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Stabilization of Injection-Locked Lasers Using
Spatial Mode Interference

D. J. Ottaway, M. B. Gray, D. A. Shaddock, C. Hollitt, P. J. Veitch, J. Munch, Member, IEEE, and D. E. McClelland

Abstract—We report the use of spatial-mode-interference, or
tilt-locking, for the active stabilization of injection-locking of a
Nd : YAG laser. We show that this control scheme is robust and
adds negligible frequency noise to the injection-locked laser.

Index Terms—Injection-locked oscillators, laser stability,
Neodymium:YAG lasers.

I. INTRODUCTION

I
NJECTION-LOCKING of a slave laser by a lower-power

single-frequency stable master laser is an excellent method

of producing a higher power single-frequency stable laser

[1]–[9]. However, the slave laser can be injection-locked only if

the frequencies of the master and slave lasers differ by less than

the injection-locking range [10], [11]. To provide long-term

injection locking, a servo that controls this frequency difference

is usually required.

The error signal required for the injection-locking servo

system is often obtained using a technique that is very sim-

ilar to the Pound–Drever–Hall (PDH) method for frequency

stabilization of lasers [12]. In this technique, the frequency

difference is determined by measuring the phase of the output

of the slave laser relative to a phase reference, which consists

of phase-modulation sidebands that are not resonant in the

slave laser. The phase difference changes from to

as the frequency difference is swept across the locking range

[10], [11]. The error signal is produced by detecting the

heterodyne beat between the output of the slave laser and the

sidebands using a low-noise high-bandwidth photodiode, and

then demodulating to baseband using a double balanced mixer.

The PDH modulation frequency must be larger than the cold-

cavity linewidth of the slave laser, and the master laser should

be close to shot-noise-limited at this frequency for maximum

signal-to-noise ratio (SNR). Since the slave laser should be com-

pact to improve servo reliability, the former requirement often

leads to a modulation frequency 50–150 MHz, and the tech-

nique thus requires an electro-optic modulator (EOM). For in-

jection-locked chain architectures, in which a medium power

injection-locked laser is used to injection-lock a high power

slave laser [9], [13], [14], the EOM must be able to transmit

relatively large CW powers without introducing intensity or po-

larization modulation. Alternatively, the phase-modulation side-
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bands could be imposed using a Mach–Zehnder interferometer

that has a low-power EOM in one of its arms and uses a control

system to minimize the power transmitted into one of the out-

puts of the recombination beamsplitter. This solution is more

complicated, however, and restricts the modulation index of the

sidebands.

An alternative technique for phase-locking lasers to high-fi-

nesse cavities and second-harmonic generators has recently been

demonstrated [15]. In this technique, the phase reference is pro-

videdbyaspatialmodethat isnotresonantinthecavity.Thismode

can be produced by tilting the input beam (see below) and thus

the technique is referred to as tilt-locking (TL). It does not require

a modulator and despite operating at baseband should have good

signal-to-noise, due to potentially high common-mode-rejection

of intensity noise. Since this technique requires fewer in-beam

components, it is particularly suitable for high power laser appli-

cations, suchas injection-locking.Further, theoutputof the injec-

tion-locked laser is free from parasitic modulation, which might

be important for high precision metrology applications such as

laser interferometric detection of gravitational waves [7]. The

nonresonant spatial mode could be removed with negligible re-

duction in power by passing the laser beam through a nondegen-

erate Fabry–Perot cavity, such as that located at the input to the

interferometer in the GW application.

In TL, the incident laser beam is misaligned slightly with re-

spect to the optical axis of the cavity, and the non-TEM com-

ponent of the incident field becomes a mostly TEM spatial

mode. This component will be reflected by the cavity with no

phase change if the difference between the frequencies of the

cavity’s TEM and TEM modes is large compared to their

linewidths. The phase (and amplitude) of the reflected TEM

component, however, will depend on the difference between the

frequency of the incident light and the frequency of the cavity

TEM mode.

An error signal can be produced by comparing the interfer-

ence between the phase-shifted TEM component and the two

halves of the “phase reference” TEM component using a split

photodiode. The two lobes of the TEM component must be in

anti-symmetric phase quadrature with the TEM component

at resonance. Thus, if the photodiode is in the near field, then

the TEM component is generated by tilting the master laser

beam. If, however, the photodiode is in the far field, then the

phase change due to the Gouy phase requires that the TEM

component be generated by laterally displacing the master laser

beam. In practice, the mix of tilt and lateral displacement is ad-

justed to produce a suitable error signal.

At zero frequency difference (resonance), the two outputs of

the photodiode are equal in amplitude but have opposite phases.
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These two outputs are added together, giving a zero resultant

output. At nonzero frequency difference, the TEM field in-

terferes more constructively with one of the TEM lobes and

more destructively with the other (see [15]). Thus, the net cur-

rent from the photodiode becomes either positive or negative

depending on the sign of the frequency difference, and an error

signal can, therefore, be produced.

In this paper, we demonstrate for the first time the use of TL

for stabilizing an injection-locked laser. We investigate in de-

tail the tradeoff between the misalignment required to produce

a suitable error signal and the concomitant reduction in the in-

jection-locking range, due to the decrease in the TEM power

injected into the slave resonator. A similar effect is observed in

PDH systems where power is transferred into the modulation

sidebands, which are reflected at the output coupler of the slave

laser.

As discussed earlier, TL requires that the slave resonator be

nondegenerate. We show that for our slave laser, which is partic-

ularly simple and contains no intra-cavity elements, there exists

a tilt/lateral displacement where a suitable error signal can be

obtained with only a slight reduction in locking range. Finally,

we also show that the sensor noise in our TL stabilization system

is negligible compared to the frequency noise of the monolithic

master laser, and thus that the TL system can produce an injec-

tion-locked laser with very low-frequency noise.

