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We propose and demonstrate a fiber-array-based detection scheme for single-shot pulse contrast character-
ization. The parallel to serial mapping using the fiber array allows the use of a high-sensitivity photomul-
tiplier tube and eliminates the external neutral density filter, both resulting in significantly improved dy-
namic range. The proof-of-principle experiments show a dynamic range of 2X107:1. The demonstrated
technique can be readily applied to existing instruments for single-shot pulse characterization. © 2008 Op-

tical Society of America
OCIS codes: 120.0120, 230.0040, 230.0230.

Focused intensity in excess of 102 W/cm? now can be
reached by high-power laser systems based on chirp
pulse amplification [1-3], which may find many ap-
plications such as plasma physics, high-order har-
monic generation, inertial confinement fusion, or
quantum electrodynamics [4]. In the systems with
such high intensities, however, reflections, scatter-
ing, amplified spontaneous emission, or incomplete
temporal compression may result in considerable
pedestal or prepulses and postpulses. The contrast,
defined by the ratio of the peak intensity of the main
pulse to its background, especially in the leading
part, is therefore one of the most important param-
eters of a high-power laser pulse. For example, the
absolute intensity of the long pedestal or prepulse
must be under the threshold of preplasma generation
for a clean light-matter interaction experiment. The
higher the peak intensity, the higher the contrast is
required. This, of course, necessitates a more delicate
design of the laser system and/or pulses’s cleaning
techniques for higher peak intensity to meet the ex-
perimental criteria [5-7]. On the other hand, it also
challenges the diagnostic technique for pulse con-
trast, which is necessary for experimental data
analysis and system optimization.

Current diagnostic techniques for pulse contrast
are typically based on nonlinear correlation, in which
a clean reference is obtained by second-harmonic
generation (SHG) of the to-be-characterized pulse.
Sum-frequency generation (SFG) or difference-
frequency generation (DFG) may serve as the nonlin-
ear process for correlation, and the dependence of the
third harmonics or the idler on temporal delay is
measured to reveal the information of the shape and
contrast of the primary pulse [8,9]. One of the most
important specifications of such an instrument is its
dynamic range, which determines the ability to dis-
tinguish the utmost difference of the signal levels.
For a specific detection system the strongest signal
detected must be kept below the saturation level,
which is accomplished commonly by attenuation us-
ing a calibrated neutral density filter(s) [NDF(s)]. At
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the low end, the noise level sets the bottom limit of
the detectable signal. The noise limit is indeed the
most severe problem that restricts the obtainable dy-
namic range. Stray light suppression and using de-
tectors with low noise and high sensitivity are thus
preferable. In a time-scanning configuration for char-
acterizing repetitive pulses, a lock-in amplifier or
boxcar averager may be used to increase the dynamic
range by 1-2 orders of magnitude [10,11]. In addi-
tion, a larger dynamic range could be achieved in
principle by further increasing the intensity of the in-
put beam while increasing the attenuation of the sig-
nal peak.

Although a dynamic range in excess of 10'1:1 has
been demonstrated for repetitive milljjoule input
pulses in a time-scanning mode [9], it is typically
about 106-107:1 for single-shot techniques [12—14].
In a single-shot measurement, which is especially de-
sirable for high energy/high-power laser systems op-
erating at extremely low repetition rate or even non-
repetitively, the information of the shape and
contrast is obtained from an isolated pulse. Third-
order autocorrelation based on SHG-SFG cascaded
processes is widely used. Variation of the time delay
is realized by intersecting the two interacting beams
and/or tilting the pulses onto the SFG crystal [12],
and the correlation in time is then transformed into a
spatial intensity distribution. Currently the pulse
correlation trace in a single-shot measurement is re-
corded by a multielement detector capable of parallel
measurement such as a diode array. To increase the
measurable contrast a calibrated attenuator is nor-
mally positioned to reduce the central portion of the
signal while leaving the low-level pedestal unattenu-
ated. The poorer dynamic range in a single-shot
mode, when compared to that of a time-scanning
mode, is largely due to the performance limits in its
detection system. The attenuator for the central sig-
nal reduction, the width of which is narrower than
that of the signal beam, will inevitably introduce ex-
tra noise through edge scattering or diffraction. Fur-
thermore, the diode array for parallel measurement
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is much less sensitive than a photomultiplier tube
(PMT) in a time-scanning setup, particularly when
techniques for improving the signal-to-noise ratio,
such as lock-in amplification or boxcar averaging, are
precluded in a single-shot measurement. In this Let-
ter, we report a fiber-array-based acquisition system
for single-shot pulse contrast characterization. Our
technique is designed to overcome some of the limita-
tions of existing instruments. In particular, our tech-
nique eliminates the external NDF and allows a low-
noise high-sensitivity PMT to accomplish the parallel
measurement, achieving significantly improved dy-
namic range in a single-shot measurement.

