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A Femtosecond Waveform Transfer Technique Using
Type II Second Harmonic Generation

Haifeng Wang and Andrew M. Weiner, Fellow, IEEE

Abstract—We present a novel waveform frequency conversion
technique by type II second harmonic generation (SHG). We
have theoretically studied and experimentally demonstrated
femtosecond waveform transfer from 800 to 400 nm wavelength
by type II SHG in a lithium triborate (LBO) crystal. The output
second harmonic (SH) waveform is a temporally magnified
or compressed version of the input fundamental waveform,
depending on the experimental configuration. Our experiments
demonstrate that this technique can transfer not only the intensity
profiles of the fundamental waveform, but also the phase profiles.
This technique shows promise for programmable generation of
shaped ultrafast optical waveforms down to the UV range, where
direct pulse shaping is challenging.

Index Terms—Frequency conversion, pulse shaping, second har-
monic generation.

I. INTRODUCTION

EMTOSECOND pulse shaping [1] using spatial light mod-

ulators (SLM) is now a widely used technique in ultra-
fast optics. SLMs are well developed for light in the visible
and near-IR range, but are not readily available for shorter and
longer wavelengths. Although there has been progress in devel-
oping new SLM devices (e.g., MEMS arrays that have been used
down to 400 nm [2]), there is interest in developing approaches
that convert shaped waveforms to new wavelength ranges. Such
waveform transfer was first demonstrated in experiments where
shaped near-IR pulses were used to excite photoconductive an-
tennas for shaping and enhancement of ultrafast tetrahertz tran-
sients [3]. Several groups have also demonstrated waveform
transfer to longer wavelengths via difference frequency gener-
ation (DFG) [4]-[7]. To generate shaped waveform at shorter
wavelengths, the use of phase-shaped input waveforms during
second harmonic generation (SHG) was reported [8], but the
scheme did not allow general control of the output waveform.
Phase-shaped waveforms from a femtosecond fiber laser have
also been used for coherent control of the nonlinear polariza-
tion spectrum in SHG, resulting in a novel spectral phase cor-
relator with applications to waveform recognition for ultrafast
optical communications [9]. The availability of shaped pulses
in the blue, or potentially shorter wavelengths, may open new
prospects for coherent and laser machining studies, which are
at present usually confined to the 800-nm range of short pulse
Ti:sapphire sources.
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In this paper we demonstrate a novel type II SHG waveform
transfer scheme allowing general intensity and phase control
of an output second harmonic (SH) waveform. In addition to
the main goal of the waveform transfer from the fundamental
wavelength to SH wavelength, there are also other interesting
phenomena in the process. One phenomenon is the temporal
magnification or compression effects resulting from the group
velocity mismatch (GVM) between the interacting waves. In
this context, the time lens technique [10], [11] which can mag-
nify a waveform through upconversion has been previously been
reported. The difference is that the time lens technique uses
chirped pulses in upconversion which results in chirped output
waveforms and relatively low efficiency, but it can provide large
and tunable temporal magnification (more than 100 times mag-
nification [10], [11]). In our technique, both the amplitude and
phase profile of the output can be generally controlled without
chirp, but the temporal scaling effect from GVM is normally
much less significant than in the time lens technique and is
not easily tunable. Hence, although this temporal scaling ef-
fect arises intrinsically in our waveform transfer scheme, large
scaling factor is not a goal our technique is meant to pursue.

Another interesting and potentially useful phenomenon is a
temporal filter effect that arises in our technique. The temporal
filter window is set by the total GVM between the two input
waves in the nonlinear crystal. This effect can be used to
remove side lobes or select one part of a long waveform for
transfer. This can be useful for applications such as coherent
control [12]-[18], in which optical pulse shaping has become a
very useful tool, and potentially in laser machining [19]-[22] as
well. A key point is that high intensity laser matter interactions
are very sensitive to small prepulses; our temporal window
effect can remove such prepulses during the waveform transfer
process. In some cases, particularly for laser machining which
is intensity driven, phase-only pulse shapers should be used in-
stead of phase and amplitude pulse shapers to avoid significant
loss. However, the output of a phase-only pulse shaper often
contains side lobes before or after the main waveform which
may disturb the results. Our technique can be used to upconvert
the waveform and remove side lobes at the same time. Also, for
laser machining, shorter wavelength light can often be better
absorbed by the material and achieve smaller feature sizes; for
coherent control, shorter wavelength light can enable higher
energy transitions. Because amplified systems are generally
used in those applications, our technique should have good
conversion efficiency as well (even though the present experi-
ments are performed with a low power femtosecond oscillator).
The scaling laws for efficiency and projected examples for
amplified pulses are discussed toward the end of this paper.
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II. THEORY

