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A compact streak camera for 150 fs time resolved measurement
of bright pulses in ultrafast electron diffraction
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We have developed a compact streak camera suitable for measuring the duration of highly charged
subrelativistic femtosecond electron bunches with an energy bandwidth in the order of 0.1%, as
frequently used in ultrafast electron diffraction (UED) experiments for the investigation of ultrafast
structural dynamics. The device operates in accumulation mode with 50 fs shot-to-shot timing jitter,
and at a 30 keV electron energy, the full width at half maximum temporal resolution is 150 fs.
Measured durations of pulses from our UED gun agree well with the predictions from the detailed
charged particle trajectory simulations. © 2010 American Institute of Physics.

[doi:10.1063/1.3489118]

I. INTRODUCTION

Ultrafast electron diffraction (UED) is a rapidly emerg-
ing technique that has been used to study structural dynamics
of matter with sub-Angstrom spatial and subpicosecond tem-
poral resolution.'™ This is achieved by employing standard
femtosecond laser technology in an optical-pump, high en-
ergy electron (10-100 keV range) probe setup. In studying
samples that cannot be repeatedly excited and probed, it has
been necessary to develop high brightness compact UED
sources that can deliver subpicosecond electron pulses con-
taining about 10* electrons per pulse.1 An even higher bright-
ness up to the 10% /pulse range is envisioned for future
sources.*’ Space charge forces in highly charged bunches
containing about 10*~/pulse lead to a relatively large energy
bandwidth in the order of 0.1%, which for the most com-
monly used table-top subrelativistic UED sources implies
rapid temporal pulse b1roadening.6 If accelerated to 30 keV
electron energy, such pulses debunch at a rate of about 100
fs/cm propagation distance, and therefore, their temporal
characterization with ~100 fs resolution would require
compact streak cameras with a millimeter scale streak plate
length to avoid temporal smearing. Currently, streak cameras
employed in UED have streak plate lengths in the few cen-
timeter range, and they also suffer from poor sensitivity
(small streak velocity). This limits the attainable temporal
resolution of such streak cameras to not much better than 1
ps,l’z’7 and the current state of the art table-top UED tempo-
ral characterization featuring ~300 fs resolution is in fact
achieved by a laser pulse electron pulse cross correlation
technique.8 While higher sensitivity can be attained with
traveling wave deﬂectors,9 such streak plate geometries
would be rather difficult to fabricate on the small length
scales required for UED.

In this article, we present our realization of a streak cam-
era with a millimeter scale streak plate length L, and submil-
limeter plate separation. The compact nature of the device
not only minimizes temporal smear due to the finite electron
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energy bandwidth, but also allows a larger electric field be-
tween the streak plates than what is possible with centimeter-
scale streak cameras, thereby significantly enhancing the
sensitivity.10 The compact design and consequent large oper-
ating frequency are also conducive toward low (sub-100 fs)
shot-to-shot photoswitch timing jitter, thereby allowing the
device to operate in accumulation mode.’

Il. EXPERIMENTAL AND RESULTS

Figure 1(a) depicts the streak camera setup. The electron
pulses to be characterized are produced by a custom-built
compact dc photogun containing a back-illuminated thin film
gold photocathode that is triggered by frequency tripled fem-
tosecond laser pulses (A=258 nm) from a commercial
chirped pulse amplifier (Clark MXR CPA 2101). The photo-
generated electron pulses are accelerated to 30 keV energy
through a 4 mm gap, and are then collimated by a compact
solenoid lens. The streak camera itself was placed at a dis-
tance of 5 cm from the photocathode. As shown in Fig. 1(c),
it consists of a pair of 3 mm X3 mm streak plates with a
plate separation of 0.5 mm that are shunted through a low
inductance (~5 nH) discharge loop containing a photo-
switch that is placed as close as possible to the streak plates.
The capacitor formed by the streak plates and parasitic ca-
pacitance of the photoswitch (~0.2 pF) is charged by an
external pulsed voltage supply via a pair of decoupling resis-
tors of value Ry. The operation is as follows: a 50 ns high
voltage pulser that is synchronized to the amplified femto-
second laser charges the streak plates to a potential differ-
ence of 1.5 kV. A pulsed voltage source is required to reduce
the switch duty cycle since thermal effects in the GaAs wafer
cause switch instability and breakdown at a few hundred
volts if a dc source is used. In addition, very short charging
pulses mitigate the danger of arcing due to vacuum break-
down at the GaAs surface. Once fully charged, the trigger
laser pulse impinges on the photoswitch, thereby initiating a
damped harmonic oscillation of the effective LCR circuit
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FIG. 1. (Color online) Compact streak camera setup and design. (a) Overview of the experimental setup, (b) lumped circuit diagram of the streak camera, and

(c) schematic drawing of the streak camera design (not to scale).

