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with controllable spatial coherence
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We develop a Q-switched degenerate laser, delivering a partially coherent light pulse of duration
about 16 ns. The spatial coherence of the output laser pulse can be varied by tuning the spatial
filter inside the laser resonator, and the oscillating transverse mode structure can be determined
by measuring the degree of coherence of the output laser pulse. It is shown that the larger is the
diameter of the spatial filter, the more are the oscillating transverse modes, and the lower is the
degree of coherence. Based on coherent-mode representation for the partially coherent source, we
can estimate the transverse mode contribution to the output partially coherent laser. The experi-
mental results on suppressing speckle demonstrate that the generated partially coherent light pos-
sesses the characteristics of rapid reduction of spatial coherence, making it an ideal source for high
-speed imaging and ranging applications.
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1. Introduction

Laser beams possess some special characteristics, such as high brightness, high direc-
tion and high coherence, enabling their applications in different areas. However, the
laser beams with high coherence may produce harmful effects, such as speckle noise,
resulting in low imaging quality [1-4]. The speckle noise seems detrimental to imaging
applications and laser displays. It has been shown that an effective approach for sup-
pressing the speckle noise is to reduce the coherence of illuminating laser beams. Sev-
eral methods for reducing the coherence have been developed, such as passing the
completely coherent laser beam through a rotating ground glass [5, 6], or through a spa-

tial light modulator (SLM) or digital micromirror devices (DMD) [7—11]. The reduction
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of coherence is realized by taking the average of all independent states within a limited
time interval. All these approaches seem defective, for instance, as the laser beam passes
through the rotating ground glass, the speed of the rotating is very limited. This indi-
cates that the speed of reducing coherence and suppression of speckle noise are not
enough fast for some application areas. For instance, time-resolved optical imaging to
observe fast dynamics, to achieve a rapid reduction of coherence is crucial for imaging
applications. In other respect, the efficiency for obtaining partially coherent light by passing
laser through a diffuser is quite low. Recently, several researchers have studied the lasers
with a degenerate cavity, capable of generating laser beams with controllable spatial co-
herence by varying the diameter of a limiting spatial filter inside the resonator [12—17].
NIXON et al. proposed an efficient method to tune the spatial coherence of a degenerate
laser [15]. KNITTER and his colleagues demonstrated a degenerate laser system that can
be switched between a large number of mutually incoherent spatial modes and few-mode
operation [4]. They performed dynamic multimodality biomedical imaging in Xenopus
embryo hearts. It is shown that the multi-transverse-mode laser beams delivered from
a degenerate cavity have the characteristics of the rapid reduction of spatial coherence.
However, most degenerate lasers are operating in a continuous wave, or free-running
modes. To achieve high power and/or fast temporal resolution, short pulse partially
coherent laser light is crucial and necessary.

In this paper, we report, to the best of our knowledge, the first realization of Q-switched
degenerate laser delivering ns pulse of partially coherent light with controllable spatial
coherence. A spatially partially coherent laser beam of pulse width about 16 ns and
single pulse energy 0.2 mJ is obtained. The oscillating transverse modes are changeable
by tuning the spatial filter in the laser resonator, thereby regulating the spatial coher-
ence of the output laser and the speckle contrast. The coherent-mode representation is
used to obtain the mode structure of the output laser [ 18]. It will be shown that partially
coherent light generated by this kind of laser possesses the characteristics of the rapid
reduction of spatial coherence.

2. Experimental setup

The experimental setup is schematically shown in Fig. 1, in which a commercial diode
-pumped Nd:YAG module (with length 120 mm and diameter 7 mm) is placed inside
the laser resonator, acting as laser active medium. In the experiment, the pumping pow-
er is 76.2 W. Two flat plane mirrors M1 and M2 form a laser cavity, in which M1 and
M2 are high reflective of 99.5% at 1064 nm. Two lenses of focal length /= 200 mm
are placed inside the resonator to form a 4f telescope configuration, and in this case
the laser resonator is called as degenerate one. The 4f arrangement ensures that any
initial field distribution will be imaged onto itself after a single round trip, and therefore
any field distribution is an eigenmode of the cavity. A size-variable spatial filter, which
controls the number of oscillating modes, is inserted near the focus of L1 and L2.
The Q-switched component is composed of a zero-order quarter-wave plate, a polar-
izing beam splitter cube and Pockels cell electro-optical switch made of KD*P which
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Fig. 1. The experimental setup of the O-switched Nd:YAG laser. The degenerate laser consists of a gain
medium Nd:YAG, two flat mirrors (M1 and M2), two lenses (L1 and L2), a quarter-wave plate, a polar-
izing beam splitter cube and Pockels cell electro-optical switch made of KD*P. The focal length of L1
and L2 is 200 mm. The number of lasing modes is controlled utilizing a variable spatial filter positioned
at the focal plane between the two lenses. The output beam was detected by a CCD camera. To test the
influence of the spatial coherence on reduction of speckles, a diffuser is placed in the test arm, and a res-
olution target is used to prove the benefit of low coherence in imaging.

is driven by electric pulses with a quarter-wave voltage of 3638 V and pulse width
of 873 ns.