We use an oeo type II SHG scheme for waveform transfer.
There are three interacting waves in the process: the input fun-
damental ordinary wave (o-wave), the input fundamental extra-
ordinary wave (e-wave) and the output SH o-wave. In a birefrin-
gent crystal, o-waves and e-waves have linear polarizations per-
pendicular to each other. The refractive index of e-wave changes
with propagation direction, but that of o-wave does not. First let
us define the following notations for the three interacting waves:

By, w) = Ay (u, w)e 7k (@) 0
Ap(u,t)= /gm(u,w)ejwtdw:am(u,t) exp(jwmt) ()

A (u,w) = S / A (u,t)e™ 9t dt 3)
27

where u is the direction of propagation, m is a general subscript
which can be replaced by o, e, or 2, and subscripts o, e, and
2 represent the fundamental o-wave, the fundamental e-wave,
and the SH wave, respectively. w,, is wj for the fundamental
waves, and 2w; for the SH wave. So A,,(u,t) is the temporal
complex electric field taking out the propagation effects in the
material, and a,, (u,t) is the complex amplitude envelope. As-
suming plane waves and no source depletion, 4,(t) and A.(?)
are independent of u, and they are the temporal input fields. We
can derive the following equation in the frequency domain from
basic wave equations [23]:

9 ~
%Ag(u,w)
wN? k(@)
=i (3) e
. |:/ ;{O(w _ wl)e_jko(w_w,)“z’ig(wl)e_jkf(w/)“dw’

“4)

Specifically, we are using the case that one fundamental input
is a shaped pulse, and the other is an unshaped short pulse (called
the reference pulse). If the reference pulse is much shorter than
the waveform of the shaped pulse, it can be treated as a § pulse in
the integral of (4). There are two possibilities: the fundamental
o-wave is the reference pulse or the fundamental e-wave is the
reference pulse. Here we study the first case first. If we let the
fundamental o-wave be a é function (let A,(w) = o in (4),
where o is the pulse area and has the unit of field x time), the
integral in (4) would be

o / h A (W) exp—julko(w — @) + ke(w'))]dw'.  (5)

— 00

We can expand the wave vectors as functions of frequency
ignoring GVD

ko(w—w’):k‘o—l—i(w—w'—wl) (6)
ke(w) =ke + — (0" —w1) (7

1
ka(w) = ko + V(w — 2w1). 3
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where k., k., and ko are the wave vectors of the three waves at
center frequencies, respectively. V' denotes the group velocity,
and we define the GVM between any two waves as

1 1

ﬂpqzvp_vq 9

where p and ¢ can be o, e, or 2. The integral of (5) can be written
as

o-exp [—ju <k + ke + Vi(w —2wy) + ﬂoem)]

) /OO A (W) exp(jufBoew’)dw’

J —o0o

1
=0 - Ae (/[3er) €xXp |:—]U <ko + ke + 7 (C/.) - 2‘-‘)1) +/Boew1>:| .
(10)
We have used the Fourier transform (2). By bring the above re-

sult into the partial differential (4) and using the phase matching
condition at center frequencies ko = k, + k., we obtain

0 ~ (W\2 deffO'
%AQ(’U,,(U) = l_J(E) mAe(ﬂoeu)

X eXp[ju(ﬂZo (w_zwl)_ﬂoewl)]- (11)

Assuming that the crystal is from v = 0 to u = z, the output
SH spectrum is the integral of the above equation

2 dcffJ

kez(w)

/ Ae(Boeu)explju(Boo(w—2w1) — Boewr )] du.
Jo

(12)

As(z,w) = — (E)

