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Abstract 
Four In-Vacuum Undulators (IVU) were recently in-

stalled to Photon Factory (PF) at KEK. The estimate of 
their impedance and kick factors is a very important issue, 
because they could considerably increase the total imped-
ance of PF. Moreover, the coupling impedance of the 
IVUs could lead to the beam energy loss, changes in the 
bunch shape, betatron tune shifts and, finally, to the vari-
ous beam instabilities. Using the simulation tool (CST 
Particle Studio), longitudinal and transverse impedances 
of the IVUs were evaluated and compared to analytical 
formulas and measurement results. The study provides 
guidelines for mitigation of unwanted impedance, for an 
accurate estimate of its effects on the beam quality and 
beam instabilities and for the impedance budget of a new-
ly designed next-generation machine which has many 
IVUs and small-aperture beam pipes. 

INTRODUCTION 
Accelerator components can interact with bunched 

particles through their inducing wake fields and imped-
ance. Impedances lead to unwanted effects such as beam 
energy loss, changes in the bunch shape, betatron tune 
shifts, and to the various beam instabilities. Knowledge of 
impedances of the accelerator components is of a great 
importance because it allows to improve the performance 
the accelerator essentially. Therefore, they should be 
carefully estimated and evaluated in the very beginning of 
the design process of any high intensity machine. 

At KEK Photon Factory (PF) light source, we have 
four newly installed In-Vacuum Undulators (IVUs). The 
IVU’s vacuum chamber has a complex geometry. It con-
sists of two taper transitions between the undulator and 
the beam chamber, one copper plate on the undulator 
magnets for RF shielding of the magnets from a beam, 
and two step transitions between the octagon and the taper 
region. Each part makes its own impact on the total fre-
quency dependent impedance of the entire IVU. Design 
issues of IVU including taper regions, undulator plates 
and step transitions are well-studied (see, for example,  
[1 – 4]). Such Insertion Devices (IDs) are known to make 
small impacts on the total impedance of a machine [5]. 
However, the PF IVUs were installed much after the 
construction of the ring itself was completed, and there 
was a need of the proper IVU’s impedance evaluations. 

 To quantify IVUs induced impedance we engaged 
both a powerful simulation tool (Wakefield Solver of 
CST Particle Studio [6]), and theoretical assessments (for 

cross-checking the results of simulation), and, finally, an 
experimental reconciliation of the impedance values ob-
tained from our studies. Such a comprehensive analysis 
shown in this article will be a standard procedure for the 
design of new accelerators. It allows to predict the thresh-
olds of instabilities and to assess the influence of collec-
tive effects [7 – 8]. 

A few decades ago only 2D modeling of devices with 
axial symmetry was available. And to evaluate the imped-
ances of real sections of the accelerator, scientists had to 
rely entirely on the results of the measurements [9]. Now-
adays 3D impedance simulation tools (CST Particle Stu-
dio, GdfidL, MAFIA, etc.) have comparably good relia-
bility and improved performance. Therefore, they provide 
an ability to simulate IDs and accelerator components 
with their full geometries. For example, at PETRAIII the 
wakefields of the whole IVU vacuum vessel were evalu-
ated, although it required a considerable computing pow-
ers [2]. In the process of simulation of wakefields and 
impedances, the attention of scientists has been gradually 
shifted to the consideration of chamber shapes different 
from the circular geometry (rectangular, elliptical). Thus, 
we began to distinguish between dipolar (or driving) and 
quadrupolar (or detuning) contributions to the transverse 
impedance, whereas only impedance of the dipole mode 
has been studied previously. This new treatment gives an 
advantage to obtain different impedance effects on the 
beam dynamics. Namely, the dipolar wake provides an 
information about instabilities growth rate. And quadru-
polar wake impacts on incoherent effects such as emit-
tance growth and damping. This approach is a courtesy of 
CERN impedance group [10 – 11]. 

In this study we show how we identify the major im-
pedance contributors and evaluate their impedance using 
theoretical formulas, CST Studio simulations and meas-
urements. The KEK future light source will include one 
IVU for each lattice cell, therefore many IVUs are 
planned to be installed. Evaluation and improvement of 
their impedance is one more target of the present study. 
Now, let us discuss the details of these impedance evalua-
tions, and its experimental confirmation. 

