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Abstract 

In the last decade Streak Cameras have found an 
increasing number of applications in particle accelerators 
permitting both precise measurements and instructive 
visualisations of beam characteristics and behaviour that 
can not be obtained from other beam instrumentation. 

These applications have been driven by both new 
developments and features of Streak Cameras, and by 
innovative methods in optical configurations and timing 
systems. 

First a review of all the features of a Streak Camera 
system is presented, with focus on the dual axis 
functionality, the repetition rate and the detection 
sensitivity. Also the intrinsic limitations like the time 
resolution and synchronisation jitter will be discussed. 

Then results obtained at a large number of accelerator 
institutes will be presented, covering both typical 
applications and more specific work of special interest. 

1  FEATURES AND FUNCTIONALITY  

1.1 Basic Concept 

The input for the streak camera instrument is an ultra 
fast light signal (a pulse with picosecond structure). In 
accelerators this light source can be synchrotron light, 
optical transition radiation, FEL emitted light, or from 
lasers associated with the accelerator. The photon energy 
may cover the entire IR to hard X-rays spectrum. 

Its output is a two-dimensional image containing 
pictures (streaks), their analysis (intensity profile) reveals 
the time structure of the input signal. 

For the streak camera to work it needs a 
synchronisation or trigger signal  for  the High Voltage 
(HV) ramp that performs the conversion in the streak tube 
of the time domain input signal into spatial domain output 
signal. [1] 

At the front end of the streak tube photons hitting the 
photo-cathode will cause back-side emission of photo-
electrons. These are accelerated and focussed, generally 
by electric fields through a number of electrodes or plates, 
to a phosphor screen at the other end of the tube. The time 
structure of this photo-electron bunch is identical to that 
of the light impulse. A set of plates in the streak tube 
makes it possible to deflect this bunch. If the HV signal 
applied to these plates is a fast ramp, and well timed with 
the motion of the bunch through these plates, then the 
electrons in the head of this bunch will be deflected 
differently than those in the tail of the bunch. It can be 

easily shown that the profile of the spatial image (the 
‘streak’), obtained from reading the phosphor screen with 
a CCD camera, represents the temporal profile of the light 
impulse. 

1.2 Dual Sweep or Dual Time axis extension 

The dual sweep axis is a very important extension to a 
basic streak tube functionality. It requires a second set of 
deflection plates oriented perpendicular to the plates used 
for the fast time-space conversion. [1] 

Applying a ‘slow’ HV ramp deflection to these plates 
equips the streak camera with a dual time axis : In 
addition to the ultra fast sweep (typically 500ps full scale) 
there is now a ‘slow’ (typ. 100ns to 10ms) sweep at right 
angle. In the two-dimensional output image of the streak 
camera (read out by a CCD camera with say, 20ms 
integration time) these dual times axis are now very 
conveniently represented as horizontal (slow) and vertical 
(fast). 

This dual time axis allows one to obtain numerous 
streak images in the same output image if the light input 
signal and its fast sweeping is repeated. If the slow time 
scale on the dual axis is well adapted to the repetition 
frequency then the individual streaks of consecutive light 
impulses will be staggered (horizontally) next to each 
other. This allows the visualisation and the measurement 
of the (slow) time evolution of characteristics of the ultra 
fast light signal such as duration, profile, and phase 
stability. [2-9, 15-17, 21-22, 24-32] 

1.3 Synchroscan mode for High Repetition rates 

In order to fully benefit from this dual time axis it is 
important that the fast sweeping can be repeated at a 
suitable frequency. For the needed HV deflection signal, 
that is correctly timed and stable in phase with the 
repetitive light impulses, two kinds of operation modes 
exist: 
1) Synchroscan operation : The deflection signal is a 
sinusoidal HV of a high but fixed (pre-tuned) frequency 
somewhere in the 50-250MHz range. The needed electric 
trigger signal is in particle accelerators or storage rings 
generally obtained from the master source of the RF 
cavity, at the same frequency or at a sub-harmonic. The 
attainable phase stability (jitter) is good : 2ps or less. It 
can even be improved further by internal phase-locked 
loops, and the trigger signal can be optical (e.g. from a 
laser oscillator) through the use of special pin-diodes.  
The range of available sweep speeds and their linearity is 
somewhat limited but usually more then sufficient.  
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2) Repetitive Single Shot :  Compared with the synchro- 
scan mode the range of sweep speeds is larger and faster, 
their repetition rate is freely selectable but only up to a 
few KHz and generally the jitter is worse (>10ps).  

