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Abstract

In order to measure the phase conjugation-fidelity of stimulated Brillouin scattering with high pump energy more
accurately and conveniently, a new measurement is proposed. According to the definition of the fidelity with optical
field correlated integral, the method of recording the far-field by array camera is analyzed theoretically. By the method,
an experiment for high energy stimulated Brillouin scattering is arranged, and the maximum energy of 3.42 J is
achieved in a single-cell stimulated Brillouin scattering generator. For small pump pulse, the fidelity maintains a high
value of more than 0.9. However, the reflectivity fluctuation is significant when the pump energy is larger than 1.5
J. As a result, the fidelity decreases gradually to 0.5 at the pump energy of 3.42 J. The reflectivity shows the same
character of great fluctuation as the fidelity at high pump energy.
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1. INTRODUCTION

Stimulated Brillouin scattering (SBS) is a convenient tool for
improving the performances of high power and high energy
laser systems by its phase conjugation (Lontano et al., 2006;
Kong et al., 2006, 2007; Hasi et al., 2007; Kappe et al.,
2007; Meister et al., 2007; Wang et al., 2007; Yoshida
et al., 2007; Ostermeyer et al., 2008). The phase conjugation
fidelity is one of the most important parameters that charac-
terize the performance of a SBS phase conjugation mirror
(PCM) (Vlad et al., 2004). However, it is difficult to
measure the phase conjugation fidelity via a practical exper-
iment, for it is not easy to describe the distribution of the
optical complex amplitude (Andreyev et al., 1994). A pre-
viously reported method (also known as the
energy-in-the-bucket technique) of monitoring the SBS far
field phase conjugation fidelity was used, in which the trans-
mission of the Stokes return through a pinhole located at the
focus of a lens was measured for each laser shot (Dane et al.,
1992). The size of this aperture was chosen as the 1/e2 diam-
eter of the focused input beam, resulting in a transmission of
approximately 86%. By monitoring the pinhole transmission
of the output of the SBS cell, an indication of the correction

of its wavefront to the incident beam could be obtained. As
phase conjugation fidelity relates to the SBS beam’s far-field
divergence angular directivity, this method is of considerable
practical importance (Schelonka & Clayton, 1988).
However, the fidelity measured by this method will be influ-
enced by the lens directly, especially for high pump energy.
Because the measurement of the phase conjugation fidelity
for the high pump energy is quite different with low pump
energy. The difficulties are: (1) Air breakdown caused by
high intensity laser at the focus will lead to plasma closure
in pinhole, which will decrease the optical transmission,
thereby reducing the measured result of fidelity. (2) It is dif-
ficult to place the pinhole on the location of the waist comple-
tely symmetrically, and the error of the location affects the
measuring precision for each experiment. (3) Laser beam
excursion and the changing of phase aberration caused by
thermal load of amplifiers impact the focus spot on pointing
to the pinhole, which is tiny for the large size of beam in the
high energy laser system. We introduced an array camera
method, which is convincible to measure the phase conju-
gation fidelity for high pump energy lasers. There is no
usage of a pinhole in the measuring process and thus the
result is not influenced by there difficulties. So a much
better result was obtained in the case of a high intensity
laser, which conquered the disadvantages of the pinhole
method.
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2. OPERATION PRINCIPLES

The optical path of the array camera is shown in Figure 1.
The array camera consists of a long-focus lens and two
pairs of mirrors, each of which contains a half-transmitting
mirror and a high reflective mirror. A laser beam passes
though the lens and is injected into the first pair of mirrors
where there is a tiny air wedge between the two mirrors.
The laser beam is reflected by the half-transmitting mirror
and the high reflective mirror for many times in the air
wedge. So the output laser beams from the first air wedge
consist of a series of sub-beams in the vertical dimension
and the intensity is decreased gradually. Because of a long
depth of focus for a long focus lens, the optical path differ-
ence between any two sub-beams can be ignored. These sub-
beams are injected into the second air wedges and each
sub-beam is split into many sub-beams too in the horizontal
dimension. These sub-beams arrange an order according to
the spatial and the intensity dimensions and form array
images, which cover a real state of the far-field distribution
of the incident laser beam. The array images can be collected
by a charge-coupled device. The array images are introduced
into the calculation procedure and the focus spot is
reconstructed.

To measure the quality of the SBS phase conjugation, the
conjugation fidelity F is introduced and defined as a normal-
ized correlation function (Lehmberg, 1982)

F ¼

Ð1

0 EL(r)ES(r)rdr
�� ��2Ð1

0 EL(r)j j2rdr
Ð1

0 ES(r)j j2rdr
, (1)

where EL(r) and ES(r) are amplitudes for the pump and
Stokes wave fields, respectively. The numerator is an
overlap integral that provides the degree of correlation of
the two fields. It is maximized when ES is proportional to
EL*, i.e., at wavefront reversal and matching amplitude distri-
bution. The denominator provides a normalization to the
average powers of the two fields, such that F has a

maximum value of unity when EL and ES are perfect phase
conjugates, and it is zero when they are uncorrelated. It is
well understood and can be measured. However, it is difficult
to measure the correlation integral of amplitudes of the elec-
tric field experimentally. Suni and Falk (1987) used a phase
grating to separate the pump beam and the Stokes beam and
achieved the SBS conjugate fidelity, but the phase grating is
confined to high power lasers because of the restriction of
aperture and the damage.

