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Programmable Chirp Compensation for 6-fs Pulse
Generation with a Prism-Pair-Formed Pulse Shaper

Lin Xu, Member, IEEE, N. Nakagawa, R. Morita, H. Shigekawa, and M. Yamashita

Abstract—We describe a TF5 prism-pair-formed pulse shaper
for programmable pulse chirp compensation. The advantages of
this kind of pulse shaper are: 1) very broad bandwidth of trans-
mission; 2) smaller losses; and 3) no requirement for a large-size
spatial light modulator (SLM) if the input spectrum is very broad.
In our experiment, an ultrabroad spectral (500–1000 nm) pulse
is produced by launching 1-kHz, 30-fs, 400-J pulses at 780 nm
into an argon-filled glass capillary fiber at the gas pressure of 2.0
bar. The fiber has an inner diameter of 140 m and a length of
60 cm. The chirped pulse is first precompressed by a pair of BK7
prisms with a separation length of 65 cm and then directed into
the prism-pair-formed pulse-shaping apparatus with a 128-pixel
SLM, which provides quadratic and cubic phase compensation.
When the quadratic and cubic phases are 330 fs2 and +2000
fs3, respectively, at the wavelength of 760 nm, an ultrashort op-
tical pulse of 6 fs (FWHM) is generated. This is, to the best of our
knowledge, the shortest optical pulse ever compressed using the
SLM pulse-shaping technique.

Index Terms—Nonlinear-chirp compensation, prism pair, pro-
grammable pulse shaping, pulse compression, spatial light modu-
lator (SLM), ultrabroad spectrum, ultrashort pulse.

I. INTRODUCTION

T HE RECENT development of ultrashort optical-pulse
technology has enabled us not only to clarify transient

processes in the sub-10-fs time region in physics, chemistry,
and biology but also to produce new information technology
such as high-speed optical communications and optical com-
puting [1]. These novel fields drive us to further develop
optical sources for generating shorter and shorter pulses. The
fundamental limit on the shortness of the temporal duration of
an ultrashort pulse is determined by the uncertainty relation
( and are the spectral width, the pulse du-
ration, and a constant relating to the pulse shape, respectively).
This shows that the first condition for obtaining a short pulse is
to produce a broad bandwidth. This can be achieved by seeking
a gain medium with a broader fluorescence emission for a laser
oscillator (such as Ti : sapphire [2]) or by broadening a pulse
spectrum extracavity by self-phase modulation (SPM) [3], [4]
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or induced-phase modulation [5]–[8]. The second condition for
short pulse generation concerns pulse chirp compensation since
different wavelengths of a short pulse travel at different speeds
through any material, resulting in a broadened and chirped
pulse. This becomes even more important with shorter pulses,
as the dispersion has to be compensated for over a large spectral
range. Consequently, improvements in pulse compression or
dispersion-compensation techniques advance the progress of
ultrashort pulse generation.

Prism-pair or grating-pair compressors are commonly used
for second-order dispersion compensation, and a combination
of these compressors allows us to compensate for third-order
dispersion and, consequently, to generate 6-fs pulses in a dye
laser system [9]. Recently, chirped mirrors [10], [11] and
double-chirped mirrors [12], [13] were tailored to produce neg-
ative group-velocity dispersion (GVD) over a wide spectrum.
The combinations with the prism-pair or grating-pair generated
pulses with a duration of 4–5-fs by external pulse compression
[14]–[16], from an optical parametric amplifier [17] and
directly from Ti : sapphire oscillators [18], [19]. However,
these methods have drawbacks concerning the interdependence
among different dispersion orders, which prevent perfect
high-order dispersion compensation, and limited-transmission
bandwidth due to chirped mirrors [10]–[13]. A kind of so-called
active pulse compression technique, which utilizes an active
phase-control element as a variable phase mask in zero-dis-
persion pulse shaping, can realize independently different
orders of phase control. This has been demonstrated by use
of liquid crystal spatial light modulators (SLM’s) [20], [21]
acoustooptic modulators [22] and mechanically deformable
mirrors [23]. Among them, programmable pulse shaping by
using a SLM as a phase mask can impart large cubic and higher
order phases to a transform-limited femtosecond pulse, and
hence manifests the capability of arbitrary phase control to
generate a monocycle optical pulse [5], [6], [20], [21]. Yelinet
al. experimentally demonstrated the first adaptive femtosecond
pulse compression [24]. The compressor was operated with
a programmable 128-pixel commercial SLM which was
addressed by a feedback-controlled self-learning algorithm,
resulting in automated phase compensation. As a result, an
80-fs strongly chirped pulse was compressed to 11 fs at 800
nm. This technique was also applied in Ti : sapphire amplifier
systems [25], [26] and fiber communication applications [27]
for high-order-dispersion compensation.

