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Injection-seeded is an effective method to obtain high-power pulsed laser with pure spectrum, which is useful to be the laser
source of a coherent Doppler LIDAR or a differential absorption LIDAR. In order to achieve the useful injection-locked
signal, mode matching between master laser and slave laser is necessary. In this paper, various factors influencing on the
extraction of injection-locked signal are analyzed theoretically. Then, experiments on an injection-seeded Tm:YAG laser are
carried on, and injection-locked signal is extracted successfully. Moreover, an injection-seeded Tm:YAG laser is achieved,
with pulsed single-frequency at 2013 nm, output energy of 3.16 mJ, and pulse width of 238.7 ns, at a repetition rate of

100 Hz.

Keywords: diode-pumped lasers; Tm laser; Injection-locked signal extraction

1. Introduction

Injection-seeded is an effective method to achieve high-
power pulsed laser with pure spectrum, which is useful
to be the source of coherent Doppler LIDAR and dif-
ferential absorption LIDAR [1-3]. In recent years, some
results about injection-seeded laser have been demon-
strated. In 1998, a flash-lamp-pumping, injection-seeded,
Q-switched 1.552-um Er:glass laser was reported by
McGrath et al. [4]. In 2008, an injection-seeded Tm, Ho:
GdVO4 laser at 77 K was reported by Wang. The
Q-switched output energy of 2 mJ at 20 Hz with a pulse
width of 170 ns was obtained [5]. In 2011, an injection-
seeded Tm:YAG laser was reported by our group,
and nearly transform-limited single-frequency pulsed
2013-nm laser with output energy of 2.0 mJ and pulse
width of 356.2 ns was achieved at 15 Hz [6]. In 2011, a
single-frequency Q-switched Tm:YAG laser, with pulse
energy, pulse width, and repetition rate of 2.38 mJ,
308 ns, and 100 Hz was reported by Zhang et al. [7]. In
2013, an injection-seeded Q-switch Ho:YAP laser, with
pulse width of 151 ns at 100 Hz was demonstrated by
Dai et al. [8].

Injection-seeded laser system is mainly consisting of
a master laser (seed laser), a slave laser (power laser),
and a coupling system. The coupling system, which is
an indispensable link, is used to extract injection-locked
signal and to realize stable injection-locked laser output.
The injection-locked signal extraction is influenced by
the mode-matching between the master laser and slave

laser. However, little study on the injection-locked signal
is carried out.

In this paper, detailed study on injection-locked sig-
nal extraction is carried out, including the horizontal
mode matching and the vertical mode matching between
the master laser and slave laser. The method for improv-
ing the mode-matching has been analyzed and designed.
Experimentally, the effective injection-locked signal of
Tm:YAG laser has been extracted. At last, the experi-
ment of injection-locked Tm:YAG laser is carried out
successfully and the output characteristics have been
improved because of the works mentioned above.

2. Theoretical analysis

Injection-locked signal extraction is influenced by the
mode-matching (horizontal and vertical patterns)
between the master laser and slave laser. Theoretically,
the horizontal mode matching and the vertical mode
matching will be discussed.

2.1. Horizontal mode matching

When the fundamental transverse mode of master laser
is injected into the slave laser, the whole power of the
master laser should be coupled to the fundamental mode
of the slave laser. However, the power of the master
laser is always coupling to the higher order modes of the
slave laser, which means the transmission loss increases.
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The power coupling coefficient between the fundamental
mode of master and slave laser will be decreased. It
means that the power of the seed laser cannot be fully
utilized.

Supposed that the master laser is fundamental trans-
verse mode and the slave laser cavity is stable, the
master and slave laser can be processed as Gaussian
beam [9,10].

The mode coupling coefficients Cy can be obtained
from formula (1) by the integral of amplitude of electric
field for the plane (xoy).

+00 r+00
ETE,dxd
CO — ffoo ffoo 1=2 Ly - (1)
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where E; is the optical field of i-beam (i=1, 2). The
cylindrical coordinates of Gaussian beam E; could be
expressed as formula (2).

