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ROTARY FROG SYSTEMS AND METHODS

U.S. GOVERNMENT RIGHTS

[0001] This invention was made in part with the support of the U.S.
Government; the U.S. Government has certain rights in thié invention as provided for by the
terms of Grant #60NANB4D1142, awarded by the National Institute of Standards and
Technology.

RELATED APPLICATIONS

[0002] This application claims priority to US Patent Application 61/044,757
filed April 14, 2008, titled “Rotary FROG Systems and Methods,” which is incorporated

herein by reference in its entirety.

BACKGROUND

[0003] Frequency Resolved Optical Gating (FROG) apparatus is used to
measure the amplitude and phase, versus frequency of an incoming beam of pulsed
laser light. Such apparatus is popular amongst experimenters partly because of the
simplicity of the setup and partly due to the error checking robustness of its algorithm,
which is not present in the alternative method known as SPIDER (Spectral Phase

Interferometry for Direct Electric-field Reconstruction). The electric field can be
. ) _ ip ; . .
uniquely described by, E=Ae , where A is the amplitude and ¢ is the phase,

and they both depend on the frequency (or wavelength).

[0004] The phrase “frequency resolved optical gating” results from a
theory that a short gate pulse can be used to obtain a sample from a longer pulse by
nonlinear mixing (gating) in a nonlinear crystal material. Since a gate pulse shorter
than the pulse to be measured is not usually available, FROG uses the pulse itself for
gating.

[0005] There are different versions of FROG that rely upon different

nonlinear gating mechanisms, that generate different kinds of FROG traces (requiring

” different phase retrieval algorithms), and that have different strengths and

weaknesses. Polarization gated FROG (PG FROG) is the simplest known version, and
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uses a polarizer with a high extinction ratio to produce a signal that is analyzed by a
spectrometer.

[0006] The self-difference FROG (SD FROG) version utilizes two
overlapping beams in an X’ medium to generate a nonlinear refractive index grating.
The grating diffracts both overlapping beams into two new beams, one of which is
used for detection. A disadvantage to this FROG version is that relatively large pulse
energies are required for its operation. »

[0007] The Transient-Grating FROG (TG FROG) version is similar to the
SD FROG, but uses a third pulse with a variable delay as a probe that is diffracted at
the grating generated by the other two beams to provide a much higher detection
sensitivity than SD FROG.

[0008] The Second-Harmonic FROG (SHG FROG) version is the most
popular FROG version and is based upon an X nonlinear crystal that allows the
apparatus to achieve a much higher sensitivity than is possible with X crystals.
Phase matching issues require careful treatment to avoid distortion for short pulses.

[0009] The Interferometric FROG (IFROG) version uses a collinear
geometry to avoid a loss of temporal resolution via geometric effects (finite beam
angles) in the characterization of few-cycle pulses.

[0010] One existing method for phase matching very weak pulses of laser
light is to dither a thick crystal in front of the beam. This method, however, introduces
several problems. Since the incident angle is exposed to varying thicknesses of the
crystal, dependent on the angle of incidence, the efficiency and the bandwidth of the
SHG varies. The crystal also requires a supporting geometry with a mechanism to
introduce acceleration and deceleration for a continuous acquisition. Control of such
continuous change in motion of the crystal is difficult to achieve and requires that the
acceleration and deceleration be incorporated into measurements when a velocity
control mode is used. Also, the changing angle between the incident light and the
crystal surface results in varying reflectivity off the surface of the crystal. Also, as the
crystal rotates, the beam’s spot size inside the crystal varies resulting in non-uniform

SHG efficiencies.
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SUMMARY

[0011] In an embodiment, a method determines amplitude and phase
versus frequency of an incoming beam of pulsed laser light. An apparatus is set to an
initial configuration such that the incoming beam is split into two beams of
substantially equal intensity. One of the two split beams is delayed for a delay period t
and then the two split beams are recombined to form a recombined beam. The
recombined beam shines onto a thick SHG crystal at rotation angle 8 and light emitted
from the thick SHG crystal is detected as data. The data is stored with reference to the
delay period t and the angle 6. The thick SHG crystal is rotated by an angle 60 and the
steps of splitting, delaying, recombining, shining, detecting, storing, and rotating are
repeated until the thick SHG crystal has completed 360° of rotation. The delay period
t is increased by ot and the steps of splitting, delaying, recombining, shining,
detecting, storing, rotating, repeating and increasing are repeated until a selected beam
delay period range has been completed. The stored data is then processed to determine
amplitude and phase versus frequency of the incoming beam of pulsed laser light.

[0012] In another embodiment, a system determines amplitude and phase
versus frequency of an incoming beam of pulsed laser light and includes: a first beam
splitter for splitting the incoming beam into first and second beams having
substantially equal intensity; a translation time delay stage for delaying one of the first
and second beams; a second beam splitter for recombining the first and second beams
into a combined beam; a second-harmonic generation crystal mounted in a rotational
stage, the second-harmonic generation crystal generating second-harmonic light from
the combined beam; a detector for detecting the second harmonic light as data; and a
controller for (a) controlling the translation time delay stage and the second-harmonic
generation crystal rotational stage, (b) recording the data in association with positions
of the translation time delay stage and the second-harmonic generation crystal
rotational stage, and (c¢) processing the data and positions to determine the amplitude
and phase versus frequency of the incoming beam of pulsed laser light.

[0013] In another embodiment, a method determines amplitude and phase
versus frequency of an incoming beam of pulsed laser light. An apparatus is

configured to split the incoming beam into a first and a second beam of substantially
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equal intensity, to use a translation stage to delay the second beam in comparison to
the first beam, to pass the first and second beams though a rotating half-wave plate, to
converge the first and second beams onto a rotating thick SHG crystal such that an
SHG beam is generated by the crystal, to pass the generated SHG beam through a
spatial filter and to capture the filtered SHG beam using a detector. A detector sample
rate, a half-wave plate rotational velocity, a thick SHG crystal rotational velocity, and
a translational stage velocity are determined and the half-wave plate is rotated at the
half-wave plate rotational velocity, the thick SHG crystal is rotated at the thick SHG
crystal rotational velocity, and the translational stage is initialized and moved at the
translational stage velocity. Light is detected from the thick SHG crystal as data and
stored in a data set with a delay period t defined by a position of the translational
stage, an angle ¢ based upon a rotational position of the half-wave plate, and an angle
0 based upon a rotational position of the thick SHG crystal. The steps of detecting and
storing are repeated at the detector sample rate until a set of data is complete. The data
set is then processed to determine the amplitude and phase versus frequency of the
incoming beam of pulsed laser light. »