The experimental setup is schematically shown in
Fig. 1. In this proof-of-principle experiment we used
the configuration of noncollinear DFG for the single-
shot correlation measurement [15]. The output from
a Tiisapphire regenerative amplifier (Spitfire,
Spectra-Physics) with a pulse energy of 400 ud, du-
ration of 70 fs, and wavelength of 800 nm was used
as the initial source. After frequency doubling in a
type I phase-matched 200 um thick BiB3;Og4 (BIBO)
crystal, a dichroic mirror separates the fundamental
and second-harmonic components. These two compo-
nents, after proper timing adjustment by an optical
delay line, were focused by cylindrical lenses onto an-
other type I phase-matched 200 um thick BIBO crys-
tal to produce a DFG signal. At the input face of the
crystal the two beams overlap in an area of approxi-
mately 6 mm X1 mm. The noncollinear angle was
~3° in the plane with the larger beam size (i.e., not
focused by the cylindrical lens), which provided a
temporal delay of ~2 ps across the beam. The spa-
tially distributed DFG signal was then imaged by a
cylindrical lens onto a well-aligned and end-polished
fiber array. The fiber array consists of 61 fibers with
different lengths, which was fabricated by a high pre-
cision V-groove-based technique (Broadex Technolo-
gies, China). Each fiber has a core diameter of
62.5 um and an NA of 0.275, and the width of the ar-
ray is ~7.75 mm. The fiber lengths range from ~1 m
(the first fiber) to ~91 m (the 61st fiber), with a
~1.5 m increment between succesive fibers, which
corresponds to a temporal interval of ~7.3 ns. Cali-
brated fiber attenuators were spliced into the central
channels, with a fixed attenuation factor of 100 for fi-
ber channels from the 27th to the 31st, and an at-
tenuation factor of 32 for channels from the 24th to
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Fig. 1. Schematic of the measurement setup. DM, dichroic
mirror; DL, optical delay line; L1 and L2, cylindrical lenses;
SF, spectral filter; L3, imaging lens; FA, fiber attenuator.
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the 26th and from the 32nd to the 34th. The distal
ends of the fibers were aligned and bound together.
Thus, the spatially distributed DFG signal is con-
verted into a series of temporally separated pulses
spanning ~440 ns, and a serial instead of parallel de-
tection can be used. In our experiments, an addi-
tional NDF with an attenuation factor of 50,000 was
used to attenuate the overall intensity of the signal
beam before reaching the detector. We note that the
NDF can be eliminated simply by using fiber attenu-
ators (variable type preferred) with much higher at-
tenuation factors (e.g., up to 50-60 dB). A PMT
(R5108, Hamamatsu) operating at —1260 V bias was
used to capture the output light from the fiber
bundle, the output of which was sent to an analog-to-
digital converter followed by a personal computer for
further data processing. The response time of
~1.2 ns of the PMT was fast enough to resolve the se-
rially delivered DFG intensity profile because the de-
signed temporal separation between two adjacent
channels was sufficiently large (i.e., ~7.3 ns).
Figure 2 shows the retrieved shape of the funda-
mental pulse. The limit on the measurable contrast
ratio was determined by optical noise level at the
DFG wavelength (the fundamental wavelength in
this case). The dominant noise source came from
light scattered into the DFG signal from the funda-
mental beam. By blocking the second-harmonic beam
the noise level was measured using data shown in
Fig. 2. The measured optical noise was slightly non-
uniform across the fiber array, which suggests that
scattering of the fundamental beam may be nonuni-
formly distributed in both the spatial and angular do-
mains. Although the pulse shape and the optical
noise level were measured with different shots, it is
reasonable to assume that variations for different
shots are negligible owing to the high stability of the
laser source used. The dynamic range under the
present conditions was estimated to be 2 X 107:1. Be-
cause the DFG signal and the fundamental were de-
generate the optical noise could not be eliminated
fully in this specific configuration of a nonlinear pro-
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Fig. 2. Measured SHG-DFG correlation trace for the fem-
tosecond Ti:sapphire laser (upper curve with square sym-
bol). Measured optical noise resulted from the scattering at
fundamental wavelength (middle curve with circle symbol),
and electrical noise of PMT (bottom line with triangle
symbol).
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cess. Nonetheless, the fiber-array-based acquisition
offers two additional advantages in reducing the op-
tical noise: (1) the exclusion of a conventional exter-
nal NDF avoided extra noise contribution and (2)
each fiber itself acted as a spatial filter, which sup-
pressed the scattering noise to some extent owing to
its limited NA and core diameter. Because the optical
noise overwhelmed the electrical noise of the detector
by about 3 orders of magnitude, as shown by Fig. 2,
the advantage of the high sensitivity of the PMT it-
self was not fully exploited in the present experi-
ments. Higher dynamic range can be achieved if a
nondegenerate scheme, e.g., third-harmonic genera-
tion (THG), is used where spectral filtration can be
applied to further suppress the scattering from both
the fundamental and second-harmonic components.
THG was not conducted in this proof-of-concept ex-
periment mainly owing to the lack of ultraviolet op-
tics in our lab.