2 \"? p* jkip?
Ei o [ A L 2
1“<nw%) e""( o 2R, “) @

where w, is the beam radius; k; is the wave vector; and
R, is the radius of curvature of the wavefront. w, and R,
are associated with the position (z) on the propagation
direction, as shown in formulas (3) and (4).

o = 2y 4 12z — 7)1, (3)
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Mode-matching between master laser and slave laser
is shown in Figure 1. The main influencing factors of
mode-matching are consisting of different radii of two
Gaussian beams (Aw), different longitudinal waist posi-
tions of two Gaussian beams (Az), lateral-position devia-
tion of two Gaussian beams (Ax), different radii on the
orthogonal directions of two Gaussian beams (wx # wy),
and different spread directions of two Gaussian beams
(A6).

2.1.1. Beam radius

Suppose that the vertical and horizontal positions of two
Gaussian beam waists are coincident, the beam radius
coupling coefficient (C,) can be represented as formula
(5) under cylindrical coordinate. Then, the integral can
be expressed as formula (6).

2 2n o0 p2 p2
Co 27/ / eXP<——2——2>pdpd<p
1020 Jo 0 ww 0)20
(5)
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As it is known, radius of slave laser (w,g) is deter-
mined when the resonator is designed. Then, the optical
transformation of the seed laser injected into the slave
laser resonator is certain. The transformed beam waist
radius of the injected seed laser is denoted as w;y.

As shown in Figure 2, for a certain w,y, C,
changes dramatically when ;g < w,p; When w9 = w,o,
C, =1, then as w;o increases, C, decreases gradually,
but slowly. Therefore, when the mode-matching is
designed, the injected beam waist should be similar or
slightly larger than the beam waist of slave laser. In
addition, the larger the wj, is, the slower the C,
changes with w;o. It means that the w,q should be
appropriate when the resonator is designed to be conve-
nient for mode-matching.

2.1.2.  Different longitudinal positions, but the same
lateral position and direction of propagation

The coupling coefficient of the longitudinal position of
two beams (C;) can be expressed as formula (7).

2 21 00 p2 p2 jTEp2
szi/ / exp(——z——z—}— pdpde
w10 .Jo Jo Wi, Wy AR

0

The integral result of formula (7) is shown in
formula (8).

Figure 1. Coupling factors between master laser and slave laser. (The color version of this figure is included in the online version

of the journal.)
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Figure 2. Coupling coefficient vs. waist radius. (The color
version of this figure is included in the online version of the
journal.)
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Supposed that the radius of two Gaussian beams is
equal, as shown in formula (9).
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Then, the coupling coefficient of the longitudinal
position (C,) can be expressed as formula (10).
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Formula (10) indicates that the longitudinal position
of the coupling coefficient (C,) is related with the beam
radius, the position of the beam waist, and the wave-
length. For Tm:YAG crystal used in the experiments, the
output wavelength is 2.01 um. The longitudinal deviation
from no offset to 50 mm is shown in Figure 3. The
effect of deviation of the longitudinal position to the
coupling is relatively small. For example, when
w50 =200 pm, even if the deviation is 50 mm, C; is still
larger than 92.5%. And the greater the w, is, the smal-
ler the influence of the deviation of the longitudinal posi-
tion to the coupling efficiency.

|CZ| =

2.1.3. Different lateral positions, but the same
propagation direction and the longitudinal position

The coupling coefficient of the lateral position (Cy) is
determined by the formula (11).

100 T T
0.98 -
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R 0)1020’20:200 wm
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Figure 3. Coupling coefficient vs. longitudinal position with
different waist radii. (The color version of this figure is
included in the online version of the journal.)
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where Ax is the lateral displacement from injected seed
laser to the optical axis of slave laser. Suppose the beam
is circularly symmetric, the integration result of formula
(11) can be expressed as formula (12).
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Suppose w9 = w19, then Ax can be simplified to

formula (13).
Ax?
= - 1
Cx exp( 260%0) (3

As shown in Figure 4, assuming w,o= 0.6 mm, if
Ax=0.5 mm, then Cy is calculated to be 70.7%. If
Ax=1mm, then Cy is only 24.9%. While assuming

1.0
— W= 05(=200 pm
08F \ N e W= W5(=400 pm
-------- W= 0»(=600 Lm
0.6
x
@)
0.4
02
0.0 : ' e
0 500 1000 1500
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Figure 4. Coupling coefficient vs. radial position with
different waist radii. (The color version of this figure is
included in the online version of the journal.)
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w59 = 0.2 mm, if Ax=0.5 mm, then Cy is calculated to
be 4.4%. If Ax=1 mm, then Cy is nearly zero. There-
fore, for effective coupling, it is very important to adjust
the injection of seed laser. Greater w,g is easy to
decrease the impact of this lateral displacement. There-
fore, it is appropriate to increase the value w,( as design-
ing the resonator of slave laser. Meanwhile, this lateral
displacement should be avoided.