IMPEDANCE EVALUATION FOR PF IVU 
BY SIMULATIONS AND THEORY 

The PF IVU consists of three parts (see Fig. 1 a) – c)). 
Each of these parts impacts on the total impedance of the 
IVU. They are:  

 Taper between the flange and the undulator (200 μm 
thick) for the geometrical impedance.  ___________________________________________  
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Figure 1: Three major impedance contributors of PF IVU: a). Taper between the flange and the undulator (200 μm 
thick) for the geometrical impedance; b). Copper plate (60 μm copper and 25 μm nickel coating) on top of the undulator 
for the resistive-wall impedance; c). Step transition from the octagon to the rectangular chambers. 

 
 Copper plate (60 μm copper and 25 μm nickel coat-

ing) on top of the undulator for the resistive-wall im-
pedance. 

 Step transition from the octagon to the rectangular 
chambers. 

In the following they will be treated separately. 

Geometrical Impedance of Taper 
To calculate the pure geometrical impedance of the ta-

per, we first assume the perfectly conductive material 
instead of the copper resistivity. The CST model of the 
taper is shown in Fig. 2. It is known that a very fine mesh 
( z ) is needed for accurate calculations of the taper im-
pedance. The empirical formula [12]: 

100 .za
z z

     (1) 

Here a  is a chamber radius,  is a taper angle, and z  is 
the bunch length ( 10z mm  in the PF case). For the PF 
IVU the mesh size is found to be 150z m . 

The IVU impedance is greatly affected by the size of its 
gap ( 2b  in Fig. 2). When the ID is closed, even a differ-
ence of 0.5 mm in the gap yields a drastic increase of 
impedance. For a better and more economical design in 
future, we also studied the dependence of kick factors on 
the taper width. Conclusion before the results are: the 
present 100 mm is reasonable and close to optimal width. 
For the future IVU designs, the length of the taper (or its 
angle) is one of the key parameters of impedance evalua-
tion. Its consideration was excluded from the present 
study because the IVUs were already designed and in-
stalled. 

The taper structure is known to produce nearly pure in-
ductive impedance even with a vessel included:  

,lZ i L  0 ( ) ( / ),l

d
W z Lc z c

dz
  (2) 

where lZ  is a longitudinal impedance of the taper,  is a 
frequency, and L  is the inductance. The theoretical for-
mula for longitudinal impedance reads [13] (see Figs. 3 – 
5): 

20 0 ( ') ,
4

lZ Z g
i g F dz

n c w
   (3) 

 
Figure 2: CST model of the IVU taper. 

 
Figure 3: Normalized longitudinal impedance of the taper 
(gap dependence, width fixed to 100 mm) by theory (red 
line), and by simulations (green triangle). 

 
Figure 4: Normalized longitudinal impedance of the taper 
(width dependence, gap fixed to 50 mm) by theory (red 
line), and by simulations (green triangle). 
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Figure 5: Normalized longitudinal impedance of the taper 
(width dependence, gap fixed to 4 mm) by theory (red 
line), and by simulations (green triangle). 

2

0

1( ) sech (2 1) tanh (2 1) .
2 1 2 2m

x x
F x m m

m
 (4) 

Here /lZ n  is the normalized longitudinal impedance, 

0 377Z  is the impedance of the free space, and 0  is 
the angular revolution frequency. At PF 0 2 1.6 .MHz  
The parameter g  describes the vertical profile of the 
taper along the z  axis, and w  is the width of the taper (
b w l ). 