[0014] A Rotary FROG apparatus determines amplitude and phase versus
frequency of an incoming beam of pulsed laser light. The Rotary FROG apparatus
includes a first beam splitter for splitting the incoming beam into first and second
beams having substantially equal intensity. The apparatus also includes a translation
time delay stage for delaying one of the first and second beams, a second beam
splitter for recombining the first and second beams into a combined beam, a half-
wave plate mounted in a rotational stage and rotating at a half-wave plate rotational
velocity, the half-wave plate controlling an orientation of the polarized light of the
combined beam, a second-harmonic generation crystal mounted in a rotational stage
and rotating at a SHG crystal rotational velocity, the second-harmonic crystal
generating second-harmonic light from the combined beam, a detector for detecting
the second-harmonic light as data, and a processor for controlling rotational positions
of the half-wave plate and the second-harmonic generation crystal and for storing the
data in association with rotational positions of the half-wave plate and the second-
harmonic generation crystal. The processor processes the data and the rotational

positions to determine the amplitude and phase versus frequency of the incoming
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beam of pulsed laser light.

BRIEF DESCRIPTION OF THE FIGURES

[0015] FIG. 1 shows one exemplary schematic of a rotary Frequency
Resolved Optical Gating (FROG) apparatus.

[0016] FIG. 2 shows a plot of spectra taken at discrete time delayed steps
and a plot of a Fourier domain calculated therefrom.

[0017] FIG. 3 shows different thicknesses of a prior art dithered crystal
through which an incident pulse will travel, resulting in varying phase-matching
efficiency and second harmonic generation (SHG) bandwidth at different
wavelengths.

[0018] FIG. 4 shows exemplary geometry for a uniaxial birefringent
crystal surface and a beam of incident light, illustrating a physical rotational axis of

the crystal, and the optical axis of the crystal.

[0019] FIG. 5 shows a matching of an intersecting point of an oval # ez v

and a circle nf)” to find a phase-matching angle of a crystal for an incoming beam of
light.

[0020] FIG. 6 shows light beams having different wavelengths and
difterent phase-matching angles relative to a surface of a crystal for SHG to occur.

[0021] FIG. 7 shows a plot illustrating incident wavelength of light plotted
against crystal angle.

[0022] FIG. 8 shows one exemplary rotary FROG apparatus using
collinear geometry for determining amplitude and phase versus frequency of an
incoming beam of pulsed laser light.

[0023] FIG. 9 shows one exemplary rotary FROG apparatus using non-
collinear geometry for determining amplitude and phase versus frequency of an
incoming beam of pulsed laser light.

[0024] FIG. 10 is a flowchart illustrating one exemplary rotary FROG
method for determining amplitude and phase versus frequency of an incoming beam
of pulsed laser light.

[0025] FIG. 11 is a flowchart illustrating one exemplary rotary FROG
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method for determining amplitude and phase versus frequency of an incoming beam
of pulsed laser light.

[0026] FIG. 12 is a flowchart illustrating one exemplary rotary FROG
method for determining amplitude and phase versus frequency of an incoming beam

5  of pulsed laser light.

[0027] FIG. 13 shows exemplary second harmonic spectrum of a
broadband pulse obtained by compiling narrowband spectra from a thick crystal using
a rotary FROG method.

[0028] FIG. 14 illustrates a full range of phase-matching wavelengths for

10 the Rotary FROG.
[0029] FIG.15 shows a trace obtained by a noncollinear Rotary FROG

geometry.

DETAILED DESCRIPTION OF THE FIGURES

[0030] FIG. 1 shows one exemplary schematic of a rotary frequency
15  resolved optical gating (R-FROG) apparatus 100, including a beam splitter 104, a
translation time delay stage 106, a second beam splitter 108 for recombination of the
original and the time delayed beams, a second harmonic generation (SHG) crystal 110
and a detector 112 for detecting the resulting beam after second harmonic generation.
The electric field of an input beam 102 of light, E, in time domain may be described
20  either by a cosine function or using complex notation:
E(t)= E, cos(ot + ¢)
[eilers) 1 gmitor)]

2

:EO

E .
_ 0 t+¢
= ) [@l(w ) + C.C.] Equation 1

[0031] The spatial properties of the electric field are not included in the
25  above formulae since the geometry of R-FROG apparatus 100 is collinear, and
therefore the analysis thereof need be concerned only with time at any wave front.
[0032] Beam splitter 104 splits input beam 102 such that half of its

intensity becomes split beam 118, which is sent towards time delay stage 106, while
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the other half of its intensity becomes split beam 116, which proceeds unchanged,
except for intensity. At time delay stage 106, E(t) becomes E(t + Jt) since the optical
path length of split beam 118 is physically adjusted using two mirrors (e.g., a corner
cube on a translation stage). Jt is varied over at least one complete pulse length d,
bearing in mind that the optical path change of split beam 118 is twice the translation
stage motion (d = dtcy/2).

[0033] When these split beams 116, 118, meet again at the second beam
splitter 108, the original beam 116 and the time delayed beam 118 combine as a beam
120 to give:

E._. (t)=E{t)+E(+ ) Equation 2

[0034] Beam 120 is then sent through SHG crystal 110 (e.g., a Beta
Barium Borate or BBO crystal) to create a second harmonic generation of E,ccomp(t).

A second harmonic term output 122 of SHG crystal 110 may be expressed as:
n 2
E? ()= 2" (E@)+ E(+&))

= 5" (E(t)2 +E(t+6t) +2E()E( + 51)) Equation 3

[0035] There is a significant difference between R-FROG and other
FROG instruments. An SHG FROG does not use a collinear arrangement of beams
entering the crystal. Instead the SHG FROG utilizes an angular difference between
the original and the time delayed beams to spatially differentiate and filter Second
Harmonic, Sum Frequency, and Difference Frequency terms generated by the crystal.
With R-FROG apparatus 100, on the other hand, as in other collinear configurations,
all light after SHG crystal 110 is collected by detector 112 for further analysis by a
processing unit 114. That is, R-FROG apparatus 100 need not utilize a spectrometer.
Detector 112 accomplished the same functions, but is a simpler detector than a
spectrometer.