C

If the crystal is much longer than the interaction length of type
IT SHG, the integral would be the same as if the boundaries are
infinity, then we can use the Fourier transform (3) to get the
output SH spectrum

h=5(2)’

C

doffJ 27T e /820
@@nm45<iﬂ“_%”+“>'
(13)

Note that A, (w) is centered at wy, and A5 (w) is obviously cen-
tered at 2w;. Using Fourier transform again, we can find the
temporal SH field

As(t)

= jdeﬁ

2mo w 7 (P .
m/ n2((/.)) Ae <ﬂeo (w - 2(4}1) —}—wl) eIt dw.
(14)

Assuming that w/n2(w) ~ wa/ng is almost constant within the
SH spectrum and can be brought out of the integral, and using
(2) to replace A(t) with a(t), we have

_ . 2mo w2 /Beo
2 (t) B Jdeﬂ |/Hoe| CTNa e </820 t> .

From (15), the output SH amplitude waveform is a directly
scaled version of the shaped fundamental waveform when the

15)
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input o-wave is a ¢ function. In the other case, if the funda-
mental e-wave is the reference pulse instead and the funda-
mental o-wave is the shaped waveform, we will similarly get

2m0 wo (ﬂoe )
o e [ Bt

F _Z
¢ |ﬁeo| C N2 1628

Again the output SH waveform is a scaled version of the
shaped input waveform but with a different scaling factor. In
our experiments, we use type II SHG in an lithium triborate
(LBO) crystal at 805 nm. The crystal orientation is # = 76.88°
and ¢ = 90° (YZ plane). Based on the dispersion equations
of LBO [24], the inverse group velocities of the three inter-
acting waves are: V71 = 5289 fs/nm, V,"! = 5435 fs/nm,
Vy ! = 5472 fs/nm. So in (15), we have ., = 146 fs/nm,
B2 = 183 fs/mm, and Be,/F2, = 0.8. The SH waveform is
a temporally magnified version of the shaped input waveform,
and the magnification factor is 1.25. In (16) 5, = —146 fs/nm,
B2, = 37 fs/nm and S,./B2. = —4. The SH waveform is a
compressed and time reversed version of the shaped input wave-
form, and the compression factor is 0.25. According to (15) and
(16), when the reference pulse is a § function, the shaped input
field profile will be transferred to the SH field including both
amplitude and phase. When the reference pulse is not a 6 func-
tion, there will be a convolution effect, but the scaling factors
for waveform transfer are still true for features longer than the
reference pulse.

We can also inspect these temporal scaling effects from
another point of view. If both fundamental inputs are identical
single pulses, then the time when the SH pulse leaves the
crystal is related to the times when the two input pulses enter
the crystal by a linear equation, and the corresponding linear
factors should equal the above magnification and compression
factors. The mathematical derivation is as follows. Assuming
that the fundamental o-pulse enters the crystal at ¢, and the
fundamental e-pulse enters at t., they will meet in the crystal
at length /; and time ¢;, which can be calculated from their
group velocities

as(t) = —jd (16)

1 1\' ot —t
lh=(t,—t) | — — — =2 ¢ 17
1=( w% %) oo 1n
_ ly _ Iy _ to te
h=tety =ttty =95 v, ¥

The SH pulse is then generated at time ¢; and location [, and
travels at its own group velocity V5 to the output end. The time
when the SH pulse leaves the crystal is

L—1i [
V2 B 1860

682 L
to + —-
Beo - Va

L is the crystal length. The two linear factors here 2, /0co
and 3.2/ 0., are the same as what we can derive from (15) and
(16). Note that the sum of the two factors is always 1 since
B26/Beo + Be2/Beo = Beo/Beo = 1. If the fundamental o-pulse
is faster than the e-pulse in the crystal, we must have ¢, > t.
or they will not interact. For the type II SHG in LBO we are
studying, ignoring the constant time delay L/V>, we have

to =11 +

te +

(19)

ty = 1.25t, — 0.25t,. (20)
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From this relationship, if we temporally delay the input
e-pulse, the SH pulse will also be delayed, and the amount of its
delay is 1.25 times of the e-pulse delay; if we temporally delay
the input o-pulse, the SH pulse will actually be advanced in
time, which is a negative delay 0.25 times of the o-pulse delay.
This is a seemingly strange phenomenon. It can be explained
by the fact that the fundamental o-pulse has the fastest speed
in the crystal. Although delaying it causes the SH pulse to
be generated later in crystal, it is also generated closer to the
output end of the crystal, so in the end the SH pulse leaves the
crystal earlier! Equation (20) is easy to verify experimentally,
as we will see in the next section.

