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Abstract 
When a beam passes through insertion devices (IDs) 

with narrow gap or beam ducts with small aperture, it re-
ceives a transverse kick from the impedances of those de-
vices. This transverse kick depends on the beam transverse 
position and beam parameters such as the bunch length and 
the total bunch charge. In the orbit bump method, the trans-
verse kick factor of an ID is estimated through the closed 
orbit distortion (COD) measurement at many BPMs for 
various beam currents [1]. In the present study, we created 
an orbit bump of 1 mm using four steering magnets, and 
then measured the COD for two cases: when the gap is 
opened (the gap size is 42 mm) and when the gap is closed 
(the gap size is 3.83 mm). The ID’s kick factors obtain by 
these measurements are compared with those obtain by 
simulations and analytical evaluations. 

INTRODUCTION 
At KEK Photon Factory (PF) light source, we have four 

newly installed in-vacuum undulators (IVUs). They are lo-
cated in short straight sections as shown in Fig. 1. The vac-
uum chambers of those IVUs have complex geometry: nar-
row gaps inside the undulators (the minimum gap is 3.83 
mm) and tapers at the ends of undulators. Those gaps are 
much smaller than the typical aperture of the PF normal 
vacuum ducts.  

 
Figure 1: Locations of the IVUs in the PF ring. 

First, the kick factors of the four IVUs were estimated 
analytically and by CST Studio simulations [2]. 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. 2. 

To confirm the accuracy of the calculated transverse kick 
factors, we have measured the transverse tune shift with a 
single bunch based on the RF-KO (RF Knock Out) method 
[3]. The additional tune shift corresponds to a difference of 
the vertical tune shifts for ID open (the gap size is 42 mm) 
and ID closed (the gap size is 3.83 mm) cases. The result 
of the tune shift measurement is shown at Fig. 3. All the 
three evaluations demonstrated very good agreements. 
Thus, theory gives the tune shift value per unit of bunch 

current of 6/ 10.60 10bI       mA-1. The CST Studio 

simulation gives those of 6/ 10.06 10bI       mA-1. 

And the tune shift measurement yields the value of 
6 6/ 10.96 10 1.86 10bI         mA-1 including the fit-

ting error. 

 
Figure 2: Total vertical kick factor due to 1 IVU (gap de-
pendence, width fixed to 100 mm) by theory (red line), and 
by simulations (green triangle). 

 
Figure 3: One of the measurement results of the additional 
tune shift due to the four IVU at PF. 
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The purpose of the present study is further check of the 
transverse kick evaluation accuracy. To do so, we adopted 
the orbit bump method. We created local orbit bump at the 
IVU15 location and measured CODs at various BPMs for 
different beam currents. From these measurements, we cal-
culated the distribution of transverse kick factors along the 
undulator. In the following, we show more details of these 
measurements.  

ORBIT BUMP METHOD 
The orbit bump method uses a local bump to create trans-

verse kicks from components inside the bump. This tech-
nique was invented at Budker Institute, Novosibirsk [1]. It 
was successfully applied to the evaluation of the transverse 
impedance distribution along rings at Diamond light source 
[4], ESRF [5], APS [6], and many others. 

The orbit bump method is found to be useful for beam 
ducts with considerable inhomogeneities such as flanges, 
ceramic breaks, bellows etc. The orbit bump generates or-
bit deviations at various places of the ring. Their differ-
ences for two different bunch currents are expressed by the 
following formula [4]: 

 0
0 0

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

/ 2sin( )y

s sq
y s k y s s

E e

 
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(1) 
where q  is the difference of the two bunch charges, yk  

is the transverse kick factor of the ID, 0y  is the bump size, 

( )s  is the betatron function at the s  location. Note, that 

0s  corresponds to the location of the transverse kick. The 

parameter ( )s  is the betatron phase advance,   is the be-

tatron tune, and E  is the total beam energy. 
We have followed the procedure outlined by V. Smaluk 

[4]. The first procedure is to estimate orbit deviations at all 
BPM locations (there are 65 BPMs at PF ring) created by 
the local bump of 1 mm at IVU15 location (see Fig. 1) us-
ing the analytical evaluations and CST Studio simulations 
of impedance of the IDs. Here, major impedance sources 
are the resistive-wall impedance of the 500 mm long undu-
lator and the geometrical impedance of the 108.5 mm long 
tapers [2 – 3].  

In Smaluk’s paper, the kick factors are lumped at the 
center of the undulator to estimate their effects approxi-
mately. This method does not work for our case, since the 
beta function at the ID is very small and thus the phase ad-
vance and the beta function are changing rapidly there. 
Thus, we have distributed the kick factors along the ID, as 
shown in Fig. 4, instead of lumping the total transverse kick 
factor to the center of ID. This trick allows us to obtain 
more accurate estimate of orbit deviations at the BPMs. 
The kick factor due to the resistive-wall impedance, 

. . 88.6y R Wk   V/pC/m, was uniformly distributed among 5 

segments of the undulator. The kick factors of the two ta-
per’s geometrical impedance, 66.5y taperk   V/pC/m, were 

placed at the center of each taper (see Fig. 4). The betatron 

functions and the betatron phase advances at the corre-
sponding locations were used. For an undulator of consid-
erable length, this procedure is essential, because the phase 
advance will change significantly along the ID. Apparently 
from Eq. (1), the lumping approximation may not provide 
accurate estimate of orbit deviations. The values of the be-
tatron and the betatron phase advance functions for ID15 
are listed in Table 1. 

