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We present a novel four-mirror cavity with two active gains to combine power intracavity and also give a detailed

theoretical analysis of the combined gain. By using the effective field method, the four-mirror cavity with two gain

media can be regarded as a linear resonator with one effective combined gain (ECG), and we procure a theoretical

model of the ECG and deduce its exact analytical expression. When the two branch gains are close to each other, the

combined gain can be reduced to their product, and the simplified presentation of ECG has been demonstrated. The

combined output power which directly reflects the small signal ECG of the four-mirror cavity is studied experimentally,

and the results are in good agreement with the theoretical ones.
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1. Introduction

High power solid-state lasers are required in many
applications,!' =4 such as basic scientific research and
precise machining. However, a single high-power laser
often suffers from poor beam quality, instability, and
heat dissipation. The power and beam quality always
compete with each other. Beam combining with mul-
tiple lasers is an effective approach to obtaining the
high power output with good beam quality. In the
past, researchers have brought up various cavities to
combine laser beams, all of which are mainly based on
the Michelson cavity with three end mirrors, such as
the modified Michelson cavity,® Vernier-Michelson-
type cavity.[6~8] However, as to these open-ended res-
onators, in order to obtain good combination results,
the symmetries of the two branches in spacial distri-
bution or polarization must be ensured by using addi-
tional components!® 7 or special media,!®! or else more
loss will be produced from the open end of the beam
splitter (BS). This condition is rather difficult to re-
alize especially in the circumstances of high power,
because the output of the three-mirror cavity tends to
be more instable due to its open-ended configuration,
which becomes the limit of power scaling. In addition,
the branch length of cavities of this kind is rather long
(at least 43cml® or even longer) in order that more

common longitudinal modes can exist within the gain

http://www.iop.org/journals/cp http://cp.iphy.ac.cn

bandwidth of the media (out of several hundreds of

longitudinal modes).[%]

Recently, we have presented a new close-ended
composite-cavity named the Four-Mirror Cavity to
combine the beams’ intracavity.l?) Unlike other laser
configurations with three mirrors, the accession of the
fourth mirror makes the alignment easier to realize
Another
advantage of this cavity is that even if the two com-

and improves the output stability greatly.

ponent laser gains are not fairly identical, no addi-
tional loss on the beam splitter is introduced with this
close-ended configuration. In addition, the length of
cavity can be rather short and there is no need for
the additional elements within the cavity, thereby al-
lowing for practical implementation in laser systems.
We have reported some experimental investigations of
this four-mirror cavity, including power, beam quality
and the improved brightness in Ref.[9].

Although the power addition with composite cav-
ity is so attractive for improving brightness, to the
best of our knowledge, there is no systemic theoreti-
cal study of composite cavity for power combination
to date, even in terms of the three-arm cavity. Most
of the theories of the complex cavity with multi-arm
reported before are mainly from the point of view of
frequency selection. DiDomenicol®! first proposed a
Michelson-type He—Ne laser with two gain media to
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select single frequency output and theoretically anal-
ysed some characteristics of this composite cavity. Af-
terwards, Rigrod successively presented some theoret-
ical analysis of three-arm cavity with three gains,!
and Vernier-Michelson-type cavity with two gains!®
respectively. But all of these analyses are mostly based
on the open-ended cavity with three arms and primar-
ily for the purpose of mode selection. In recent years
Binks et al and Ko proposed a grazing-incidence cavity

0,113 which can be re-

with a four-arm configuratio
garded geometrically as the four-mirror cavity scheme
if the grating is treated as a beam splitter. They have
conducted some theoretical analysis of it without men-
tioning the power output, however, these models still
mostly aim at mode selection, and there is only one ac-
tive gain in the composite cavity. What is more, the
whole cavity is based on the grating, which is fairly
different from the real four-mirror cavity that uses a
beam splitter.

In this paper, we procure a theoretical model to
analyse this close-ended four-mirror cavity with two
active gains in detail. The combined gain and power
output obtained from our model are presented and
compared with the experimental values.

