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Abstract. Measurement of the phase, and not only the
intensity, of the nonlinear optical response of a system is
important in many applications which are reviewed here.
We demonstrate and compare several techniques for di-
rect measurement of the phase of the nonlinear suscep-
tibilities through nonlinear interferometry. Different ways
of imparting a controllable phase shift are discussed. Un-
less the coherence length is impractically large, the prefer-
red method is to use a variable-pressure gas cell to control
the phase difference between the input laser pulse and the
nonlinear optical signal.

PACS: 0760; 4260H; 4265

Since the mid-1980s, second-order nonlinear optical
methods — notably Second-Harmonic Generation (SHG)
and Sum Frequency Generation (SFG) — have received
considerable attention as a means of probing numerous
media, and in particular surfaces and thin films [1-3]}. In
these methods, one detects radiation generated at a fre-
quency equal to the sum of the frequencies of two laser
photons incident on the material. SHG and SFG depend
on the second-order susceptibility ¥'* (also known as
nonlinear polarizability) of the medium. Under the electric
dipole approximation [1], ¥® as a third-rank tensor is
zero in a centrosymmetric medium. At a surface or inter-
face between centrosymmetric media, the inversion sym-
metry is necessarily broken, and thus 7'® processes are
inherently specific to the surface.

When irradiated by laser light at frequencies w, and
®,, a nonlinear polarization at the sum frequency is
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created according to -
(SFG) PP w; + ) = yP (w1 + w5301, 02)E(w;) E(w,),
(1

which for the degenerate case w; = w, leads to second-
harmonic generation

(SHG) P¥(20) = y"*(2w; o, 0)E(w)E(w). )

SHG and SFG have several advantages and attractive
features relative to other surface probing techniques:

» They are applicable to all interfaces accessible by light.

+ The signal is coherent and monochromatic, enabling
easy spatial and spectral filtering from background and
scattered radiation.

» They have the same high temporal and spatial resolu-
tion as that offered by lasers.

+ The use of tunable lasers enables surface spectroscopy.

+ The experimental setup is relatively simple, in particular
in the case of SHG.

Consequently, these techniques have been applied to
probe numerous surfaces of crystals, glasses, metals,
semiconductors and liquids, and the interfaces between
them. Several comprehensive reviews have been given in
[1,2].

In most cases, the magnitude of a SHG (SFG) signal is
measured which can provide much useful information
regarding adsorbates at surfaces — including coverage
density and orientation —and surface symmetry. However,
by only measuring the magnitude of this signal, informa-
tion regarding its phase is necessarily lost. The phase of
the nonlinear polarizability can be thought of as the phase
of the SHG or SFG wave relative to the input wave(s) at
the time of creation. Since ' in (1) and (2) can be complex
valued, a phase difference can arise. Geometrical factors,
like the nonlinear Fresnel factors [4], can also give rise to
a phase difference.

We shall review here methods of how the phase of the
nonlinear susceptibility ¥y can be determined. We illus-
trate with several examples — primarily with SHG — how
the knowledge of the phase leads to additional important
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information which is not conveyed when only the magni-
tude of ¥'* is measured.

1 Theory and coherence length

In general, phase information about ¥'® can be obtained
by either “direct” or “indirect” methods. We can identify
as an “indirect” method techniques [5-7] where phase
differences between individual components of the y'*-ten-
sor of the same species are inferred, or fitted from a series
of measurements, each probing different weights and com-
binations of elements of the y'*-tensor.

In a “direct” measurement, the phase of ‘¥ is observed
directly through an interferometric technique as originally
introduced by Chang et al. [8]. In these experiments, the
second-harmonic signal generated by the sample, EZ?, is
superimposed by another signal of a second (reference) SH
source, E2f. A variation of the optical phase delay be-
tween these two sources is introduced by using a Phase-
Shifting Unit (PSU) and results in an interference pattern
from which the phase of the susceptibility can be deduced.
The principle of these experiments is shown in Fig. 1. The
total phase difference, @, between the two harmonic waves
consists of the (constant) contributions @, and @,
introduced by the sample and reference, and a variable
phase shift, ®pgy, due to the PSU:

¢ = ¢sam + (DPSU + @ref- (3)

Provided there is perfect spatial and temporal coher-
ence, the total SH signal, I, is given by