1.4 Optical Configurations 

For applications where only the longitudinal 
dimension (S, time) is of interest the input light beam is 
usually truncated transversely (i.e. pinhole or slit). 
However, with suitable arrangements in the input optics, 
the light source object’s information in the two-transverse 
dimensions can be pre-served in the image focussed onto 
the photo-cathode. [2, 3, 8, 29] 

A correct magnification of the source object, and 
possibly a re-orientation is needed to adapt the image spot 
to the size limitations of the camera’s photo-cathode 
(usually in the order of 0.2 X 10mm). Further 
arrangements like the duplication and rotation of images, 
and timing delays in combination with the use of the dual 
time axis, make it possible to obtain measurements of all 
the three dimensions (X, Z, S) of numerous consecutive 
bunches in the same output image. 

The so recorded individual ‘streaks’ in this output 
image can now reveal ultra-fast phenomena in the 
transverse size and position (both horizontally and 
vertically) and time structure of an electron bunch over a 
number of consecutive turns.  

In this configuration the spatial domains will have a 
resolution limitation caused by the diffraction, generally 
very severe for visible light and the small transverse beam 
dimensions of most accelerators. The X-ray streak 
cameras do not suffer from this but the needed optical 
arrangements are obviously more complex. [9-13] 

1.5 Limitations to performance characteristics 

The tubes’ intrinsic time resolution is mainly limited 
by two factors : the tube design (spatial resolution of the 
imaging quality, maximum sweep speed attainable) and 
the energy spread of emitted photo-electrons which causes 
time dispersion. The latter is dependant of the photo-
cathode material and the strength of the electric 
accelerator field of the photo-cathode. [10, 13] 

The mutual repulsion of the photo-electrons in the 
same bunch can also cause non-negligible time dispersion 
(known as space-charge effects). To avoid this effect the 
number of photons in a given light pulse have to be kept 
below a certain level. But operating a streak camera at this 
level means that the statistical noise will impose a 
limitation on the Signal-to-Noise ratio of the measurement 
data. This flux level decreases exponentially with the 
pulse duration of the input signal and it means that the 
data quality (or S/N ratio) decreases strongly for single 
shot measurements of short light pulses. If the light source 
itself is repetitive and stable in phase then poor data 
quality can be improved by accumulation. However, 

unless a perfect synchronisation between the input pulse 
and the streak camera’s trigger exists, i.e. non-negligible 
jitter, the measurement results would be false. 

The jitter of modern systems in the synchroscan mode 
is in the order of the intrinsic time resolution (1-2ps) 
which is negligible to the pulse lengths to be measured in 
most accelerator applications (30-200ps fwhm). 

However, the ultra-fast streak cameras (below 1ps) 
suffer seriously from the above limitations. Poor data 
quality of single shot measurements (due to the space 
charge limitations) would make accumulation necessary. 
The required stability (jitter-free) synchronisation for this 
accumulation has attained performances of 500fs, better 
than most tube’s intrinsic time resolution. [10] However, 
in some of the fastest streak tubes developed (i.e.<500fs) 
the improvement of this intrinsic resolution is obtained by 
the use of extremely high extraction & acceleration fields 
(>50KV/cm) which are often pulsed to avoid HV break-
down. But in a repetitive mode of operation a small 
fluctuation of these pulsed HV amplitude causes large 
time dispersion and consequently does not allow any 
accumulation without loss of time resolution. 

The present technology of streak cameras does not 
allow measurement of the ultra fast time characteristics 
(<500femtosec) of certain accelerator projects. [14] 
 

The sensitivity of a streak camera can be defined as 
the number of input photons (that hit the active part of the 
photo-cathode) required to produce an increment in the 
scale of the output signal. It is largely determined by the 
QE of the photo-cathode for a given photon energy. For 
most visible light streak cameras this value is around 10% 
for the typical alkali materials. 

But for X-ray photons this value is much less and is 
often a serious limitation in the signal/noise ratio of 
measurement results. In the search for more sensitive 
materials CsI has been found to yield better results then 
Au, KBr and KI. [10, 12] In contrast to the streak tubes 
for visible light which are hermetically sealed, the X-ray 
streak cameras have an open input structure, with an 
independent and reliable vacuum system, that permits the 
exchange of photo-cathodes, and therefor also adaptation 
to a certain type of measurement (photon energy).   