2. Theoretical model of the four-
mirror cavity with two gain

media

A basic configuration for intracavity power addi-
tion of two lasers with four-mirror cavity is schemati-

cally presented in Fig.1. The cavity is based on a

T R = 100% -4tegetsr Mg
: as|bs
I3 M i T BS R =90%
v Il a1 —> <—ay |E
* —
: b1€— —> by |E output
i R=100% v T Mi
lo $ bogmas
g2
l R = 100% Mo

Fig.1l. Schematic diagram of close-ended resonator of four-
mirror cavity including inward coming fields and outward go-
ing fields. BS: beam splitter; M1—M3: perfectly reflecting end
mirrors; My: output coupler; aj—a4: inward coming waves;
b1—bs: outward going waves; g1, g2: the gain media

close-ended resonator, which is composed of four end
mirrors M1—M, with four arms. The amplification is
provided by two amplifying media located in the two
of branches, arm 1 and arm 2. Thank to a 50/50
beamsplitter, BS, the lasers produced by the two am-
plifying media combine together into one beam. They
mainly interact in arm 3 and arm 4 and at last pass
through the output coupler My.

We assume that used in our experiment are uni-
form plane waves, a lossless beam splitter, perfectly re-
flecting end mirrors (M;—M3) at the laser wavelength
(1064nm), and M, that is the output coupler with
partly reflectance of 1064nm. Shown in Fig.1 is the
four-mirror cavity laser with four sets of waves cou-
pled by beam splitter BS. From the point of view of
the beam splitter, each set of waves is made up of an
outward going wave (b;) and an inward coming wave
(a;). The waves b; and a;, are related by the transmis-
sion properties of each arm when they propagate from
the beam splitter to a mirror and back to the beam
splitter. The changes in the amplitude and the phase
of a wave on a round trip in the jth arm are related
by the function f;

fi =T;-" exp(i . 2I€lz), (1)

where k = 2m-v/¢, with  being the frequency in units
of radian and c the speed of light. So

In this paper, because M;—Mj3 are highly reflective at
the laser wavelength (1064nm), we have r1 = ro =
rg = 1.

A lossless beam splitter is optically equivalent to
a perfect directional coupler. We define its complex
amplitude reflection coefficient r and its complex am-
plitude transmission coefficient ¢ respectively as

r=|r|-exp(i-a) and t=[t|-exp(i-f5), (3)
where
rer*+t-t*=R+4+T=1. (4)

When the beam splitter’s reference planes are chosen
symmetrically, it can be shown!'% that

B=a+mr/2. (5)

Therefore
r? = R-exp(i- 2a), (6)
t2 =T exp(i-28) = =T - exp(i- 2a). (7)
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For the case of a 3-dB beam splitter, which is of in-
terest here, we have,® without loss of generality,

r=1/V2 exp(i-n/4),
t=1/vV2-exp(—i-m/4). (8)

As there are two gain media and four arms in the
four-mirror cavity configuration, in order to simplify
the analysis, the four-mirror cavity can be regarded
as a simple linear resonator geometry. Besides the
output coupler My, the beam splitter and the mirrors
Mi—Ms; can be considered to be one end mirror Ms
and an effective combined gain (ECG) gog respectively
as shown in Fig.2. In a simple two-mirror laser cavity
with a single gain medium, the net internal amplitude
gain can be equivalent to the ratio of the emerging
field amplitude to the amplitude of the field passing
through the gain medium from the output side to the
incident side. In a similar way, the effective combined
amplitude gain can also be described by

Jeff = —, (9)

where a4 is the incidence field to the BS and b, is the
emerging field from the BS.

R = 100% R =90%

Geff < a4

output

i
-

M5

S

Fig.2. Schematic of the effective two-mirror laser cavity
with the combined gain gef.

Using Smith’s notation,™ we designate the
round-trip amplitude gain in arm [; by g; in the four-
mirror cavity, and neglect the dispersion associated
with laser gain. As shown in Fig.1, the waves are in-
terrelated on the beam splitter. Thus, at the beam
splitter we have

b =r-as+t-ag=r-f3-b3+1-au, (10)
bo=t-az+r-ag=t-f3-bz3+1-ayg, (11)

ngT'a1+t'a2

=r-g1-fi-bi+t-g2- fo-bo, (12)
b4 :t'a1+T'a2
=t-g1-fi-bi+7r-g2- fa-bo, (13)

where 7 is the complex amplitude reflection coefficient
and t is the complex amplitude transmission coeffi-
cient of the beam splitter.