2 2w)|2
Itot oC ‘Eéar(g) + El(‘efw)|

= Isam + Iref + 2\/ Isamlref COS@, (4)

with I, oc |E22)? and I, o |EZE)|? being the SH signals
from the sample and the reference. It is possible to deduce
the value of &, ie. the phase of the unknown suscepti-
bility, if either (i) @,.¢ is known and @pgy; can be extrapo-
lated to zero, or (ii) if both @, and Ppgy are unknown and
the experiment is compared with a standard sample of
known susceptibility, e.g. quartz [9]. In such a nonlinear-
optical interference experiment, not only the phases of the
unknown susceptibilities can be determined but it is also
possible to study the dispersion characteristics of the PSU
and the temporal and spatial coherence of the laser.
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Fig. 1. Setup schematic for second-harmonic phase measurements.
The beam displacement has been added for clarity

A PSU can be realized in many ways, depending on
the expected coherence length, I.. In nonlinear optics, the
coherence length is a measure of the distance over which
the fundamental wave and the nonlinear signal wave get
out of phase by 7. The value of I, depends on the particu-
lar nonlinear-optical process, the frequency of the incident
wave(s) and also on the dispersion characteristics of the
PSU. In the case of second-harmonic generation, [57¢ is
given by [10]

MG — 27/4K, (5)

with the phase mismatch Ak = k(2w) — k(w) of the wave
numbers k(w) and k(2w) of the fundamental and the har-
monic radiation.

2 Methods

In the following we shall introduce four possibilities of
realizing a PSU, namely (a) gas cell, (b) variation of the
distance between both SH sources, (c) rotating plate and
(d) a pair of glass wedges.

(@) Gas cell. A common realization of a PSU is a gas
cell with variable gas pressure p, as originally intro-
duced by Chang et al. [8]. Either the gas cell is placed
between both SH sources (Fig. 2a) or it contains both
sources (Fig. 2b). A variation of p results in the disper-
sion, An(p) =n(2w, p) — n(w, p), according to An(p) =
Ang(p/po), with An, being the dispersion at standard pres-
sure, po. Figure 2¢ shows a typical interferogram for
a 36 cm gas cell filled with air, placed between two quartz
plates as SH sources. The data can be nicely fitted by the
function

2
Ly=Ci + C, COS<1 P+ (p>’ (6)
Ap

with the periodicity parameter

ApoT

Ap =Pl
P = AL T,

(7

at the gas temperature T, the standard temperature
To=273.15K, the cell length L and the fundamental
wavelength /. The parameter @ is relevant for determining
the phase of the susceptibility @, of the sample: either
..+ is known, and both sample and reference are placed
within a gas cell so the variable phase shift @pgy can be
extrapolated to zero (see Fig. 2b), or the experiment has to
be compared using a standard SH source of known sus-
ceptibility. The parameters C; and C, depend on both the
signal strength of each single SH source and the laser
coherence as shown in Sect. 3.3. The periodicity parameter
Ap can be used to determine the dispersion 4ng, of the gas
with extremely high accuracy [11]. In Fig. 2c, the value
Ap ~ 290 Torr corresponds to the dispersion of air
Ang = n(1064 nm) — n(532 nm) = 39 x 10”7, equivalent
to a coherence length [, = 4/(24n4) =~ 13 cm. In summary,
the use of a gas cell as PSU is advantageous provided the
length of the gas cell is comparable to the coherence
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Fig. 2. Two possible configurations for use of a gas cell as PSU. The
cell is either placed between sample and reference () or it contains
both SH sources (b). Figure 2c shows an interferogram if a 36 cm
long gas cell is used (configuration a). Data were taken with a Q-
switched Nd: YAG laser at 1064 nm, using two quartz plates as SH
sources

length. It offers the advantage of no moving parts, no
beam displacement or generation of additional diver-
gence, and the data can be easily analysed using a simple
cosine function.

(b} Variation of the distance. The dispersion of air can
also be used by varying the distance between the two SH
sources (see Fig. 3). The periodicity parameter Ap is equal
to the coherence length [.. Therefore, the translation of
one of the SH sources may be impracticable when using
a Nd: YAG laser at 1064 nm, since a translation of about
13 cm is required to obtain just one interference cycle.
Apart from space constraints, the divergence of the laser
leads to other problems because the contribution of the
translated source will vary during the experiment, and
thus the data cannot be fitted by simply using (6) as shown
in Fig. 3. On the other hand, it is simple to extrapolate
Ppgy to zero just by extrapolating to zero the distance
between the sample and the reference.