[Fig. 1(b)]. By measuring the beam deflection as a function
of photoswitch trigger delay time, it was possible to deter-
mine the temporal evolution of the streak electric field, as
shown in Fig. 2. By fitting the transient to a simple damped
oscillator model, a frequency of 5.2 GHz and a circuit qual-
ity factor of Q=3 were obtained. In the streaking experiment,
the electron pulse transits the streak field symmetrically in
time about its first zero crossing, utilizing the maximum
electric field ramp while ensuring zero net beam deflection.
Shaping of the electron pulse by a 50 um aperture prior to
injection into the streak field minimizes distortions of the
streak image due to beam size-related factors such as streak
plate misalignment and fringe fields. It also suppresses space
charge-induced radial broadening of the pulses in the post-
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FIG. 2. Streaking electric field vs time. The electric field values (triangles)
were calculated from recorded electron pulse deflection angles for different
photoswitch trigger delay times. The data are well fitted by a simple damped
oscillator model with a frequency of 5.2 GHz and circuit quality factor Q
=3. This measurement was performed using a peak charging voltage of 400
V.

streak plate drift Space.ll The photoswitch itself was made as
follows: two 1.5 mm diameter circular Ohmic contacts with
a minimum edge separation of 1 mm were fabricated by
evaporating titanium (5 nm)/germanium-gold (200 nm)/gold
(200 nm) onto a 0.5 mm thick semi-insulating gallium ars-
enide (GaAs) wafer (dark resistivity of ~10° Q) cm) via
electron beam deposition and subsequent annealing at
450 °C for 2 min in an argon filled furnace. The function of
the decoupling resistors Ry is to prevent interference of the
charging circuit with the streak plate oscillations. The re-
charging time must however be significantly smaller than the
time delay between the laser prepulse and the main pulse
(about 4 ns in the present case) in order to suppress the
destabilizing effect of the laser prepulse.g’lz’13 Choosing Ry
=2 k{) yields a recharging time constant of about 1 ns
(roughly equal to the measured carrier lifetime of the photo-
switch) while ensuring sufficient decoupling during the high
frequency ringing.

We now discuss the temporal resolution capability of the
streak camera. The rms impulse response oy, of the streak
camera is given as the ratio of the rms beam size and the
streak velocity at the detector. Due to the negligible aperture
size and large camera length (about 35 cm in our case), the
former is given in terms of the camera length /. and local rms
angular spread of the beam o, by [. X gy The streak velocity
is given by v,=[. X w; where w; is the angular streak veloc-
ity. The impulse response can thus be written as

Tinp =" (1)

wS
which in turn is in the same order of magnitude as the tem-
poral resolution associated with the data extraction which we
denote as Ar,. With the current electron gun and streak cam-
era operating parameters, w, was measured to be 5.2 mrad/ps

Downloaded 13 Jun 2011 to 137.215.6.53. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions



105103-3 Kassier et al.
= - T T
[ o streaked profile — regularized fit Jo,7
x unstreaked profile -- unregularized fit
- 1F
5 0,6~
s 3
208 Jos52
3 z
O [72)
Zos6l 045
° £
S I {033
@0,4 F -
s jo0.2¢
S5 .t 7
0.2 Jo0,1
0 ==L FXX | L L b & 0
0 20 40 60 80

Pixels

FIG. 3. Top: measured streak profile with error bars and fits corresponding
to no regularization (dashed line) and optimal regularization (solid line),
respectively. The best fit is obtained for no regularization (x>=0.1) while the
regularized fit yields y*=2. Bottom: unstreaked profile with fit correspond-
ing to optimal regularization.