Solving Egs.(10)—(13) and rearranging the result,

we obtain
by
Geff = —
ay

_ 2 figr + 12 fago — f191 - fag2 - f3(r? —t?)?
1—f3-(r2- figi +t2 - f292) '
(14)

Introduce the values of r and ¢ in expression (8) into
expression (14), then the following expression will be
obtained:

_ —f191 + fage — 2i- fig1 - f292- f3
—2i— f3- fig1 + f3 - fag2

with f; shown in expression (1), and the complex com-

Jeft s (15)

bined effective gain will be given by

_gleilel + ngiQkZQ _ 2i . gngeiQk(ll+l2+l3)
21 = grei2h(lits) 1 gyei2h(latls)

Jeff =

(16)

Once the system is fixed, all the parameters in expres-
sion (16) are already known except k, and k = 27-+/c,
so the combined effective gain can be expressed by a
function of frequency ~.

Here we give the analytic expression of the com-
plex effective gain for the four-mirror cavity as a func-
tion of g1 and go. Therefore, if the branch gains (BGs)
are threshold gains g1ty and gotn, and by introducing
them into expression (16), we can accordingly obtain
the threshold effective combined gain (ECG) gefith-
On the other hand, if the BGs are small-signal gains
g9 and g3, we will obtain the small-signal ECG ¢%-.

2.1. Mode resonance condition (MRC)
and threshold ECG of the cavity for
mode selecting

Like the modes in a linear resonator with two mir-
rors, the modes of the four-arm resonator occur when
the round-trip factor increases the initial field with-
out introducing a phase change. Any phase change
that was introduced on a single pass would eventu-
ally lead to destructive interference after many round
trips. Therefore, the modes occur when the gain is
both positive and real.l'¥ Whether these potential
modes actually are oscillatory is determined by the
low loss they experience.[!1"12 We define these three
qualifications as the mode resonance condition (MRC)
and it is necessary for the modes to fully satisfy all the
requirements of the MRC. Therefore, we can conclude
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that the actual combined gain must be a real one, and
the magnitude of the gain at the chosen principal fre-
quencies is just the actual gain really existing.

From among the three conditions of MRC, firstly
we analyse the loss (L) of the four-mirror cavity in this
sub section by using the ‘self-consistent wave’ method.
One can use the gain function to calculate the modu-
lation of the cavity loss. When the gain obtained from
expression (16) is equal to the threshold gain (i.e. the
saturation gain), based on the self-consistency condi-
tion the cavity loss can be expressed as!'¥

L=—1-—* (17)
9th " Gih
For a laser resonator in which all losses are negligible
except for transmission through the output coupler,
the output is composed of modes at the frequencies
determined by expression (16), which will be modu-
lated by expression (17).

The four-arm cavity in Fig.1 can be regarded as
a simple linear resonator consisting of a mirror, M,
the gain g; and a complex output coupler composed
of the beam splitter, the gain g5 and mirrors Ms—My,
as Fig.3(a) shows. Using the same method we analyse
the combined gain ges, where the reflectivity of the
complex output coupler, rog1, can be given by

b —fat f3 =21 fogafsfa
Teffl = — =

a —2i— faga(fa — f3)

—T4ei2kl4 + ei2kl3 _ Zi “go Ty - ei2k(l2+l3+l4)

)

“21 — gorge2h(lata) f goei2k(latls)

where b; and a; are, respectively, the outward going
wave and the inward coming wave to the beam split-
ter, as shown in Fig.1.
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Fig.3. Schematic of the effective two-mirror laser cavity
with the effective reflectivity rog; (a) and schematic of the
effective two-mirror laser cavity with the effective reflec-
tivity rego (b).

