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Abstract 
For the successful operation of various accelerator facil-

ities a detailed bunch characterization is required. A com-
plete description can be achieved using various diagnostic 
systems installed along an accelerator beamline. Ideally the 
diagnostic should be able to measure parameters of a single 
bunch in a non-destructive manner. For bunch length meas-
urements this results in a complicated task especially for 
bunch duration below 1 ps. One of the possible solutions is 
a diagnostic based on the interaction of a low energy elec-
tron beam with electro-magnetic fields of the relativistic 
bunch. The bunch length can be readily deduced from the 
resulting scatter. In this paper bunch length measurement 
technique based on a low energy electron beam is intro-
duced. Results of numerical simulations of measurements 
are presented. A possible setup of such diagnostic system 
for bERLinPro facility is proposed. 

INTRODUCTION 

There are many techniques to perform the length meas-
urement of the relativistic bunch at the accelerator. For ex-
ample:  streak camera looking at the synchrotron light from 

the dipole magnet [1],   electro-optical methods using an optical crystal near 
the beam path and a laser beam [2],   transverse deflecting structure which shear the beam 
transversely [3],  tomographic techniques with bunch rotation [4]. 

Only the first example using a streak camera is non-de-
structive and does not affect the beam during measure-
ments, which means that this technique can be used para-
sitically during the user runs. To have sufficient synchro-

tron light to be detectable with the streak camera electron 

bunch should have adequate high energy and high current. 

For the low energy or low current (low intensity) accelera-

tors this technique will not work.  

bERLinPro is a future accelerator test facility to demon-

strate the potential of superconducting energy recovery lin-

acs for high current and low emittance operation [5]. The 

main parameters of bERLinPro are presented in Table 1:  

Table 1: bERLinPro Main Parameters 

Parameter Value Unit 
Beam energy 50 MeV 

Beam current @ 1.3 GHz 100 mA 

Bunch charge 77 pC 

Bunch length <2 ps 

Energy spread 0.5 % 

 

For the 50 MeV bunch energy and 77 pC charge it will 
be hard to detect synchrotron radiation from a single bunch 
with a streak camera. Also for the injector part of the 
bERLinPro with 6 MeV bunch energy this method is no 
longer applicable. In such case another technique can be 
used to measure the bunch length non-destructively from a 
single shot using a low energy electron beam as a probe. 

Electron Beam Probe Basics 

The low energy electron beam can be used to character-
ize the electron bunch properties such as transverse and 
longitudinal profiles [6-7]. Technique is based on interac-
tion of the low energy electrons with the strong electric and 
magnetic fields of the relativistic bunch. Measuring the re-
sult of such interaction the bunch length or transverse 
bunch profile can be estimated. 

One parameter which one can use to characterize the 
bunch length can be maximal deflection angle of the probe 
electrons. The deflection angle depends on how close the 
probe electrons travel near the electron bunch – so called 
impact parameter. For the case of ultra-relativistic bunch 
the vertical deflection angle �  can be described by the fol-
lowing equation [6]: 

 � �, � = 2��� ∫ ��2+ + 2 (1 − �−�2+ �+�� 22�⊥2 )+∞−∞ . (1) 

 

where � is the impact parameter, �  is the classical electron 

radius,  und  are the probe electron relativistic parame-

ters, � �  is the longitudinal particle distribution of the 

bunch, � is the relative electron coordinate in the probe 

beam, �⊥ is the transverse root mean square (RMS) size of 

the bunch (here it is assumed that bunch has a Gaussian 

transverse distribution). For the horizontal deflection angle �  there is the similar equation: 

 � �, � = 2�� ∫ + ��2+ + 2 (1 − �−�2+ �+�� 22�⊥2 )+∞−∞ .   (2)  

 

Each electron in the probe beam will receive a different 

deflection after interaction with the relativistic bunch, and 

only electrons with the � = 0, for the case of symmetrical 

bunch longitudinal distribution that � −� =  � �  and 

with maximum at � = 0, will have maximal vertical deflec-

tion. Example is shown in Fig. 1 for the Gaussian longitu-

dinal distribution of the bunch with 1 ps RMS length, trans-

verse size �⊥ = 100 µm, charge of 77 pC and impact pa-

rameter � = 0.2 mm. Probe beam energy is 100 keV. 
 ___________________________________________ ___________________ 
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Figure 1: Deflection angles �  and �  as a function of the 

electron position inside the probe beam.  