3. Experimental results

Degenerate cavity laser can support many transverse modes, therefore it is a good can-
didate for generating spatially partially coherent laser. Controlling the diameter (or ra-
dius) of the spatial filter will result in the changing of the oscillating transverse modes
of the laser beam, leading to the change of the transverse mode of the output laser beam.
It is well known that the beam radius of the high-order transverse modes along x-axis
and y-axis are [19]

®,(z) = wy(z)¥2m+1 (1)
0,(2) = wy(z)vy2n+1 (2)

where ,,(z), w,(z) and wy(z) are the radius of the high-order mode along x-axis, the
high-order mode along y-axis, and the fundamental transverse mode, respectively. As
shown in Egs. (1) and (2), the higher order transverse mode has larger beam radius.
This indicates that when the diameter (or radius) of the spatial filter is set to be small,
the higher transverse mode has larger loss, so that higher transverse mode cannot os-
cillate. However when the diameter of the spatial filter is large, the loss of the higher
order transverse mode gets small, so that the higher order transverse mode can oscillate.
In this case, the laser can deliver many transverse modes.
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Fig. 2. The output laser beam patterns. Output beam patterns for the diameter of the limiting spatial filter
are set to be (a) 1 mm, (b) 2 mm, and (¢) 7.5 mm.

Figures 2a—2c present the laser beam patterns in the case that the diameter of the
spatial filter is set to be 1, 2, and 7.5 mm, respectively. It is shown that with the in-
creasing of the diameter of the spatial filter, the diameter of the output beam increases
as well, due to more transverse modes existing in the degenerate cavity laser. The diam-
eters of the output laser beams are measured to be 1.1, 1.7, and 2.2 mm, respectively.

In Fig. 3, we present the O-switched pulses of the output laser, in the cases that the
diameters of the spatial filter are 1, 2, and 7.5 mm, respectively. The pulse widths of

Fig. 3. The pulse shapes of the O-switched laser. (a) The diameter of the limiting spatial filter = 1 mm,
the pulse width is 13.3 ns, (b) d = 2 mm, and the pulse width is 14.2 ns, (¢) d = 7.5 mm, and the pulse
width is 16.4 ns.
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Fig. 3. Continued.

the output laser pulses are measured to be 13.3, 14.2, and 16.4 ns, respectively. This
shows that the larger O-switched pulse is obtained as the larger diameter of spatial filter
within the laser cavity. Just as given in [20], when the loss of the O-switched laser is
lower, the pulse width is larger. Therefore when the diameter of the spatial filter is set
to be largest, the loss of the laser is lowest, so that the pulse width is longest.

Now we investigate the ability to adjust the spatial coherence of the degenerate res-
onator laser by modulating the diameter of the spatial filter, and monitoring the ability
to suppress speckles. The presence of a large number of transverse modes in the laser

Fig. 4. The speckle patterns of the output laser light are detected by a CCD camera. (a) d =1 mm, C=0.929,
(b)d=2mm, C=0.574, and (¢) d = 7.5 mm, C = 0.184.
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emission reduces the spatial coherence. To confirm the speckle suppression, we placed
a ground-glass diffuser into the laser beam and record the speckle patterns of trans-
mitted light by a CCD camera, as shown in Fig. 1. The speckle patterns that are recorded
by a CCD camera are illustrated in Fig. 4. The speckle patterns are recorded in one
laser pulse, this is, the averaging over speckle is done in the duration of one laser
pulse. To compare speckle patterns clearly, we calculate their speckle contrast C as
C = o/{I), where o is the standard deviation and (/) is the mean of all pixel intensities
in the image [21]. It is shown that when d = 1 mm, few transverse modes can oscillate,
and the spatial coherence of the output laser is high, and the speckle contrast C is quite
large, reaching 0.929. When d =2 mm, more transverse modes can oscillate in the laser
cavity, and output laser has more transverse mode, resulting in a lower spatial coher-
ence. In this case, C = 0.574. Moreover, when d is largest, being 7.5 mm, much more
transverse modes oscillate, and the speckle contrast C is reduced to be 0.184. This
means that the larger is the diameter of the spatial filter, the more transverse modes
oscillate, and the smaller is the speckle contrast. As shown in Fig. 4¢, suppression of
the speckle is obtained within the duration of one O-switched laser pulse (about 16 ns).
This indicates that the partially coherent laser light has the of rapid reduction of spatial
coherence [13].