(¢) Rotating plate. Another realization of a PSU is the use
of a rotatable (dispersive) plate made of glass or fused
silica between the sample and the reference [12] as shown
in Fig. 4. This experimental setup overcomes the space
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Fig. 3. Variation of the distance between sample and reference in
air. Data were taken with a Q-switched Nd: YAG laser at 1064 nm,
using two quartz plates as SH sources
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Fig. 4. Rotatable dispersive 1 mm thick plate made of BK7 glass
used as PSU. Data were taken with a Q-switched Nd: YAG laser at
1064 nm, using two quartz plates as SH sources

constraints mentioned above [13], but introduces a slight
beam displacement and may cause weak additional
SH radiation generated at the tilted surface of the plate.
The complex interference pattern is approximately given
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by [14]

Irot(zw) = Cl + CZ COS[4n(D//1)(n2w cos szw

— 1,08 77) + 9], ®

with the plate thickness D, the wavelength A of the funda-
mental radiation and with y?* and 7 being the angles of
refraction of the harmonic and the fundamental beam
inside the plate, which can be calculated using ¥ =
arcsm[sm(y)/n(Q)] (Fig. 4). The dispersion of glass
or fused silica is many orders of magnitudes larger
than that of any gas. Thus, for nonlinear optical processes
like Difference-Frequency Generation (DFG) or Coherent
Anti-Stokes Raman Scattering (CARS) with very
large coherence lengths in air, this technique may be
useful.

Using a periodically rotating plate in combination
with a lock-in amplifier, Thiansathaporn and Superfine
[15] demonstrated the application of Homodyne SHG
(HSHGY). This technique provides real-time measurements
of the phase and the magnitude of susceptibilities, and an
improvement in the signal-to-noise ratio [15].

(d) Pair of wedges. The disadvantages concerning beam
displacement and a complicated interference pattern may
be overcome by using a pair of wedges of adjustable
thickness as shown in Fig. 5. The obtained data can easily
be described by a cosine function as in the case of the gas
cell. This technique is suitable for experiments with a very
long coherence length which may occur for example in
DFG or CARS. Figure 5 shows the result of a CARS
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Fig. 5. PSU made from a pair of wedges of BK7 prisms of adjustable
thickness. Data were taken from a CARS experiment with atmo-
spheric oxygen [16]

experiment with atmospheric oxygen [16]. In this case,
the coherence length would be about 3 m in air as com-
pared to only I, & 910 ym in BK7 glass.

Comparison of the methods. We have seen that a PSU in
a nonlinear-optical interference experiment can be rea-
lized in various ways. In order to choose the best suitable
method, one has to estimate the expected coherence
length, which depends strongly on the particular experi-
ment. In second-harmonic experiments with the funda-
mental in the VIS/IR region, the dispersion of air is
sufficient for the use of a gas cell. Using a gas cell offers the
advantage of no moving parts, no beam displacements or
generation of additional divergence and an interference
pattern which can be readily interpreted. In a difference-
frequency-type experiment like DFG or CARS, the use of
higher dispersive media like glass or fused silica may be
necessary.

3 Selected examples

We shall illustrate uses of SHG phase measurements and
interferometry with several examples from our research
groups and other laboratories. These examples include the
use of phase-sensitive SHG as a probe for molecular
directionality at surfaces and also the correct interpreta-
tion of a SH experiment when susceptibilities of different
species contribute to the total SH signal. We also use
phase-sensitive SHG for the measurement of coherence
properties of lasers. New approaches for phase measure-
ments in dispersive geometries are discussed. Finally, we
briefly survey numerous other experiments where phase
control between fundamental laser radiation and har-
monic response is employed.

3.1 Background suppression and addition of susceptibilities

When two (or more) species contribute to a surface signal,
the total SHG intensity measured can depend on the
relative phase between them. Consider a surface where
both the substrate (sub) and adsorbate (ads) species con-
tribute to the total SHG. The measured SHG intensity
will be proportional to | th)lz with ¥ & = 2 + x3.

+ 134, The latter term, y{z), which corresponds to the
1nteract10n of substrate and adsorbate, will be ignored in
the following, although it has been shown that for many
experiments it has to be taken into account for a correct
interpretation of the data [17-20].