The array camera detects a far-field beam angular distri-
bution, i.e., a far-field waist angular distribution. Therefore,
the integral in Eq. (1) can be located in the vicinity of
waist where the wavefront is a plane for an ideal Gaussian
beam. The phases of the electric fields can be ignored in
this assumption.

Since the measurement by the array camera is associated
with the angular distribution of the waist of focal area, it is
reasonable to set the integral region of Eq. (1) to the location
of the focal plane. As an ideal Gaussian beam is considered,
the phases of the electric fields in Eq. (1) can be ignored
because the wavefront of the waist is equal to a plane. If
the wavefront is distorted, there will be two distortions to dis-
tinguish the aberrations: local distortion and total distortion.
The total phase distortion produced by thermally-induced
refractive changes, when a laser beam passes through an
active laser amplifier is significant in the high energy and
high power laser system. The phase of the total distortion
changes slowly in general, so the phases of the electric
fields in Eq. (1) can be neglected in the same way.
Replacing the pump and Stokes wave electric fields EL(r)
and ES(r) by the energy densities wL(r) and wS(r), respect-
ively, means the fidelity can be written as

F ¼

Ð1

0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
wL rð ÞwS rð Þ

p
rdr

��� ���2Ð1

0 wL rð Þrdr
Ð1

0 wS rð Þrdr
: (2)

According to Figure 2, the relation of r ¼ l� tan u=2 is clear.

Fig. 1. Schematic of the array camera for measuring far-field distribution (a) and focal spot array acquired by CCD (b).
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Introducing this expression into Eq. (2) and denoting

uL(u) ¼ wL(r) tan (u=2)s2(u=2), (3)

us(u) ¼ ws(r) tan (u=2)s2(u=2), (4)

the fidelity can be evaluated by

F ¼

Ð p
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
uL uð ÞuS uð Þ

p
du

��� ���2Ð p
0 uL uð Þdu

Ð p
0 uS uð Þdu

: (5)

According to the definition of the energy density, the total
energy of the pumping laser can be written as the integration
over wL(r).

WL ¼ 2p
ð1

0
wL(r)rdr ¼ p

ðp
0

uL(u)du: (6)

In this equation, the expression puL(u) can be seen as the
energy per unit angle. Considering the principle of the array
camera, the measuring result indicates the energy ratio hL of
the energy in the divergence angle u to the total energy, the
expression of puL(u) also can be written as WLdhL=du. Thus,
the parameter of uL(u) is given by

uL(u) ¼
WL

p

dhL

du
: (7)

In the same way, the parameter of uS(u) is given by

uS(u) ¼
WS

p

dhS

du
: (8)

Introducing Eqs (7) and (8) into Eq. (5), the fidelity is
given by

F ¼

ðp
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dhL

du

dhS

du

r
du

�����
�����
2

, (9)

where the values of dhL=du and dhS=du are achieved by the
far-field energy angular distribution of pump and SBS laser
beams, respectively. The dependence of the energy ratio of
the pump energy or the SBS energy under different far-field

angle to the total energy by the array camera is shown in the
Figure 3. Introducing the values of dhL=du and dhS=du into
Eq. (9), the value of the SBS fidelity is achieved easily.

The conjugate fidelity by this technique contains all the
information of the energy angular divergence about the
pump beam and the SBS beam. It is more authentic than
the method of the energy-in-the-bucket technique that is
influenced severely by a different selection of the pinhole
in the focal plane.

3. EXPERIMENTAL RESULTS AND DISCUSSION

The primary laser source is a Nd:YLF single frequency
TEM00 Q-switched laser system with a 20-ns full width at
half maximum quasi-Gaussian pulse shape. This output is
amplified to several tens of joules by the Nd:phosphate
glass amplifier system. The experimental setup for high-
energy SBS phase conjugation fidelities investigation is
shown in Figure 4. An uncoated fused-silica wedge was
used to sample the energy of the incoming and outgoing
pulses using two calibrated energy meters. A sample of the
pump beam reflected by the wedge to array camera 1 and
the array spots are collected by array camera 1. The collected
data are processed by a computer and the far-field angular
distribution of the pump beam is thus achieved. Similarly,
the far-field angular distribution of the SBS beam is also
achieved by the processed data collected by array camera
2. Introducing the two distributions into Eq. (9), the phase
conjugation fidelity by experiment is obtained. In this exper-
iment, the maximum pump energy is 3.42 J, which is much
higher than the SBS threshold. The nonlinear medium is
selected as FC-72, which is a suitable SBS medium for
very high input energy (Yoshida et al., 1997).