We need a careful treatment of the transverse imped-
ance, since it includes both the dipolar and the quadrupo-
lar components [10]: 

, 1 2 , 1 , 2( , , ) ( ) ( ) ,y tot y dip y quadW y y z W z y W z y  (5) 

where , 1 2( , , )y totW y y z  is a total wake received by the 
beam. In CST simulations they can be calculated by dis-
placing the beam and the wake integration path separately 
[11]. According to Krinsky [14], theoretical formula for 
dipolar impedance is as follows: 

2
0

2
0

( , ) ( , )( )
2 2sinh

n n
yD n

n n

Z H k k H k k
Z k i d

b ik b

 (6) 

and 
1

1 2( )( )
1 2 1 2( , ) '( ) '( ) ,

z
i p k z zР p k S z S z e dz dz  (7) 

where the width w , the parameter k  is a perturba-

tion wave number, 2 2 2( ) ( )nk b kb n . The func-
tion of the longitudinal position 0 0( ) ( ( ) ) /S z a z a a  
means a fractional deviation of the taper radius from the 
average one ( 0a ). For analytical estimation of the quad-
rupolar impedance, a formula derived by Stupakov [13] is 
used ( b w l ): 

2
0

2

( ') ,
4yQ

Z g g
Z i G dz

wg
   (8) 

with 

2

0
( ) (2 1)

m

G x x m  

2sech (2 1) tanh (2 1) .
2 2
x x

m m  (9) 

Both the dipolar and the quadrupolar impedances pro-
duce vertical kick factors. In the case of Gaussian beam 
their relation could be expressed by the following:  

Im
.

2
y

y

z

Z c
k      (10) 

Figures 6 - 9 show the comparison of the analytical 
Eqs. (6) – (7) and (8) – (9) with the CST simulation re-
sults for the dipolar and quadrupolar vertical kick factors 
of the taper. 

To sum up, the calculation of kick factors is most im-
portant since it provides additional coherent vertical tune 
shift. During machine measurements a tune shift could be 
detected. It includes both of dipolar and quadrupolar 
impacts. 

 
Figure 6: Dipolar vertical kick factor of the taper (gap 
dependence, width fixed to 100 mm) by theory (red line), 
and by simulations (green triangle). 

 
Figure 7: Dipolar vertical kick factor of the taper (width 
dependence) by simulations. The gap fixed to 50 mm 
(top), the gap fixed to 4 mm (bottom). 
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Figure 8: Quadrupolar vertical kick factor of the taper 
(gap dependence, width fixed to 100 mm) by theory (red 
line), and by simulations (green triangle). 

 
Figure 9: Quadrupolar vertical kick factor of the taper 
(width dependence, gap fixed to 4 mm (top), to 50 mm 
(bottom)) by theory (red line), and by simulations (green 
triangle). 

Resistive-Wall Impedance of Undulator 

By using the copper resistivity in CST, we can calculate 
the resistive-wall impedance of the undulator with the 
copper plate (the electric conductivity of copper is 

75.9 10 /c S m ). The CST model of the undulator RF 
shielding with the Cu plate is shown in Fig. 10.  

The vertical kick factor of the undulator plates was es-
timated using the following relation [15]: 

 
Figure 10: CST model of the undulator RF shielded by 
the copper sheet. 

0
. . 3

2 5 ,
48yR W

z c

Z ccL
k

b
    (11) 

where L  is a length of the undulator ( 480L mm  for the 
PF IVU), and (5 / 4) 0.9064 . The comparison between 
Eq. (10) and the CST simulation is given in Fig. 11. It 
demonstrates an excellent agreement between theory and 
simulations. 
 

 
Figure 11: Resistive-wall vertical kick factor of the undu-
lator (gap, dependence, width fixed to 100 mm, length 
fixed to 480 mm) by theory (red line), and by simulations 
(green triangle). 

Geometrical Impedance of Step Transition 
Low-frequency impedance of the step transition at the 

beginning of the taper was estimated using CST. Corre-
sponding dipolar and quadrupolar kick factors have very 
small contributions to the total vertical kick factor and 
saturate at width 150w mm . The impact of the step 
transition is three orders less than other components; 
therefore, we ignore it in the following treatment. 

Total Transverse Impedance of the IVU 
The total vertical kick factor due to 1 IVU including 

dipolar and quadrupolar kicks of the taper and resistive-
wall kick of the undulator copper plates is summarized in 
Fig. 12. Table 1 provides more detailed information re-
garding the kick values.  

An excellent agreement is seen between the theoretical 
predictions and the CST Studio simulations for PF IVU. 
Therefore, the new impedance evaluations of PF IVU are 
accurate enough in the framework of the theory and the 
simulation codes. We can use these calculation results and 
computation resources and techniques for future imped-
ance measurements, for the design of new IVUs, and even 
for the impedance budget of the components of any new 
accelerator. 