[0036] To obtain frequency versus phase and amplitude, a spectrum of the
pulse at every ot is collected by using SHG crystal 110 in a more efficient way than
used on other FROG instruments. The thickness of SHG crystal 110 is increased such
that phase-matching bandwidth is reduced, and the thicker SHG crystal 110 is, the

narrower the SHG bandwidth becomes, according to:
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0.444, /L
n'(26) = 5n'(4,/2)

oA =

Equation 4
where n' is the gradient of the refractive index with respect to wavelength.

[0037] To use SHG crystal 110 as, or in place of, a spectrometer for
scanning through the range of wavelengths present in the incoming beam, a narrow
frequency range must be selectively phase-matched through the crystal. This has been
independently demonstrated by "dithering" a thick crystal in front of a detector. There
are three implications to this "dithering" concept. Firstly, complexity from the use of a
spectrometer (especially if a specialized unit is required for capturing weak spectra) is
eliminated. Secondly, the added thickness of the crystal, while reducing the passable
bandwidth at a given time, increases the efficiency of the second harmonic generation
of the incoming beam by a square factor and therefore SHG output may be created for
weaker input signals. Thirdly, instead of using the detector from a spectrometer to
capture light (typically designed for wavelength uniformity and range), a much more
sensitive detector, such as a photomultiplier tube (PMT), may be used. Thus, the
combination of a more sensitive detector and more efficient SHG provides
improvements in the overall sensitivity of the instrument.

[0038] A spectrum may be obtained by using a thick crystal (i.e., SHG
crystal 110) and scanning over a range of wavelengths to build up the spectrum from
narrow wavelength slivers. The spectrum of Equation 3 for second harmonic term
output 122 is the squared amplitude of its Fourier transform as shown:

2

Equation 5

E0)=| [ B et

[0039] The result of equation 5 is five terms at delay-frequencies 0, +/- I,
+/- 2o, as pictorially illustrated in FIG. 2. In particular, FIG. 2 shows a plot 202 of
spectra expected for second harmonic term output 122 at discrete time delayed steps,
and a plot 204 of a Fourier domain expected from the data of plot 202.

[0040] Since the intensity observations are all real values, the Fourier
components on the negative delay frequency spectrum are complex conjugates of the

positive values and allow concentration on the positive half of the delay frequency
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spectra without loss of generality.
Thick Crystal Design for Rotation

[0041] Although useful in some instances, there are disadvantages to the
prior art solution of dithering. First, as shown in FIG. 3, as a crystal 302 is dithered (in
the direction of arrow 304), the incident pulse 306 will travel through different
thicknesses 308 of crystal 302. Therefore, at different wavelengths, phase-matching
efficiency and SHG bandwidth will vary. The dithering also has negative implications
on the anti-reflection coating applied on crystal 302. Second, for a continuous, non-
stepping, dithering device, the mechanical motion of the crystal results in unwanted
periods affected by acceleration, steady speed periods and deceleration motions.
These effects essentially manifest themselves as varying SHG dwell times at various
wavelength regions.

[0042] To overcome some of the disadvantages of the prior art dithering
method, apparatus 100 of FIG. 1 uses a constant speed rotation of a thick crystal for
phase-matching over a broad range of wavelengths. The use of the thick crystal
provides for efficient SHG, allowing FROG measurements to be made with even
weak and broadband pulses. This configuration, as shown in FIG. 1, also provides
FROG type information over a range of polarizations, thereby adding another
measurement parameter for observing the physics of light propagation in various
media.

[0043] FIG. 4 shows exemplary geometry 400 for a uniaxial birefringent
crystal surface 402 and a beam of incident light 404 according to the present
application. FIG. 4 further illustrates a physical rotational axis (Z) of the crystal (i.e.,
crystal 110, FIG. 1), and the optical axis of the crystal which for uniaxial crystals may
be considered a plane 406.

[0044] < For a birefringent material, the indices of refraction for ordinary
and extraordinary rays are different. This difference is seen in various crystals, certain
plastics, and sometimes in transparent materials under non-uniform stress. Phase-
matching, necessary for Second-Harmonic-Generation, may be achieved in
birefringent materials in eight ways (five of which are unique) depending upon input

and output polarization from the crystal. However, for the purpose of brevity, only
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one of these known ways is discussed below, namely type I phase-matching, where
two ordinary polarized beams of carrier frequency ® combine in the crystal to produce
an extraordinary polarized beam at 2w. One of ordinary skill in the art, however, after
reading and comprehending the present application, will understand how the other

known ways may be applied to the present application. The efficiency in producing

20 1s:
. _Pu K " sin”(Akl/2) P,
SHG Pa) &, n3 (Akl/z)z A Equation 6

Where: P, = total optical input power at ®;

P, = total optical output power at 2m;

p = magnetic permeability of the material;

gy = permittivity of free space;

d = nonlinear optical coefficient;

1 = crystal path length;

n = refractive index at ® and 2w;

Ak = the difference bétween the two k vectors (k = w n / ¢) of the incoming
beams k1 and k2 and the output vector k3, i.e.,

Ak =kl+k2 -k3 =2 o nc — on®/c = 20/c[n*” — n'"], and

P

_o
A
[0045] The efficiency in producing 2w is highest when 1 (crystal path

= intensity of the beam

length) 1s maximized (since coherence length issues are being ignored due to the
narrow wavelengths under consideration for phase-matching), and Ak is minimized.
(20) _ H(©)

[0046] Ak = 01is achieved at n . Using the birefringent material,

we have to orient the crystal in such a way that the index of refraction of the crystal at

, n(w), with ordinary polarization of the incoming light, matches the index of

refraction of the crystal at 2, n©® by varying 6:

1 cos’ @ +sin26’

2 2 2 Equation 7
n2(@)  n n d

e

10
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[0047] Beta Barium Borate (BBO), for this example, is selected as SHG
crystal 110 as being a negative (the refractive index of its extraordinary axis is smaller
than the refractive index of its ordinary axis) uniaxial (material has one axis of
anisotropy, where there are no variations of the optical index in that one plane)
crystal. As shown in FIG. 6, beams 604(1)-604(5) have different wavelengths and
require different phase-matching angles 8;- 0s, respectively, relative to a surface 602
of the crystal 110 for SHG to occur. These angles may be arranged in a circular

fashion by aligning the optical axis 606 for all these phase-matching angles.

[0048] FIG. 5 shows a matching of an intersecting point of an oval 7 62 ¢

and a circle n(? to find a phase-matching angle of crystal 110 for an incoming beam

of light. So, by referring to equation 7 and FIG. 5, phase-matching angles over the
entire range of the pulse bandwidth may be determined. An appropriate crystal 110
may be designed by considering the requirements as a phase-matching bandwidth of
120nm centered at 800nm that encompasses the entire pulse bandwidth and also
includes margins.