For each experimental point, the calculated reflectivity was
the ratio of energy measured on energy meter 2 to that on

Fig. 2. The far-field distribution of Gaussian beam.

Fig. 3. The dependence of energy ratio of the pump energy or the SBS
energy in different far-field angle to the total energy by the array camera.
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energy meter 1 (Fig. 4). The measured reflectivity is shown
in Figure 5.

The single-cell SBS geometry is the simplest for the appli-
cation in a laser system. It is necessary to enhance the energy-
load of a single-cell to a higher level. However, the laser-
pulse energy was limited to less than 1 J due to competition
with other nonlinear processes such as stimulated Raman
scattering, self-focusing, and optical breakdown resulting
from high optical irradiance at the focus of the SBS cell
(Dane et al., 1994). To avoid the onset of detrimental nonli-
nearities, scaling to larger aperture geometries becomes
necessary (Crofts & Damzen, 1991). The energy reflectivity
versus high energy and intensity is shown in Figure 5. The
results show that the reflectivity increases rapidly when the
energy of the incident light pulse is not more than 1
J. When the energy is more than 1.5 J, the saturation is
obvious. Moreover, there is a fluctuation for higher
pumping energy. The reason for these results is related to

the progress of SBS. A laser beam is incident into a SBS
cell where it interacts with nonlinear liquid media which cor-
responds to the scattering of light, called Stokes seed pulse,
from thermally-induced acoustical waves present in the
media. With intense coherent laser light, the rate of scattering
can become so great that the acoustic wave amplitudes
increase, and the Stokes pulse grows exponentially
(Brignon & Huignard, 2003). When the intensity of the
Stokes pulse increases up to the pump pulse, the reflectivity
equals approximately 100%. This is saturating and the inten-
sity of the Stokes pulse does not increase anymore. In prac-
tice, it is difficult for the reflectivity to reach uniformity
due to competition with other nonlinear processes such as
Raman scattering, self-focusing, and optical breakdown
resulting from the high pump energies in the oscillator.
These nonlinear processes drain the pump energy and
result in the fluctuation of the reflectivity. Figure 6 shows
the results of the SBS phase conjugations, fidelity versus

Fig. 4. Experimental layout used to measure the SBS phase conjugation fidelity by the “array camera” technique.

Fig. 5. Energy reflectivity as a function of high pump energy. Fig. 6. Phase conjugation fidelity as a function of pump energy.
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high input energy measurements, which were found using
the methods explained above.

These results are consistent with those reported by Ottusch
and Rockwell (1991) for lower pump energy. The average
fidelity decreases as the pump energy increases beyond the
threshold, and the fidelity becomes increasingly unstable as
the reflectivity becomes more saturated, which is the same
situation as in the case of reflection. At lower pump
energy, the phase fidelity increases depending on the incident
light and keeps a high value of more than 0.9. The fidelity
decreases when the pump energy is larger than 1 J, and the
value reduces from 0.9 to 0.5. In steady state, the fidelity
instability results from the intense optical breakdown in the
saturated reflectivity regime for high input energy that
exceeds the SBS threshold greatly (Ottusch & Rockwell,
1991). However, the conclusion of the experiment is that
for a small SBS signal, the reflectivity and fidelity are both
high. To reduce the intensity at the focal point, the F
number of the focusing lens should be increased. The
similar method is to expend the beam size with a given
length of the lens.

4. CONCLUSION

The measurement of phase conjugation fidelity is important
for the study of SBS phase conjugation. However, fidelity,
especially for the high pump energy, is difficult to measure
experimentally. By the method of array camera, for the
measurement of fidelity, the focus spot of the input beam
is divided into array spots. Unlike the method of the
energy-in-the-bucket technique, a great error results from
the plasma closure in the focal pinhole irradiated by the
focused beam. The principle of this measurement is
described in detail. By this method, the fidelity at high
pump energy is measured in experiment. The maximum
energy of the incident pulse is 3.42 J and the intensity is
21 MW/cm2, which is far more than the threshold of SBS
initiation. At the same time, the energy reflectivity is
measured, too. For low pump energy, the reflectivity grows
exponentially, and the fluctuation is not observed. Thus,
the fidelity maintains a high value of more than 0.9.
However, the reflectivity fluctuation is significant when the
pump energy is more than 1.5 J. As a result, the fidelity
decreases gradually to 0.5 at the pump energy of 3.42 J. In
applications, high reflectivity, and consistently good phase
conjugation fidelity are required for high energy pump
beams, so an increase of the size and a reduction of the inten-
sity of the input beams are preferred.
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