The degenerate laser may provide a good source for generating partially coherent
light with controllable spatial coherence, in which the spatial coherence can be changed
by tuning the diameter of the spatial filter. Partially coherent light of low spatial coher-
ence is shown to be advantageous, when used for high-intensity illumination source to
realize the full-field imaging. To demonstrate this, we performed the experiments in
which a resolution chart is placed after the random diffuser, and recorded by a CCD cam-
era, as shown in Fig. 1. In Fig. 5, we give the image of the resolution chart, illuminated
by the laser of highly spatial coherence (Fig. S5a), or that of low spatial coherence
(Fig. 5b). We find that when the diameter of the limiting spatial filter is small (d =1 mm),
the spatial coherence of the output laser is quite high, and the imaging quality is poor.

I |max I Imax

min min

Fig. 5. Experimental demonstration of low-speckle imaging by using laser beams with different coher-
ence. (a) The diameter of the limiting spatial filter is = 1 mm, and the spatial coherence of the output
laser beam is high. (b) The diameter of the limiting spatial filter is d = 7.5 mm, and the spatial coherence

of the output laser beam is low. The speckle is largely reduced.
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However, when d = 7.5 mm, the spatial coherence of the output laser is low, and the
imaging quality is very good. It is noticed that the imaging is done within the duration
of the one pulse, indicating that the spatial coherence of the output laser is of rapid
reduction.

4. Coherent-mode representation for the output laser beams

In this paper, we focus our study on spatial coherence. We assume that the laser beam
is of single frequency, for simplicity, and we neglect the frequency w in following equa-
tions. The partially coherent laser can be characterized by a cross-spectral density of
the form [22]

W(xy, xy) = H(x)]? [1xep)1"? x ), x,) (3)

where /(x) is the intensity, and u(x,, x,) is the degree of coherence; x; and x, are two
coordinate positions across the laser beam section. It is seen from Fig. 2 that the in-
tensity distribution of the output laser beams is close to Gaussian distribution. This means
that the intensity distribution can be approximately expressed as

2x?

i

I(x) = Aexp|—

4)

where A4 is a positive constant, representing the intensity at the center of the laser beam.
oy is the radius of the laser beam, in which the values of ¢; can be evaluated from Fig. 2
to be 0.55, 0.85, and 1.1 mm, respectively, corresponding to the diameters of spatial
filter d = 1, 2, and 7.5 mm, respectively. u(x,, x,) is a degree of coherence, and is as-
sumed to be of the form

u(xy, x5) = p(Ax) Q)

here Ax = x; —x,. Equation (5) indicates that the degree of coherence is dependent on
x; and x,, only through Ax. The degree of coherence of the output laser beam can be
measured by the Young’s two-pinhole interference experiment, as shown in Fig. 6. It is
shown that the light coming from two pinholes Q1 and Q2 interferes at point P. It has
been found that if the intensities at point P coming from Q1 and Q2 are the same, the
visibility of the interference fringes is just equal to the module of the degree of coher-
ence, i.e., [22]

I -1
v(P) = —5—"0 = |u(x), x))| = [u(Ax)| (6)
I ax+lmin

m

where x; and x, are the coordinates of the two different positions, Q1 and Q2. 7
I

min

ax and
are the maximum intensity and minimum intensity of the interference fringes.
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Fig. 6. Notation relating to Young’s two-pinhole interference experiment for measuring the degree of co-
herence of the output laser beam.

Equation (3) indicates that the visibility of the interference fringes is just equal to the
degree of coherence. Therefore, by measuring the visibility of the interference fringes,
we can obtain the degree of coherence of the output laser beam.