[0049] FIG. 7 shows a plot 700 illustrating incident wavelength of light
plotted against crystal angle. The phase-matching angles are calculated for incident

light wavelengths of A ,w=740nm and Apigh=860nm, corresponding to 6749 = 27.185°

and Bgeo = 31.655° (see FIG. 7), giving a difference in angle of 4.47°, Af)phase_matching.

(Aﬂphase,matchmg) / 2 is an important value in the selected geometry of apparatus 100,
FIG. 1. Ignoring all polarization effects, which will be addressed below, an incident
beam of broadband light on a BBO crystal, cut such that the angle to the Optical Axis
(OA) is 29.420° results in a SHG beam at 400nm (SHG of 800nm). When rotating the
BBO crystal from 0 to 360° about the incident beam, phase-matching at 800nm is
continuous. Maintaining the 29.420° axis as the rotational axis but shining the
incident broadband beam at 27.185° to the OA in the incident plane, phase-matching
occurs at 740nm when the rotational axis is at 0°. When rotated 180° about the
rotational axis, phase-matching occurs at 860nm for 90° and at ~800nm for 270°.
Thus, in one complete rotation of the BBO crystal, the entire bandwidth will be phase-

matched twice. Throughout the rotation, the incoming beam is at an incident angle of

11



10

15

20

25

WO 2009/137243 PCT/US2009/040582

2.235° from the normal of the crystal’s surface 402 and therefore travels the same
distance through the crystal regardless of the phase-matched wavelength.

[0050] The present inventors contemplate another embodiment of this
arrangement with a tradeoff. With reference to equation 6, it can be seen that deﬁr, the
effective nonlinear coefficient, plays a part in the nsug value. For type I phase-
matching in a negative crystal, d s calculated according to:

type—1 . .
dejyﬁf = (d11 cos3g—d,, sm3¢)cos€ +d,, sin0 Equation 8

where dy; = 5.8 x 0.38pm/V, d3; = 0.05d}, and dyy < 0.05d;,. Phase-matching
efficiency may be increased for half of the revolution at the expense of reducing the
phase-matching efficiency for the other half of the revolution. By cutting the crystal at
a ¢ angle of (48phasematching) / 2 (i.€., 2.235°), at the 90° rotation position, phase-
matching occurs at ~800nm. The incident beam is incident on the crystal OA at
29.420° with ¢ angle of 0° (which would otherwise have been 2.235°).

[0051] For the arrangement discussed immediately above, the efficiency
of operation is increased by a small amount (<10%) at the designed frequency (in this
case ~800nm) and intensity is slightly reduced for fringe wavelengths. The instrument
also requires calibration for crystal axis orientation, phase-matching wavelength
versus position of the rotating stage, wavelength response of the detector, phase-
matching bandwidth versus center wavelength, and phase-matching efficiency versus

wavelength.
Polarization Effects

[0052] Nonlinear crystals can only phase-match beams under specific
polarizations. Since an incoming beam of light must have ordinary polarization with
respect to the crystal OA, and the output of the crystal for type I phase-matching is
perpendicular to the incoming ray, the incoming beam should rotate at the same rate
as the crystal to maintain a constant incoming polarization relative to the crystal. One
option for achieving the same rotation rate is to use a rotating half-wave plate in the
beam path.

[0053] The half-wave plate in the optical path can be used for obtaining

12
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the polarization content of the input beam. When mounted on two different stages, the
nonlinear crystal and the half-wave plate can be stepped in one of the two following
modes.

[0054] In a pure FROG mode, the half-wave plate is aligned to produce
the maximum SHG intensity from the crystal, which determines the main polarization
plane on the crystal. Once this optimum position has been found, the half-wave plate
tracks the rotation of the crystal which steps through the wavelengths to compile a
two-dimensional matrix of wavelength versus intensity at optimum polarization.

[0055] In a rotary FROG-with-polarization-information mode, for each
rotation step of the SHG crystal, the half-wave plate will complete a 360° polarization
rotation scan. The result of this will be a three dimensional matrix of the wavelengths,
with the intensity being output at such wavelengths and the 0 to 360° polarization
states. The polarization allows measurement of the intensity at various polarizations,
which may be useful for many experiments.

[0056] FIG. 8 shows one exemplary rotary FROG apparatus 800 for
determining amplitude and phase versus frequency of an incoming beam 852 of
pulsed laser light. Apparatus 800 has a first and second beam splitters 802, 812, two
mirrors 804 and 806 mounted on a translational stage 808, an optional half-wave plate
814 mounted in a first rotational stage 816, a thick SHG crystal 818 mounted in a
second rotational stage 820, a detector 822, a controller 824, and a data processor 826.

[0057] In one example of operation, first beam splitter 802 splits incoming
beam 852 into two beams 853, 854 of substantially equal intensity. Beam 854 is
reflected by mirrors 804 and 806 and is then recombined with beam 853 at second
beam splitter 812 to form beam 856. Beam 856, after passing through half-wave plate
814 (if included), becomes beam 858 which is incident upon thick SHG crystal 818.
Thick SHG crystal 818 generates SHG beam 860 that is then detected by detector 822
to produce data that is sent to data processor 826, where the data may be stored and
processed. Controller 824 controls translation stage 808, first rotational stage 816 (if
included), and second rotational stage 820 to compile one or both of: (a) a two
dimensional matrix of wavelength versus intensity at optimum polarization; and (b) a
three dimensional matrix of the wavelengths, the intensity being output at such

wavelengths and also the 0 to 360° polarization states.
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[0058] Controller 824 may represent a LabView™ interface, and data
processor 826 may represent Matlab™, for example.

[0059] FIG. 9 shows one exemplary rotary FROG apparatus 900 using
non-collinear geometry for determining amplitude and phase versus frequency of an
incoming beam 952 of pulsed laser light. Apparatus 900 has first and second beam
splitters 902, 912, two mirrors 904 and 906 mounted on a translational stage 908,
three other fixed mirrors 901, 905 and 907, an optional half-wave plate 914 mounted
in a first rotational stage 916, a thick SHG crystal 918 mounted in a second rotational
stage 920, a spatial filter 921, a detector 922, a controller 924, and a data processor
926. Mirror 901 is optional, depending upon a direction of incoming beam 952.