These temporal scaling effects are used in our scheme to
transfer a shaped pulse waveform. The physical picture: due to
the temporal walkoff between the shaped input waveform and
the reference pulse caused by GVM, SHG between the reference
pulse and different parts of the shaped waveform happens at dif-
ferent longitudinal locations of the crystal. The nonlinear polar-
ization in space is then a scaled version of the temporal profile
of the shaped input (assuming a ¢ function reference), and the
output SH field in time is a scaled version of the nonlinear po-
larization in space. A related picture applies to the shaped pulse
DFG experiments of [4], where shaped pulses in the mid-IR
were generated. There is also some analogy to experiments on
pulse shaping in type I SHG using modulated gratings in PPLN
[25], where different slices of the SH temporal waveform also
arise at different longitudinal locations of the grating, with a
scaling factor dependent on the GVM between the fundamental
and SH fields. Our work is similar in this sense. However, in
[25] the output waveform is basically determined by the PPLN
structure. If a different output waveform is desired, one would
need to use a different waveguide. In our scheme, we have pro-
grammable optical control through the interaction between the
reference pulse and a shaped waveform.

Since the temporal walkoff in a crystal is finite, if the refer-
ence pulse enters the crystal at a fixed time, the shaped wave-
form must enter the crystal within a certain time window to in-
teract with it. We call this time window the interaction window,
whose length is the total temporal walkoff in crystal between
the inputs. For our 10—mm LBO crystal, the length of the inter-
action window is 146 fs/nm x 10 mm = 1.46 ps.

There are two other factors which may limit the interaction
length. The first is the spatial walkoff between the fundamental
e-wave and o-waves—their energy flows in slightly different di-
rections, the angle between which is the walkoff angle. The spa-
tial walkoff can also separate the two inputs and reduce the inter-
action window. It sets a lower limit of the input beam size. The
walkoff angle in our LBO is 0.24 °, and the total spatial walkoff
is Ltanp = 42 pum. So our beam should be larger than that
size, which is true in our experiments. The second factor is the
beam diffraction. For focused beams, the diffraction can cause
the beam size to increase significantly when propagating in the
crystal and the SHG efficiency will roll off due to lower field
intensity. The output SH waveform is then modulated by the
nonuniform efficiency profile in the interaction window. This
phenomenon exists in our experiments, as we will describe in
the next section.
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There are several possibilities to remove the nonuniform ef-
ficiency profile. First, as we mentioned in the introduction sec-
tion, some applications often use amplified systems. In that case,
unfocused beams could be used for type Il SHG with good effi-
ciency; both the diffraction and spatial walkoff would be neg-
ligible, and the efficiency would likely be uniform. Second,
it maybe possible to use waveguide geometry for waveform
transfer. Neither spatial walkoff nor beam diffraction should be
a problem in waveguides, therefore, the efficiency would be ex-
pected to be uniform. Also, the nonuniform efficiency profile
can be taken into account when programming the shaped input
waveform if a certain output waveform is desired.

III. EXPERIMENTS

Our setup is shown in Fig. 1. The source is a mode-locked
Ti:sapphire laser, horizontally polarized, with 133-fs FWHM
intensity duration, 805-nm center wavelength and 88-MHz
repetition rate. It is split into three arms by two beam splitters
(BS). One arm goes through a traditional Fourier-transform
pulse shaper, which uses a 512-element phase-only liquid
crystal modulator (LCM) [26] provided by Raytheon Company.
This is the shaped waveform input of type II SHG. The arm
with delay line #1 is the reference pulse input of type II SHG.
The arm with delay line #2 is for cross-correlation measurement
with the output blue waveform. The reference pulse has its
polarization rotated 90 ° by a half-wave plate, and recombined
collinearly with the waveform input by a polarization beam
splitter (PBS). Thus, the polarizations of the two inputs are
perpendicular. In crystal one of them is an o-wave and the
other is an e-wave. We can switch o-wave and e-wave by using
another half-wave plate after the PBS. They are focused into
the 10 mm LBO by a spherical mirror with 225-mm focal
length. The LBO crystal was cut for type II SHG at 800 nm
with orientation § = 76.88° and ¢ = 90° (YZ plane), as we
mentioned before. Another spherical mirror with 37.5 mm focal
length collects the output. The blue output is separated from
the red light by two dichroic beam splitters, and then directed
to a 100 pm beta-barium borate (BBO) crystal for intensity
cross-correlation measurements, using the unshaped red pulse

