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Abstract 
Modern particle accelerators utilize photoinjectors and 

compression schemes to produce short high peak current 
electron bunches for various applications like x-ray free 
electron lasers, high gradient beam driven acceleration 
and others. At present there is no non-invasive and fast 
diagnostic of short sub-picosecond bunch lengths.  

Euclid Techlabs LLC proposes a non-invasive, real-
time detector which can be retrofitted into an existing 
beamline and measure the bunch length in real time using 
interferometric methods. Diffraction radiation is the 
mechanism to be used to produce a measurable signal 
without intercepting the beam. This became possible as 
sensitivity of pyrodetectors continued to improve, while 
peak beam power grows. For high peak current beams 
there is a possibility of a single shot measurement. This 
can be done with a pair of closely placed vacuum breaks 
that create a spatial correlation of the generated signals 
which can be measured by a pyro-detector array or a THz 
camera. The bunch length is determined from the correla-
tion data using an iterative beam profile recovery algo-
rithm. 

NON-INVASIVE BUNCH LENGTH DIA-
GNOSTICS 

Bunch length measurement is one of the most difficult 
measurements that are an essential part of the beam diag-
nostic suite at accelerator facilities. At modern electron 
accelerator facilities, a bunch compression is performed 
to obtain an intense, ~ ps-long beam. Traditional methods 
for short bunch length measurements include the deflect-
ing cavity-based approach (Fig. 1) [1], radiation-based 
spectral methods [2], and electro-optic detection meth-
ods [3]. 

There are two facts that, in Euclid’s view, will lead to a 
practical solution for robust, non-invasive bunch length 
measurements. First, the sensitivity and spectral charac-
teristics of commercially available power diodes and pyro 
detectors continue to improve. A number of vendors offer 
mm-wave and THz cameras – arrays of such detectors 
with integrated electronics, etc. And second, the average 
power and repetition rate of beams for nuclear applica-
tions continue to grow. Such powerful beams are capable 
of producing measurable signals in the “non-invasive” 
regime. 

The non-invasive bunch length measurement proposed 
here picks off coherent radiation from the beam and 
measures portions of the autocorrelation function to infer 
the bunch length. In this sense, this method is an adapta-

tion of the coherent radiation-based bunch length meas-
urement methods described above. Figure 1 shows the 
evolution of coherent radiation-based methods that led to 
the measurement technique proposed here [4-6]. Coherent 
transition radiation (a) intercepts the beam to produce a 
large signal. However, if there is enough average power, 
diffraction radiation can be used, which technically does 
not intercept the beam (b), and can be made less invasive 
(c) if there is high enough detector sensitivity, finally 
arriving at RF beam pickups / vacuum pipe breaks. 

 
Figure 1: Evolution of coherent radiation-based bunch 
length measurements. 

The pioneering work in single-shot bunch length meas-
urement was done at the A0 photoinjector at Fermilab 
[7, 8]. A spatial autocorrelation of two transition radiation 
signals generated by the electron beam is measured by a 
detector array. A conceptual scheme is presented on Fig. 
2 [7]. The bunch length is inferred from the autocorrela-
tion function [9]. 

In the experiment at Fermilab [8], bunch length varia-
tions (FWHM) between 0.8ps and 1.5ps were measured. 
To cover a broad spectral range (>1 THz), pyrodetectors 
were used. Experiments at A0 demonstrated the viability 
of the concept. 

 
Figure 2: From [7]. Conceptual scheme of the real-time 
interferometer (RTI) which autocorrelates the phase 
fronts of a beam-based coherent radiation source to de-
termine bunch length information. 

In this proposal, we take it one step further towards a 
commercial unit. We propose two separate diffraction 
radiation sources packaged with the detector array, virtu-
ally without any optics. This potentially complicates the 
design process. However, when that is resolved, the de-
tector is much simpler and has higher sensitivity due to 
proximity of the detector array to the radiation source. 
The conceptual design of the bunch length detection setup 
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is depicted in Fig. 3. As the beam passes the small gap, its 
field radiates from the gap and travels towards the array 
of detectors. Due to the microstrip configuration, there is 
no cut off for the excited mode, making the structure 
broadband for short pulse measurements. Depending on 
the detector location, the pulses from the first and second 
break will arrive with some relative time delay. Spatial 
interference scaled by 1/r in intensity will again corre-
spond to an autocorrelation function. This method is simi-
lar to the single shot autocorrelator developed by An-
donian et al. [7]. 

 
Figure 3: Non-invasive bunch length measurement setup. 

The wakefield simulation with a 1 ps beam and a set of 
two 200-micron wide beam pipe breaks, separated by 0.5 
mm, was done using CST Particle Studio. Figure 4 shows 
the signal evolution with time. As the beam propagates, a 
strong signal is generated at each break. These signals 
proceed to interfere and we measure them with an array 
of integrating pyro detectors, bolometer arrays, or a THz 
camera. 