[0060] In one example of operation, first beam splitter 902 splits incoming
beam 952 into two beams 953, 954 of substantially equal intensity. Beam 954 is
reflected by mirrors 904 and 906 and is then reflected to converge upon thick SHG
crystal 918 at second beam splitter 912. Beam 953 is reflected by mirrors 905 and 907
to converge onto thick SHG crystal 918. Beams 953 and 954 pass through half-wave
plate 914 (if included) and are incident upon thick SHG crystal 918. Thick SHG
crystal 918 generates SHG beams 960 and 961 that are filtered and/or recombined by
spatial filter 921 to leave SHG beam 962 that is then detected by detector 922 to
produce data that is sent to data processor 926, where the data may be stored and
processed. Controller 924 controls translational stage 908, first rotational stage 916 (if
included), and second rotational stage 920 to compile one or both of: (a) a two
dimensional matrix of wavelength versus intensity at optimum polarization; and (b) a
three dimensional matrix of the wavelengths, the intensity being output at such
wavelengths and also the 0 to 360° polarization states.

[0061] FIG. 10 is a flowchart illustrating one exemplary rotary FROG
method 1000 for determining amplitude and phase versus frequency of an incoming
beam of pulsed laser light.

[0062] In step 1002, method 1000 sets apparatus 800, FIG. &, to an initial
configuration. In one example of step 1002, translation stage 808 is set to provide an
initial time delay of ¢, half-wave plate 814 is set to an initial angle ¢ and thick SHG
crystal 818 to an initial angle 6. In step 1004, method 1000 splits the incoming beam

into two beams of substantially equal intensity. In one example of step 1004,
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incoming beam 852 is split into two beams 853, 854 of substantially equal intensity
by first beam splitter 802. In step 1006, method 1000 delays one beam for a period .
In one example of step 1006, translation stage 808 and mirrors 804 and 806 delay
beam 854 by a period ¢. In step 1008, method 1000 recombines the beams split in step
1004. In one example of step 1008, second beam splitter 812 recombines beams 853
and 854 into beam 856.

[0063] Step 1010 is optional. In step 1010, method 1000 passes the
recombined beam through the half-wave plate at angle ¢. In one example of step
1010, beam 856 passes through half-wave plate 814 at angle o, as controlled by first
rotational stage 816, to produce beam 858.

[0064] In step 1012, method 1000 passes the beam through the SHG
crystal at rotation angle 0. In one example of step 1012, beam 858 passes through
thick SHG crystal 818 at angle 0, as controlled by second rotational stage 820, to form
SHG beam 860. In step 1014, method 1000 detects the light emitted from the SHG
crystal as data. In one example of step 1014, detector 822 detects SHG beam 860 and
generates data. In step 1016, method 1000 stores the data with reference to delay
period ¢, half-wave plate rotation angle ¢ and SHG crystal rotation angle 6. In one
example of step 1016, detector 822 sends the captured data to data processor 826
where the data is stored in association with the current delay period ¢ of translation
stage 808, the current rotation angle @ of first rotational stage 816 (i.e., the current
rotational angle of half-wave plate 814), and the current rotation angle 6 of second
rotational stage 820 (i.e., the current rotational position of thick SHG crystal 818).

[0065] Steps 1018 and 1020 may be omitted if half-wave plate 814 is not
utilized or rotation thereof is not desired. In step 1018, method 1000 rotates the half-
wave plate by angle 6. In one example of step 1018, controller 824 controls first
rotational stage 816 to rotate half-wave plate 814 by the same angle d¢. Step 1020 is a
decision step. If, in step 1020, method 1000 determines that the half-wave plate has
completed 90° of rotation, method 1000 continues on to step 1022, otherwise method
1000 repeats steps 1004 through 1018 until half-wave plate has completed 90° of
rotation. Note, only 90° of rotation of the half-wave plate is required, since further
rotation could result in unnecessary repetition.

[0066] In step 1022, method 1000 rotates the SHG crystal by the angle 86.
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In one example of step 1022, controller 824 controls second rotational stage 820 to
rotate thick SHG crystal 818 by the angle 86. Step 1024 is a decision step. If, in step
1024, method 1000 determines that the SHG crystal has completed 180° of rotation,
method 1000 continues onto step 1026; otherwise method 1000 repeats steps 1004
though 1022 until SHG crystal has completed 180° of rotation. Note, only 180° of
rotation of the crystal is required, since further rotation could result in unnecessary
repetition.

[0067] In step 1026, method 1000 increases beam delay period by 6z. In
one example of step 1026, controller 824 controls translation stage 808 to increase
path length of beam 854 equivalent to a delay change of dz. Step 1028 is a decision
step. If, in step 1028, method 1000 determines that the desired beam delay period
range has been completed, method 1000 continues on to step 1030; otherwise method
1000 repeats steps 1004 though 1026 until the desired beam delay period range has
been completed.

[0068] In step 1030, method 1000 processes the stored results of step 1016
to determine amplitude and phase versus frequency of the incoming beam of pulsed
laser light. In one example of step 1030, data processor 826 processes stored data to
determine amplitude and phase versus frequency of the incoming beam of pulsed laser
light.

[0069] The ordering of steps within method 1000 may change without
departing from the scope hereof. For example, the order in which method 1000
adjusts (a) the angle of the half-wave plate (if included), (b) the angle of the SHG
crystal, and (c) the delay period of the split beam may be changed as appropriate for
ordering of the resulting data, as will be appreciated by one of ordinary skill in the art
after reading and comprehending the present application.

[0070] FIG. 11 is a flowchart illustrating one exemplary rotary FROG
method 1100 for determining amplitude and phase versus frequency of an incoming
beam of pulsed laser light.

[0071] In step 1102, method 1100 sets apparatus 900, FIG. 9, to an initial
configuration. In one example of step 1102, translational stage 908 is set to provide an
initial time delay of ¢, half-wave plate 914 is set to an initial angle ¢ and thick SHG
crystal 918 is set to an initial angle 6. In step 1104, method 1100 splits the incoming
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beam into two beams of substantially equal intensity. In one example of step 1104,
incoming beam 952 is split into two beams 953, 954 of substantially equal intensity
by first beam splitter 902. In step 1106, method 1100 delays one beam for a period ¢.
In one example of step 1106, translational stage 908 and mirrors 904 and 906 delay
beam 954 by a period 7. In step 1108, method 1100 converges the beams 953, 954,
split in step 1104 towards the thick SHG crystal. In one example of step 1108, second
beam splitter 912 reflects beam 954 towards thick SHG crystal 918 and mirror 907
reflects beam 953 towards thick SHG crystal 918.