Experimental setup of type Il SHG experiments. BS: beam splitter; LCM: liquid crystal modulator; A/2: half wave plate; PBS: polarization beam splitter.
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Fig.2. Change of type I SHG efficiency in the interaction window. The x-axis
is t, relative to the maximum efficiency point while #. is fixed. The y axis is
the efficiency normalized to the maximum efficiency.

from delay line #2 as a reference for sum-frequency generation
(SFG). The GVM between the 800 nm input and the 400 nm
input in the BBO crystal is 327 fs/mm; this results in ~33 fs
group velocity walkoff, which is sufficiently small that it does
not affect the accuracy of our intensity cross-correlation mea-
surements. The generated UV signal at ~267 nm is measured
by a photo-multiplier tube (PMT).

We measured the nonuniform efficiency profile in the inter-
action window and the results are shown in Fig. 2. Both fun-
damental inputs are unshaped single pulses in this experiment.
In Fig. 2, the y axis is the measured efficiency normalized to
the maximum efficiency. The maximum efficiency is 1.3 x 10™*
when o-wave and e-wave pulses each have 38 mW average
power. The x axis is the relative time when the o-pulse enters
the crystal, and the later the time is, the closer to the output
end of the crystal SHG occurs. Here, based on our measure-
ments, SHG has the maximum efficiency when it happens near
the output end of the crystal, and it drops to about 40% of
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Fig. 3. Dependence of the SH pulse delay on the two input pulse delays.

the maximum efficiency when it happens near the input end
of the crystal. Assuming Gaussian beam inputs, the confocal
parameter (b = 2mnw2/)\) in the crystal is estimated to be
about 8.9 mm. So the beam area can double in the 10-mm crystal
length, reducing the efficiency by 50%, which can roughly ex-
plain the efficiency roll-off.

First we will show results verifying (20), the relationship
between the input and output pulse delays. In these experi-
ments, we observe the peak delay of the output SH pulse while
changing the delay of one of the input pulses. The results are
shown in Fig. 3. As we can see, the measured relationships
between the SH pulse delay and the input pulse delays agree
with the linear fits extremely well. This undoubtedly proves
(20) and our analysis of the temporal scaling effects.

Fig. 4 shows some demonstrations of waveform transfer.
In Fig. 4(a), the shaped red waveform (top figure) mainly
consists of two asymmetrical pulses, the interval between
which is 980 fs. In the magnification configuration (middle
figure), the blue waveform shows two asymmetrical pulses
in the same order. The interval is 1.22 ps, and the factor
1.22/0.98 = 1.245 matches the predicted 1.25 very well. In
the compression configuration (bottom figure), a half-wave
plate is used after the PBS in our setup (Fig. 1) to switch the
input e-wave and o-wave. Two asymmetrical pulses are in
reversed order as predicted. The interval between them is so
small that they have partially merged. The interval between
the peaks is 260 fs and the factor 26/98 = 0.265 also matches
the predicted 0.25 very well.

One might notice that although the interval between the
pulses is stretched or compressed as predicted, the individual
pulse shape is not transferred following the predicted scaling
factors. This is because the reference pulse is not a ¢ function.
Here, it has the same duration as an individual pulse in the
shaped waveform, and the duration of the output SH pulse
involves a convolution effect which cannot be predicted by the
scaling factors from group velocities.

