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An eaternal cavity contanung a standard active modcelocker can result in enhanced modelocking of tasers. The pulse length
reduction depends vi the configuration chosen and can be as large as S50%.

I. Introduction

Active modelocking 1s a well established technique

for generating ultrashort pulses from many types of

lasers | 1], The mam drawback of this method 1s that
it 1s relatively insensitive to variations in the param-
cters that control the pulse duration - modulation
depth, modulation frequency. laser gain and laser
bandwidth. For a given laser material the two pa-
rameters that are under experimental control are the
modulation frequency and modulation depth. Un-
fortunately significantly increasing either of these
quantities to generate shorter pulses is technically
difticult.

In this paper a procedure which enables the mod-
ulation depth to be artificially increased 1s explored.
The active modelocker 1s placed 1n a coupled cavity
matched to the length of the laser. The increase in
modulation depth can be a factor of § or more re-
sulting in a pulse length reduction of at least 33%.
Larger increases tn modulation depth are possible in
favourable circumstances. It will be shown that the
increase in modulation depth under optimum con-
ditions depends only on the reflecirvity of the miu-
rors comprising the coupled cavity i which the
modulator s placed and not on s modulation depth.
The techmique works tor both acousto-optic amplhi-
tude modutators and for phase modulators. 1ike
other experimental configuratoens where nonhinear
clements ave placed nside eaternal cavities the en-
hanced modelocking only occurs for particular val-

ues of the round trip phasce of the coupled cavity {2-
7].

Previously an acousto-optic frequency shifter has
been used 1na coupled cavity arrangement 10 mo-
delock a HeNe laser [8]. Mode-coupling was caused
by giving the injected radiation a frequency shift
cqual to the mode spacing of the laser. This paper
concentrates on developing a formalism applicable
to homogencously broadened lasers.

2. Theory

The optical configuration that will be analysed will
be shown in fig. |, The modulator is placed close to
the end mirror of a resonant reflector matched in
length to the laser cavity to within length detunings
~ . This ensures that the longitudinal modes of the
resonator have the same spacing as the laser cavity
or, cquivalently. the round trip time for a pulse in
the laser cavity matches the round trip time of a pulse
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Fig. 1. A schematic diagram of the laser system and resonant
reflector,
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in the coupled cavity. The modulation frequency of
the modelocker w,, 1s equal to the mode spacing of
the faser. As in the case of standard active mode-
locking this ensures that the pulse passes through the
modelocker at the same point on the modulation
cycle so it experiences the same loss or phase shift.

The reflectivity of the resonant reflector contain-
ing the modulator will now be calculated. The cou-
pling equations on the input mirror are well known
to be [9]

bi(1)y=ra,(1)+iay (1),
b()y=ita (1) tra(t) , ()

where r, and ¢, are the clectric field reflection and
transmission coefficients respectively for mirror 2.
a,(t) and a,(t) are the electric field incident on the
mirror while b, (t) and b,(t) are the reflected fields.
The subscript 1 refers to fields in the laser cavity
while the subscript 2 refers to fields in the resonant
reflector.

The reflection coefficient r(¢) is obtained by not-
ing that

a(1y=b,(1)m(1) exp(—ig) , (2)

where ¢ is the resonant reflector round trip phase
change and m(¢) is the double pass transmission of
the modulator,

bi(t)  ra=rym(1) exp(—ig)
a (1) l—ryrsm(t) exp(—ig)’

H)= (3)
The results of this analysis apply to a laser in steady
statc when the field in the external resonator has
reached an equilibrium value.

2.1. Amplitude modulation

The transmission m(¢) for an amplitude modu-
lator will be taken to be

m(ty=expf[—4(l—cosw,t)]. (4)

Generally the laser pulse will be short compared to
the modulation period 7=2n/w,, and the pulse will
pass through the modelocker when |r(¢)| is max-
imised. Calculating dr/dr=0 shows that the extre-
mum values of r(t) occur when dm/dr=0 at
wml=gn. Thus the reflectivity may be written as a
Taylor expansion about the extremum
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12>,
| (5)

where the following quantitics are evaluated at the
extremum of r(t),

5

t’=r, cx (Ld”r
=l CXP\ 5, 4

d?r
r([):rcx+% F

X

gi B rs(1=r3)exp(—i¢) d’m (6)
dtz ex— (1_r2r3’ncx) exp(—1¢)) dlz cx’
ro = Fa —F3Mes €Xp(—ig) (7)

~I=rrymeexp(—ip)’

Moy =1, nt=2gmn, positive mode ,
=exp(—24), wnt=(2g+1)n, negative mode ,

(8)

d?m/de?| = —Aw?i m.., positive mode ,

=+Awim. . ncgative mode . (9)