When the laser system is in a stationary state,
the wave after travelling one round trip is equivalent
to the initial one, hence we can obtain that

a1 - Te1 - gith - f1 = Q1. (19)

Here gitn is the saturation gain or the threshold

(18) gain. Therefore
|
1 —2i — gornrae! (2T 4 gy, 12kl tls) _ Dy +iE %
gith = Toffl 'fl - —7‘4ei2k(l1+l4) + ei2k(l1+l3) — 9. Goth - T4 .ei2k(l1+12+[3+[4) - Fl . ( )

As discussed above, the mode exists only when the imaginary part of the gain is zero, so the numerator of

the imaginary part E; is equal to zero. And we obtain

Ey = [2rycos(ly +14) — 27“2 cos(l1 +13)] 'ggth +

(—rgsin(ly+1o — 13 —I3) —drgsin(ly + 1o + 13+ 1y)

* g2th

"1‘(1 + 7‘2) Sin(lg — ll) — Ty Sin(lg +1l— 1 — l4)

x [—2cos(li + I3) + 2ra cos(ly + 14)]
= 0.

(21)

Solve this equation we can find the root, i.e. the threshold branch gain goyy,.

In the same way, we regard the four-arm cavity as a simple linear resonator consisting of mirror Ma, the

gain go and a complex output coupler composed of the beam splitter, the gain g; and mirrors My, M3 and My

as shown in Fig.3(b). Using the method of calculating g1¢h, mentioned above, we can obtain the expression of

gotn as follows:

1 —21 —+ glthme

i2k(l1 +l4)

i2k(l1 +l3)

— g1the Dy +iEs

g2th =

Tefz - fa  raei2h(atia) _ i2k(a+la) — 2i. grop - g - @2k (it tlatl) R

(22)
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Take the imaginary part of the numerator above and let it be zero, then we will have

Ey = [—27‘4 cos(ly +14) + 27‘5 cos(ly + 13)} . g%th +

x [2cos(lz + 13) — 2ry cos(ly + 12)]
= 0.

Solving this equation, we can obtain the root, i.e. the
other threshold branch gain of the four-mirror cavity
J1th-

Introduce g1tn and goty, into the combined gain ex-
pression (16) and then into the cavity loss expression
(17), then we will be finally able to plot the profile
of the cavity loss against the frequency v as shown in
Fig.5, and we will use this loss modulation profile to
select the potential mode which will actually oscillate.

2.2. Value of the small- signal ECG of
four-mirror cavity

(1) g9 =95

Inasmuch as the ECG is a function of frequency
7, according to expression (16), one can readily find
the modes by plotting the real and imaginary parts of
the gain against frequency. When the two BGs in arm
1 and arm 2 are equal, we plot the effective gain for
the four-mirror cavity in Fig.4 with the experimental
four-mirror cavity parameters listed in Table 1. From

(=2}
1
»

=o.-

M
2 L e
1 \
s /:\‘- /5\“ /7\
0 L- ‘l . ’ [ -

—24 ll
5=} .
S —4- H
d
_6 -
Real (gain)
=87 an-- Imaginary (gain)
_10 -
—12 1 : i
-2 -1 0 1

Frequency/GHz

Fig.4. Real and imaginary components of ECG for the
four-mirror cavity with identical BGs: g1 = 1.5 and
g2=1.5 calculated with the values listed in Table 1. The
positions of the potential modes M, S and N are marked
with solid circles.

(—’I”4 Sin(lg + ll — l4 — lg) — 4T4 sin(h + ZQ + lg + 14)
+(1 4 7r)sin(ls = o) — rasin(l + 1y — Iz — I3)

* gith

(23)

Fig.4, we can obtain the potential modes which most
likely oscillate. We can find a rule from Fig.4 that
when the real part of the ECG attains to a local max-
imum value, the imaginary part of the effective gain
happens to be zero. Therefore, we only need to find
the potential mode with a low loss, i.e. the principal
mode, and the magnitude of the real part of the com-
bined gain at this mode is just the effective gain g1
that we expect to obtain.

Table 1. Cavity parameters for the four-mirror cavity.

