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Fig. 6. a. The ray tracing diagram used to calculate the crossing angle of the two beams inside
the crystal. b. The diagram used to calculate the range of delay inside the crystal.

The delay range of the GRENOUILLE depends on three parameters of the crystal, its apex
angle, a; the index of refraction, n; and the width, w. First calculating the crossing angle, 6,

we find using Fig. 6(a):
0 = 90-% _gin™! lcos(zj . 4)
2 n 2

Next, the maximum distance between the two edges of the crossing beams, D, shown in
Fig. 6(b) is

D =ssing,, 5)

where s is the length of one of the beams inside of the crystal shown in Fig, 6(a), which, if the
incident beam illuminates the entire width of the crystal, is

r
§=—. 6
sin(ou/2) ©
The delay range is related to the maximum distance by
ar=22, )
c

where c is the speed of light in vacuum and 7 is the refractive index of the material.
Equation (4-7) yield the expression for the delay range of the crystal,

At = Lcotg[ n* —cos’ (gj —sin (EJJ. (8)
c 2 2 2

In our experiment a 2.7cm wide type-I LilO; crystal with an apex angle of 126° yielded a
temporal range of At = 19.5 ps.

A smaller apex angle, a, yields a larger crossing angle and hence a larger delay range,
which appears to come at a cost of adding more potentially beam-distorting angular dispersion
to the pulse. Fortunately, we find that the angular dispersion is negligible. But a smaller apex
angle also yields a shorter beam overlap length, potentially smaller than the full crystal
thickness, which would increase the phase-matching bandwidth. In addition, GRENOUILLE
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involves non-collinear SHG, and therefore is governed by the non-collinear SHG phase-
matching condition:

n,2w) = n,(w)cos(8,), ©)]

where 6, is the crossing angle of the two beams inside the crystal (Fig. 6). Due to the cosine,
phase matching unfortunately can cease to be possible at large crossing angles, or in the case
of GRENOUILLE, small crystal apex angles.

Although Eq. (9) shows that, by reducing the apex angle of the crystal, the index of
refraction of the material can be changed, thereby modifying the value of the phase-matching
bandwidth given by Eq. (3), the dependence on the phase matching bandwidth and the
crossing angle is negligible. Therefore, further reducing the apex angle of the crystal is not an
effective way to increase the spectral resolution of GRENOUILLE unless the beam can be
made larger and the noncollinear phase-matching condition can continue to be satisfied.

One characteristic of all GRENOUILLE designs is the effect of the spatial profile of the
beam on the measured GRENOUILLE trace. This effect is simply a spatial intensity mask
[25] and can be calculated from the measured spatial intensity profile of the beam. For longer
pulses the spatial mask could reduce the intensity of features at large delays due to the beam
intensity falling off at the crystal edges, which correspond to large delays. Such distortions
can be removed by dividing the measured GRENOUILLE trace by the intensity mask. But, as
has been shown previously, because GRENOUILLE uses such thick crystals, the beams cross
through each other throughout the crystal, thus smearing out any distortions due to this effect,
which is especially so for the current device, rendering this effect nearly irrelevant for this
device, except for cases involving pulses as long as the time limit of the device that happen to
have beam sizes that are too small [25].

Alternative crystal materials with high GVM values are listed below in Table 1 for other
wavelength ranges at room temperature operation.

Table 1. Different possible crystal materials for varying wavelength ranges”

Material Wavelength Range (nm) Average GVM (fs/cm)
LilO; 700-900 6923
LiNbOs 900-1200 7162
Ag3AsS; (Proustite) 1200-2500 6733
“The average GVM corresponds to the average GVM over the wavelength range [26].
3.4 Depth of field

Another important aspect to consider when deciding upon the construction of a
GRENOUILLE for measuring long pulses is the depth of field of the imaging system. In
GRENOUILLE the depth of field of the imaging system must be approximately equal to or
exceed the crystal thickness. If this condition is not met, fine trace structure will be out of
focus and wash out [3].

Depth of field was not an issue in previous implementations of GRENOUILLE, which
used crystals of thicknesses <Smm, because the depth of field requirement was met easily.
However, as the thickness of the crystal increases, the depth-of-field requirement becomes
more difficult to satisfy.

To check this condition for our device, assume that the crystal center is a distance d, away
from the lens and is perfectly imaged onto a camera a distance d; from the lens. Next, we
consider a potentially out-of-focus front surface at a distance ¢ + d, from the lens, which will
be acceptably in focus if

e=2dr | Md, (10)

where r, is the required spatial resolution at the camera, M is the magnification of the imaging
system, and d is the diameter of the beam on the lens. In our experiment, using an imaging
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lens with a focal length of 150mm to image the crystal at an object distance of 600mm yielded
a depth of field of 6.4cm. We experimentally determined the required spatial resolution to be
roughly 50pixels or 0.175mm after performing a similar GRENOUILLE experiment and
noting the delays at which the trace began to wash out.