[0072] Step 1110 is optional. In step 1110, method 1100 passes the
converging beams through the half-wave plate at angle ¢. In one example of step
1110, beams 953 and 954 pass through half-wave plate 914 at angle ¢, as controlled
by first rotational stage 916.

[0073] In step 1112, method 1100 passes the beam through the SHG
crystal at rotation angle 6. In one example of step 1112, beams 953 and 954 pass
through thick SHG crystal 818 at angle 6, as controlled by second rotational stage
920, to form SHG beams 960 and 961. In step 1113, method 1100 filters the SHG
beams through a spatial filter. In one example of step 1113, beams 960 and 961 are
filtered by spatial filter 921. In step 1114, method 1100 detects the light emitted from
the SHG crystal as data. In one example of step 1114, detector 922 detects SHG beam
962 and generates data. In step 1116, method 1100 stores the data with reference to
delay period ¢, half-wave plate rotation angle ¢ and SHG crystal rotation angle 0. In
one example of step 1116, detector 922 sends the captured data to data processor 926
where the data is stored in association with the current delay period ¢ of translational
stage 908, the current rotation angle @ of first rotational stage 916 (i.e., the current
rotational angle of half-wave plate 914), and the current rotation angle 6 of second
rotational stage 920 (i.e., the current rotational position of thick SHG crystal 918).

[0074] Steps 1118 and 1120 may be omitted if half-wave plate 914 is not
utilized or rotation thereof is not desired. In step 1118, method 1100 rotates the half-
wave plate 914 by angle 8¢. In one example of step 1118, controller 924 controls first
rotational stage 916 to rotate half-wave plate 914 by the same angle 6¢. Step 1120 is a
decision step. If, in step 1120, method 1100 determines that the half-wave plate has

completed 90° of rotation, method 1100 continues on to step 1122, otherwise method
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1100 repeats steps 1104 through 1118 until half-wave plate has completed 90° of
rotation. Note, only 90° of rotation of the half-wave plate is required, since further
rotation could result in unnecessary repetition.

[0075] In step 1122, method 1100 rotates the SHG crystal by the angle 80.
In one example of step 1122, controller 924 controls second rotational stage 920 to
rotate thick SHG crystal 918 by the angle 08. Step 1124 is a decision step. If, in step
1124, method 1100 determines that the SHG crystal has completed 180° of rotation,
method 1100 continues with step 1126; otherwise method 1100 repeats steps 1104
though 1122 until SHG crystal has completed 180° of rotation. Note, only 180° of
rotation of the crystal is required, since further rotation could result in unnecessary
repetition.

[0076] In step 1126, method 1100 increases beam delay period by d¢. In
one example of step 1126, controller 924 controls translational stage 908 to increase a
path length of beam 954 equivalent to a delay change of 6. Step 1128 is a decision
step. If, in step 1128, method 1100 determines that the desired beam delay period
range has been completed, method 1100 continues with step 1130; otherwise method
1100 repeats steps 1104 though 1126 until the desired beam delay period range has
been completed.

[0077] In step 1130, method 1100 processes the stored results of step 1116
to determine amplitude and phase versus frequency of the incoming beam of pulsed
laser light. In one example of step 1130, data processor 926 processes stored data to
determine amplitude and phase versus frequency of the incoming beam 952 of pulsed
laser light.

[0078] The ordering of steps within method 1100 may change without
departing from the scope hereof. For example, the order in which method 1100
adjusts (a) the angle of the half-wave plate (if included), (b) the angle of the SHG
crystal, and (c) the delay period of the split beam may be changed as appropriate for
ordering of the resulting data, as will be appreciated by one of ordinary skill in the art
after reading and comprehending the present application.

[0079] FIG. 12 is a flowchart illustrating one exemplary rotary FROG
method 1200 for determining amplitude and phase versus frequency of an incoming

beam of pulsed laser light using continuous movement of certain optical elements.
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[0080] In step 1202, method 1200 configures apparatus (a) to split the
incoming beam into a first and a second beam of substantially equal intensity, (b) to
use a translation stage to delay the second beam in comparison to the first beam, (¢) to
pass the first and second beams though a rotating half-wave plate, (d) to converge the
first and second beams towards a rotating thick SHG crystal, (e) to pass the generated
SHG beam through a spatial filter and (f) to capture the filtered SHG beam using a
detector. In one example of step 1202, apparatus 900 is configured such that first
beam splitter 902 splits incoming beam 952 into two beams 953, 954 of substantially
equal intensity, such that beam 954 is reflected by mirrors 904 and 906 and is then
reflected to converge upon thick SHG crystal 918 at second beam splitter 912, such
that beam 953 is reflected by mirrors 905 and 907 to converge onto thick SHG crystal
918, beams 953 and 954 then pass through half-wave plate 914 (if included) and are
incident upon thick SHG crystal 918, such that thick SHG crystal 918 generates SHG
beams 960 and 961 that are filtered and/or recombined by spatial filter 921 to leave
SHG beam 962 that is then detected by detector 922 to produce data that is sent to
data processor 926 for storing and/or processing.

[0081] In step 1204, method 1200 determines the sample rate for the
detector, the rotational velocity of the half-wave plate, the rotational velocity of the
thick SHG crystal and the velocity of the translation stage. In one example of step
1204, the rotational rate of first rotational stage 916, the rotational rate of second
rotational stage 920 and velocity of translational stage 908 are determined to generate
a desired set of results based upon a defined sample rate of detector 922. As
appreciated by one of ordinary skill in the art, after reading and fully comprehending
the present disclosure, the rotational velocities and translation velocity may be
selected to provide the appropriate ordering of result data.

[0082] In step 1206, method 1200 sets the rotational velocity of the half-
wave plate. In one example of step 1206, controller 924 operates first rotational stage
916 such that half-wave plate 914 has a constant rotational rate. In step 1208, method
1200 sets the rotational velocity of the thick SHG crystal. In one example of step
1208, controller 924 operates second rotational stage 920 such that thick SHG crystal
918 has a constant rotational velocity. In step 1210, method 1200 sets the translation

stage to an initial position and to have a constant velocity to define the delay period of
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the second beam 954. In one example of step 1210, controller 924 operates
translational stage 908 to move to an initial position and then to move with a constant
velocity.