Cavity Parameter Value
Length of arm 1, /1 /mm 40
Length of arm 2, [z /mm 60
Length of arm 3, I3 /mm 50
Length of arm 4, l4 /mm 80
Reflectance of My, Ry 0.90

As the mode profile varies periodically with fre-
quency, we draw the graph against relative frequency
from —2 to +1.7GHz in Fig.4. The positions of the
possible modes M, S and N are given by the points
where the imaginary component of the gain is zero
and the real component is positive. Which of these
potential modes will actually oscillate depends on the
relatively low loss that each of them experiences. Ap-
ply the method depicted in subsection 2.2 to calculat-
ing the loss and draw the profile of it in Fig.5, then
it will be evident that there are large differences in
loss among different modes. The loss of mode M is
negative because the associated gain at this mode in
expression (17) is less than 1, thus this mode will not
oscillate. In addition, mode N happens to suffer high
Only mode S at
0 GHz, with a low loss near to zero which agrees well

loss and hence is suppressed too.

with all the qualifications for MRC simultaneously,
will oscillate in the end. Hence insert this principal
frequency v = 0GHz into expression (16), then the
analytical expression of the effective gain with equal
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individual gains will be obtained as follows:

— 160 + g2l — 28+ gy gpel®
91— g16i0 + goei®
—g1+ 92 —2i-g192
—2i—g1+92
= 9192 = g1 = g5

Jeft

(24)

We can see that when the gains in the two branch arms
are equivalent, the ECG equals the square of the in-
dividual gain. For example, the position of point S
in Fig.4 clearly indicates that the value of the ECG is
2.25 when the two BGs both are 1.5 at 0 GHz.

‘PI.]\/[ %\. Vo, .
P P S SN A B ¥ WY, S -
2 '- T rq hd L » I \ 1
Bl \ Nt 1
—5F 55 -5
& " @
> i 3
—10} ; —10
Loss
—15F - - - Real (gain) -15
-2 —1 0 1
Frequency/GHz

Fig.5. Loss modulation for the mode selecting of the four-
mirror cavity with equal BG calculated with the values listed
in Table 1. Solid line represents the fractional loss and dashed
line refers to the real part of the combined gain. The positions
of the potential modes are marked with solid circles.

2) ¢Y#95

When the two BGs are not identical, the oscil-
lating mode structure of the ECG is a little different.
The potential modes M’, S” and N’ are shown in Fig.6

49 Real (gain)

] #==a2Tmaginary (gain)

Frequency/GHz

Fig.6. Real and imaginary components of ECG for the four-
mirror cavity with different BGs: g; = 1.5 and go=1.1 calcu-
lated with the other values listed in Table 1. The positions
of the potential modes M’, S’ and N’ are marked with solid
circles.

and the loss modulation for mode selecting are indi-
cated in Fig.7. Therefore we can see that the principal
mode (S”) does not oscillate at 0 GHz any more. There
is a little deviation from 0GHz. Therefore, we will use
the mathematical approach to calculate the gain at
the principal mode with different BGs.

— —
AN s
0 L M PP i T, I, JPRLPEV P
u‘___ .‘_Y f" \_I.'_- |
- ]
] i
V v
—54 -5
—10- -10
10 —— Loss
- == Real (gain)
—15- 1-15
-2 -1 0 1

Frequency/GHz

Fig.7. Loss modulation for the mode selecting of the four-
mirror cavity with two different BGs calculated with the val-
ues listed in Table 1. Solid line represents the fractional loss
and dashed line indicates the real part of the combined gain.
The positions of the potential modes are marked with solid
circles.

Firstly, we differentiate the real part of the ef-
fective gain gog in expression (16) with respect to fre-
quency 7. Secondly, we construct differential equation

/

B
[Re(gert)] = [—} = 0, which yields one of the roots

A

around 0 GHz () in terms of some pairs of ¢g; and
g2. Thirdly, insert 7o into expression (16), then the
real values of ECG g., will be deduced correspond-
ingly by using the model with respect to the principal
mode 9. We define the error as follows:

Eerror = 98a1 - g? X gg (25)

Assuming that ¢g; changes from 1 to 1.5 and g
changes from 1 to 1.5, the g;- and ge-dependent error
is shown in Fig.8.