The labels positive and negative mode have been in-
troduced by analogy with phasc modulators [1]. In
this context the positive mode refers to the pulse
which passcs through the modulator at its maximum
transmission while negative mode corresponds to the
pulse that passes through with minimum transmis-
sion. In use in coupled cavities both modes can cor-
respond to modelocking and have to be distin-
guished. Eq. (5) may be written in the suggestive
form

r(1)=ry exp(—TIAw2, t2/2) . (10)

where [ is the increase in modulation depth due to
the resonant reflector

ry(1=r3)e="m,,

I'=7 .
(ra=ryme e ) (1=ryrymece™")

(11)

The upper sign is taken for positive mode while the
lower sign is taken for negative mode. For pulse
compression to result from reflection from the res-
onant reflector by amplitude modulation 7" has to be
real and positive. The sign of I"depends on the value
of exp(—1i¢) and ry —rymi,, exp( —i¢). The magni-
tude of I"is clearly enhanced if ,—r;=0. A possible
solution is to take r;>r,, exp(—i¢)=1, and to con-
sider the positive mode so I is real and given by

I—v_ r3(l—r%) (12)

h (r3=r)(1—=ryry)
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Fig. 2. The transmission function of an amplitude modulator, (a)
A=0.1, (b) 4=0.5.
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Fig. 3. The intensity reflectivity of a resonant reflector with mir-

ror reflectivitics, (a) r,=1/0.5, ry=,/0.9, and (b) r,=,/0.5,

ry= \/0.99 containing an amplitude modulator with A=0.1.
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Fig. 2 shows the transmission of two amplitude mod-
ulators with (a) 4=0.1 and (b) 4=0.5. Figs. 3 and
4 show the intensity reflectivity R(1)=|r(t)|? for a
number of configurations. In fig. 3 the modulation
depth is 4=0.1 and the mirror reflectivities are 3a
r,=/0.5, r;=,/0.9 and 3b r, =./0.05, r, =/0.99.
A number of different phase values are shown. In fig.
3a I'=5.96 while in fig. 3b I'=5.8. Notice that fig.
2b is very similar to the curves in fig. 3 for ¢=0 in-
dicating that the modulation depth has indeed been
increased by a factor ~ 5. Fig. 4 shows the reflectiv-
ity for 4=0.5 for each combination of mirror re-
flectivity. Notice that the maximum reflectivity |r.,|>
has increased from 0.54 in fig. 3a to 0.94 in fig. 4b.
This is an illustration of one of the practical trade
offs inherent in this mode of operation, that is max-
imising I" may minimise the resonant reflector re-
flectivity. Whether or not large values of I are fea-
sible depends on the gain available in the laser. The
alternative solution exp(—i¢)=—1 with no con-
straints on r, and r; can be shown to have a maxi-
mum valuc of /'=1 which occurs for »,=0, with r;
indeterminate and is generally worse than using the
modelocker intracavity.
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Fig. 4. The intensity reflectivity of a resonant reflector with mir-

ror reflectivities, (a) r,=./0.5, r;=./0.90, and (b) r,=,/0.5,
ry=1/0.99. The modulation depth is 4=0.5.
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The other sct of possible solutions, the negative
mode. where pulsce passes through the modelocker at
minimum transmission. ., =exp(—24). will now
be briefly discussed. This would normally corre-
spond to pulse stretching if used intracavity but pulse
broadening mechanisms can lead to nct pulsc short-
ening if reinjected into the laser cavity with the cor-
rect phase. The value of I for the negative mode is
found by taking the lower sign in cq. (11). If
exp(—i¢) =1 then [ is real and given by

r— (1 =r3) exp(—24)
T —ryexp( =24 ][ 1 —rrsexp(—2A)]

(13)

and the mirror reflectivitics have to obey
ra>ryexp(—24)

for " to be positive.

Notice that /" is now reduced by the modulation
depth exp( —24) so the negative mode is a less fa-
vourable mode of operation than the positive mode.

2.2. Phase modulation

For the case of phase modulation the modulation
function is
mt)y=cxp[ —~1dcos(wyt}] .

The cxpansion of the resonant reflector reflectivity
r(1) around extremal values yiclds

. . Ldr

'([)_’cxcxp<2rcx dfz Cx[ )‘ (15)
where

d%r _ (1l =ri)exp(—ig) d%m (16)
det|, [l =rarmg exp(=ig)]* de? |,

o 2T exp( i) (17

- | —rFyme exp(—ip)

M, =exp(—id), wy,1=2qn, positive mode ,
=exp(+id), wni=(2¢+1)x negative mode ,
(18)
d*m/di?| o = +idwlm., . positive mode .