Depending on the phase difference between y&)} and
¥, the total SHG signal will show different behaviour as
the ratio |¥2L1/)x{2.] is varied. In Fig. 6, we show typical
behaviour for phase differences of 0, 7/2 and 7 between
$2 and y{2.. Note that within a given system, the ratio

|22L1/1243)] can be varied, e.g. by changing the adsorbate
concentratlon or degree of alignment. For off-resonance
SHG studies, ¥'* must be real so phases can only be either
0 or © — nevertheless the effect of phase can be striking by
comparing the plots for these two cases. Zero phase differ-
ence leads to a “normal” quadratic increase of SHG with

% 3., while for a phase difference of 7, SHG cancellation
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Fig. 6. Total SH signal as a function of the ratio y$3/}, for various
phase differences (0, n/2 and =) between x(Z and y&}. The vertical
scale of SH intensity is normalized to a value of 1 for the bare
substrate

can occur. We have indeed observed such behaviour in the
concentration-dependent SHG signal for a cyano-bi-
phenyl molecule (8CB) on glass, and directly verified the
7 phase shift in the nonlinear susceptibilities of glass and
8CB by measuring the phase of total y® at concentrations
above and below the cancellation point [21]. In another
study [22], we have observed behaviour corresponding
closely to the curve for a 7r/2 phase shift for a liquid crystal
cell. Here, the substrate (Indium Tin Oxide (ITO) coated
glass) had an imaginary y{2} because of ITO absorption at
the harmonic wavelength. Furthermore, phase-controlled
superposition of an appropriately selected reference signal
enabled us to suppress the non-resonant background in
anti-Stokes Raman scattering [16].

3.2 Molecular directionality

The measurement of the phase of the nonlinear suscepti-
bility of surface molecules allows the determination of
their absolute directionality [9]. Consider the case of
an oriented layer of nonlinear active molecules on a sub-
strate. Neglecting local field effects, the macroscopic sur-
face nonlinear susceptibility ¥'* can be written as the sum
of the nonlinear polarizabilities §* of the molecules, aver-
aged over the molecular orientation

1® = NPy, ©)

where N is the number of molecules per unit area. Since
the microscopic polarizability f® — as well as the macro-
scopic susceptibility '* —is a third-rank tensor, an inver-
sion operation in the molecules will induce a sign reversal
of ¥, ie. a m change of the phase of the nonlinear
susceptibility. Therefore, a comparison of the phases of
B® and x provides information on the absolute molecu-
lar directionality with respect to the surface normal. By
performing such experiments, Kemnitz et al. [9] deter-
mined the absolute directionality of phenol on the surface
of an aqueous solution and determined that the OH group
points out of the water. Studies disclosing the orientation
of submerged hemicyanine layer in a Langmuir-Blodgett
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multilayer structure have been reported by Sato et al.
[23,24]. A rotating fused silica plate was used as PSU,
covered on both sides with layers of the hemicyanine
investigated.

Recently, phase-sensitive experiments have also been
performed on Nematic Liquid Crystal (NLC) cells
[14, 227. These cells consist of two glass slides coated with
a layer of transparent and conductive ITO separated by
mylar spacers of a few um thickness. The ITO sides of the
two glass slides are coated with rubbed polyimide layers
which provide a homogeneous alignment of the NLC
molecules parallel to the rubbing direction in the absence
of any applied field. An external DC electric field, E,
normal to the glass slides induces a dipole moment, and
the NLC molecules tend to orient themselves parallel to
this field. However, the underlying second-order nonlin-
ear susceptibility of the molecules, 3, is proportional to
the applied electric field: ¥'* oc E [25]. Consequently, the
sign of ¥ is directly related to the sign of E. Based on this
assumption, a phase shift of # in the harmonic field gener-
ated by the bulk NLC molecules should be expected upon
sign reversal of the electric field. We checked this by
performing a phase measurement with an NLC cell (ZLI-
1565 by Merck) of 5 pm thickness and an applied voltage
of +25V. Figure 7 shows the experimental setup and
two interferograms for + 25 V. They have a phase differ-
ence of = whereas the signal strengths are nearly identical,
as predicted by theory. Time-resolved experiments are in
progress to identify the physical nature and kinetics of the
observed sign reversal of the susceptibility '* — molecular
reorientation or fast electronic changes in the sign of the
induced dipole moment.