The vertical deflection is maximal for the probe electrons 

with � = 0 and the horizontal deflection is maximal for � = 

0.3 mm. Despite of the both angles can be used for the 

bunch length measurements only the vertical one will be 

considered in this paper. 

Example of the maximal vertical deflection angle de-

pendence as a function of the impact parameter � (Eq. 1) is 

shown in Fig. 2 for electrons with coordinate � = 0. 

 
Figure 2: Deflection angle �  as a function of the impact 

parameter ρ for 1 ps bunch RMS length and 100 µm trans-

verse RMS size. 

As one can see, electrons that have the impact parameter of 

0.2 mm will obtain the maximal vertical deflecting angle 

of approximately 14 mrad, see also Fig. 1. 

Dependence of the maximal deflection angle versus the 

bunch length is shown in Fig. 3. This example was calcu-

lated for Gaussian transverse and longitudinal bunch 

charge density profiles for three transverse RMS sizes: 80, 

100 and 120 µm. 

 
Figure 3: Maximal vertical deflection angle θy of the probe 

electrons as a function of the bunch length for three 

transverse bunch sizes 80, 100 and 120 µm. 

Thereby, measuring the vertical deflection angle of the 

probe electrons the bunch length can be reconstructed. 

Bunch Length Measurement Error Estimation 

The resulting error of the bunch length measurement has 

the following parts:   error of the bunch charge measurement,  error of the transverse bunch size measurement,  error of the vertical angle �  measurement. 

For the bunch length of 2 ps and transverse size of 100 µm 

with error of 20%, the resulting error of the bunch length 

measurements will be around ±0.4 ps, see Fig. 3. 

The vertical angle measurement error comes from the 

probe beam transverse size on the screen plus the error of 

this size measurement. It results in that the angle less than 

some value will not be measurable. Taking this value, for 

example, as 1 mrad and going to the bunch length around 

0.3 ps (see Fig. 3) the measured deflection angle will not 

grow for shorter bunches (within the angle measurement 

resolution). The further decrease of the bunch length will 

not be measurable. Thereby, 0.3 ps can be considered as a 

resolution limit for such bunch parameters and it mainly 

depends on the transverse size of the bunch. 

Electron Beam Probe Layout 
The basic layout of the electron beam probe diagnostic 

is presented in Fig.4. It consists of: the electron gun (1), 
focusing solenoid (4), magnetic correctors (5), horizontal 
deflecting plates (2) and observation screen (7).  

A probe electron beam is generated and accelerated in 

the electron gun (1) up to about 100 keV energy. The beam 

is focused by the lens (4) and adjusted vertically and hori-

zontally by a two-coordinate corrector (5). Time correla-

tion in the beam is introduced by horizontal deflecting 

plates (2). After interaction with the ultra-relativistic bunch 

(6) the beam is projected on the observation screen (7). 

 
Figure 4: Diagnostic layout: 1 – electron gun, 2 – horizon-

tal deflecting plates, 3 – probe electron beam, 4 – focusing 

solenoid, 5 – magnetic correctors, 6 – electron bunch, 7 – 

observation screen. 

The low electron density of the probe beam on the obser-

vation screen yields in requirements for the additional am-

plification scheme for electron detection. It can be done as 

an electron-optical assembly of a microchannel plate and a 

phosphor screen [6]. The resulted image of the probe beam 

is recorded by a CCD camera from the phosphor screen. 

