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Abstract 
The compact Energy Recovery Linac (cERL) was con-

structed and operated at KEK. For the cERL we designed 
and fabricated the eight main bending magnets, fifty sev-
en quadrupole magnets, four sextupole magnets and six-
teen small bending magnets [1]. These magnets are used 
at 3 MeV (for low energy part) and 20 MeV (high energy 
part) beam energy now, but we designed them to be used 
for maximum 10 MeV and 125 MeV beam energy for 
future upgrade of the cERL. The magnetic field analysis 
was done by 2D and 3D simulation code (OPERA) to 
design magnet shape. The main bending magnets and 
quadrupole magnets are made of electromagnetic steel 
sheet and the other magnets are made of electromagnetic 
soft iron. In this paper, we show the detail of the design-
ing and fabricating work of those magnets. 

INTRODUCTION 
The cERL was constructed in 2013 and started opera-

tion in 2014. Now we have been commissioned continu-
ously [2].  

At the cERL, electron beam that generated by the pho-
tocathode electron gun are accelerated by the injector 
linac and the main linac. They go around two arc sections, 
and return to the main linac. Then they are decelerated, 
and ejected to beam dump. The Illustration of the cERL is 
shown in Fig 1. 

In November 2015, four sextupole magnets were in-
stalled in the two arc sections for the demonstration of 
bunch compression. And during beam commissioning in 
March 2016, we operated bunch compression mode and 
measured bunch lengths by OTR in the south straight 
section just after the first arc [3].  

 
 

 
Figure 1: Illustration of the Compact ERL. 

BENDING MAGNETS 
There are eight main bending magnets and sixteen 

small bending magnets in the cERL. Parameters of the 
bending magnets are shown in Table 1.  

Main Bending Magnets 
Main bending magnets are trapezoidal shaped sector 

type magnets. Their bending radii are 1m, and bending 
angles are 45degree. The magnetic core consists of the 
lamination of the silicon steel. The edge was cut in order 
to form sector shape after bonding laminated steel.  

Shape of the magnet cross section was decided by 2D 
simulation to obtain the required good field region 
(G.F.R.). These magnets have a large sagitta and the re-
quired G.F.R. [ By/By0  ±5E-4] is about 150 mm. 

To obtain the required G.F.R., the shims [4] that are 
trapezoidal extensions above the pole faces, were opti-
mized by 2D simulation [5].  

 We need to use these magnets from low energy to high 
energy. But magnetic permeability of the steel is lower at 
low field region, and using low permeability steel, G.F.R. 
reduces. Therefore, we selected NSSMC 50H250 steel [6] 
that is relatively high permeability at low field. 

The edge effects of the magnet were compensated by 
end shims made of rectangle steel attached both ends of 
the magnet faces. The shape of the end shim is designed 
by 3D simulation to obtain the integral G.F.R. over 150 
mm.  

The main bending magnets photo and Opera model are 
shown in Fig 2. 

 
Figure 2: main bending magnets at second arc section 
(left) and opera model (right). 

Small Bending Magnets  
Sixteen small bending magnets are used for injecting an 

electron beam from an injector, ejecting a decelerated 
beam to its dump and adjusting the circumference of the 
recirculation loop.  

The magnetic core of these magnets consists of the 
electromagnetic soft iron (NSSMC NS-MIP250N) instead 
of the silicon steel because each type of the magnets has a 
different cross section shape.  

In general, the magnetic property of the electromagnet-
ic soft iron is deteriorated by mechanical processing, and 
at the low field region, that deterioration becomes signifi-
cant large. 

 ___________________________________________  
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Table 1: Parameters of the Bending Magnets 

Magnet type Number of 
magnets 

Core 
WxHxL 

[mm] 

Gap 
Height 
[mm] 

Pole 
Width 
[mm] 

Maximum 
current  

[A] 

Coil 
turn 

numbers

Maximum mag-
netic field [T] 

Good field 
region [mm] 

Main Bend 8 490x540x820 60 230 100 28x2 0.817 150 

Merger A 3 420x320x200 70 180 10 95x2 0.0456 80 

Merger B 1 410x335x200 60 215 10 82x2 0.0498 30 

Merger C 1 420x385x200 70 180 10 190x2 0.0925 115 

Dump A 2 425x325x300 70 195 10 79x2 0.0351 95 

Dump B 1 435x345x300 70 195 10 158x2 0.0701 95 

Circumference ad-
juster chicane 

4 440x450x300 70 240 30 184x2 0.248 140 

And it is necessary to do magnetic annealing that keeps 
890 degrees for 1 hour, if we want to recover the charac-
teristic of magnetic permeability [7]. 

In the cERL the chicane magnets are excited to about 
0.1 T, the magnetic permeability of these magnets is de-
graded about 50%. So we decided to perform magnetic 
annealing at the last process of the magnet fabrication.  

However, it was necessary to consider the possibility 
that the gap height became larger than its tolerance 
[±50 m] by transformation due to the magnetic anneal-
ing. We measured transformation before and after the 
magnetic annealing by using test block. We concluded 
that the transformation is so small that the gap height is 
within its tolerance after magnetic annealing. 

We also designed the shape of the magnet using 2D 
and 3D magnetic simulation, and the magnet pole with  
shims were optimized and end shims were attached on the 
both ends of the magnets to obtain required integral 
G.F.R.  

 Measured magnetic field for Magnet No.2 of Merger 
A was shown in Fig. 3. The integral magnetic field distri-
bution from the 3D simulation corresponds reasonably 
well with measurements by a flip-flop coil method [8]. 
 

Figure 3: magnetic field measurement for Magnet No.2 of 
Merger A. Simulation corresponds reasonably well with 
measurement. 