Other factors that determine the streak cameras’ 
sensitivity are the tube’s transmission, the gain of the 
phosphor screen, the transmission of these phosphor 
photons to the CCD, the DQE of the CCD, and the noise 
of the analog & digital read-out electronics of this CCD. 
In most visible light systems today a MCP intensifier with 
adjustable gain permits increasing the sensitivity to the 
detection level of a single photo-electron in the tube.  

Important additional features in today’s systems are 
the electronic gating or light shutter possibilities. They 
permit to visualise only certain specific time slots out of 
the total light input flux. This helps extracting phenomena 
like partial instabilities that would otherwise be 
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overshadowed. The fast gating is usually achieved with 
the MCP intensifier while additional slower gating is 
possible on the photo-cathode, which together can give 
high extinction rates. 

2  APPLICATIONS AND RESULTS 

2.1 Bunch Length Measurements 
In many synchrotron light sources and electron-

positron colliders the measurement of the electron beam 
bunch length has been carried out for different operations 
and conditions like current per bunch, RF accelerating 
voltage, momentum compaction values, electron energy 
and use of harmonic cavities. [15-23] 

Fig.1 bunch length at the ESRF for 3 RF Voltages, note 
the regime of fluctuating bunch length at higher currents 

Fig.2 : bunch length at Super-ACO for the 100Mhz cavity
 

alone and with the 5th harmonic cavity  (for 3 RF Volt.) 
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The broadband impedance of a machine can be probed 
with the results of increasing bunch length with current 
per single bunch and the analysis of the slope of the 
asymptotic curve. (figs. 1&2) The same results permit to 
some extent a verification of techniques, models and 
simulations on the accelerator’s impedance. At higher 
currents the potential well distortion becomes apparent by 
the asymmetric bunch profile. [26] 

In the regime of microwave instabilities the threshold 
can be assessed, and in particular the onset of rapid 
fluctuations of the bunch length (but at stable RF phase, 
see fig. 3a) if a dual time base streak camera is used.   

The latter makes it also possible to first verify that no 
longitudinal instabilities or bunch length fluctuations 
exist; then to reduce the photon flux per light impulse well 
below the threshold of space charge effects; and then to 
subsequently average, in the signal treatment of the 
obtained image, over all measured streaks in order to 
obtain good quality data, i.e. sufficient S/N ratio. 

The operation of machines in the quasi-isochronous 
regimes (α=0) have shown that at medium to high 
currents the bunch length is independent of momentum 
compaction and energy. [17-19] 
 
2.2 Longitudinal (In-) Stability Measurements 

The measurement of longitudinal phase and stability 
of the bucket(s) in an accelerator with respect to the phase 
of the RF master source is a major feature of most of 
today’s streak cameras that operate with synchroscan and 
dual time base.  Higher Order Modes caused in the 
cavities drive coupled bunch instabilities that can be 
clearly visualised on the streak cameras output. (fig. 3b)  

 
Fig.3a (left) : ESRF at low α : bunch length fluctuation 
Fig. 3b (right) : ESRF HOMs causing longit. instabilities 
 

The dual time base covering a very wide range of 
time-scales allows a convenient adjustment to the speed 
and frequency of the phenomenon under study. In all the 
pictures of figures 3 to 5 the slow time axis is represented 
horizontally.  

Fast phase transients linked with the RF cavities mode 
of operation under both homogeneous and partial filling 
modes can be precisely monitored (fig.4a). [21, 22, 26]  
The measurement of injection transients and the 
subsequent optimisation of the injected beam phase and 
energy with respect to that of the Storage Ring help to 
limit radiation background. (fig.4c). [7, 25] 