We can also see the modulation effect of the nonuniform ef-
ficiency profile in the interaction window from Fig. 4(a). In
the magnification configuration, the shaped red waveform is
e-wave, which is slower than the reference pulse. And so the
transfer of the earlier (higher) pulse happens closer to the output
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end of the crystal, which got higher efficiency than the later
(lower) pulse. As a result in the middle figure, the difference
of peak heights is increased. In the compression configuration,
the roles of the red o-wave and e-wave are switched and the op-
posite happens. So, in the bottom figure, the difference of peak
heights is decreased.

In Fig. 4(b), the shaped red waveform (top figure) mainly
consists of three pulses with decreasing heights. The interval
between the leftmost and rightmost peak is 980 fs. The output
with the magnification configuration is in the bottom figure.
The three pulses are transferred, and the interval is stretched to
1.212 ps. The factor 1.212/0.98 = 1.24 also matches 1.25 very
well. The nonuniform efficiency profile also increases the differ-
ences between peak heights in this case. We did not demonstrate
waveform-compression using the 3-peak waveform in Fig. 4(b)
because all three pulses would merge into one broad peak. Note
that the small ripples at —1 and +2 ps in the shaped red wave-
form no longer show up in the output because they are out of
the interaction window. This shows that this technique can also
serve as a temporal filter.

In the above experiments, the main part of the shaped input
is within the interaction window, which is 1.46 ps long. If the
shaped input waveform is longer than the interaction window,
we can selectively transfer part of the waveform by tuning the
delay between the input waveform and the reference pulse,
thus, moving the temporal region of the interaction window. A
demonstration with the magnification configuration is shown in
Fig. 5. The top figure is the shaped red waveform. In the middle
figure, the interaction window is approximately —1.2-0.3 ps for
the shaped input, and the three pulses at —1.1, —0.6, and O ps
are transferred. In the bottom figure, the interaction window is
approximately 0.3—1.8 ps, and the three pulses at 0.5, 1.1, and
1.7 ps are transferred. This again shows that our scheme has
the function of temporal filtering.

We have demonstrated the transfer of intensity profiles. How-
ever, based on (15) and (16), presumably our scheme should be
able to transfer the phase profile as well. Those two equations
showed that if the reference pulse is a temporal delta function,
the temporal phase profile of the shaped fundamental pulse will
also be copied to the output SH waveform, satisfying the same
magnification or compression factor as the intensity profile. In
our experiments, the reference pulse cannot be treated as a delta
function, and so the phase profile of the shaped fundamental
pulse is averaged over the reference pulse when it is transferred
to the SH output.

We have designed an experiment to demonstrate that a linear
chirp can be transferred from the shaped fundamental pulse
to the SH pulse. The idea is that we can use the LCM pulse
shaper to add an up chirp or a down chirp to broaden the fun-
damental e-pulse while keeping the fundamental o-pulse unaf-
fected. In that sense the o-pulse is the reference here and this is
still the magnification configuration. We can control the amount
of up chirp and down chirp so that the broadened pulses have
approximately the same duration in both cases. After type II
SHG with the reference pulse, the output SH pulses should also
have similar intensity durations in both cases, because we know
that the intensity profiles are transferred, but we need to prove
that they carry up chirp or down chirp according to the chirped



942

/'K%Ofsk

1 0 1
/K:Z 2psk

1 0 1

260fs

-2 -1 0 1 2
time(ps)

(a)

'
N

Arbitrary intensity

1
N

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 40, NO. 7, JULY 2004

=
n
2!
=
o
%
E 1
-2 -1 0 1 2
>
s 1.212ps
=
2
£
=
s
5
< 1
-2 -1 0 1 2
time(ps)
(b)

Fig. 4. The waveform transfer from near IR to blue light. (a) top: the fundamental waveform; middle: the SH waveform using magnification configuration;
bottom: the SH waveform using compression configuration. (b) top: the fundamental waveform; bottom: the SH waveform using magnification configuration.
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Fig. 5. Demonstration of selectable interaction window in the waveform
transfer process using the magnification configuration. Top: fundamental
waveform; middle: SH waveform with —1.2 ~ 0.3 ps interaction window;
bottom: SH waveform with 0.3 ~ 1.8 ps interaction window.

fundamental pulses. To demonstrate this, we let the SH pulse
go through a normal dispersive medium which will add an up
chirp to the pulse due to normal dispersion. If the SH pulse is
originally down-chirped, the dispersive medium should com-
press the pulse and make it shorter; if the SH pulse is origi-
nally up-chirped, the dispersive medium will further broaden
the pulse. If we observe these phenomena, they are a strong ev-
idence that the phase profiles of the fundamental waveform are
also transferred to the SH waveform.