The vertical deflection angle is calculated from the im-

age vertical size divided by the drift length.  
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SIMULATIONS 

Particle tracking simulations were performed in analyti-
cal fields for an axial symmetric ultra-relativistic bunch 
without space charge forces taken into account. The bunch 
has 77 pC charge, Gaussian charge distributions and 
100 µm transverse RMS size. Probe beam electrons have 
an energy of 100 keV, particles distributed uniformly inside 
a cylinder with transverse size of 0.6 mm and duration of 
50 ps. Trajectories of the probe beam and bunch are cross-
ing – the probe beam electrons have impact parameter in 
the range from –0.3 mm to +0.3 mm. 

The results of numerical simulations are shown in Fig. 5: 
red dots are the maximal deflection angles of the probe 
beam electrons simulated for the different bunch lengths, 
blue curve is the deflection angle according Eq. 1. 

 
Figure 5: Maximal vertical deflection angle as a function 

of the bunch length according to Eq. 1 – blue curve and 

according to the particle tracking simulation – red dots. 

The particle tracking results fully coincide with the result 

from an analytical equation. 

Figure 6 shows two simulated images of the probe elec-
tron beam on the observation screen after interaction with 
bunches of 2 (left) and 1 ps (right) length respectively, the 
drift length after interaction is 40 cm and image grid size 
is 2 mm. 

 
Figure 6: The probe electron beam images on the observa-

tion screen for 2 (left) and 1 ps (right) long bunch; grid size 

is 2 mm. 

The upper half of the image shows probe electrons with

a positive impact parameter (their trajectory is above the 

bunch trajectory) – they are deflecting up, the lower half 

shows probe electrons with a negative impact parameters – 
they are deflecting down. Bigger bunch length gives in re-

sult smaller size of the image +/- 4 mm for 2 ps long bunch 

and +/- 5.6 mm for 1 ps long bunch.  

CONCLUSION 

Low energy electron beam can be used for non-destruc-
tive single shot bunch length measurements of an ultra-rel-
ativistic bunch in particle accelerators. 

Application of this technique is under study for the 
BESSY II and for bERLinPro accelerator facilities while it 
allows non-destructive single shot single bunch length 
measurements during the user run with subpicosecond 
resolution. 

Such measurements can be performed with 10 Hz repe-
tition rate with possibility to measure two or more conse-
quent bunches in a bunch train (with 2 ns separation for 
BESSY II case and 0.7 ns separation for bERLinPro). 

REFERENCES 

[1] Mitsuru Uesaka et al., “Precise measurement of a sub-

picosecond electron single bunch by the femtosecond 

streak camera”, Nucl. Instr. Meth. A, vol. 406 p. 371, 

1998. 

[2] A. M. MacLeod et al., “Subpicosecond Electro-optic 

Measurement of Relativistic Electron Pulses”, Phys.  

Rev. Lett., vol. 85, p. 3404, 2000. 

[3] R. Akre et al., “A Transverse RF Deflecting Structure 

for Bunch Length and Phase Space Diagnostics”, 
SLAC – PUB – 8864, 2000. 

[4] H. Loos et al., “Longitudinal phase space tomography 
at the SLAC Gun Test Facility and the BNL DUV-

FEL”, Nucl. Instrum. Meth. A, vol. 528, p. 189, 2004. 

[5] M. Abo-Bakr and A. Jankowiak “Status Report of the 

Berlin Energy Recovery Project bERLinPro”, 

presented at IPAC’16, Busan, Korea, May 2016, paper 
TUPOW034, this conference. 

[6] P. V. Logachev, D. A. Malyutin, and A. A. 

Starostenko, “Application of a low energy electron 

beam as a tool of nondestructive diagnostic of intense 

charged-particle beams”, Instruments and Experi-

mental Techniques, Vol. 51, No. 1, pp. 1–27, 2008. 

[7] W. Blokland, S. Aleksandrov, S. Cousineau, D. Mal-

yutin, S. Starostenko, “Electron scanner for SNS ring 

profile measurements”, in Proc. DIPAC’09, Basel, 

Switzerland. 

MOPMB009 Proceedings of IPAC2016, Busan, Korea

ISBN 978-3-95450-147-2

94C
op

yr
ig

ht
©

20
16

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

06 Beam Instrumentation, Controls, Feedback and Operational Aspects

T03 Beam Diagnostics and Instrumentation


