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Abstract
We are developing an ultrafast diagnostic system for X-ray

beams from Synchrotron Light Sources and Free-Electron

Lasers. 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 electron

beam is streaked by radio-frequency deflectors and then

imaged on a screen. This approach will allow orders of

magnitude improvement in time resolution over traditional

streak cameras and could potentially enable time-resolved

diagnostics of sub-100 fs X-ray pulses. We present prelimi-

nary beam dynamics simulations of this system and discuss

the implementation.

INTRODUCTION
Streak cameras are instruments for measuring the varia-

tion in a pulse of light’s intensity with time. The time struc-

ture of the incident light pulse can be encoded onto an elec-

tron beam through a photocathode. The photo-electrons are

accelerated and streaked producing a 2D image on a screen,

from which the intensity versus time of the initial light pulse

can be inferred. Streak cameras have been used in particle

accelerators for a variety of instrumentation tasks including

bunch length measurements, longitudinal instability mea-

surements, characterization of Free-Electron Laser (FEL)

performance, and synchronization in pump-probe experi-

ments [1]. They have also been used for plasma diagnos-

tics [2–4]. The 2D image of visible light streak cameras was

used to create a 2D movie of a light pulse [5–7]. The same

concept has been studied for an X-ray streak camera [8].

The typical time resolution of X-ray streak cameras is on

the order of a few ps, primarily limited by the bunch length-

ening due to the initial energy spread of the photo-electons

and low accelerating field on the photocathode. With pho-

tocathode fields on the order of 10 kVmm−1, 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 [3,9–11]. In accumulation mode, time res-

olution down to 233 fs was achieved [12,13]. However, these

experiments used UV light instead of an X-ray beam. In was

shown in simulation that using low-power accelerating RF

fields may improve the resolution down to 100 fs [14, 15].

THz radiation [16] and laser light [17, 18] have shown reso-

lution of 10 fs and 100 as, respectively. RF deflectors have

been used to capture ultrafast processes in a single shot in

Ultrafast Electron Diffraction (UED) [19–21].

∗ This project was funded by U.S. Department of Energy under Contract
No. DE-AC02-76SF00515.
† ftouf@slac.stanford.edu

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 accu-

mulation mode. We begin by examining the time resolution

limits of X-ray streak cameras and show how high gradients

can improve the resolution by 1 - 2 orders of magnitude. We

further discuss implementation issues and present prelimi-

nary beam dynamics simulations of this system with beam

dynamics code ASTRA [22].

TIME RESOLUTION LIMITS
The time resolution of streak cameras is limited by sev-

eral factors including bunch lengthening due to the ini-

tial energy spread of the photo-electons and low acceler-

ating field on the photocathode, the deflection speed, and

space charge [3, 9, 23]. These effects can be wrapped into

Δt =
√
Δt2j + Δt2e + Δt2a + Δt2

d
+ Δt2s + Δt2sc , where Δt j is

the time jitter for accumulation mode, Δte is the time spread
of the secondary photo-electrons (typically ignored since

it is on the order of 10 fs [24]), Δta is the bunch lengthen-
ing due to the initial energy spread of the photo-electons

and accelerating field on the photocathode, Δtd is the bunch
lengthening due to the drift between the anode and sweeping

plates, Δts is the time error due to the finite transverse emit-
tance and the finite deflection speed, and Δtsc is the bunch
lengthening due to space charge. The bunch lengthening

due to the initial energy spread of the photo-electons and

accelerating field on the photocathode for a constant gradient

can written as [9]

Δta =
2.63
√
δE

Va

(
ps
)
, (1)

where δE is the FWHM of the electron energy in eV, and Va

is the accelerating field on the photocathode in kVmm−1. In

traditional streak cameras Va is on the order of 10MVm
−1.

High-gradient warm S-Band (2.858GHz) and X-Band

(11.424GHz) photo-injectors can operate at cathode accel-

erating fields up to 130MVm−1 and 200MVm−1, respec-

tively [25]. High-gradient cryogenic copper at 45K X-Band

(11.424GHz) photo-injectors can operate at surface fields

up to 500MVm−1 [26] – a factor of 50 improvement over

state-of-art X-ray streak cameras, reducing the term Δta
well bellow 10 fs. The high accelerating fields "freeze" the

photo-electron beam zeroing the terms Δtd and Δtsc .
For an RF deflector, the term Δts can be re-written as

Δts =
1

π f V0qe

mec2

sinΔψ

√
γεn
βd
, (2)

where c is the speed of light, f is the frequency of the RF
deflector, V0 is the peak deflecting voltage, qe is the electron

SLAC-PUB-17439

This material is based upon work supported by the U.S. Department of Energy, Office of Science, 
under Contract No. DE-AC02-76SF00515.