In this paper, we present a prism-pair-formed pulse shaper
with a programmable SLM for chirp-compensation. The opti-
mization of chirp-compensation results in the generation of 6-fs
optical pulses. This is, to the best of our knowledge, the shortest
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pulse ever compressed by the SLM pulse-shaping technique. In
our experiment, the gratings employed conventionally are re-
placed by highlydispersive Brewster-angle cut TF5 prisms. The
advantages of the prism-pair-formed pulse shaper compared
with its grating-pair counterpart lie in: 1) a broad bandwidth
of high transmission; 2) the requirement of a small-size SLM
when the input pulse spectrum is very broad; and 3) better
linear frequency distribution as a function of spatial position,
which benefits programmable chirp-compensation.

II. PRISM-PAIR-FORMED PULSE SHAPER FORPHASE

COMPENSATION

A. Prism-Pair-Formed Pulse Shaper

In a pulse shaper, the pulse to be shaped is spatially dis-
persed using an angular dispersive element. The dispersed
frequency components are collimated and focused by a lens
or a spherical mirror onto the different spots at the Fourier
plane where a liquid crystal phase modulator is located. The
second lens or mirror and the angular dispersive element
recombine each of the separate frequency components into
a single output beam. Typically, the diffraction gratings are
the angular elements and the formed-4-pulse shaper is a
dispersion-free system. The angular dispersion of a grating is
usually defined as the rate of change of angle with a change
in wavelength: . Here, represents
the diffraction angle, represents the diffraction order, and

is the grating period. The relation shows that the larger the
grating period is, the less widely the spectra are spread. This
may become important when a shorter pulse is shaped because
the shorter pulse corresponds to the broad spectral bandwidth
in the frequency domain. In this case, coarse gratings (a large
grating period) are usually utilized to match the size of a
commercially available SLM (128 pixels with an aperture
around 13 mm). On the other hand, the diffraction efficiency
bandwidth of the grating diminishes as the grating period
increases (the coarse grating). This definitely yields problems
for pulses with durations approaching a few femtoseconds.
Fortunately, these problems can be solved for prisms cut at the
Brewster angle due to their smaller angular dispersion and their
large high-transmission bandwidth as compared with gratings.
Furthermore, the linearity of the frequency distribution of a
prism as a function of the spatial position at the focal plane
is better than that of a grating. This benefits programmable
chirp-compensation. A drawback of the prism-pair-formed 4-
pulse shaper is that it is not free of dispersion because of the
material dispersion of prisms. However, the dispersion can be
removed by another prism pair.

The schematic of the prism-pair formed 4-pulse shaping
system is shown in Fig. 1(a). It consists of a pair of highly dis-
persive TF5 prisms cut at Brewster’s angle at 780 nm, P1 and
P2, and a pair of concave 200-mm focal-length spherical mir-
rors, M1 and M2. The programmable one-dimensional (1-D)
128-pixel liquid crystal SLM (Meadowlark Optics, SLM2256)
is placed at the Fourier plane of the shaper where frequencies are
spatially dispersed. The width of each pixel is 97m, and the
inter-pixel gap is 3 m. In order to realize programmable phase
control of the SLM, we evaluate the frequency distribution on

Fig. 1. (a) Schematic of a prism-pair formed 4-f pulse shaper. A pulse is
spatially dispersed by a prism P1 and then collimated and focused by a spherical
mirror M1 onto a liquid-crystal phase modulator which is located at the Fourier
plane of a4�f system. The output beam is recombined by a second mirror M2
and prism P2. (b) Geometry for calculating the spatial distribution of a Brewster
prism in the Fourier plane.� represents the incident angle to the prism,�(�) is
the refractive angle of the wavelength�, and� is the refractive angle at the
center wavelength� .