3.5 Minimum pulse energy required for GRENOUILLE

An important parameter to consider is the pulse energy required for the modified
GRENOUILLE to work.

The detector arrays for all GRENOUILLESs are cameras that are composed of pixels that
register a number of counts proportional to the number of incident photons. Roughly 700 blue
(400nm) photons are required to register a count of 100 on a 10-bit pixel in a CMOS camera
array. Additionally, a FROG trace for a complex pulse may require a 128 x 128 array size.
Therefore, a minimum of 700 x 128” ~11 million photons would be required to generate the
trace, and the minimum energy required to generate the FROG trace would be

he

E,yy =N=-=57p] (11

min

where N is the number of photons. If the signal is time averaged over the frame rate (~30fps
for standard CMOS cameras), a minimum average power, Py, = 190pW, is necessary to
measure a complex pulse.

Next, this minimum power must be related to the power of the SHG signal beam, Pgyg,
generated by the crystal. But before we can do that, Psys, must be written in terms of the
parameters of the GRENOUILLE and laser source. The power of the SHG signal beam is

Py =Igeww T, r, (12)

xVytp
where Igyc is the intensity of the SHG beam, wy is width of the crossing beams inside the
crystal in the delay dimension (the value s in Fig. 6(a)), wy is the focused size of the beam
(Fig. 4, side view), 7, is the pulse length, and r is the repetition rate of the laser. The intensity
of the SHG beam is given by [4] as

_ 8”2’70‘1213:[*2

I =
SHG 3
An

(13)
where 71y = cuy, c is the speed of light in vacuum, d is the d-coefficient of the crystal defined as
d= x(z)/Z, L is the length of the crystal, 4 is the fundamental wavelength, n is the index of
refraction of the crystal, and [;, is the intensity of the input beam

R (14)

in ?
wwW.T,

where E;, is the energy of the input pulse. Additionally, the length of the crystal, L, should be
matched to the confocal parameter of the focused beam [3] resulting in the relation

Lo (15)
=0
Equation (12-15) can be used to solve for the power of the signal beam
87°n,d’E.L"*\2x
PSHG = w AT r. (16)
x P

Now that Pgyg is written in terms of the GRENOUILLE and laser source parameters, the
minimum energy for GRENOUILLE can be determined. Using the minimum average power
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required for a FROG trace as Pgyg in Eq. (16), and solving for E;, yields the minimum energy
required for GRENOUILLE to work

Pwdwr P
Emin = e —— N (17)
\/87[2770d2L3/2r\/g

In the experiments performed in this paper, L = 4cm, n ~1.9, 4 = 800nm, 7, ~10ps,
d ~4.4pm/V [26], w, ~1.2cm, and r = 76MHz which yields a minimum energy of E;, ~.3pJ
per pulse, or multiplying E;, by the repetition rate, r, determines the minimum average
power, P ~25uW.

Note that, in a GRENOUILLE, the length of the crystal is determined by the spectral
resolution required to measure the pulse. If we write the spectral resolution required to resolve
the pulse as dw ~0.5/(TBP 17,), and use Eq. (3), we see that the crystal length must be
proportional to the pulse length. Substituting this result into Eq. (17), we find that the minimal
average power measurable by a properly designed GRENOUILLE scales inversely with the
fourth root of the pulse length. Although this is a weak dependence, it is somewhat
unintuitively the case that, due to the various partially cancelling factors, the longer the pulse
the more sensitive the GRENOUILLE—provided that a device can be designed.

4. Experiment

We performed measurements using a Coherent MIRA Ti:Sapphire oscillator and a Coherent
Legend-F regenerative amplifier. The first experiment involved a 5ps double pulse from the
MIRA, which emitted pulses centered at 802nm with a FWHM bandwidth of 2.5nm, a
repetition rate of 76MHz, and pulse energy of 5.2nJ per pulse. The second experiment
involved the measurement of a train of pulses. To generate the train of pulses, higher pulse
energies were required. For this experiment, we used pulses from the Legend-F regenerative
amplifier, centered around 800nm and filtered with a 3nm-wide bandpass filter. The Legend-F
amplifier system emitted pulses at a repetition rate of 1kHz and pulse energies of 3mJ per
pulse.

In all our experiments, the incident beam had an initial beam diameter of ~2mm, and it
was magnified by a factor of 20 in the delay dimension in order to ensure uniform beam
intensity over the entire face of the crystal. Then the beam was focused onto the pentagonal
LilO; crystal using a 100mm focal length cylindrical lens.

