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BEAM DYNAMICS IN A HIGH-GRADIENT RF STREAK CAMERA*
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Abstract

Traditionally, time-resolved experiments in storage ring
synchrotron light sources and free-electron lasers are per-
formed with short x-ray pulses with time duration smaller
than the time resolution of the phenomenon under study.
Typically, storage-ring synchrotron light sources produce
x-ray pulses on the order of tens of picoseconds. Newer
diffraction limited storage rings produce even longer pulses.
We propose to use a high-gradient RF streak camera for
time-resolved experiments in storage-ring synchrotron light
sources with potential for sub-100 fs resolution. In this work
we present a detailed analysis of the effects of the initial
time and energy spread of the photo-emitted electrons on
the time resolution, as well as a start-to-end beam dynamics
simulation in an S-Band system.

INTRODUCTION

The motivation for this work is twofold: to enable mea-
surement of x-ray pulse structure in Free-Electron Lasers
(FELs) and sub-picosecond time-resolved experiments in
storage-ring synchrotron light sources. There is currently no
practical method of directly instrumenting the time structure
of the x-ray pulse in an FEL; this measurement is performed
indirectly by streaking the electron beam after the undula-
tors with an rf deflector [1-3]. Storage-ring synchrotron
light sources typically produce x-ray pulses on the order of
tens of picoseconds that allow for time-resolved experiments
with sub-nanosecond resolution. Newer diffraction limited
storage rings produce even longer pulse lengths. An ultra-
fast streak camera would enable sub-picosecond intensity-
based time-resolved experiments with long x-ray pulses. It
is also possible that diffraction-based experiments could be
performed using the 2D movie reconstruction techniques
discussed in [4-7].

Streak cameras are instruments for measuring the vari-
ation in a pulse of light’s intensity with time. The time
structure of the incident light pulse is encoded onto an elec-
tron beam through a photocathode. The photo-electrons are
accelerated and then streaked producing a 2D image on a
screen, from which the intensity versus time of the light
pulse can be inferred. Streak cameras have been used in
particle accelerators for a variety of instrumentation tasks
including bunch length measurements, longitudinal insta-
bility measurements, characterization of FEL performance,
and synchronization in pump-probe experiments [8]. They
have also been used for plasma diagnostics [9—11]. The 2D
image of visible light streak cameras was used to create a 2D
movie of the propagation of a light pulse [4—6] and a similar
concept has been studied for an X-ray streak camera [7].
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Figure 1: High-gradient rf streak camera concept, adapted
from Toufexis et al. [25].

The typical time resolution of X-ray streak cameras is
on the order of a few ps, primarily dominated by the bunch
lengthening due to the initial energy spread of the photo-
electons and low accelerating field on the photocathode.
With photocathode fields on the order of 10kV mm™!, single-
shot sub-picosecond streak cameras have been demonstrated
with 600 fs Full Width Half Max (FWHM), 350 fs rise time,
and 50 fs timing jitter [10, 12—14]. In accumulation mode,
time resolution down to 233 fs was achieved [15, 16]. How-
ever, all these experiments used Ultraviolet (UV) light in-
stead of an X-ray beam. It was shown in simulation that
using low-power accelerating RF fields may improve the
resolution down to 100fs [17,18]. Experiments using THz
radiation [19] and laser light [20,21] have shown resolu-
tion of 10fs and 100 as, respectively. RF deflectors have
been used to capture ultrafast processes in a single shot in
ultrafast electron diffraction with 150 fs FWHM temporal
resolution [22-24].

In this work we propose the use of a high-gradient RF
photo-injector and RF deflector as an ultra-high-resolution
X-ray streak camera operating in either single-shot or ac-
cumulation mode. This concept is shown in Fig. 1. Our
initial work was reported in [25]. Here we show a detailed
analysis of the effects on the time resolution of the initial
time and energy spread of the photo-emitted electrons both
analytically and numerically, using the beam dynamics code
ASTRA [26]. Finally, we show a start-to-end beam dynam-
ics simulation of the system; the S-Band photo-gun and
deflector are discussed in detail in [25].

DEFINITION OF RESOLUTION

Typically the FWHM of one pulse is used as a measure
of the time resolution in streak cameras [10, 12—14]. In this
work we define the X time resolution AtX as the spacing
between two photon pulses at the cathode that results in
N— = X, as shown in Fig. 2. This approach is a similar to
What is used in optics [27]. We will report the FWHM, the
50 %, and the 80 % resolution below.

If we have two photon pulses with some overlap in time
then the combined distribution will have two peaks and a val-
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Figure 2: Time resolution calculation overview.

ley in-between, as shown in Fig. 2. Due to this overlap, both
the amplitude and position of the pulses will be distorted.
Typically, the electron pulses generated in the gun are nei-
ther symmetric or Gaussian. Furthermore, the propagation
through the system may change the pulse tails. As a result,
when two pulses are added, the situation in Fig. 2 arises;
there is a low peak corresponding to the first pulse and a
high peak corresponding to the second pulse that overlaps
with the the tail of the first.