the SLM plane. The geometry for the calculation of spatial dis-
persion in the masking plane is shown in Fig. 1(b). Letbe the
angle of incidence on the prism, and the refractive angle
at the wavelength. The angle can be derived to be [28]:

(1)

where is the apex angle of the prism and represents the
refractive index of the prism. For the TF5 prism, the refractive
index is 1.738 at 780 nm [29], and the Brewster angle is eval-
uated as 60 deg; thus, deg, and deg. If the dis-
tance between the prism and the masking plane is set to, and

, where is the refractive angle of the center wave-
length , the position of the wavelength in the masking
plane is given by

(2)

To evaluate the spatial position, we expand the position
in the masking plane with respect toin a Taylor series

(3)

where , is the center wavelength
of the pulse, and is the position of the center wavelength

. From (1) and (2), the derivatives of can be
numerically evaluated, and, using (3), we calculate the wave-
length and angular-frequency distributions at the SLM plane as
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Fig. 2. (a) Spatial wavelength dispersion and (b) spatial angular-frequency
dispersion at the Fourier plane of the TF5 prism-pair-formed pulse shaper. The
spatial dispersion features of a grating partner are shown in the insets (here,
d = 1=300 mm,f = 100 mm, and�(� ) = 6:9 deg).

functions of the pixel number of the SLM to the third order in
the Taylor series, which allows us to approach the real distri-
butions. Here mm. The results are shown in Fig. 2(a)
and (b), respectively. The acceptable wavelength range is from
570 to 1070 nm for our 128-pixel SLM. Although the wave-
length distribution is not linear, the angular-frequency distribu-
tion is almost linear over the range of 1.510 rad/s (corre-
sponding to 500 nm). To compare the spatial dispersion fea-
tures of these two kinds of pulse shapers, the wavelength and
angular-frequency distributions of the gratings are also evalu-
ated at mm, mm, and deg.
The results are shown in the insets of Fig. 2. It shows that the lin-
earity of the angular-frequency distribution of the prism is better
than that of the grating when they both have the same acceptable
angular-frequency range. It should be noted that the linear an-
gular-frequency distribution benefits programmable phase con-
trol of the SLM because we will expand the phase applied to the
SLM in a Taylor series with respect to the angular frequency, and
the linear distribution means that a constant angular-frequency
difference ( ) exists between the adjacent pixels. This point
will be discussed in Section II-B.

B. Phase Control by the SLM Within the Pulse Shaper

We have calibrated the angular-frequency distribution versus
pixel number of the SLM (Fig. 2). For phase control of chirped
pulses, we include the quadratic and cubic dispersion terms on
the SLM as

(4)

where (pixel number). In practice, the center
angular frequency (corresponding to nm) is set to

, thus represents the angular-frequency differ-

Fig. 3. (a) The phases imparted on the SLM in the TF5 prism-formed pulse
shaper whend �=d! j = �330 fs andd �=d! j = +2000 fs (� =
760 nm). (b) The folded phases within[��; �].

ence between theth pixel and the 70th pixel. If we have a per-
fect linear angular-frequency distribution on the SLM,
will be (where is the angular-frequency differ-
ence between arbitrary adjacent pixels). However, a nonlinear
angular-frequency distribution will result in a large or small

at both edges of the SLM. This nonlinear distribution effect
may affect pulse shaping or pulse compression to the monocycle
pulse duration level if the programmable control is operated (see
Section IV).

When we set fs and
fs (at nm), respectively, the phases on the

SLM are evaluated to be as shown in Fig. 3(a). The dotted and
dot–dashed lines depict the pure quadratic (GVD) and cubic
[third-order dispersion (TOD)] phases, respectively. The solid
line shows the total phase which is applied to the SLM. Since
the components of the electric field spectrum of a short pulse
are spectrally expanded on the SLM, chirp compensation by the
programmable SLM is carried out in the frequency domain. The
electric field in the frequency domain can be written as [30]:

.
Here, is within and . As a
result, we can fold a larger phase into ,
which is shown in Fig. 3(b). It should be noted that, in the case
of chirp compensation, we do not need to adjust (the ab-
solute phase) and (the group delay) unlike the case of
phase compensation of the CW wave, and, hence, does
not include these terms as given by (4). In order to accomplish
phase control, it is necessary to calibrate the phase response of
the SLM as a function of the applied voltage. This is done by
using a He–Ne laser according to the method of [18] and a max-
imum phase shift in excess of was measured. As our input
pulse spectrum is very broad, calibrations for all wavelengths
are needed. In [21], however, they found a uniformity of the
phase shift in the range of– for all wavelengths studied
(see [21, Fig. 2]). Accordingly, we employ this feature and cal-
ibrate our SLM in this range. Consequently, we are able to con-
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Fig. 4. Layout of experimental setup. M2–M9: silver-coated plane mirrors; M1, M10, and M11: Al-coated spherical mirrors;R = �400 mm; L1: f = 300

mm; P1, P2: Brewster-angle cut BK7 prisms; P3, P4: Brewster-angle cut TF5 prisms. The pulse shaper is shown within the dashed frame.

trol the voltages which are applied to the SLM to accomplish
folded-phase-control over the entire wavelength range.

III. EXPERIMENTAL SETUP AND RESULTS

A. Ultrabroad Spectrum Generation

As we discussed, there are two conditions for ultrashort pulse
generation. The first condition is to generate a broad-bandwidth
pulse. It can be realized by self-phase modulation (SPM) in
a hollow fiber [14], [16]. Our experimental setup is shown
in Fig. 4. We carry out the experiment using a multipass
Ti : sapphire amplifier at a repetition rate of 1 kHz (Fem-
toPower PRO, FEMTO LASERS). The output pulses have a
duration of 30 fs, energy up to 800J, and a spectrum centered
at 780 nm. A pulse of energy of 400J is launched into an
argon-filled glass capillary fiber with an inner diameter of 140

m and a length of 60 cm. The fiber is placed in a high-pressure
chamber with 1-mm-thick sapphire windows. At a gas pressure
of 2.0 bar, the spectrum is broadened due to the dispersive SPM
effect. The output pulse energy is around 42J, corresponding
to 10% coupling efficiency. This somewhat lower efficiency
may be partly attributed to the uncoated AR-coating of the
sapphire windows and partly to bending and surface-roughness
losses. The measured spectrum, having a range from 500 to
1000 nm, is depicted in Fig. 5. The output pulse is strongly
chirped with a duration of 177 fs full-width at half-maximum
(FWHM) when measured with an intensity autocorrelator
(inset of Fig. 5). The asymmetric autocorrelation trace is due
to the noise introduced by the transmission of the fundamental
signal since the short wavelength of the fundamental is just
at the edge of the transmission bandwidth of the SHG filter
which is placed in front of the autocorrelator detector. This
has been verified by measuring the autocorrelation of a pulse
with a slightly narrower specturm, in which case a perfectly
symmetrical trace is observed.

B. A BK7 Prism-Pair for the Precompressor

The self-phase-modulated chirped pulse is collimated by a
spherical mirror M1 with a focal length of 200 mm and then

Fig. 5. The spectrum generated from an Ar-filled capillary fiber pumped
by a 1-kHz, 30-fs, 400-�J pulse centered at 780 nm. Inset: the intensity
autocorrelation trace of the fiber-output chirped pulse with a duration of 177
fs (FWHM).

directed to a precompressor which consists of a pair of BK7
prisms cut at Brewster’s angle at 780 nm (see Fig. 4). The pre-
compressor is designed to compensate for material dispersions
of the TF5 prism pair and the SLM in pulse shaping. The GVD
and TOD of TF5 glass, SLM, BK7 glass, and a pair of BK7
prisms [29], [31] at 780 nm are shown in Table I. Assuming the
optical paths within the TF5 prisms and the BK7 prisms are 4
and 24 mm (double passes), respectively, the BK7 prism pair
with a separation length of 65 cm introduces a net GVD
fs and TOD fs when a pulse passes through the pre-
compressor and the pulse shaper.