To measure the degree of coherence, we choose different two-pinholes with distances
0f 0.2, 0.4, 0.6, and 0.8 mm, respectively. In Fig. 7, we present the degree of coherence
as a function of the distances between two-pinholes, Q1 and Q2. For simplicity, the
measurement is performed for the two pinholes moving along x-axis of the laser beam
section. In Fig. 7, three curves correspond to the diameters of the limiting spatial filter
are 1, 2, and 7.5 mm, respectively. It is found that the larger is the diameter, the lower
is the spatial coherence. The insets are the interference fringes, in which the distance
between two-pinholes is 0.4 mm, and the diameters of the spatial filter are 1, 2, and
7.5 mm, respectively. Clearly, the smaller is the diameter, the sharper are the interfer-

Coherence degree

0.0 0.2 0.4 0.6 0.8
Distance between two-pinhole [mm]

Fig. 7. The degree of coherence as a function of the distance of the two-pinholes for three different diam-
eters of the spatial filter. The black squares with dotted line denote the result for a spatial filter diameter
of 1 mm, the red circles with dashed line denote the result for a spatial filter diameter of 2 mm and the
blue triangles with solid line denote the result for a spatial filter diameter of 7.5 mm.
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ence fringes, and the larger is the spatial coherence. And the spatial coherence decreas-
es with the increment of the distance between two pinholes. The spatial coherence
varying with Ax is called the degree of coherence. We find that, for a fixed diameter,
the function of spatial coherence with Ax = x; — x, can approximately be described as
a Gaussian one. Therefore, the fitting function of the three curves (degree of coherence)
in Fig. 7 is given by

2Ax?

0_2
i

U(Ax) = exp|— (7)

where the fitting parameters are o, = 3.37747, 0.8732, and 0.5056 mm, respectively,

corresponding to the diameters of spatial filter d = 1, 2, and 7.5 mm, respectively.
According to the theory of the coherent-mode representation, the cross-spectral

density of the output partially coherent laser beams may be represented in the form [18]

W x) = 3 4,000)0,(5),  n=0,1,2, . ®)

where ¢,, are the eigenfunctions, and 4, are the eigenvalues of the Fredholm integral
equation

[, 20, d %, = 4,0,(x) ©)
D

The eigenfunctions may be taken to be orthonormalized over the domain D, i.e.,
. 3
[or)0,0dr = 5, (10)
D

where ¢,,, is the Kronecker symbol (6,,,, = 1 when n=m, 9,,,, = 0 when n # m). ¢, (x) can
be viewed as the transverse modes of a laser, such as Hermite—Gaussian modes.
The quantities 4, are positive, and are weighted factor of the transverse mode. It is
found from Eq. (8) that the output partially coherent laser is composed of many trans-
verse modes ¢, (x). To describe the related contribution to the partially coherent laser,
we define the ratio of the eigenvalues 4, to the lowest eigenvalues A, i.e., 4,/ 4.
Based on the above equations, we can calculate the distribution of the modes by
the degree of coherence. The results are presented in Fig. 8. As shown in Fig. 8a, the
diameter of the spatial filter is smallest (4 = 1 mm), the degree of coherence is very
high, only two transverse modes exist, i.e., the fundamental transverse mode, and first
-order transverse mode. It is seen that the fundamental transverse mode is very strong,
compared to the first-order transverse mode. When the diameter of the spatial filter is
chosen to be 2 mm, the degree of coherence becomes small, and more transverse modes
can oscillate in the laser cavity. As shown in Fig. 8b, five transverse modes can oscil-

late, and the fundamental transverse mode is strongest, and the higher-order transverse
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Fig. 8. Distribution of transverse modes. The diameter of spatial filter is set to: (a) d = 1 mm, (b) d =2 mm,
and (¢) d =7.5 mm.

mode gets weaker intensity. In Fig. 8¢, we present the transverse mode distribution of
the output laser, in which the diameter of the spatial filter is largest, being d = 7.5 mm.
In this case, the degree of coherence is smallest, and the number of the oscillating trans-
verse modes is most. The oscillating modes are eleven. As described above, we measured
the degree of coherence only along x-axis. It is assumed that the laser beam is sym-
metric, the total number of the transverse modes should be the square of the transverse
mode number along one direction. Therefore, when d = 7.5 mm, the total transverse
mode number reaches 121.

5. Conclusion

We have constructed a O-switched degenerate laser, delivering a partially coherent
light pulse of duration about 16 ns. The spatial coherence could be changed by tuning
the diameter of the spatial filter inside the laser cavity. The larger diameter of the spatial
filter resulted in more transverse modes oscillating in the laser. The transverse mode
distribution has been evaluated, more than 121 transverse modes existed when the di-
ameter of the spatial filter is largest, being 7.5 mm. It has been found that the changing
of the diameter of the spatial filter not only results in the oscillating transverse mode
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number, but also the pulse duration. The experimental results on suppressing the speck-
les demonstrate that the generated partially coherent light has the characteristics of rap-
id reduction of spatial coherence. This kind of partially coherent laser is an ideal source
for high-speed imaging and ranging applications.
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