X-RAY PHOTO-EMISSION MODEL

Here we discuss the photo-emission model we use in our
simulations. As discussed in [28], the secondary electron
initial kinetic energy J E distribution can be modeled with
the following Probability Density Function (PDF):
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where W is the work function of the material. The direction
of the momentum corresponding to this initial kinetic en-
ergy is uniformly distributed in the azimuth ¢ and as cos 6
in the elevation angle 6, where 6 defined from the normal
vector to the cathode surface. We assume the time delay ot
between the incident photon and emitted secondary electron
is distributed according to a similar PDF:

for (6:T) = 673 —— @)

o i+ Ty

where Ty is the parameter controlling the time spread of the
secondary electrons. Figure 3 shows plots of the PDF of
these distributions for different values W from [29] and T .
Note that we have revised our model from [25] to capture
the transverse energy spread and be on par with the literature
[28]. Additionally, in [25] we have incorrectly exported the
initial energy distribution in ASTRA, thus underestimating
the effect of the initial energy spread and emittance it is
associated with.

EFFECT OF INITIAL TIME SPREAD

To isolate the effect of the initial time spread of the photo-
electrons on the resolution from the other effects we sim-
ulated the generation of pairs of photon pulses with zero
transverse and longitudinal dimensions, o = Oum and
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Figure 3: X-ray photo-emission model.
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Figure 4: Time resolution only due to initial time spread
versus Ty.

oy = 0fs, and applied the photo-emission model to get the
distribution of the photo-electrons in time. We used 50,000
particles per pulse and calculated the time resolution right
after the cathode from the longitudinal phase space of the
electrons. The results are shown in Fig. 4. The 50 % and
80 Y% resolution data fits are given by
A0 =130-Ty, A0 =0.81-T,. (3)
Also shown in Fig. 4 is a comparison with the analytical
expression
Ate g =1.1-Ty, 4

the FWHM of equation (2). This shows that the initial time
spread distribution imposes a fundamental limit on the reso-
lution that needs to be quantified experimentally.

EFFECT OF INITIAL ENERGY SPREAD
AND CATHODE SURFACE FIELD

To isolate the effect of the initial energy spread of the
photo-electrons due to the cathode work function W and
the cathode surface field E,.. on the resolution from the
other effects we simulated the generation of pairs of photon
pulses with zero transverse and longitudinal dimensions,
0 = Opm and oy = 0fs, and applied the photo-emission
model with varying work function W but zero time spread
T, = Ofs to get the distribution of the photo-electrons in
time. We tracked those electrons with ASTRA through the
gun for various gun gradients E,.. at on-crest gun phase.
We used 50,000 particles per pulse and calculated the time
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Figure 5: Time resolution only due to initial energy spread of
photo-electrons versus the cathode surface field for different
cathode materials [29].

resolution at the exit of the gun from the longitudinal phase
space of the electrons. The results are shown in Fig. 5. The
lower the work function W and the higher the accelerating
gradient E,.., the higher the resolution. The 50 % and 80 %
resolution data fits are given by
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Also shown in Fig. 5 is a comparison with the published
analytical expression [10, 12, 15,18, 25]
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where 0F is the FWHM of the electron energy in eV,
and E,.. is the accelerating field on the photocathode in
KV mm™L.
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START-TO-END SIMULATION

We performed a start-to-end beam dynamics simulation
to quantify the resolution of the overall system. The pa-
rameters of the photo-emission model were T; = 10fs
and W = 3.2eV (gold), the cathode surface field was
Egce = 120MVm™!, the rms spot size was o = Sum,
the photon pulse length was zero, and the peak deflecting
voltage was 3.5 MV. We used 100,000 particles per pulse
and calculated the time resolution at a screen position at
1.5 m downstream of the cathode. The FWHM was 128 fs,
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Figure 6: Transverse beam distribution imaged on a screen
from two zero-length pulses spaced 136 fs apart. The pa-
rameters of the photo-emission model were 7; = 10fs
and W = 3.2eV (gold), the cathode surface field was
Euce = 120MVm™', the rms spot size was o, = 5um,
and the peak deflecting voltage was 3.5 MV.

ArPY% = 204 fs, and Ar3°% = 136fs. Figure 6 shows the
transverse beam distribution imaged on the screen from
two zero-length pulses spaced 136 fs apart, the 80 % reso-
lution; the two pulses are clearly distinguished. The dis-
tance between the pulses on the screen can be converted
to time at the cathode by multiplying by 2.2 pscm™'. With
E ee = 130MVm™! and using CsI W = 1.5V instead
of gold we get a FWHM of 96fs, Ar>°% = 145fs, and
Ar30% = 95fs. However, it is unclear if CsI is compati-
ble with high-gradient RF fields.

CONCLUSION

‘We have presented a new concept for an ultra-fast X-ray
streak camera. In this system, the X-ray beam is focused on
the photocathode of a high-gradient radio-frequency cavity
that accelerates the photo-emitted electrons to a few MeV
while preserving their time structure. The accelerated elec-
tron beam is streaked by a radio-frequency deflector and
imaged on a phosphor screen. We presented a detailed anal-
ysis of the effects on the time resolution of the initial time
and energy spread of the photo-emitted electrons both analyt-
ically and numerically. The initial time spread distribution
imposes a fundamental limit on the resolution that needs to
be quantified experimentally. We further presented a start-
to-end simulation of the overall system. Given the published
data and the analysis we performed here, it appears that
near-100 fs resolution is possible using a high-gradient S-
Band system. Higher resolution is also possible using higher
cathode surface field and higher frequency, e.g. X-Band.
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