C. Chirp Compensation with SLM

The output from the precompressor is coupled into the pulse-
shaping apparatus which is similar to Fig. 1. In order to reduce
imaging distortion by astigmatic aberrations, two plane mirrors
M7 and M8 are used to fold the beams (see Fig. 4). Therefore,
the folding angles of the two spherical mirrors are kept as small
as possible to alleviate aberrations. Two TF5 prisms are placed
at the focal planes of a pair of concave spherical mirrors of the
200-mm focal length to form a 4-system. The output pulse is
directed to an interferometric autocorrelator with a 40-m-thick
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TABLE I
THE DISPERSION OF THEGLASS

MATERIAL, SLM, AND A PRISM PAIR AT 780 nm

Dispersion formula:n(�) = A +A � +A =� +A =� +

A =� + A =� for TF5 glass,A = 2:9580175; A =

�8:2686725 10 ; A = 39:383391 � 10 ; A =

12:219807 � 10 ; A = 3:1433368 � 10 ; A =

86:507903 � 10 [29].

BBO crystal (Femtometer, FEMTO LASERS) to monitor the
compressed pulse duration. Since the net negative GVD from
the precompressor is not sufficient for compensating for the
linear part of the self-phase-modulated chirp, we first apply a
negative quadratic phase (GVD) on the SLM. The increasing
signals of autocorrelation are observed, corresponding to pulse
shortening. When the quadratic phase at 760 nm imparted is

330 fs , the fringe-resolved autocorrelation (FRAC) is shown
in Fig. 6(a). The incorrect rate of the peak to background hints
that the nonlinear chirp is not compensated for [32]. When the
positivecubic phase is added on the SLM, we observe that the
FRAC becomes better and shorter. This means that the uncom-
pensated pulse has residualnegativecubic phase dispersion,
which is mainly due to the large net negative TOD dispersion in-
troduced by the precompressor and other optical elements (see
Table I) but not due to the nonlinear chirp from the dispersive
SPM. While the cubic phase is set to be1000 fs , the better
FRAC as shown in Fig. 6(b) is observed. The shortest optical
pulses are generated when the cubic phase is2000 fs [its
phase on the SLM is shown in Fig. 3(a)]. The FRAC is depicted
in Fig. 6(c). From the fitting, assuming a sech(t) intensity pro-
file, we obtain a pulse duration of 6 fs (FWHM) (solid line). The
direct inverse Fourier transform of the compressed-pulse spec-
trum (Fig. 7) results in a 5.6 fs (FWHM) pulse (circles). The re-
sult gives good agreement with the measured FRAC indicating
that the small residual phase error exists and the nonlinear chirp
is almost compensated for. Fig. 7 shows the compressed-pulse
spectrum, while the inset depicts the intensity profile of the in-
verse Fourier transform of the measured spectrum.

In order to compare the difference between the present com-
pressor (the pulse shaper plus the pre compressor) and a general
prism-pair compressor, we direct the output pulse from the pre-
compressor to the autocorrelator. With more of the second BK7
prism inserted (to balance the large negative GVD designed for
compensating for material dispersion of the TF5 prisms and the
SLM), a shorter pulse is produced. However, the larger struc-
tures on the wings of the FRAC are observed, as shown in Fig. 8,

Fig. 6. The measured FRAC’s when applied phases of GVD=�330 fs
and: (a) TOD=0 fs , (b) TOD=+1000 fs , and (c) TOD=+2000 fs . On
curve (c), the fitting of a sechgives a 6-fs pulse (FWHM) (solid line), and the
calculation from the inverse Fourier transform of the measured pulse spectrum
is 5.6 fs (FWHM) (circles).

Fig. 7. The measured spectrum of the shortest compressed pulse. Note that
the shorter wavelength is cut by the second BK7 prism in the precompressor
(comparing with Fig. 5). Inset: the intensity profile of the inverse Fourier
transform of the measured spectrum.

which may be attributed to some satellite pulses mainly origi-
nating from the larger uncompensated negative TOD of the BK7
prism pair (see Table I) [33]. These unpleasant wing shapes of
the FRAC cannot be removed by only the prism-pair compressor
due to its dispersion-interdependence feature. This fact shows
definitely that a programmable SLM in the pulse shaper is quite
useful as an independent and accurate dispersion compensator.
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Fig. 8. Measured FRAC of the compressed pulse using a pair of BK7 prisms
alone (see text). The large structures on the wings of FRAC attribute to some
satellite pulses which mainly originate from the larger uncompensated negative
TOD of the BK7 prism-pair.