Trajectory and Fringe Field Integral 
At the ERL, the electron beam are accelerated by the 

main linac, and decelerated by the same main linac for the 
energy recovery. We need to adjust the circumference for 
efficient energy recovery. To estimate orbit length in the 
bending magnets, trajectories are calculated using Opera 
3D code. By using those results, coordinates of the mag-
nets were decided to adjust the circumference precisely. 

Fringe field integrals [9] were calculated from the field 
map of the 3D magnets simulation. Those results were 
utilized as a basic parameter of the orbital calculation 
code. 

QUADRUPOLE MAGNETS 
We made two types of quadrupole magnets, 100mmQ 

for the low energy part and 200mmQ for the high energy 
part. The magnetic core consists of the lamination of the 
silicon steel (NSSMC 50H250) [6]. The core shapes of 
both magnets were the same, so they made by using same 
press die. Parameters of the quadrupole magnets are 
shown in Table 2. 

We designed the quadrupole magnets shape in the same 
way as the bending magnets. The shape of the magnet 
cross section was optimized by 2D simulation. Tangential 
shims [4] on the pole surface were optimized to obtain 
required G.F.R. and to compensate the edge effects, the 
end shims were attached to both ends of the magnets. The 
100 mm type quadrupole magnets were shown in Fig. 4 
(left) and its opera model was shown in Fig. 4 (right). 

 

Figure 4: 100mmQ after merger section (left) and opera 
model (right). The end shim is described in blue.  
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Table 2: Parameters of the Quadrupole and Sextupole magnets 
Magnet 

type 
Number of 

magnets 
Core length 

[m] 
Bore 

diameter 
[mm] 

Maximum  
current  

[A] 

Coil turn 
numbers 

Maximum magnetic 
field gradient  

Good field region 
[mm] 

100mmQ 13 0.1 60 5 240/pole 4.545[T/m] 50 

200mmQ 44 0.2 60 100  (high energy ) 25/pole 8.310 [T/m] 50 

5 (low energy) 280/pole 4.622[T/m] 

SX 4 0.1 70 10 100/pole 166.78 [T/m2] 60 

For optimising the tangential and end shim, we estimate 
directly width of the G.F.R. [ B’y/B’y0  ±5E-4] from the 
field map of the magnetic simulation not to estimate har-
monics of the field. The estimated G.F.R. is shown in Fig 
5. The left side of the figure is 2 dimensional G.F.R. with 
and without the tangential shim of which start point is 
25.2 mm. Similarly the right side is 3 dimensional inte-
gral G.F.R. for 200mmQ with and without the end shim 
having the cutting width of 18 mm and thickness of 5 
mm. They show that the tangential and end shims are 
effective to extend G.F.R. 
 

 
Figure 5: G.F.R. with and without tangential shim (left) 
and integral G.F.R. for 200mmQ with and without end 
shim (right). G.F.R is extended by each shim. 

SEXTUPOLE MAGNETS 
We installed the sextupole magnets in November 2015 

to use for the bunch compression. The magnetic core of 
these magnets consists of the electromagnetic soft iron 
(NSSMC NS-MIP250N). For the fabrication, we perform 
magnetic annealing after mechanical processing to recov-
er the characteristic of magnetic permeability in the same 
way as the small bending magnets of the cERL. The pa-
rameters of the sextupole magnets are shown in Table 3. 

We designed the shape of the magnet cross section in 
the same way as the quadrupole magnets to estimate di-
rectly width of the G.F.R. [ B’’y/B’’y0  ±5E-3] by the 
field map of the 2D simulation, and optimized the tangen-
tial shims shape. But for deciding of the end shim, we 
optimized their shape to minimize their allowed harmon-
ics. Because of deriving second derivatives of the field, 
the error becomes extremely large, so we couldn’t esti-
mate integral G.F.R. properly.   

The shape of the end shim for the sextupole magnet is 
similar to the quadrupole magnets (see Fig. 4 right). We 
calculated the harmonic of the magnetic field as a func-
tion of the thickness (d) and the width of the bottom (w) 
of the end shim. 

Allowed harmonics a6 and a10 divided by fundamental 
a3 are shown in Fig.6.  We calculated 3 cases, w=36.5 
mm, 38 mm, and 40 mm. Each cases has a thickness that 

a6/a3 became nearly zero (see. Fig5 (left)), d=3.5 mm for 
w=36.5, d=4 mm for w=38 mm and 40 mm. Then a15/a3 
became smaller at w=36.5 mm and d=3.5 mm than the 
other cases (see Fig 5(right)). So we decided the end shim 
for the sextupole magnet was w=36.5 mm and d=3.5 mm.  
 
 

 

Figure 6: allowed harmonics a9/a3 (left) and a15/a2 (right) 
for several end shim shape. Case of w=36.5 mm and d=3.5 
mm is the smallest. 

CONCLUSION 
We designed and fabricated the eight main bending 

magnets, fifty seven quadrupole magnets, four sextupole 
magnets and sixteen small bending magnets for the cERL. 

The shapes of the magnet cross sections were designed 
to obtain required G.F.R. by 2D simulations and the end 
shims to compensate the edge effect were optimized by 
3D simulations. 

Trajectory in the magnets and the fringe field integrals 
were calculated for deciding coordinates of the magnets, 
and to use for a basic parameter of the orbital calculation 
code. 

The small bending magnets and sextupole magnets 
consist of the electromagnetic soft iron, which is signifi-
cantly deteriorated by mechanical processing at the low 
field region. To recover the deterioration, magnetic an-
nealing was adopted after mechanical processing. 
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