Incident X-Ray 
Probe Beam

Deflecting 
Cavity

Diffracted 
X-Ray 
Beam

Sample

RF Photo-Gun
Photocathode

Focusing Solenoid

Pulsed Kicker

Unpurturbed 
Electron Trajectory

Kicked Electron 
Trajectory

Camera

Phosphor 
Screen

1 - 2 m
Laser/THz 

Pump

I

t

Camshaft Bunch

X-Ray Pulse Time Structure

Figure 1: High-Gradient RF Streak Camera Overview.

charge, me is the electron rest mass, εn is the normalized
transverse beam emittance, βd is the beta function at the
deflector, and Δψ is the betatron phase advance from the

deflector to the screen [27–29]. X-ray beams can be focused

on the cathode to 10’s of microns to produce ultra-low emit-

tance electron beams that will be preserved in high-gradient

fields. X-Band deflectors have been shown to have a time

resolution Δts of 1 - 4 fs with low emittance GeV beams in

an FEL [29,30]. Increasing the operating frequency and/or

the deflecting gradient could further reduce the term Δts
well below 1 fs.
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Figure 2: X-ray photoemission model.
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Figure 3: RF structures used in our simulations.

DEVICE CONCEPT
The proposed system is shown in Fig. 1. The X-ray beam

hits the photocathode of an RF photo-gun, encoding its tem-

Figure 4: Incident photon versus photo-electron time distri-

butions PDF used in our simulations.

poral and spatial structure into the electron beam. We plan

to use a beryllium disk, which acts a a window for the X-

rays, coated with gold or other suitable material for photo-

emission. This cathode is clamped on the photogun copper

body. The accelerated electrons are focused with a solenoid

and streaked with an RF deflecting cavity. The streaked

beam is imaged on a phosphor screen with a high resolution

camera.

We are interested in using this system in a synchrotron

light source as an ultra-fast camera in order to enable time-

resolved pump-probe experiments with long pulses instead

of stroboscopy. In this case, the incident X-ray beam hits

the sample under investigation and the diffracted photons

are imaged on the photocathode. Typically in a storage ring,

a special fill pattern is used for pump-probe experiments.

The pump is synchronized with a so-called camshaft bunch,

which refers to a high-current bunch that is spaced tens of

nanoseconds away from all the other low-current bunches.

The bunch length in a typical storage ring is relatively long on

the order of 20 ps RMS. For this application we can use lower

frequency S-Band (2.858GHz) RF structures with a cycle

of 350 ps. Because the filling time of S-Band accelerating

structures is large compared to the bunch spacing, the X-rays

from all the bunches will be imaged on the photocathode

creating parasitic images. In order to solve this problem and

isolate the X-ray pulse of the camshaft bunch we will use a

fast kicker to direct only the electron bunch generated by the

camshaft’s bunch x-rays into the phosphor screen.



(a) Longitudinal distribution after the RF gun.

(b) Transverse beam distribution imaged on a

screen after the deflector.

Figure 5: Beam dynamics simulation results.

BEAM DYNAMICS SIMULATION
To generate the initial photo-electron distribution we need

the 6D emittance of these electrons. X-ray photoemission be-

tween 100 eV and 10 keV has been well studied [24, 31, 32];

however there are virtually no data about the 6D emittance

of the photo-electrons. In [24] it is stated that secondary

electrons (below 30 eV) comprise 50 – 90% of the total elec-

trons emitted. The peak energy of the secondary electrons

is around 2 eV and the FWHM is below 10 eV. The time

spread is on the order of 10 fs. Based on this information we

have modeled the initial photo-electron energy distribution

and delay between photon absorption and electron emission

using a generalized extreme value distribution, as shown

in Fig. 2. In this work we ignored the quantum yield and

therefore space change.

Figure 3 shows the RF structures we designed for this

analysis. We have ignored the RF couplers in this work. The

photo-gun has 2.5 cells and the electric field amplitude on the

cathode surface is twice the peak on-axis field in the full cells.

Its Q0 is 14,200. For 5MW of RF power the accelerating

gradient on the cathode is 103MVm−1, the beam energy at

the exit is 5MeV, the peak surface electric and magnetic

fields are 103MVm−1 and 194 kAm−1 respectively, and the

peak pulsed surface heating [25] for 5 μs pulses is 18 ◦C,
well below the copper damage threshold [33]. The deflector

has 3 cells. Its Q0 is 17,600. For 2.5MW of input power the

deflecting voltage is 2.8MV, the peak surface electric and

magnetic fields are 55MVm−1 and 298 kAm−1 respectively,

and the peak pulsed surface heating [25] for 5 μs pulses is

43 ◦C, which is still considered safe for copper [33].
For injection we have simulated a photon distribution

comprised of two 5 fs RMS Gaussian pulses, separated by

30 fs using the beam dynamics simulation code ASTRA [22].

The incident photon beam RMS radius was 50 μm. Fig. 4

shows the photon distribution and resulting photo-electron

distribution applying the model of Fig. 2. In ASTRA, the

cathode of the RF gun of Fig. 3a was positioned at z = 0m
and the center of the deflector of Fig. 3b at z = 0.5m. A
solenoid was used to focus the beam at the exit of the deflec-

tor. Fig. 5a shows the time structure of the electrons at the

exit of the gun. The time structure has been well preserved

from Fig. 4. Fig. 5b shows the x-y electron distribution at a
screen at the exit of the deflector. We can see that the two

pulses are clearly distinguished, thus demonstrating the high

time resolution of this streak camera.

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 radio-frequency deflectors and then

imaged on a phosphor screen. We have shown in beam dy-

namics simulation that the time resolution of an S-Band

device is less than 30 fs, primarily limited by the secondary

electron emission time delay.
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