(Ref. 14) by recording the electron beam position on the
detector as a function of the delay time between the electron
pulse and the laser trigger pulse. By measuring the rms ra-
dius of the unstreaked spot on the detector, o, was found to
be 0.5 mrad, yielding an impulse response in the order of 100
fs according to Eq. (1).

The temporal resolution of the streak camera is deter-
mined by the temporal resolution due to data extraction A7,
as well as limitations on the temporal resolution due to the
shot-to-shot timing jitter A7; and the possibility of streak
image broadening A, due to shear-type misalignment of the
streak plates. We first discuss the temporal resolution due to
data extraction A7,, which depends not only on the impulse
response, but also on the fidelity of the data (noise level) in
conjunction with the data extraction method. In order to ex-
tract the temporal electron density profile of the pulse, both
the streaked and unstreaked images were binned along the
axis perpendicular to the streak direction. Thus, the gener-
ated streaked profile can be interpreted as a convolution of
the unstreaked profile with the temporal electron density pro-
file (see insets in Fig. 3 for the recorded streaked and un-
streaked images). Mathematically, this statement can be ex-
pressed as

s=Ad;A=[uy,u,, ...,u,], 2

where s and d are column vectors representing the measured
streaked profile and the determined electron density streak
profile (which is, of course, linearly related to the temporal
electron density profile via the streak velocity), respectively.
The convolution matrix A consists of column vectors u; that
contain the unstreaked profile data at various shifted index
positions for each u; (the remaining entries of u; are set to
zero). Inversion of the convolution operator A to extract the
electron density profile is an ill-posed problem, and therefore
one cannot simply solve for d by minimizing ||Ad-s|*. In-
stead, we solve the following optimization problem with
non-negativity constraints on d:

)1 4
min{ —||Ad - s|* + <||d|* (. (3)

da=0 | 2 2
Inclusion of the term involving the regularization parameter

v>0 in Eq. (3) is known as Tikhonov regularization."” As-
suming a fixed Gaussian variance & for each measured data
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FIG. 4. Extracted temporal electron density profiles corresponding to no
regularization (dashed line) and optimal regularization (solid line), respec-
tively. The unregularized profile exhibits a pronounced double-humped fea-
ture which is likely an artifact and absent in the regularized profile.

point in u and s, the reduced chi-squared statistic is approxi-
mated by

1
X = WHAd s (4)

for large N=size(s). Choosing y such that ||Ad—s|?=N&
yields x’=1, i.e., with optimal regularization, we enforce a
mean square error of the data fit which matches the expected
uncertainty in the data. To solve for d, Eq. (3) can be written
as a quadratic programming problem in standard form,'®