The crossing beams in the crystal were then imaged onto the camera by a single 150mm
focal-length cylindrical lens. Additionally, a 400mm focal length cylindrical lens oriented
perpendicular to the imaging lens mapped the crystal exit angle to position at the camera. For
experimental simplicity, these two lenses are usually combined into one anamorphic lens, but
we have used two here for flexibility in these proof-of-principle measurements. In the second
experiment, using the Legend-F regenerative amplifier, a 300mm focal length lens was used
to fit the entire 3nm bandwidth of the incident beam on the camera. Lastly, a blue low-pass
filter removed the 800nm light from the SHG beam. A CMOS camera located 800mm away
from the crystal collected the image.

5. Results and discussion

We performed two experiments to demonstrate our ps GRENOUILLE’s capabilities. These
measurements highlighted, not only its ability to measure the intensity and phase of complex
ps pulses, but also its high spectral resolution relative even to a conventional high-resolution
spectrometer.

In the first experiment using the MIRA laser, we measured a 5.5ps double pulse. The
double pulse was created using a Michelson interferometer. Figure 7 shows the measurement
of a 5.5ps (separation) double pulse.
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Fig. 7. a. The measured ps GRENOUILLE trace for a 5.5ps double pulse. b. The retrieved
GRENOUILLE trace. c. The GRENOUILLE retrieved spectrum compared with that of a high
resolution spectrometer with 0.01nm spectral resolution. The high contrast fringes demonstrate
the high resolution of GRENOUILLE compared to a conventional spectrometer. d. The
retrieved temporal intensity and phase of the 5.5ps pulse. As expected, the retrieved temporal
intensities of the pulses were equal.

To verify the accuracy of our measurement, we compared the GRENOUILLE-measured
spectrum to that measured by a commercial high-resolution spectrometer with 0.01nm
spectral resolution (Ocean Optics HR4000 spectrometer). The pulse’s high-contrast fringes
demonstrate GRENOUILLE’s high spectral resolution compared to that of the commercial
spectrometer. This high contrast—significantly better than our calculated value!—is a result
of a combination of effects, including the thick crystal, the ability of the FROG algorithm to
see otherwise washed out structure, and our deconvolution of the spectral response function
from the results using a Lucy-Richardson deconvolution algorithm (a standard procedure in
the GRENOUILE pulse-retrieval code [27]). This deconvolution algorithm functions to
improve the spectral resolution without introducing any complexity to the device and is a
commonly used procedure in image processing and spectral measurements [28], and it is
standard in commercial GRENOUILLE software.

Next, we measured a train of pulses, made by passing the beam from the Coherent
Legend-F through an etalon composed of two 90% partially reflecting mirrors. This
measurement highlighted GRENOUILLE’s ability to measure more complicated temporal and
spectral profiles. Figure 8(c) shows the agreement between the GRENOUILLE-retrieved
spectrum and the spectrum measured by the spectrometer.
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Fig. 8. a. The measured GRENOUILLE trace for a train of pulses. b. The retrieved
GRENOUILLE trace. c. The GRENOUILLE retrieved spectrum compared with that of a
spectrometer. The agreement between the two independent measurements confirms
GRENOUILLE’s capabilities. d. The retrieved temporal intensity and phase of the train of
pulses.

Figure 8(d) shows the retrieved temporal profile of the ~15ps train of pulses. As expected,
the intensities of the pulses in the pulse train decreases with time because the pulse train was
generated with an etalon composed of two 90% partially reflecting mirrors.

Although the temporal profile of the measurement in Fig. 8(d) is relatively simple, the
spectral profile is complex, and GRENOUILLE should be capable of measuring pulses with
even more complex temporal profiles, because the FROG algorithm has proven capable of
measuring pulses with time-bandwidth products greater than 1000 [16]. Our device, with its
finesse of over 100, should be capable of measuring pulses with complexities (time-bandwidth
products) up to almost this value.

To extend GRENOUILLE to even longer-pulse measurement would involve increasing
the delay range by reducing the apex angle of the pentagon. While this yields a potentially
shorter beam overlap region, a larger beam and corresponding larger width of the crystal
could compensate for this effect. Use of a more dispersive crystal would also help; however,
most applications for nonlinear crystals generally prefer less dispersive crystals, so such
crystals may be difficult to obtain. As a result, a clever new idea would be preferable to
achieve the measurement of even longer pulse lengths in a simple manner.

6. Conclusion

We have extended the GRENOUILLE technique for simple ultrashort-laser-pulse
measurement to pulses up to ~15ps in length by replacing the Fresnel biprism and rectangular
SHG crystal in the standard GRENOUILLE design with a single pentagonal SHG crystal.
This reduces the number of components to as few as three (two lenses and the pentagonal
crystal), making for an extremely simple, alignment-free device, whose convenience in pulse
measurement seems unparalleled.
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