IV. DISCUSSION

Our Brewster prism-pair-formed pulse shaper with an SLM
has about 80% throughout of the energy when the input pulse
electric field is parallel to the plane of incidence on the prisms
(called polarization). The losses are mainly introduced by the
Al-coated reflective mirrors and the SLM (90% transmission).
In our experiment, the SLM that we operate in the pulse shaper
is manufactured for-polarization light (the electric field is or-
thogonal to the plane of incidence). We have to propagate-po-
larization light in the pulse shaper at the expense of high losses
from the prisms, resulting in a total output energy behind the
pulse shaper of 45 J. Fortunately, a commercial SLM for
both polarizations (and ) is presently available (Meadowlark
Optics) and, in the end, a low-loss pulse shaper can be realized.
In addition, we have observed that the compressed pulse spectral
range is limited by the removal of the short wavelengths intro-
duced by the second BK7 prism in the precompressor due to a
smaller size of the prism (see Fig. 7). This results in a Fourier
transform of the spectrum of 5.6 fs, just a little bit shorter than
the compressed pulse. In order to remove the spectral limitation,
a larger BK7-glass prism is required and the separation length
between prisms can be increased further. Therefore, a larger pos-
itive cubic phase must be imparted on the SLM in the pulse
shaper. Moreover, the quartic or even higher order phases are not
dealt with in our present experiment. This will become more im-
portant for further pulse shortening. As we discussed before, the
drawback of a prism-pair-formed pulse shaper is the dispersion
of the prism material, resulting in a nondispersion-free system.
This forces us to increase the separation length of the prisms in
the precompressor. Consequently, a larger negative TOD has to
be introduced by the SLM. It should be noted that the SLM with
a finite pixel number will limit operation to a larger phase con-
trolling because it is hard to apply a rapid varying phase on the
edges of the modulator [see Fig. 3(b)]. It can be decreased by
using a modulator with pixel numbers. Theoretical calcu-
lations on this effect are underway. In addition, we believe the
SLM may ultimately limit pulse compression to the mono-cycle
regime due to the fact that the SLM is a discrete system. Phases
are controlled in a series of steps instead of a smooth curve. The

dead space between pixels will prevent complete phase control
of the spectrum and affect the spatial quality of the shaped-pulse
because of scattering by the gaps. This effect can be reduced by
decreasing the gaps or removed by using a nonpixel phase mod-
ulator. As for these points, further investigation is needed.

Despite the drawbacks mentioned above, the programmable
technique using a prism-pair-formed pulse shaper still has some
advantages compared with the other compensation techniques.
First, it has a large bandwidth when using Brewster-angle-cut
prisms. Second, it has the ability to provide accurate and inde-
pendent nonlinear-chirp compensation by anin situ phase ad-
justment during pulse measurements without the realignment of
any components. Third, it can be controlled by automatic feed-
back for adaptive pulse compression [24], [26]. Because of these
features, this technique may be applied to compress broad-band
pulses recently generated by induced-phase modulation [7], [8],
and so the generation of even shorter pulses can be expected in
the near future.

V. CONCLUSION

A TF5 prism-pair-formed pulse shaper capable of pro-
grammable chirp compensation has been demonstrated for
the first time. A strongly-chirped ultrabroad spectral pulse
has been produced by coupling 1-kHz 30-fs 400-J pulses
into an argon-filled glass capillary fiber at a gas pressure of
2.0 bar. The chirped pulse has been first precompressed by
a pair of BK7 prisms with a separation length of 65 cm and
then directed to the prism-pair-formed pulse-shaping appa-
ratus with a commercially available 128-pixel SLM, which
provides quadratic and cubic phase compensation. When the
quadratic and cubic phases have been set to330 fs and

2000 fs , respectively, at the wavelength of 760 nm, a 6-fs
optical pulse has been generated. This is, to the best of our
knowledge, the shortest optical pulse ever compressed using
the SLM pulse-shaping technique for chirp compensation. This
technique can be applied to monocycle pulse compression due
to its unique features.
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