From the analysis above and the curves shown in
Fig.8, we can draw the conclusions as follows: when
the gain imbalance of the two elementary lasers at-
taints to 24% (for example, g1 = 1.4 and g2 = 1.1),
the error brought by the approximation is only 0.015,
which is so small that the error can be neglected.
Therefore, the combined gain of the four-mirror cavity

can be simplified into the product of the two BGs, i.e.
9% ~ 91 X 5. (26)

When the two BGs are equal, ¢% = ¢? x ¢3.
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Fig.8. Error brought by the difference between g1 X g2
and the calculated gain by the model. There is no error
in the case of g1 = g2.

In summary, we have constructed the theoretical
model of the combined gain for the four-mirror cavity
with two gain media. The exact analytic expressions
of the ECG are demonstrated here for the first time
to our knowledge. Based on this, we give the simpli-
fied representation of the combined gain. In the next
section, we will verify this theoretical model with the
experiment results.

3. Theoretical model and exper-
imental results of the power

output

3.1. Theoretical analysis of the power
output

As is known, the signal gain is closely related to
the power output. When the laser system is fixed,
the intensity of the power output directly reflects the
scale of the small-signal gain. Therefore, here we use
the power output to test the small-signal ECG.

One can obtain the power output expression re-

lated to the small-signal gain as follows:!'!]

1-R 2901
Pow = A - I - 1), (27
’ (1+R> (—lnR+5 ) 27)

where I is a material parameter representing the sat-

uration intensity; A and I’ are the cross-section and
the length of the laser rod, respectively; R is the re-
flectivity of the output coupler as defined above; § is
the loss factor of the resonator. These quantities are

usually known when the laser system is fixed, except
the unsaturated gain coefficient (i.e. small-signal gain
coefficient) gg. We relate gg to system parameters,
and describe the methods of deducing the combined
gain and the power output of laser.

As discussed in Section 2, we have defined g; as
the round-trip amplitude gain in arm [;. It is impor-
tant to note that here the small-signal gain coefficient
gl is the exponential factor and it is referred to as
small signal, unsaturated, single pass gain. So there
is a relationship between g; and g , i.e. g = o2 9al,
For a given pump power Pyump in the laser rod, the
small-signal exponential gain coefficient g¥ can be ex-

pressed as
- P um
92 = 021 -An® = 021 T2 " 7]1%}?. Vp
mn- Ppump
= — 28
I,V 7 (28)

where I is the saturation intensity and expressed as
I, = hy /(091 - 72) with 5; being the output laser fre-
quency; An® means the population inversion density;
71 is the overall efficiency including all the factors in-
volved in the power transfer mechanism of a laser; V
is the volume expressed as V = A -1’ = mw3 - I’ with
wp being the radius of the laser beam and its value
being set to be corresponding to the beam analyser
(Spiricon M?2-200) representation in the experiment.
Table 2 shows the parameters of Nd:YAG crystal and
laser system used in calculation.

When the two branches (arml and arm2 shown
in Fig.1.) are pumped by some given pumping power,
from expression (28) we can obtain the exponential
gain coefficients ¢0; and g2 respectively, and then
the round-trip amplitude gains ¢g; and go from ¢g; =
0294l and go = 29 As two similar laser diodes
(LDs) and laser rods are used in the experiment, the
two BGs are close to each other. From the analysis
in Section 2 we know that the ECG can be expressed
as gef = g1 X g2 in the four-mirror cavity. So the
combined gain geg can be deduced from the known
gi- As shown in the power-output expression (27), the
small-signal gain g, is the exponential factor, hence

Geer = In(gerr) =1In(g1 - g2)
— ln(e2q31l/1 . e2qg2l/2)

= 2(gd - 15 + gos - 1) (29)
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Table 2. Parameters of Nd:YAG crystal and laser system.