2.1.4. The same longitudinal and lateral position, the
same propagation direction, but different beam radii in
the orthogonal direction

For ring laser oscillator with curved mirror, the astigma-
tism cannot be avoided. The astigmatism coupling coeffi-
cient (C,) is expressed as formula (14).

C,—2 w327,
(w%o + w%x)(w%o + w%y)

In order to optimize the coupling of elliptical beam,
3, = ¥,y can be supposed. Then, formula (14) might
be transformed to formula (15).

2 2
C,= 2\/( Dio@" (15)

oty + 03,) (0} + w3.?)

(14)

Optimizing coupling can be realized by varying the
beam radius (w,,), as shown in formulas (16) and (17).

W = wyor 2 (16)

Wy = 0)101’1/2 (17)
Then, C, can be expressed as formula (18).

2712
T l4r

C, is only relative with the elliptical beam radius ratio
r. As shown in Figure 5, when the radius of the master
laser is equal to the radius of the slave laser, and the beams
are closer to circularly symmetric, C is nearly 1.

Whether asymmetric of the injected seed laser or the
existence of astigmatism in slave laser, C, is dropped. It
will influence on the mode-matching and injection-
locked signal extraction. The M* of the seed laser should
be good. And the asymmetry of seed-beam should be
amended by a coupling system. As the slave laser, mini-
mal astigmatism might be required, although multiple
curved mirrors are used in the cavity.

(18)

A

2.1.5. Different propagation directions, but the same
beam waist radius and position in the longitudinal and
transverse directions

The coordinate conversion process is needed with differ-
ent propagation directions, the same beam radius, and

0.8 |

0.4

02+

0.0 1 1 1 1 1

Figure 5. Astigmatism coupling coefficient vs. beam radius.

position in the longitudinal and transverse directions.
The angle (#) is an angle between the directions of prop-
agation in the x, plane. The relationship of coordinate
conversion could be represented as formula (19).

x — xcos0 —zsin0
{z—>xsin9—|—zc059 (19)
When z =0, E, is converted into formula (20).
1/2 2 052 0
E, x ( 5 ) exp {—jkxsin() —M (20)
Ty w3

When the wave vector is equal to 2m/Z, the
direction-coupling coefficient (Cy) can be expressed as
formula (21) after integral.

2w19w20
12
(@fy + @3) / (@3 + @iy cos? 0)

2,2 2 o
TT° 0703, Sin 0 1
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12
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Suppose ;9 = w9, then Cy can be simplified to
formula (22).

2 2w?, sin® 0
Cp=|—" s 7 22
0 (1 + cos? 0) P [ 22 (1 + cos? 0} (&9

For small values of 6, Cy can be written as formula

(23).
02
Cyp = exp ( 293) (23)

6y is the divergence angle and can be expressed as
6y = A/mwp. As shown in Figure 6, the greater the beam
waist radius of the injected laser, the more sensitive the
direction-coupling coefficient is.

As mentioned above, the coupling coefficient
depends on not only the design of the master and slave
laser, including the Gaussian beam radius, divergence
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angle, and beam waist location, but also the adjustment
of the injected process, including radial deviation, direc-
tion deviation, and so on. The requirements of the radial
calibration are higher when the value of w,q is small.

2.1.6. Cross-coupling between fundamental mode of
master laser and multimode of slave laser

In the actual situation, fundamental mode of master laser
may be cross-coupled with multimode of slave laser. It
might cause the amplitude loss of useful locked-signal or
even produce false signals. The expression of normalized
coupling coefficient between fundamental mode of mas-
ter laser and multimode of slave laser had been presented
by Kogelnik, as shown in formula (24) [11].