3.3 Laser coherence

In other studies we have used the interferogram of an
SHG phase measurement to characterize the laser coher-
ence [3]. We first recognize that the interference of two
SHG signals is given by (4) only in the case of a plane
wave, which is not realistic for lasers in any case. However,
it was shown [26] that this equation is valid for a single-
mode Gaussian laser beam. For multimode lasers, the
laser field is not perfectly coherent, and the interferogram
should be described by the modified equation

I = Isam + Iref + 20610(2'\/ IsamIref COS@- (10)

However, a; describes the temporal coherence of the laser,
and is identical to the temporal autocorrelation function
of the harmonic radiation, after a time 7 given by the
differential propagation time of the w and 2w waves
between the two sources. a, is a spatial coherence para-
meter of the laser. For perfect coherence, oy and a; are
unity, and (4) is recovered.

We have characterized [27] the temporal and spatial
coherence by measuring the SHG interferograms and
extracting the o parameters. The basic principle of the
experiment to determine temporal coherence is shown
schematically in Fig. 8. In addition to the PSU (gas cell),
an additional dispersive medium — typically fused silica
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Fig.7. Phase measurements on a nematic
liquid crystal cell [22]. The NLC cell was
excited by the fundamental of a Nd: YAG

(RG630) (BG39) 1 laser at 1064 nm with 10 mJ pulses of 8 ns
PM duration at a repetition rate of 5 Hz as
shown in a. The fundamental was aligned
a along the p-direction with a polarizer.
A controllable phase delay was introduced
by a 36 cm long gas cell filled with air at
A ' T T T variable pressure; as the second SH source
a poled polymer was chosen. The SH
radiation generated in the NLC cell passed
1.0l 4 a monochromator and was detected by
= a photomultiplier. Using a second polarizer,
g it was possible to detect only the p-polari-
£ zed component of the harmonic radiation.
= 05 | + The two interferograms at a cell voltage
v 1 U = + 25V shown in b have a phase
difference of approximately = indicating
: a sign reversal of the underlying suscepti-
0 ) — . S 1 bﬂity
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dj.g%’;fgve YAG lasers is of the order of 10 ps. Since this technique
Sample PSU material Reference depends on a differential rather than an absolute time
J l delay between two waves, this technique of laser coher-
> I - — ence analysis does not have the stringent stability require-
Doy Time delay ments for the optical setup necessary in most interferomet-
T ric systems.
a-small T . . .
b-large T 3.4 Phase measurements in total internal reflection
a geometry
All the SHG interference and phase measurements we
2 have discussed so far have been performed in non-disper-
s sive geometries, i.e. the harmonic radiation generated
b from the surface propagates collinearly with the residual
fundamental. It is thus straightforward to perform the
SHG interference because the harmonic and fundamental
waves necessarily impinge on the second SH source at the
s same point. However, such an arrangement will clearly fail
U

Fig. 8. Schematic for determining laser temporal coherence by SHG
interference

plates — is placed between the “sample” and the “refer-
ence” SH sources. It causes an extra phase delay, equiva-
lent to the time delay t between the fundamental and
harmonic waves. The interferograms obtained at low
values of © show highest contrast between minimum and
peak total SHG, while for sufficiently large values of 7 the
contrast is degraded. From the dependence of the inter-
ferogram contrast on 1, the laser temporal coherence
function «4(t) can be easily deduced.

Using this technique, we have shown [27] that the
temporal coherence of nanosecond pulsed Q-switched Nd:

if SHG is generated in a dispersive medium or in a disper-
sive geometry like in Total Internal Reflection (TIR).
Studies of SHG in the TIR geometry have the advantage
of a much higher sensitivity due to the enhanced Fresnel
factors near the critical angle [4]. Recently, SHG in the
TIR geometry has been used to probe extremely weak
nonlinearities at the water/oil interface [28].

For the measurement of the SHG phases in the TIR
geometry, an optical compensation scheme must be em-
ployed to recombine the harmonic and residual funda-
mental after TIR. We have suggested and successfully
demonstrated [13] two such schemes — one based on
a high-index compensating prism, and the other by using
a second TIR process, as shown in Fig. 9. The former
scheme (Fig. 9a) was shown [13] to be easier to realize,
and gave a better interferogram contrast. It has, however,