min{1d‘(A'A + y1)d - d'A's}. (5)
d=0

Here, I is the identity matrix, and the superscripted t
denotes the transpose of the relevant vector or matrix. To
estimate the temporal resolution associated with the data ex-
traction A7,, consider the measured streaked and unstreaked
profiles obtained from pulses containing 1500 electrons as
plotted in Fig. 3. The error bars on the data were estimated
by statistically analyzing a set of profiles recorded under the
same conditions. The streaked profile was deconvolved sub-
ject to two regularization conditions: (1) y=0 (no regulariza-
tion) and (2) y>0 subject to |Ad-s|*=N&* (& is the rms
error). For condition (1), one obtains the best fit (best corre-
spondence of s and the reconstructed profile Ad, both plotted
in Fig. 3) with x?=0.1, and the corresponding full width at
half maximum (FWHM) temporal duration is 7,,=240 fs
(see Fig. 4). The extracted pulse width increases to 256 fs
with proper regularization according to condition (2), in
which case y*=1.1. We interpret the pulse duration extracted
with proper regularization to be the maximum pulse duration
Tmax CoOnsistent with the measured data (both the extracted
pulse duration and )? increase monotonously with y so that
stronger regularization would no longer lead to a data fit
within the determined error bounds). As seen in Fig. 4,
proper regularization eliminates the somewhat artificial
double humped feature in the profile extracted without regu-
larization. To determine the minimum pulse duration consis-
tent with the measured data, consider the unstreaked profile
shown in Fig. 3. Deconvolution of u itself should ideally
yield zero pulse duration as u is indistinguishable from a
streaked profile that one would have measured of an infi-
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nitely short pulse. Yet the width extracted with proper regu-
larization (x*>=1.1, the fit is plotted on top of the unstreaked
profile in Fig. 3) is equal to 7,=85 fs FWHM. We therefore
argue that the minimum pulse duration due to data extraction
Tmin,e should be glven by ( Tmin, e) —(Topt)2 (TO)2 (240 fS)2
—(85 fs)?, yielding 7yin.=225 fs. Another limitation to the
temporal resolution is the shot-to-shot timing jitter of the
streak camera caused by variation of the photoswitch resis-
tance in response to trigger laser intensity fluctuations.”' To
estimate the jitter, the center position of the streaked spot on
the detector was measured as a function of trigger laser in-
tensity yielding a sensitivity of 37 fs per percentage intensity
variation at the currently employed laser fluence of
1 mJ/cm?/pulse. With a measured relative FWHM laser in-
tensity spread of 1.4%, the estimated timing jitter is A7;
=50 fs. Lastly, assuming up to 10° shear-type misalignment
of the streak plates, an additional broadening of Ar,
=60 fs can be expected due to the electron beam size of
50 wm. Since these effects exclusively act to broaden the
measured pulse duration, they further reduce the minimum
pulse duration consistent with the data extraction 7, . by
Tonin=[(Tmine)*— (A7))*=(A7,)*]"?=210 fs. The temporal
resolution of the streak camera is then estimated as
AT=[(Tha)* = (Tmin)*12=[(256 £5)>=(210 fs)*]"2=150 fs.
While the temporal duration of the pulse containing 1500
electrons could be written as 235 =25 fs, we prefer to state
the value obtained with the properly regularized deconvolu-
tion 7,,,=256 fs with the understanding that [(7,,,)’
—(Tmin)*]72=150 fs. This relation also holds for pulse dura-
tions other than 256 fs.

Using an autocorrelator, the pulse width of the laser was
measured as 230+20 fs FWHM. By simulating the evolu-
tion of the pulse duration through the various optics includ-
ing nonlinear crystals and various dispersive media, the du-
ration of the frequency tripled pulse at the photocathode was
found to be 210*20 fs. Taking into account the initial
Gaussian radial profile of the laser pulse on the cathode with
a FWHM radius of 190 um, the measured beam radius of
270 um at the streak camera position 5 cm from the photo-
cathode, and the fact that the beam is shaped by the 50 um
aperture, the temporal electron density profile of the electron
bunches could be accurately simulated using the ASTRA
code.'” The simulated and measured profiles (regularization
with y?=1.1) for the cases of 1500 and 8000 electrons per
pulse, respectively, are shown in Fig. 5. Excellent agreement
between simulated and measured pulse durations is evident
for both cases considered, with the simulated (measured)
FWHM pulse durations for the 1500 and 8000e™/pulse cases
being 228 fs (256 fs) and 350 fs (345 fs), respectively. These
results serve as further confirmation of the estimated 150 fs
temporal resolution. Interestingly enough, the double-
humped shape of the ~250 fs pulse that disappears with
regularization (see Fig. 4) remains visible in case of the regu-
larized ~350 fs profile in Fig. 5. This feature, which is sta-
tistically significant given the error bars of the measured
streak profile, also shows up in the simulated profile given in
Fig. 5. While the simulated ~250 fs profile also appears to
exhibit a double-humped shape, this cannot be resolved by
the current streak camera. The good qualitative agreement of
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FIG. 5. Measured and simulated longitudinal electron density profiles of
pulses containing 1500 electrons and 8000 electrons, respectively. The in-
tensities of the simulated and measured profiles are normalized so as to
correspond to the same total electron number. The insets depict the recorded
streak images, and the FWHM pulse durations are also shown.

measurement and simulation, particularly in case of the
~350 fs pulse, confirms the ability of our device to measure
not only the duration, but also the temporal electron density
profile of ultrashort electron pulses.

lll. CONCLUSION

In summary, a simple and compact streak camera with
150 fs temporal resolution for measurement of highly
charged subrelativistic electron pulses has been constructed
and thoroughly characterized. Good agreement of measured
pulse durations and temporal profiles with simulations con-
firms the utility of the device for diagnostics of current state
of the art UED guns delivering highly charged sub-300 fs
electron pulses.
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