Coomn = WCO(I - () (24)

4 5, M, and N are the orders

2
019, 0 iZy
((u20+(010) + (7[(1}10(')20)

of the transverse mode, w;q is the beam waist radius of
seed laser after transforming by the coupling system. Z,
is the longitudinal distance from position of waist radius
w10 to position of waist radius w,o. And the resonant
frequency of TEMmnq mode might be expressed as
formula (25) [12—14].

where Cy =

c 1
Vang = 37 |4 +— (m +2n + 1) arccos \/g1g2| (25)

According to the interferometer principle, resonant-
coupling output happens only when the injected laser
field is consistent with the eigenmodes of interferometer.
Therefore, the transverse mode can be observed by

10 5
‘ —— =100 pm
N o300
N o260
| N — (=900 um
S
04+ 11
02k 1% N
00— — ' '
0 5 10 15 20

6 (mrad)

Figure 6. Direction of propagation coupling coefficient vs. the
angle between two beams (a) TEMg, coupling with TEMy,
TEM9, TEM,o, and TEM3, and (b) TEMy, coupling with
TEM 4, TEMy, TEMy;, and TEM;;. (The color version of this
figure is included in the online version of the journal.)

changing the cavity length of interferometer. Different
patterns appear when the seed laser injected into
different higher order modes of slave laser, for example,
as shown in Figure 7. The power loss of seed laser cou-
pled to the fundamental mode of slave laser will be
inevitably. And correct-landscape mode selection is also
needed. Therefore, adjusting the coupling system is
necessary. The power of seed laser injecting into the
fundamental mode of slave laser can be guaranteed.

2.2. Longitudinal mode matching between master
laser and slave laser

Two approaches can be used to realize longitudinal mode
matching between master laser and slave laser. One is
adjusting the output frequency of the seed laser and the
other is adjusting the resonant frequency of slave laser.
The purpose of longitudinal mode matching is reducing
the detuning of master laser and slave laser and achiev-
ing stable injection-locked laser output.

1.0 H H
——TEM;, : ]

08 T TEMy ;
"""" TEM,, i i

-~ TEMy, !

(=}
=)}
T
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[\
T
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((1) TEMoocoupling with TEMOO, TEMIO, TEMZO, TEM3O

1.0 T |
— —TEM,, | :
- ] !
E gl ~ 7 TEMg, E
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= 0.6 |- ' /
.2 y ,
9 1 § f
£ 04t ! !
S n i "
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(b) TEMoocOUpling with "[‘I’EMI(‘)7 TEMUO, TEMOI, TEMH

Figure 7. Coupling coefficient between TEM, of master laser
and TEM,,, of slave laser. (The color version of this figure is
included in the online version of the journal.)
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The relationship of the output frequency of seed laser
v; and the number of longitudinal mode ¢, could be
expressed as formula (26).

2(21'(711' - 1)lz +L1cav)

where n; is the refractive index and /; is the length of the
i-th based optical components in the cavity of seed laser.
Li.ay 1s the physical cavity length of seed laser.

The frequency interval of the ring resonator is shown
in formula (27).

VI =q (26)

C
Zj("j - l)lj +LZCaV

where n; and [; are the refractive index and length of the
Jj-th based optical components in the cavity of slave laser,
respectively. L.,y is the physical cavity length of slave
laser.

Inconsistency existed between injected seed laser and
the resonant frequency of the slave laser, as shown in
Figure 8.

In order to realize longitudinal mode matching
between master laser and slave laser, the cavity length of
the slave laser resonator should be controlled. In experi-
ment, one resonator mirror is fixed to a piezoelectric
ceramic whose stretching is controlled by changing the
voltage on it. Then, the resonant frequency of the slave
laser is changed. When the resonance frequency of slave
laser is coherent with the seed laser, injection-locked sig-
nal can be extracted effectively. Utilizing this injection-
locked signal, Q-switch is triggered and Q-switched laser

AVz = (27)

AL, AL,

SN RS

Figure 8. Schematic of the frequency difference between
master laser and slave laser.

Change of the slave cavity length

Extracted injection-locked signal

Q-switch could be triggered

Figure 9. Process of injection locking.

piezoelectric ceramic

can be achieved. The process of injection locking is
shown in Figure 9.