Before moving to the next section (tune shift measure-
ment) some preparation work should be done. Namely, 
we need to evaluate an additional betatron tune shift ( )
 by 4 IVU at PF. We apply the well-known relation [16]: 

0

4
,

4 ( / )
y

b

k

I f E e
    (12) 
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where bI  is the bunch current, 0 1.6f MHz  is a revolu-
tion frequency of PF ring, and E   is the beam  energy 

2.5(E GeV  at PF). With the kick data shown in Table 1, 
and average betatron function in the center of the taper 

, 0.6406y taper m , and in the center of the undulator 

, . . 0.4657y R W m , one can obtain the tune shift value 

per unit of current 6 1/ 9.33 10bI mA  as the sim-
ulation result, and 6 1/ 9.967 10bI mA  as the 
analytical result.  

Table 1: Vertical Kick Factors of PF IVU 
Vertical kick factor per 1 IVU CST PS Theory 
Taper vertical 
kick factor, 
V/pC/m 

Dipolar 110.47 116.13 

Quadrupolar 16.64 24.61 

Undulator verti-
cal kick factor, 
V/pC/m 

Dipolar 50.80 
75.57 Quadrupolar 26.40 

Total vertical kick factor, V/pC/m 204.31 216.31 

 
Figure 12: Total vertical kick factor of the IVU (gap de-
pendence, width fixed to 100 mm) by theory (red line), 
and by simulations (green triangle). 

MEASUREMENTS OF KICK FACTORS 
We carried out tune shift measurements at PF based on 

the RF-KO (RF Knock Out) method [16]. In this method 
the responses of the strip line kicker oscillations were 
measured by sweeping the bunch current (equal to chang-
ing the betatron frequency) using a spectrum analyser 
equipped with a tracking generator. The switch to the 
single bunch operation mode and switch-off of the feed-
back system are crucial conditions for this measurement. 
In the multi-bunch mode, the current dependence of the 
tune shift is rather small. The feedback system introduces 
false signals and greatly influences the measurement 
result. Therefore, it is important to keep the bunch current 
below the instability threshold. 

The additional tune shift corresponds to a difference of 
the vertical tune shifts for ID open (gap=38mm) and ID 
closed (gap=4mm) cases. We closed all four IVUs simul-
taneously to increase the effect. In fact, we tried to close 
the ID gaps one by one, and we do indicate reasonable 
tune shifts. One of the results of the tune shift measure-
ment is shown in Fig. 13. The data were measured manu-
ally about 20 times at each current value with a step of 
0.5~1 mA. We obtain the average tune shift of four meas-

urements to be 6 1/ 11.7615 1.4955 10bI mA  (including the data fitting error).  

 
Figure 13: Tune shift measurement result. 

An alternative method to measure the vertical kick fac-
tor of the IVU, called “the orbit bump” method, was in-
troduced it in [17] and further developed in works [18  – 
19].  It creates an orbit bump at the location including 
IVU. One needs to measure the orbit deviations at many 
BPM positions to reduce statistical errors. In addition, 
there is a need to repeat the above procedure for different 
orbit bumps and bunch charges to eliminate systematic 
errors caused by intensity dependent behavior of BPM 
electronics. Finally, using the analytical formula and the 
Twiss parameters of the ring, we can identify the kick 
factor of IVU. The orbit bump ( 0y  ) creates orbit devia-
tions proportional to the kick factor of IVU along the ring 
[1]: 

0
0 0

( ) ( )
( ) cos ( ) ( ) ,

/ 2sin( )y

s sq
y s k y s s

E e
   (13) 

Here q  is a bunch charge variation, ( )s  is a betatron 
function, 0s  is an impedance location, and ( )s  is a beta-
tron phase advance. The corresponding measurement is 
scheduled in this spring. 

CONCLUSION 
In summary, we have identified the major impedance 

contributors of PF IVU and successfully evaluated their 
impedance using theoretical formulas, CST Studio simu-
lations and measurements. The three evaluations show 
very good agreements. The present methods and proce-
dures will greatly help the design of future IVU for fur-
ther reduction of impedance. 
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