Laser wavelength

Stimulated emission cross section
Planck’s constant

Upper laser level lifetime
Saturation intensity

Beam radius

Resonator loss factor

Efficiency of four-mirror cavity 1
Efficiency of four-mirror cavity 2
Rod radius

Rod length

Reflectivity of output coupler

A/ nm 1064
021/10723m? 2.8
h/10734J. 6.62
T2 /ms 0.23
I;/(W / m?2) 2.9 x 107
wo/mm 0.2
5 0.05
/% 36
n2/% 30
r/mm 3.5
I’ /mm 5.2
R 0.9

Introduce g0 .4 into expression (27), we can fi-
nally obtain the theoretical combined power output of
the four-mirror cavity for two given individual pump
powers Ppump in the two laser rods as shown in Fig.9.

Pump power of both LD/W
2 4 6 8 10 12 14 16 18

T T T Al T T

4.0 —&— Fourmirrorl experiment P

3.5- —@— Fourmirror2 experiment

30 1 —— Combine experiment

| ~#- Combine theory
2.5
2.0

1.5+

Power output/W

1.0+
0.5

1 3 5 7 9
Pump power of single LD/W

Fig.9. Dependence of the experimental and theoretical power
outputs on the pump power launched on each diode laser.
The solid circles and the solid squares represent the experi-
mental power output of the four-mirror cavity when only one
LD (LD; or LD2) is pumping; The solid triangles and the solid
diamonds refer to the experimental and theoretical power out-
puts of the four-mirror cavity when LD1 and LD2 are pumping
simultaneously with the pump power at the top.

3.2. Experimental results of the power
output

In this section, we use the experiment that we
have conducted® to verify the theoretical model of
The
experimental setup for intracavity power addition of

the small-signal ECG and the power output.

two lasers with four-mirror cavity is schematically pre-
sented in Fig.10. Two flat input mirrors M; and My
are highly reflective at the laser wavelength (1064 nm)
and anti-reflection coated at the pump wavelength
(808nm); Mz is a flat 100% reflector and My is
the output mirror with 90% transmission at 1064 nm.
Two individual Nd:YAG 7mmx7mmx5.2mm crys-
tals with 1.1-at.% doping concentration each have an
end pumped by two similar fibre-coupled CW diode
lasers.

R =100%

M T LD.

Fig.10. Schematic of the experimental setup of four-
mirror cavity. BS: beam splitter; LD: laser diode; M1—Mj:
mirrors.

The powermeter EPM2000 is used to measure the
power outputs of the two individual lasers and the
combined laser. We show the experimental results, i.e.
the power output of four-mirror cavity when only one
LD (LD; or LD3) is pumping and that of the com-
bined power when both LD; and LD, are pumping
simultaneously in Fig.10.

A single beam output exceeding 3.3 W is obtained
when LDjand LDy work simultaneously in the four-



3718 Lei Ming et al

Vol. 16

mirror cavity. The combined power outputs calculated
by using the method presented in Section 3.1 are also
shown in Fig.10 for a comparison with the experimen-
We can see that the
experimental results of combined power output agree

tal combined power outputs.

well with the theoretical ones, which convincingly con-
firms that the theoretical model built in this paper,
which gives the analytical expression of the ECG and
then the power output of the four-mirror cavity laser,
is reasonable and correct.

4. Conclusions

We have demonstrated a new four-mirror cavity
configuration which is compact and easy to combine
power intracavity and have conducted detailed theo-
retical study on this cavity. Regarding the four-mirror
cavity with two BGs as a simple linear resonator with

only one ECG, the exact analytical expression of ECG
is presented in this paper, which is reported for the
first time, we believe. As ECG is a function of the two
BGs, when BG is a threshold gain, the threshold ECG
and the loss can be obtained so that the real resonant
When BG is
the small-signal gain, the small-signal ECG can be ob-

mode is correspondingly selected out.

tained to calculate the scale of the resonant mode and
then the power output. It is shown that the ECG can
be simplified into the product of the two elementary
gains BGs when these two BGs are close to each other.
Especially when they two are equal to each other, the
product can express the combined gain exactly. At
last the small-signal ECG is tested experimentally by
the combined power outputs, and the experimental re-
sults show good agreement with the theoretical ones,
which effectively verify the theoretical model estab-
lished in this paper.
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