In the experiments, we placed two prisms together using
index matching gel to serve as the dispersive medium. The
material is LaSFN9 glass, and the thickness is 26 mm.
The total linear dispersion (or quadratic spectral phase)
added by the glass at 400 nm wavelength is calculated to be
9%¢)ow? = —1.63 x 10* fs* (negative means up chirp).
The quadratic spectral phase added by the LCM at 800 nm is

calculated to be 9?¢/0w? = 9.05 x 10° fs? (down chirp). The
bandwidth of the source laser is 4.6 THz. The phase transfer
here cannot be determined by (15) or (16) because our reference
is not narrow comparing with the waveform. We did numerical
simulations, which show that the spectral quadratic phase in
the SHG output is about 1.6 times of the fundamental chirp. So
we have 9.05 x 10? fs? x 1.6 = 1.45 x 10* fs?, which roughly
meets the calculated glass dispersion. The experimental results
are shown in Fig. 6.

In Fig. 6(a), we show the cross-correlation traces of the trans-
form-limited (solid line) and the down-chirped (dashed line)
fundamental pulse. The numbers shown in the figures are all
the FWHM width of the traces. The fundamental pulse is ob-
viously broadened by the chirp. In Fig. 6(b), three traces of the
SH pulse are shown. The solid curve is the trace of the SH pulse
generated by the transform-limited fundamental pulse (no prism
glass), and the width is 210 fs. The dashed curve is generated by
the down-chirped fundamental pulse (no prism glass), and it is
broadened to 338 fs. The dotted curve is the trace of the SH pulse
generated by the down-chirped fundamental pulse but after it
passes the prism glass, and we can see that it is compressed
to 214 fs, almost as short as the transform-limited trace. This
clearly proves that the SH pulse generated by the down-chirped
fundamental pulse is also down chirped.

Fig. 6(c) and (d) shows an experiment in which the funda-
mental pulse is up chirped, which is in contrast with Fig. 6(a)
and (b). In Fig. 6(c), we see that the up-chirped fundamental
pulse has approximately the same duration as the down-chirped
pulse in Fig. 6(a). In Fig. 6(d), the trace of the SH pulse gen-
erated by the up-chirped fundamental pulse (no prism glass)
has a width of 353 fs, which is very close to the 338 fs trace
in Fig. 6(b). However, after it passes the prism glass, the trace
is further broadened instead of compressed. Comparing the two
experiments in Fig. 6, we can conclude that the linear chirp in
the shaped fundamental pulse was transferred to the SH wave-
form by type II SHG. This provides clear evidence that the phase
profile of the shaped fundamental input can also be transferred
by this technique.
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Fig. 6. Demonstration of phase transfer.

IV. DISCUSSION

It is worth discussing the efficiency of the waveform transfer
process. In our experiments the fundamental o-pulse and e-pulse
havebasically the same duration. We cantheoretically estimatethe
conversionefficiency by assumingbothinputfields are transform-
limited Gaussian in time and Gaussian in space

Am(il?, y: t)

12 22 +y
= LEim—peak €XP 2 exXp T
0 0

2
> exp(jwit) (21)

where m can be o or e. t( is the Gaussian pulse time con-
stant which is related to FWHM intensity duration ¢, by ¢, =
to(2In2)1/2. wy is the e~ intensity beam radius. We ignore
beam diffraction and spatial walkoff in the theoretical deriva-
tion. The Fourier transform defined by (3) gives

g Em,— eak (w_wl)Qtz xZ +y2
m (Y, w) NI < 1 exp (=
(22)

We substitute these input field spectra into (4), and after some
algebra we find

A2(x7 Y, t)
_ _jf?/ ﬁtOEo—peakEe—peak .
VB3 + B3,

2 t2
exp __ frree’
<(%+%%>
2 2
X exp (— (2" +y

)
—  Z 7 ) 29 t
) etz

(23)
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where k = wadesr/nac is the coupling coefficient. We can cal-
culate the input and output pulse energies by integrating field
intensity