The effects of amplitude and/or phase modulation of 
the voltage of the RF cavity have been studied in detail 
(fig.4d) with benefits in beam lifetime and suppression of 
longitudinal coupled bunch instabilities. [24, 27] They 
give a good knowledge of the methods to apply Landau 
damping to cure HOM instabilities. The identification of 
HOM-modes (dipole, quadrupole, partial, mixed, etc.), 
with or without higher harmonic cavities, and following 
adjustments to cavity temperature (fig.5a) or use of 
feedback system have been carried out. [15, 16, 26, 32]   
Studies of the nature of HOMs with idle cavities tuned at 
impedances leading to Robinson instabilities have allowed 
the development of analytical models describing the 
features of the mechanism (fig.4b). [28] 
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Fig.4a (top-left) PEP-2 HER: phase jumps in center of 
1658 bunch train fill , fig.4b (top-right) Spear: full cycle 
of bunch filamenting with cavity tuning at Robinson 
instability, fig.4c (bottom-left) ESRF: longitudinal 
oscillations of the beam at injection into the Storage Ring, 
Fig.4d (bottom-right) : ESRF phase jumps with the beam 
undergoing RF Voltage modulation to obtain Landau 
damping 
 
2.3 Free-Electron Laser characterisation 

 
Fig.5a (left) :  ELETTRA, longitudinal behaviour under 
cavity temperature adjustments, fig.5b (right) : Super-
ACO, FEL-light (top & bottom) and Synchrotron light 
(centre) seen with the 500MHz harmonic cavity operated 
 

The performance of Storage Ring based FELs depends 
much on the bunch length and longitudinal phase stability 
of the electron beam. Streak cameras are used to verify 
and adjust the longitudinal alignment of the optical 
resonator, to measure the pulse length and its stability, and 
to observe various effects of coupling, detuning and 
interaction between the electron bunch and the FEL light 
pulse. Both sub-structures in the light pulse and macro-
temporal behaviour can be studied, while the effects of  
feed-back systems can be assessed. [30-34] 
 
2.4 Ultra-Fast Transverse Motions 
 

If, as described in 1.4, the transverse dimensions of the 
light source object are preserved and suitably imaged on 
the photo-cathode by an adapted optical set-up then 
motions in these planes can be observed with the same 
ultra-fast time resolution. With even more sophisticated 
optics side- and top-views ‘streaks’  can be  generated  in 

the same output image of the same bunch over many 
turns. This facilitates the detection of correlation between 
simultaneously occurring ultra-fast beam motions and 
beam size variations in all 3 dimensions (fig.6b). [2, 3] 
 Alternatively slower movements in the nanosecond scale 
like those in fig.6c can also be easily visualised. [29] 

 
Fig.6a (left) : ESRF five turns of single bunch showing 
vertical Head-Tail instability,   
Fig.6b (right) : LEP top & side views of bunch over 9 
turns showing vertical Head-Tail effects, transverse 
motions and bunch length fluctuations,   
Fig.6c (bottom) : APS horizontal coherent motions at trail 
of the 60ns filling pattern over 13 turns 
 
2.5 Measurements on and with LINACs  
 

Recent work and developments on S-band Linacs, 
possibly used with laser photocathodes to drive X-ray 
FELs based on the SASE principle, have used streak 
cameras for the characterisation of the longitudinal 
parameters of the beam. The light signal here is obtained 
through Optical Transition Radiation or Cherenkov light 
by the application of  screens or gas chambers. 

It can serve for tuning the bunching sections, 
surveying the sequence of the micro bunches, assessing 
the length and shape of the bunch, measuring the 
synchronisation between Laser and electron beam, and 
even measuring the longitudinal phase-space distribution 
of the electrons in single shot mode. [35-38] 
 
2.6 Synchronisation in Pump-Probe experiments 
 

A number of ultra-fast time-resolved X-ray scattering 
experiments can now benefit from both a high brilliance 
X-ray source, like those provided in 3rd generation 
synchrotron light sources, and state-of-the-art ultra-fast 
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laser and detector technology. [39, 40, 41]  In such an 
experiment a broad X-ray pulse (typ. 100picosec) probes 
the structure of the sample under study while an ultra-
short (typ. 100femtosec) laser pulse (λ=200-1000nm) 
triggers an ultra-fast reaction in it. The latter becomes 
apparent by a modification of the diffracted X-ray beam. 

An X-ray streak camera having this beam centered on 
its photo-cathode will measure the broad probe pulse 
while the ultra-fast modulation contained in it will be 
detectable within the time resolution limits of the streak 
camera. These experiments require high quality data to 
discern relatively weak signals within it which make 
operation in repetitive, accumulation mode imperative. 

Technological research aims at optical triggering of 
quasi perfect synchronisation with the laser and at X-ray 
streak tube technology with sub-picosec resolution. [10] 
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