3. Experimental design of the injection-locked signal
extraction

To realize injection locking, the injection-locked signal
must be extracted efficiently. It means that both horizon-
tal mode matching and longitudinal mode matching are
required in the experiment. Experimental setup of injec-
tion-locked signal extraction is shown in Figure 10.
Horizontal mode matching is completed by lens F1, F2
and flat mirrors P1, P2. Longitudinal mode matching is
completed by the servo system. In order to avoid the
optical damage to the seed laser caused by bidirectional
output of the slave laser, an isolator (OFR) is inserted
between the master laser and slave laser. Further, in
order to achieve the polarization matching, /2 wave
plate is inserted in the injection optical path.

3.1. Experimental design of horizontal mode
matching

By thin lens transform of Gaussian beam, if the beam
radius, and also the distance of the position between

W2 plate OFR Fl
" -l -
1

i M4 I
F.‘!c;—'l_z Q
e =

Detector

a2 Crystal
Output laser M2 Pump laser

Figure 10. Schematic diagram of injection-locking laser. (The
color version of this figure is included in the online version of
the journal.)

Change of the resonant frequency
The same resonant frequency

Injection-locking laser
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master laser and slave laser are known, horizontal mode
matching can be realized by determining the position
and focal length of the lens.

To reduce the size of the entire system, two lenses
and two flat mirrors are used for horizontal mode match-
ing. The beam radius of oscillating beam in the cavity
can be achieved using LASCAD software, as shown in
Figure 11(a).

For slave laser, the beam radius of oscillating laser
at laser crystal is 0.42 mm and the divergence angle is
1.9 mrad. The radius of 0.2 mm and the divergence
angle of 3.8 mrad of master laser are measured by the
knife-edge method. The distance between the waist of
master laser and slave laser is 500 mm. The focal
lengths of two lenses for horizontal mode matching are
75 mm (F1) and 150 mm (F2), respectively. The dis-
tance between the waist of master laser and F1 is
77 mm. And the distance between the F2 and the waist
of slave laser is 152 mm. The transmission of the
injected seed laser in slave resonator can also be
achieved using software, as shown in Figure 11(b).
The radius and the divergence angle of the injected
laser on the laser crystal of slave laser are 0.46 mm
and 2.1 mad, respectively. The change process of
injected laser is the same with the oscillating beam in
slave laser. It is helpful to avoid exciting multimode
and wasting energy of injected laser, which means that
the energy of seed laser can be fully utilized.

(a)

®)

3.2. Experimental design of longitudinal mode
matching

One resonator mirror is fixed to a piezoelectric ceramic
whose stretching is controlled by the servo system.
Periodically, saw-tooth voltage is loaded on the piezo-
electric ceramic, which will control the change of slave
cavity length periodically.

When the resonance frequency of slave laser is rela-
tive to the seed laser, optical signals will be received by
the detector placed behind the curved mirror M3. The
detected optical signals convert into electrical signals,
which can be observed with an oscilloscope. When the
resonance frequency of slave laser is the same with the
seed laser, injection-locked signal can be extracted effec-
tively. The principle of longitudinal mode matching is
shown in Figure 12.

Periodically
sawtooth voltage

FSR

injection-locked
signal

Figure 12. Longitudinal mode matching between master laser
and slave laser.

Figure 11. Propagation and transform of the laser beam (a) propagation of laser beam in slave laser (b) propagation of outside
seed-laser beam. (The color version of this figure is included in the online version of the journal.)
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Figure 13. Signal extraction of frequency locking. (The color version of this figure is included in the online version of the journal.)
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4. Experimental results and analysis
4.1. Extraction process of injection-locked signal

The lenses of F1 and F2 are adjusted to change the
longitudinal position and lateral position of the seed
laser. The plan mirrors of M1 and M2 are convenient to
control the direction of propagation of the seed laser. In
experiment, by adjusting F1, F2 and P1, P2, the trans-
formation patterns observed are shown in Figure 13. A,
B, C, D, E, and F represent the modes.