The other parameters for the PF ring are: the bunch 
charge difference 6.25q   nC, the betatron tune 

5.28  , and the total beam energy 2.5E   GeV. With 
these parameters, we expected the maximum COD at BPM 
locations is 1.5y   µm. 

 
Figure 4: Transverse kick distribution along the ID. 

Table 1: Betatron Functions and Betatron Phase Advances 
at the ID15 Locations 

Position, m Phase advance Betatron fn, m 
91.28374 14.58973 0.640564 
91.41274 14.7194 0.520919 
91.51274 14.89362 0.476824 
91.61274 15.10334 0.47522 
91.71274 15.2971 0.516108 
91.81274 15.43696 0.599488 
91.94174 15.53072 0.76981 

MEASUREMENT 
For the ID15 measurement we used the following work-

flow: 
 Change the operation to the single bunch mode. 
 Open gaps of all IDs of the ring. 
 Turn the feedback off. 
 Adjust the beam orbit. 
 First without bump. Measure the COD at all BPM lo-

cations several times for the ID gap open/closed cases 
and for the beam currents of from 4 mA to 24 mA with 
step of 4 mA. 

 Create 1 mm bump and repeat the previous step. 
The parallel bump (Fig. 5) with trapezoidal shape was 

created using the four steering magnets: two in upstream 
and two in downstream of the IVU15. An example of raw 
measurement results is shown in Fig. 4. Here the time evo-
lution of the 65 BPM signals is shown. The upper graph 
gives the x-position difference, while the middle one gives 
those for the y-position. The bottom graph shows the 
changes in the ID gap. The red zones correspond to the ID 
gap open case, and the blue zones correspond to those 
where the ID gap is closed. The intermediate zones, where 
the gap size was changing are excluded from the following 
analysis.  
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There were slow drifts of measured beam positions. One 
of the possible reasons of the drift could be a time variation 
of the ring temperature after a user operation at 430 mA in 
the hybrid mode. Another concern is the position measure-
ment resolution of the BPM, which is of the order of 1 µm. 
To minimize these effects on measurement results, we have 
picked up for the analysis several short periods close to 
each other, and then averaged out about a thousands of 
BPM data at the both red and blue zones. 

 
Figure 5: Orbit bump created at the ID15 location. 

 
Figure 6: Example of the raw data.  

DATA ANALYSIS 
Taking all these considerations into account, we have an-

alyzed the measured data. The reference [4] suggests the 

four-measurement combination to eliminate systematic er-
rors by the bump itself. In this method, the difference of 
orbit deviation in Eq. (1) is expressed by: 

 2 1 02 01?  ?(  ?) ( ),y y y y y   (2) 

where 01y  and 02y  are measured without the bump at the 
low and high values of the beam current. Then, after the 

bump is generated, 1y  and 2y  are measured once again at 
the same values of the beam current. 

In the process of the analysis, we have found that this 
technique is not good enough for us, since the contributions 
to the measurements from other devices inside the same 
bump orbit but outside of the IDs may be significant, and 
we could not distinguish them from the true signals. So, we 
decided to take differences for the ID open and close cases: 

 

 
 

2 1 02 01 _ _

2 1 02 01 _ _

( ) ( )?  ? ? ?

?  ? ? .

|

( ) ( ) |
ID gap closed

ID gap open

y y y y y

y y y y

 

 (3) 

By extracting the ID open signals, we can eliminate the 
contributions from the extra components inside the same 
bump. Finally, Fig. 7 shows the measured data (based on 
Eq. (3) method) in red dots, while the analytical prediction 
based on Eq. (1) is shown in blue line. The high bunch cur-

rent orbits 2y  and 02y  corresponds to the current value of 
24bI   mA, and the low current ones 1y  and 01y  corre-

sponds to the current of 4bI   mA. We have also evalu-
ated the kick factors from the measurements by using the 
least square method. The result is shown by the green line 
in Fig. 7. The summary of the transverse kick factors for 
the ID closed case (the gap size is 3.83 mm) by the CST 
simulations, the analytical formulas and the measurements 
is presented in Table 2.  
 

 
Figure 7: CODs at all the BPM locations by the measurement (red dots), by the analytical estimation (blue line), and by 
the least square fitting (green line).  
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Table 2: Transverse Kick Factor Summary 

 
y R.W.k , V/pC/m y taperk , V/pC/m 

CST         
simulation 

88.6 133.0 

Analytical 
formula 

86.1 145.4 

Orbit bump 
measurement 

91.2 135.3 

CONCLUSION 
We have evaluated the transverse kick factors of the PF 

in-vacuum undulator. The study suggests that we should 
distribute kick factors along the ID instead of lumping 
them to the center of ID for more accurate estimate of orbit 
deviations. Especially in the case of a long undulator this 
may be essential. We have also pointed out, that we should 
subtract contributions of other components inside the same 
bump orbit but outside of the undulator from analysis for 
more accurate estimate of kick factors. An evaluation of the 
impact of these “outside” components will be a natural ex-
tension of the present study. In conclusion we have com-
pared the ID’s kick factors obtained by the measurements 
with those obtain by the simulations and the analytical 
evaluations. The upcoming study will include a research on 

the individual properties of each of four IDs affecting the 
transverse kick, together with its possible reasons.   
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