[0083] In step 1212, method 1200 uses the detector to detect light from the
thick SHG crystal as data. In one example of step 1212, detector 922 detects light of
SHG beam 962 after SHG beam 962 passes through spatial filter 921 (as separated
beams 960, 961) and generates data. In step 1214, method 1200 stores the data with
reference to delay period ¢z, half-wave plate rotation angle ¢ and thick SHG crystal
rotation angle 6. In one example of step 1214, at the time of sampling of detector 922,
controller 924 measures position of translational stage 908 to determine delay ¢, angle
¢ of half-wave plate 914 based upon first rotational stage 916, and angle 0 of thick
SHG crystal 918 based upon second rotational stage 920.

[0084] Step 1216 is a decision. If, in step 1216, method 1200 determines
that the data set is complete, method 1200 continues with step 1220; otherwise
method 1200 continues with step 1218. In step 1218, method 1200 waits until it is
time to take the next sample, based upon the determined sample rate of step 1204.
Method 1200 then continues with step 1212. Steps 1212 through 1218 repeat until the
sample data set is complete.

[0085] In step 1220, method 1200 processes the stored results. In one
example of step 1220, data processor 926 processes stored data to determine
amplitude and phase versus frequency of the incoming beam 952 of pulsed laser light.

[0086] The ordering of steps within method 1200 may change without
departing from the scope hereof. For example, the order in which method 1200 sets
the rotational velocities and translation stage velocity may be changed, as will be
appreciated by one of ordinary skill in the art after reading and comprehending the
present application. Further, as mentioned above, the rotational velocities and
translation velocity may be selected together with the detector sample rate to generate
the appropriate ordering of the result set. Other mechanisms for determining the
angular position of half-wave plate 914, thick SHG crystal 918, and translational stage
908 may be used without departing from the scope hereof. For example, controller
924 may determine angular position of one or both of rotational stages 916 and 920

based upon the configured rotation velocity of each stage and a synchronization pulse
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from each stage.

[0087] FIG. 13 shows exemplary second harmonic spectrum 1300 of a
broadband pulse obtained by compiling narrowband spectra 1302 from a thick crystal
using a rotary FROG method (e.g., method 1200, FIG. 12) and apparatus (e.g.,
apparatus 800, FIG. 8 and apparatus 900, FIG. 9). The wide curve 1304 is the
expected spectra, and all other curves represent spectra centered at varying
wavelengths, i.e., at carrying angles of the crystal. For clarity of illustration, only
selected narrowband spectra are shown. A thin rotating crystal may be thought of as
being comprised of many individual crystals, each with a sinc-filtered bandwidth,

centered at different phase-matching frequencies @, determined by the rotation angle

. W — @ L,
‘Ethick (2(0){5 smc( (5a)f f)} Lr:;" E,. (2&))‘, Equation 9
and
St = 27 1
a)f - I 181,0 COS(Q,)_IBLE Equation 10

is the filtered phase-matching bandwidth, where the inverse group velocities are

defined as ﬂl,o — [ako (a))]/ﬁa) and IBI,e = [ake (a))]/aa) . The

angle « is the angle between the two incoming beams for a non-collinear geometry.
It is understood that ‘Eﬁ,m (260 X means the SH signal from a crystal that is

sufficiently thin so that Lzhm <7 / Akmax . The different, peaks of narrowband
spectra 1302 illustrate the bandwidth (sinc function) for a selected number of different
rotational angles. For beta-barium borate (BBO) this spectral filter width is 64, <2.73
nm mm /L as compared with 54, < 6.2 nm mm/L for KDP.

[0088] The geometry associated with Rotary FROG eliminates the
drawbacks of the prior art techniques by maintaining a constant angle between the
propagation direction and the surface of the crystal, and maintaining the same crystal

interaction length. Also, this technique uses a constant rotational rate that does not
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introduce a stochastic dwell time or bias for any wavelength regions, but instead any
wavelength signal variations are easily and predictably calibrated for.

[0089] The rotational geometry of Rotary FROG uses a thick crystal cut
such that its bandwidth of interest (i.e., the same optical axis geometry as for a thin
crystal). Ignoring polarization effects initially, the Rotary FROG rotates the crystal
about a rotational axis nearly collinear with the incident light, providing a constant
output bandwidth unaffected by its position. However, by introducing a small angle
between the axis of rotation and the crystal’s optical axis, we observe that as the
position of rotation about its axis changes, so does the angle between the optical axis
and the direction of the incident light. A rotation of 1° corresponds to a wavelength
shift of 0.64 nm, and the spectral width is approximately 0.4 nm for the 7 mm BBO
crystal used in all of exemplary measurements.

[0090] FIG. 14 illustrates the full range of phase-matching wavelengths
for the Rotary FROG. In the case of the shortest wavelength (smallest angle between
the incident light and the optical axis), the optical axis is located between the
rotational axis and the path of the incident light. After a 180° rotation, the longest
phase-matching wavelength of the crystal is achieved, and the rotational axis is now
located between the optical axis and the direction of propagation. These extreme
phase-matching positions are achieved only once over a 360° rotation of the crystal;
however, all other values are seen twice, once between 0° to 180° and again in reverse
order from 180° to 360°.

[0091] An additional design consideration for the Rotary FROG is the
choice of the ¢ angle. For type I phase matching in a negative crystal with crystal

structure 3m, such as BBO, the effective nonlinear coefficient may be written as

For most applications a choice of ¢ =0° is the default set by the manufacturers. In the
case of Rotary FROG it is possible to improve the SH efficiency by up to 10% for
either the 0° to 180° or the 180° to 360° portion of rotation by a judicious choice of ¢.
Note that the SH efficiency for the half that is not optimized will decrease by
approximately 10% compared with the crystal cut for ¢=0°.

[0092] To obtain efficient SHG, the incident light on the crystal must have
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the necessary polarization orientation. Rotating a crystal through a full cycle with the
expressed geometry, phase matching occurs only at two positions; therefore it is
necessary to control the orientation of the polarized light prior to its arrival at the
crystal. This control is achieved using an ultrafast zeroth-order half-wave plate,
mounted in a second rotational stage, capable of tracking the required polarization of
the SHG crystal.

[0093] The presence of the rotating half-wave plate provides the user with
the added flexibility of determining the full polarization state of the ultrafast laser
pulse. This instrument may therefore be used in two modes: emulation of a standard
FROG instrument where a single polarization (typically the peak polarization) is
considered, and providing a FROG trace at various polarization orientations.

[0094] In this latter mode, polarization may be considered as an added
third dimension to the existing parameters of time delay and wavelength.

