while focusing different energies
in the experiments indicates a clear and robust control of the
transport.
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FIG. 5: Transverse profile of the electron beam for different
quadrupole strengths. Electron beam optics focusing on the screen
downstream the undulator without slit, for the 176 MeV refer-
ence case. Experimental, simulated profiles and associate modelled
phase space plot (a) mismatched case, (c) well-focused case with a
1.5 % correction of QUAPEVA2, variation of the gradients of all the
quadrupoles (permanent magnet and electromagnetic) by �2 % (b)
and +2 % (d).

Following the above strategy, the electron beam is prop-
erly handled all along the line. The measured beam transverse
distributions (Fig. 1 upper images) correspond indeed to the
simulated ones (Fig. 1 lower images).

The shaped electron beam is suitable for the observation
of the undulator synchrotron radiation with a camera installed
under vacuum at the end of the line. Figure 6a and b dis-
play the transverse profiles of the radiation measured and sim-

T. André et al., Control of laser plasma accelerated electrons for light sources, Nature Communications (2018) 9:1334

Dz introduced

Dz removedDx corrected

D6.4 Specific magnetic elements
Example of application to COXINEL line