 
Figure 4: CST simulation of a 1 ps beam passing by two 
200-micron beam-pipe breaks separated by 0.5 mm. Con-
sequent shots at times t1, t2, … t8 are presented. There is 
interference between the excited pulses that can be meas-
ured with a detector array. The detector array location is 
shown on the t8 plot with red circles. 

Taking the measurements from this array of 11 detec-
tors placed 2.5 mm away from the vacuum break wall and 
spaced along the direction of beam propagation at 1 mm, 
we obtain an autocorrelation function (Fig. 5). The auto-
correlation function characteristic width corresponds to 
the bunch length. In the simulation we used x-ray FEL 
parameters: 1 kA peak current beam (σz = 1 ps) produced 

1 kW peak power. With ~1 kHz repetition rate, the duty 
cycle is low – 10-6, leading to 1 µW average power. This 
is well within the sensitivity level of pyro detectors. 

 
Figure 5: Pyro-detector’s output for various time delay 
pairs, i.e. autocorrelation function. 

BUNCH SHAPE RETRIEVAL ITERATION 
PROCEDURE 

Most methods of bunch length measurement result in a 
bunch’s autocorrelation function. However, it is impossi-
ble to reconstruct the bunch shape from the frequency 
spectrum without further assumption about the signal. In 
[10], Kramers-Kroenig relations are used, along with the 
minimal phase retrieval method. In [11], an iterative pro-
cedure used for phase retrieval of quasioptical wave 
packets [12] has been proposed for electron beams. In this 
proposal, we will develop this idea further into practical 
use.  

Here, we present an example of an iterative process for 
bunch shape retrieval for the geometry presented in Fig.3. 
We have a distributed array of pyro detectors, which 
measures the integrated intensity ε(φ) as a function of the 
angle φ. We assume u(0)(t), an initial approximation to the 
real bunch time distribution u0(t). The Fourier spectrum of 
this function is:  ܣ௜௡(߱) = ଵଶగ ׬ (ݐ)(଴)ݑ ∙ exp (݅߱ݐ)݀ݐஶିஶ . (1) 
The field at the second slit corresponds to the field at the 
first slit, u(0)(t), delayed by τ = 2d/c. The spectrum of the 
second slit source differs from the spectrum of the first 
slit by a multiplier exp(iωt). The spectrum of the com-
bined signal from two slits can be found from ܣ௢௨௧(߱, ߮) = (߱)௜௡ܣ ∙ ,߱)ܩ ߮),   (2) 
where G is the Green’s function of two point-like sources 
separated by 2d written in terms of Hankel functions: ܩ(߱, ߮) = ଴(ଵ)ܪ ൬ఠ௖ ଵ(߮)൰ݎ + exp (݅߱߬) ∙ ଴(ଵ)ܪ ൬ఠ௖  ଶ(߮)൰. (3)ݎ
If we integrate the Aout spectrum, we will reproduce the  
– dependence of the integrated intensity produced by a 
pulse with u(0)(t) distribution: ߝ(߮) = ׬ ,ݐ)ݑ| ߮)|ଶ݀ݐ ≡ ׬ ,߱)଴ܣ| ߮)|ଶ݀߱ஶିஶஶିஶ , (4) 
This will, however, differ from the measured distribution, 
ε(φ). If we adjust Aout in the following way ܣ௢௨௧(௡ାଵ)(߱, ߮) = ஺೚ೠ೟(೙)ቚ஺೚ೠ೟(೙) ቚ ∙ ඥఌ(ఝ)∙௦(ఝ)ௐ ,    (5) 

this distribution will correspond to the measured ε(φ). 
Here ݏ(߱) = ׬ หܣ௢௨௧(௡) (߱, ߮)หଶ݀߮ஶିஶ   is the frequency-
dependent power flux integrated over all angles, and ܹ =
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׬ ߮݀(߮)ߝ ≡ ׬ ଶ݀߱ஶିஶగ଴|(߱)ݏ|  is the full radiated energy. 
The Aout term corresponds to another Ain , which in turn 
defines a corresponding u(t, φ). This distribution, howev-
er, is not necessarily produced by two neighboring slits. 
To satisfy this restriction, we trim u(t, φ) to produce a 
new iteration, the u(1)(t) distribution on two slits. This 
distribution produces a new Ain with corresponding Aout, 
etc. Algorithmically, it is easier to go straight to Ain from 
Aout

 in the following way: ܣ௜௡(௡ାଵ)(߱) = ׬ ஺೔೙(೙శభ)(ఠ,ఝ)∙ீ∗(ఠ,ఝ)ௗఝഏబ ׬ |ீ(ఠ,ఝ)|మഏబ ௗఝ ,  (6) 

We tested this procedure on a double Gaussian distribu-
tion reconstruction (Fig. 6, red curve), with ݑ଴(ݐ) = exp(−ݐଶ 2߬ଶ⁄ ) + 0.2 ∙ exp(−ݐଶ 7߬ଶ⁄ ). (7) 

 

 
Figure 6: Original bunch distribution (red), first iteration 
(yellow) and 10th iteration (pink). 