=—idwim. . negativemode. (19)
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If eq. (15) 1s written as

F(1)=re cxp(i['%) . (20)

then

_ FR(E=r3)y e “mg,

(21)

(ra—ryMe €'Y (1 —raramig ¢ 717)

This is identical with the enhancement factor for
the amplitude modulator given by ¢q. (11).

For pure phase modulation to occur requires that
I’ 1s rcal which gives the condition

Mo eXp(—19) =+ 1 (22)

which is satisfied when | —¢F 4| =2¢gnm or (2g+ 1),
where the upper sign is taken for the positive mode.

3. Discussion

The results outlined in the last section show that
it is possible to enhance the modulation depth of an
active modelocker by placing the modulator in an
external cavity. The enhancement depends, in the
optimum case, on the reflectivity of the mirrors used
in the resonant reflector. An important result of the
analysis i1s that the round trip phase change in the
cavity must have a particular value for the enhance-
ment to occur.

For the case of amplitude modulation if no net
phase modulation is to occur then I 'must be real and
¢=qgnm where ¢ is an integer. The value of the en-
hancement is larger for ¢=2¢n than for ¢=(2¢g+1)xn
as is clearly shown in figs. 3 and 4. The phasc of the
resonant reflector must be stabilised in order to
achicve reliable enhancement of the modelocking.
This feature is shared with the other coupled cavity
modelocking schemes. One effect of the enhance-
ment factor /71s to increase the sensitivity of the laser
and resonant reflector to phase detunings A¢ from
the optimum phase value (¢=2gn for the amplitude
modulator). It is straightforward to show from eq.
(3) that if the round trip phasc is detuned by A¢ the
phase change on reflection from the resonant reflec-
tor is 'Ag. This will set quite stringent limits on the
stability of the laser and resonant reflector.

A further important result of this analysis of am-
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plitude modulators is that the negative mode, which
i1s normally suppressed in intracavity use, can result
in modeclocking when used in a coupled cavity ar-
rangement. In particular when the pulse passes
through the amplitude modulator at minimum
transmission its duration is increased. However, as
is shown in fig. 4 the net change in retlectivity of the
resonant reflector as a function of time has a max-
imum for w,f=(2g+1)n and can act as a pulse
compressor. With reference to fig. 4b by choosing
values of 1y, r, and 4 it is possible to ensure¢ that the
reflectivity of the positive mode is less than the neg-
ative mode so that the laser operates on the negative
mode and modelocking results from a pulse broad-
ening mechanism. In practice this operating condi-
tion is unlikely to be useful.

The use of a phase modulator was briefly exam-
incd and similar features noted as for the amplitude
modulator. For pure phase modulation to result with
no amplitude modulation component requires that
the net round trip phase change be 0 or 7. Maximum
enhancement occurs for a net phase change,
—ptA=0.

The expected pulse length reduction can be easily
calculated. The analysis of active modclocking [1]
yields

T (/D fafw) 712, (23)

where 4 is the modulation depth, g is the amplitude
gain cocfficient, f, is the laser bandwidth and f,, is
the modulation frequency, w,,=2nf,,. With a mod-
ulation depth enhanced by a factor I the resultant
pulse duration 7’ is related to 7 via

U=t/(I)"* (24)

for both amplitude and phase modulation. For the
specific examples illustrated in figs. 3and 4, '=5.96
and (I')'/*=1.56 giving a pulse length reduction
from 7 to r' =0.647. A larger pulse length reduction
may be found from the following set of conditions
r=/0.8, r3=./0.99, $=0 where I'=17.98 and
(I")'/*=2.06. The reflectivity of ry (which includes
any passive losses from the modulator as well as losses
from poor modematching into the coupled cavity)
is large to ensure that the extremal reflectivity r,, cal-
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culated from eq. (7) IS roy = —\/0.83. If r; were re-
duced t0 0.95 then I'=18.94 and r,, = —,/0.4 which
is a large reduction in r,, and could only be sustained
for a high gain laser.

Values of the enhancement /" which are complex
lead to a combination of amplitude modulation and
phasc modulation. Whether there is any advantage
in this mode of operation has not been investigated.

4. Conclusion

An investigation into the use of active modulators
within coupled cavities or resonant reflectors has
been presented. Under certain circumstances large
cnhancements of the modulation depth can be ob-
tained, both for amplitude and phase modulators.
By choosing the round trip phasc of the resonant re-
flector correctly the reflected signal can have the
character of the modulator within the resonant re-
flector. In general, however, the reflected signal ex-
periences both amplitude and phase modulation.

A second feature of the analysis that is worth not-
ing is that for the amplitude modulator it is possible
to find operating conditions where the pulse passing
through at minimum transmission can lcad to
modelocking.
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