To examine the packaging uniformity and align-
ment of the proximal ends of the fibers we translated
the fiber array transversely by ten channels to cap-
ture the DFG intensity profile by other shot. The
comparison results are shown in Fig. 3. The consis-
tency of the two traces clearly manifests the satisfac-
tory uniformity of the fiber array and the shot-to-shot
stability of the laser source as well. Finally, we note
that the exact length increments between successive
fibers are not important, provided that the incre-
ments are large enough to be resolved. Absolute
length increments are automatically retrieved from
the time domain serial data.

In conclusion, we have demonstrated what we be-
lieve to be a new detection scheme for single-shot
pulse contrast characterization. The fiber-array-
based scheme eliminates the NDF necessary in the
conventional method while allowing a high-
sensitivity PMT instead of the multielement photodi-
ode array. The parallel to serial mapping by the fiber
array forms a measurement configuration that is
similar to the time-scanning mode except for the
pulse averaging. The proof-of-principle experiments
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Fig. 3. Measured SHG-DFG correlation traces before and
after transversely shifting the fiber array by ten channels
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have shown a dynamic range of 2X107:1 with sub-
millijoule pulse energy in a SHG-DFG configuration,
and a higher dynamic range can be anticipated if the
SHG-SFG configuration is used. Fabrication of
broader fiber arrays (i.e., with more fiber channels)
can be readily achieved using the V-groove-based
technique. Thus, a larger temporal window of charac-
terization may be accessible by increasing the widths
of the interacting beams or pulse tilting for picosec-
ond pulses. In practical applications, variable fiber
attenuators can be used to provide a graded attenu-
ation profile to accommodate different pulse shapes
and contrasts. The NDF-diode array combination
used in the existing instruments can be readily re-
placed by the proposed scheme to improve the dy-
namic range.
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