We started with u(0)(t) = exp(−2t2/τ2), the yellow curve 
on Fig. 6. Following 10 iterations, the mutual power coef-
ficient between the 10th iteration of the bunch time distri-
bution and the original function reached 99.5%. 

We also attempted reconstruction of a triangular bunch 
as an example of a nonsymmetrical bunch shape. The 
initial guess was chosen to be nonsymmetrical, and after 
40 iterations, the bunch shape had been reconstructed 
(Fig. 7). 

 
Figure 7: Reconstruction of non-symmetrical pulse shape 
(triangle – red). After 40 iterations, a shape close to a 
triangle is reconstructed (pink). 

CONCLUSION 
The carried out simulations show that picosecond as 

well as sub-picosecond bunch lengths can non-
destructively be measured for a single shot using inter-
ferometry between two broad-band signals produced by 
bunch itself. An iterative synthesis procedure allows also 
recovering a particular longitudinal bunch shape. 

REFERENCES 
[1] J. Shi et al., “Bunch Length Measurement With RF De-

flecting Cavity At Tsinghua Thomson-scattering X-ray 
Source”, in Proc. PAC 2009, Vancouver, Canada, May 
2009, paper TH5PFP094, pp. 3429-3231.  

[2] G.L. Carr et al., “Coherent Radiation Measurements at the 
NSLS Source Development Lab”, in Proceedings of PAC 
2001, Chicago, IL, USA, June 2001, WPPH069, p.2608, 
doi:10.1109/PAC.2001.987847 

[3] G. Berden et al., “Single Shot Electron-beam Bunch 
Length Measurements”, in Proc. DIPAC 2003, Mainz, 
Germany, May 2003, paper IT05, pp. 20-24. 

[4] K.T. McDonald and D.P. Russell, in “Frontiers of Particle 
Beams; Observation, Diagnosis and Correction”, in Pro-
ceedings of a Topical Course Held by the Joint US-CERN 
School on Particle Accelerators at Anacapri, Isola di Ca-
pri, Italy, October 1988, p. 122-132. 

[5] M. Uesaka et al., “Precise Measurement of a Subpicosec-
ond Electron Single Bunch by the Femtosecond Streak 
Camera”, Nuclear Instruments and Methods in Physics Re-
search Section A, vol.406, April 1998, pp. 371-379, 
doi:10.1016/S0168-9002(97)01220-5 

[6] S. Antipov et al., ”Experimental Observation of Energy 
Modulation in Electron Beams Passing through Terahertz 
Dielectric Wakefield Structures”, Physical Review Letters, 
vol.108, April 2012, 144801, doi:10.1103/ 
PhysRevLett.108.144801 

[7] G. Andonian et al., “A Real-time Bunch Length Terahertz 
Interferometer”, in Proceedings of EPAC08, Genoa, Italy, 
July 2008, TUPC073, pp. 1218-1220. 

[8] J. Thangaraj et al., “Demonstration of a Real-time Interfer-
ometer as a Bunch-length Monitor in a High-current Elec-
tron Beam Accelerator”, Review of Scientific Instruments, 
vol.83, April 2012, 043302, doi:10.1063/1.3698388 

[9] A. Murokh et al., “Bunch Length Measurement of Pico-
second Electron Beams from a Photoinjector using Coher-
ent Transition Radiation”, Nuclear Instruments and Meth-
ods in Physics Research Section A, vol.410, June 1998, 
pp. 452-460, doi:10.1016/S0168-9002(98)00177-6 

[10] F. Bakkali Taheri et al., “Electron Bunch Profile Recon-
struction Based on Phase-constrained Iterative Algorithm”, 
Physical Review Accelerators and Beams, vol.19, March 
2016, 032801, doi:10.1103/PhysRevAccelBeams.19. 
032801 

[11] S. Antipov et al., “Non-Invasive Bunch Length Diagnos-
tics of Sub-Picosecond Beams”, in Proc. of IBIC2016, 
Barcelona, Spain, 2016, paper WEPG50, pp. 756-758. 

[12] A.V. Chirkov et al., “Mode Content Analysis from Intensi-
ty Measurements in a few Cross-sections of Oversized 
Waveguides”, International Journal of Infrared and Milli-
meter Waves, vol.18, No.6, June 1997, pp. 1323-1334, 
doi:doi.org/10.1007/BF02678237 

9th International Particle Accelerator Conference IPAC2018, Vancouver, BC, Canada JACoW Publishing
ISBN: 978-3-95450-184-7 doi:10.18429/JACoW-IPAC2018-WEPAF060

WEPAF060
1966

Co
nt

en
tf

ro
m

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

so
ft

he
CC

BY
3.

0
lic

en
ce

(©
20

18
).

A
ny

di
str

ib
ut

io
n

of
th

is
w

or
k

m
us

tm
ai

nt
ai

n
at

tri
bu

tio
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

ish
er

,a
nd

D
O

I.

06 Beam Instrumentation, Controls, Feedback, and Operational Aspects
T03 Beam Diagnostics and Instrumentation