1 o0 > -
Um:§€ocﬂ/ dw/ dy/ dt [Am(z,y,8)° (24)

where m can be o, e, or 2. We assume n, & n. & no = n. The
final result is

Uy =/ Vil U,U. 25
FTVIn2b15,. VB, + =
where v = 4k?/egcA;. A is the fundamental wavelength
in vacuum. b = 2wnwg/\; is the depth of focus. For our ex-
periments, we use deg = 0.152 pm/V [27], b = 8.9 mm,
t, = 133 fs, U, = U, = 0.43 nJ. The GVM values are given
under (16). Equation (25) gives Uy = 9x 10~% nJ, and the corre-
sponding efficiency Uy /U, or Us /U, is 0.002. This is roughly
one order of magnitude higher than the experimental value of
1.3 x 10™*. Possible reasons of this difference are lack of perfect
spatial overlap, spatial walkoff, beam diffraction and the aber-
ration caused by the spherical mirrors used to focus the beams
into the crystal. None of these factors were accounted for in the
theoretical calculation.

Our technique should be easily extendable to amplified laser
systems which will provide much higher conversion efficiency.
For example, if we were using an amplified system providing the
same average power (38 mW average power for each input) and
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1 kHz repetition rate, the pulse energy would be 10° higher. In
that case we can simply use flat mirrors to direct the beam into the
type II SHG crystal instead of the spherical mirrors in the setup
Fig. 1. Assuming that we control the beam size so that the e =2
intensity beam radius is 1 mm, from our experimental efficiency
1.3 x10™* and focused beam radius 27 pm, we can estimate the
efficiency withamplified pulses tobe roughly 1%. Withthe 1-mm
beam radius, the confocal parameter of the Gaussian beam would
be about 12 meters, while the crystal is only 10-mm long and the
total spatial walkoff is only 42 ;zm as we mentioned. So the beam
diffraction and spatial walkoff could be totally ignored, and we
can expect a uniform efficiency of 1% in the interaction window
aslongasthetwoinputsarealigned well. Itshould bereasonable to
get several tens of percent efficiency by slight focusing and using
higher pulse energies, since amplified systems can now relatively
routinely provide up to ~ 1-mJ pulse energy which is much higher
than we assumed (38 pJ).

We note that our technique is related to previous work of
waveform transfer into the mid-IR using DFG [4], in the sense
that the GVM between interacting waves is utilized there also.
It is also directly extendable to other three-wave mixing pro-
cesses such as SFG. As long as there is GVM between the
two inputs, they do not need to have different polarizations.
And the output could have even shorter wavelengths. For ex-
ample, it is possible that one can use an 800-nm +400 nm =>
267 nm ooe SFG in BBO crystal to transfer a waveform from
800 to 267 nm (UV). In that case the phase matching angle is
43.3°; the 800-nm pulse is the fastest and the 267-nm pulse is
the slowest; the GVM between the 800-nm and 400-nm inputs
is 327 fs/mm; the GVM between the 400-nm input and 267-nm
output is 420 fs/mm. So when the waveform is transferred from
800 to 267 nm in this process, the 267-nm waveform is a mag-
nified and time-reversed version of the 800-nm waveform, and
the temporal scaling factor is —420/327 = —1.28.

V. CONCLUSION

In summary, we have demonstrated femtosecond waveform
transfer from the near IR to the blue by type II SHG. We have
shown that the output SH waveform can be a magnified or
compressed version of a shaped input waveform depending
on the configuration. The theory predicts and the experiments
confirm that both the intensity and the phase profile of the
shaped input waveform can be transferred. The interaction
window can be increased by using longer crystals or crystals
with larger GVMs. The temporal filter effect of our technique
can be used to remove the side lobes of a waveform in the
upconversion process. Our results are the first demonstration
of a novel and promising method to generate programmable
femtosecond waveforms down to the UV range. This method
is also directly applicable to amplified femtosecond systems,
where high nonlinear conversion efficiency should be possible.
It can also be extended to sum-frequency generation, where
shorter output wavelengths should be possible.
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