As shown in Figure 13, despite the seed laser is
single mode, a series of scanning signals is observed
before suitably adjusted. The signals of I and V are simi-
lar with the examples in Figure 7. It means that the
fundamental mode of injected seed laser is coupled to
the higher order mode of slave laser. The final injection-
locked signal is shown in Figure 13(VIII) because the
mode matching of seed laser and slave laser cannot be
adjusted exactly in practice.

4.2. Other factors affecting the locking signal
extraction

As mentioned above, the seed laser injected into the
passive resonator of slave laser is mainly considered.
However, in fact, there are two factors, laser crystal and
Q-switch, will impact the locked-signal extraction.

4.2.1. Temperature changes of laser medium in slave
laser

The seed laser is coupled into the slave laser. Then, the
temperature of the laser crystal in slave laser is changed
by TE-cooler control. The relative intensity of the injec-
tion-locked signal changed, as shown in Figure 14.

As shown in Figure 14, when the temperature of
laser medium in slave laser is lower than 8 °C, its
absorption to the injected laser is very strong. As the
temperature of laser crystal is between 10 and 20 °C, this
absorption is weak. The absorption will enhance the
competitiveness of the oscillating light, which owns
the same frequency with the seed laser. However, if the
absorption is too strong, the amplitude of the injection-
locked signal is too weak to be the original source to
control the servo system. The temperature of laser crystal
in slave laser should be optimized. Also, the high accu-
racy of temperature is required to reduce the drift of the
injection-locked signal.

4.2.2. Diffraction loss of Q-switch in slave laser

Diffraction loss of Q-switch will reduce the energy of
the seed laser injected to the slave laser. As shown in
Figure 15, resonant Signal 1 represented that no radio
frequency (RF) loaded on Q-switch and resonant Signal
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Figure 14. Relative intensity of the signal vs. temperature of
the crystal in slave laser. (The color version of this figure is
included in the online version of the journal.)

2 represented that the RF signal is acting at Q-switch.
Especially, diffraction loss of the fundamental mode from
Q-switch is the most seriously. Minimizing the RF power

(a) 4.0

35+

A Signal 1

3.0+
25

2.0

Voltage (V)

15F B
C

1.0 |-

05} D

0.0
0.0000 0.0025 0.0050 0.0075 0.0100

Time (ms)

(b) 40 :
a5l Signal 2
301
25

20+

Voltage (V)

1.5

1.0
bc

05

0.0 L L
0.0000 0.0025 0.0050 0.0075 0.0100
Time (ms)

Figure 15. Locking signal under the Q-switch with and
without RF (@) without RF and (b) with RF.
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Figure 16. Locking signal under the Q-switch with and without RF. (The color version of this figure is included in the online

version of the journal.)

on Q-switch, until it cannot play the role of Q-switching,
is necessary.

If the fundamental transverse mode of seed laser is
coupling into the multimode of the slave laser evenly,
the amplitude of the injection-locked signal with no RF
and RF loaded on Q-switch is shown in Figure 16. It is
difficult to judge which signal is the fundamental trans-
verse mode of slave laser. And the amplitude is too
small to control the servo system.

5. Conclusion

In this paper, various factors influenced on the injection-
locked signal extraction are analyzed. In order to achieve
useful injection-locked signal, mode matching between
master laser and slave laser is necessary. In theory, for
horizontal mode matching, the same radius, the beam
waist position, and the same direction of propagation of
master laser and slave laser can improve the coupling
coefficient. When the deviation cannot be avoided, the
bigger oscillation spot is favorable. Therefore, oscillating
spot should be designed to larger under the premise of
large output pulse energy and pulse width. For longitudi-
nal mode matching, the servo system is necessary to keep
the consistent frequency of master laser and slave laser.
According to the theoretical analysis, the focal lengths of
two lenses for horizontal mode matching are designed.
By adjusting the coupling mirrors and electrical servo
system, the injection-locked signal is extracted success-
fully. Especially, by master the effect of crystal tempera-
ture and RF of Q-switch to the injection-locked signal,
proper crystal temperature and RF of Q-switch are
selected. All the works mentioned above are quite useful
to improve the output characteristics of injection-seeded

laser. At last, an injection-seeded Tm:YAG laser, pulsed
single-frequency 2013 nm, with an output energy of
3.16 mJ, and a pulse width of 238.7 ns are achieved at a
repetition rate of 100 Hz.
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