SE-11 compensatin Filier (20), s08
. P g b SHG

BK-7 glass  Prism (n=17)

pram-L5) e

2nd SHG
NLO active % source
monolayer ® Gas
cell
‘ 0, (20))a
45°
®
a Monochromatic
Tortal
SHG
Qw), (2w},
BK_7 gless — Filter
prism y
®
NLO active \
monolayer — [:-H:L -
Ay i Qw),  Gas
45° cell BK -7 glass
prism
®

b Polychromatic

Fig. 9. Two schemes for measuring SHG interference and phases of
¥ in total internal reflection geometry. For a 1064 nm Nd:YAG
fundamental and a TIR prism made of quartz, the SF-11 prism in
a is cut with angle ® = 17.5° to recombine the harmonic and
residual fundamental after TIR. The use of a second TIR process as
reference source b is applicable for polychromatic wavelengths but
leads to a diminished interference contrast due to incomplete spatial
ovetlap of the two harmonic beams

a disadvantage that, for each wavelength of laser opera-
tion, a different compensating prism is required. A setup
employing two TIR steps (Fig. 9b) gives inferior SH inter-
ferograms due to incomplete spatial overlap of the two
harmonic signals, but has the advantage that it is applic-
able to polychromatic wavelengths. The incomplete
spatial overlap of the two harmonic beams leads to a dim-
inished interference contrast — this effect is the spatial
analogy of the incomplete temporal overlap given by the
oy parameter of (10).

3.5 Other applications

Finally, we would like to point out that the examples
mentioned are only special cases of phase-controlled
nonlinear interferometry. Interference effects when funda-
mental and harmonic waves are created with a well-
defined phase relationship from the basis of many varied
studies which will now be discussed briefly. The tech-
niques we discussed for control of the phase, and limita-
tions due to partial laser coherence are therefore also
relevant to the following studies.

Measurement of the dispersion of gases. The periodicity
of the nonlinear interferogram offers probably the most
accurate means of measuring the dispersion of refractive
indices in gas [11].
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Spectroscopy. Phase measurements have been used for
spectroscopic studies on different surfaces like Langmuir-
Blodgett films made of liquid crystal molecules [29] or
hexadecane thiol on gold surfaces [30].

Lightfields with cube asymmetry. When waves at frequen-
cies w and 2w are combined, the resultant optical electric
field [31] has a time-averaged cube value (E*) # 0. The
magnitude and direction of this asymmetry depends on
the phase difference between the two waves. Such radi-
ation can therefore induce symmetry-breaking processes
[32]. This has been verified, for example, in processes
leading to the creation of bulk SHG in glass fibres
[33, 34], and optical poling of molecules [35, 36].

Phase-sensitive SHG microscopy. SHG interference has
been used to image domain inversion in ferroelectric crys-
tals [37, 38]. The change of sign of ¥® upon domain
inversion is imaged directly by looking at the SHG inter-
ference between the ferroelectric and a single-domain ref-
erence SHG crystal.

Mechanisms of an above-threshold ionization. Two-colour
multiphoton ionization of krypton was performed using
a combination of fundamental and harmonic laser pho-
tons [39]. Control of the phase between fundamental and
harmonic light was shown to modulate the magnitude of
Above-Threshold Ionization (ATI), enabling various
theoretical models for this process to be checked [39].

Cascaded nonlinearities. As laser light propagates
through a non-phase-matched SHG crystal, there is
a periodic interchange of energy between fundamental
and harmonic. Fundamental radiation thus emerges from
the crystal with little or net loss into the harmonic mode.
However, the phase of the fundamental light will be
changed [40] because, in effect, it propagated partially
through the crystal as harmonic radiation.

Mode locking of lasers. A nonlinear mirror, which can
lead to mode locking of a Nd: YAG laser, has been dem-
onstrated [41,42]. The device is based on two passes
through a nonlinear crystal, and adjusting the relative
phase of w and 2w in between the two passes.

3.6 Conclusion

We have demonstrated that the measurement of the phase
of the nonlinear optical response of a system is important
in many applications. In direct phase measurements, the
nonlinear optical signal generated by the sample is super-
imposed by another signal of a second (reference) sample,
and a variation of the optical phase delay between these
two sources results in an interference pattern from which
the phase of the susceptibility can be deduced. We have
compared different techniques of imparting a phase shift
to control the phase difference between the input laser
pulse and the nonlinear optical signal. Unless the coher-
ence length is impractically large, the preferred method is
to use a variable-pressure gas cell. Additionally, we re-
ported on several examples of SHG phase measurements
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and interferometry, including the use of phase-sensitive
SHG as a probe for molecular directionality and the
correct interpretation of a SH experiment when suscep-
tibilities of different species contribute to the total SH
signal. We also demonstrated that phase-sensitive SHG
can be used for the measurement of coherence properties
of lasers. New approaches for phase measurements in
dispersive geometries are discussed.
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