[0095] Of course polarization measurements can be made with standard
FROG instruments simply by varying the incoming polarization of the experimental
beam entering the instrument; however, with the Rotary FROG setup these data can
be collected during the same experiment.

[0096] The rotating half-wave plate and SHG crystal geometry can be
used in both collinear and noncollinear setups, as shown in FIGs. 8 and 9,
respectively. These setups are very stable, and after initial calibration regular
recalibrations are not necessary.

[0097] In addition to the results shown in FIG. 13 a further measurement
was performed to prove the principal workings of the Rotary FROG. The
measurement was performed with a 96 fs pulse from a Spectra-Physics MaiTai laser.
The bandwidth of the laser pulse was 12 nm. FIG.15 shows a trace 1500 obtained by a
noncollinear Rotary FROG geometry with a 7-mm-thick crystal.

[0098] The phase-retrieval software error for this measurement was
0.03%. Since the walk-off angle for BBO is relatively large (67.8 mrad), the beam
was collimated with a 1/¢” beam radius of ~1 mm. The results from the Rotary FROG
measurement were verified by comparison with a conventional 100 pm crystal FROG
measurement.

[0099] Changes may be made in the above methods and systems without
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departing from the scope hereof. It should thus be noted that the matter contained in
the above description or shown in the accompanying drawings should be interpreted
as illustrative and not in a limiting sense. The following claims are intended to cover
all generic and specific features described herein, as well as all statements of the
scope of the present method and system, which, as a matter of language, might be said

to fall there between.
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CLAIMS

What is claimed 1s:

1. A method for determining amplitude and phase versus frequency of an

incoming beam of pulsed laser light, comprising the steps of:

setting an apparatus to an initial configuration;

splitting the incoming beam into two beams of substantially equal intensity;

delaying one of the two split beams for a delay period t;

recombining the two split beams to form a recombined beam;

shining the recombined beam onto a thick SHG crystal at rotation angle 0;

detecting light emitted from the thick SHG crystal as data;

storing the data with reference to the delay period t and the angle 0;

rotating the thick SHG crystal by an angle 60;

repeating the steps of splitting, delaying, recombining, shining, detecting,
storing, and rotating until the thick SHG crystal has completed 360° of
rotation;

increasing the delay period t by 6t;

repeating the steps of splitting, delaying, recombining, shining, detecting,
storing, rotating, repeating and increasing until a selected beam delay
period range has been completed; and

processing the stored data to determine amplitude and phase versus frequency

of the incoming beam of pulsed laser light.

2. The method of claim 1, further comprising the steps of:

passing the recombined beam through a half-wave plate at angle ¢ prior to the
step of shining the recombined beam onto the thick SHG crystal;

storing the data with reference to the delay period t, the angle ¢, and the angle
0,

rotating the half-wave plate by angle d¢; and

repeating the steps of splitting, delaying, recombining, passing, shining,
detecting, storing and rotating until the half-wave plate has completed

360° of rotation.
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A system for determining amplitude and phase versus frequency of an

incoming beam of pulsed laser light, comprising:

a first beam splitter for splitting the incoming beam into first and second

beams having substantially equal intensity;

a translation time delay stage for delaying one of the first and second beams;

a second beam splitter for recombining the first and second beams into a

combined beam,;

a second-harmonic generation crystal mounted in a rotational stage, the

second-harmonic generation crystal generating second-harmonic light

from the combined beam;

a detector for detecting the second harmonic light as data; and

a controller for (a) controlling the translation time delay stage and the second-

4.

harmonic generation crystal rotational stage, (b) recording the data in
association with positions of the translation time delay stage and the
second-harmonic generation crystal rotational stage, and (c) processing
the data and positions to determine the amplitude and phase versus

frequency of the incoming beam of pulsed laser light.

The system of claim 3, further comprising;:

a half-wave plate mounted in a rotational stage and positioned between the

second beam splitter and the second harmonic generation crystal, the
half-wave plate polarizing the combined beam before the combined

beam enters the second-harmonic generation crystal;

wherein the controller further controls the rotation of the half-wave plate with

5.

respect to the rotation of the second-harmonic generation crystal and
further records the position of the half-wave plate in association with
the data, and processes the data and positions to determine the
amplitude and phase versus frequency of the incoming beam of pulsed

laser light.

A method for determining amplitude and phase versus frequency of an

incoming beam of pulsed laser light, comprising:
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configuring an apparatus to split the incoming beam into a first and a second
beam of substantially equal intensity, to use a translation stage to delay
the second beam in comparison to the first beam, to pass the first and
second beams though a rotating half-wave plate, to converge the first
and second beams onto a rotating thick SHG crystal such that an SHG
beam is generated by the crystal, to pass the generated SHG beam
through a spatial filter and to capture the filtered SHG beam using a
detector;

determining a detector sample rate, a half-wave plate rotational velocity, a
thick SHG crystal rotational velocity, and a translational stage velocity;

rotating the half-wave plate at the half-wave plate rotational velocity;

rotating the thick SHG crystal at the thick SHG crystal rotational velocity;

initializing the translational stage and moving the translational stage at the
translational stage velocity;

detecting light from the thick SHG crystal as data;

storing the data in a data set with a delay period t defined by a position of the
translational stage, an angle ¢ based upon a rotational position of the
half-wave plate, and an angle 0 based upon a rotational position of the
thick SHG crystal;

repeating, at the detector sample rate, the steps of detecting and storing until a
set of data is complete; and

processing the data set to determine the amplitude and phase versus frequency

of the incoming beam of pulsed laser light.

6. A Rotary FROG apparatus for determining amplitude and phase versus

frequency of an incoming beam of pulsed laser light, comprising:

a first beam splitter for splitting the incoming beam into first and second
beams having substantially equal intensity;

a translation time delay stage for delaying one of the first and second beams;

a second beam splitter for recombining the first and second beams into a

combined beam;
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a half-wave plate mounted in a rotational stage and rotating at a half-wave
plate rotational velocity, the half-wave plate controlling an orientation
of the polarized light of the combined beam;

a second-harmonic generation crystal mounted in a rotational stage and

S rotating at a SHG crystal rotational velocity, the second-harmonic
crystal generating second-harmonic light from the combined beam;

a detector for detecting the second-harmonic light as data; and

a processor for controlling rotational positions of the half-wave plate and the
second-harmonic generation crystal and for storing the data in

10 association with rotational positions of the half-wave plate and the
second-harmonic generation crystal,;

wherein the processor processes the data and the rotational positions to
determine the amplitude and phase versus frequency of the incoming

beam of pulsed laser light.
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