II. MODELING OF TL FOR INJECTION-LOCKED LASERS

In this section we model the tradeoff of TL error signal ampli-

tude and injection-locking range for an injection-locked laser.

We calculate the coupling of the master laser into the TEM

and TEM modes of the slave laser as a function of tilt angle

and lateral displacement, and show that an error signal that has

a useful amplitude can be generated with only a slight reduction

in the locking range.

The spatial modes of a geometrically stable optical cavity

form a complete set of orthogonal modes [11]. The field of the

incident master laser beam can thus be expressed as a

linear combination of the spatial modes of the slave laser res-

onator

(1)

where the overlap coefficients are given by

(2)

Here, are the normalized amplitudes of the spatial

modes of the resonator, in one transverse dimension

where

and where is the waist size and is the displacement from

the waist. At the waist, the zeroth and first-order modes of the

cavity can be written [16]

We will consider two types of misalignment: a tilt of the

master laser beam about an axis that lies in the plane of its waist

and passes through the mode’s optical axis, and a lateral dis-

placement of the master laser beam. The field of the tilted master

laser beam can be written [16]:

(3)

where is the tilt angle of the master laser beam. The field of

the laterally displaced beam can be written

(4)

where is the lateral displacement.

If , the far-field diffraction angle of the Gaussian

beam, then (3) can be written [16]

(5)

If , then (4) can be written

(6)

Thus, for small misalignments, the amplitude of the TL error

signal, which is proportional to the amplitude of the TEM

component, increases linearly with the misalignment. However

the injection-locking range, which is proportional to the ampli-

tude of the TEM component, is essentially unchanged.

The predicted increase in the amplitude of the TL error signal

and the associated decrease in the locking range as or in-

creases is shown in Fig. 1. A tilt of half the far-field divergence

angle or a lateral displacement of half the waist size would re-

sult in and . Thus, the error signal would

be 3/4 of the maximum possible value while the locking range

would be reduced by only 12%. For both types of misalign-

ment, up to 37% of the incident power could be transferred into

the TEM component, at the expense of a 63% reduction in
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Fig. 1. Parametric plot of the amplitude of the TL error signal, normalized by
the maximum amplitude, against the injection-locking range, normalized by the
maximum range, as the misalignment is varied. The solid line is the theoretical
prediction while the dots are the measurements (see Section IV-B).

Fig. 2. Schematic of the experimental layout showing both the PDH and TL
discriminators. The bandwidth of PD1 was >200 MHz.

the power coupled into the TEM mode. The tilt (lateral) dis-

placement required to obtain the maximum transfer is

( .

III. EXPERIMENTAL SET-UP

We designed an experiment to compare directly the stabiliza-

tion of injection-locking using PDH and TL systems, as shown

in Fig. 2. The master laser is a LZH-450 monolithic non planar

ring oscillator (NPRO).1 The slave laser has been described in

detail elsewhere [8], [9]. Briefly, it has a free-spectral-range

of about 2.0 GHz, and can produce diffraction-limited TEM

output of 5 W when pumped with a single 20-W laser diode

array. The beam has a waist, of approximate dimensions

0.35-mm wide and 0.15-mm high (radii), about mid-way

between the resonator mirrors. Injection-locking is used to en-

force unidirectional slave-laser operation but an optical isolator

is still necessary to protect both the electrooptic modulator and

the NPRO master laser from optical damage due to the reverse

wave of the free-running slave laser.

For this experiment, we chose to operate the slave laser with

an output power of 3 W. A master laser power of 0.1 W was in-

1Manufactured by Laser Zentrum Hannover (LZH), Hannover, Germany.

cident on the output coupler of the slave, which yielded a max-

imum injection-locking range of about 12 MHz.

The electrooptic modulator in Fig. 2 imposes 150-MHz

phase-modulation sidebands on the master laser beam which

are used to generate the PDH error signal, which appears at

the IF port of the (double-balanced) mixer (DBM). Photodiode

PD2 is used to monitor the reverse wave of the slave laser,

which should be extinguished by the injection-locking.

The TL error signal was generated using a vertical tilt and de-

tected using the quadrant photodiode, which had the two quar-

ters of the top and bottom halves added together. The difference

between the two outputs was amplified using an instrumenta-

tion amplifier and then fed back to the piezo-electric transducer

(PZT) so as to stabilize the injection-locking. In addition to ad-

justing the frequency of the slave laser, the feedback also hori-

zontally displaces the slave mode, which would have generated

a spurious error signal if we had used horizontal TL.

In practice, it is simple to generate a TL error signal; indeed,

the typically less-than-perfect alignment of the master laser beam

and the slave resonator generally produces a significant TL error

signal. The TL error signal is thus sensitive tomisalignment of the

input and output optics, and beam wander of the master and slave

lasers due, for example, tovariations in the thermal lensing within

the slave laser. Any misalignment will be directly converted into

a change in frequency of the slave laser. However, when using

compact lasers, such as the master and slave lasers used here, the

entire injection-locked lasercan be made small,which minimizes

the optical paths between the components and produces a system

that is insensitive to mechanical vibrations.

To provide the most robust servo and minimize noise, the

zero-crossing of the error-signal should correspond to the center

of the injection-locking range of the slave laser. Thus, the align-

ment of the master laser beam, slave resonator, and photode-

tector must be carefully adjusted. We do this by initially aligning

the master laser beam and the beam from the free-running slave

laser, and then ensuring that the quadrant photodetector is cen-

tered on the output of the injection-locked laser. The master laser

beam is then tilted and its position (height) adjusted until the

error-signal is symmetric.

IV. RESULTS

A. TL Error Signal

The shape of the TL and PDH error signals were recorded by

scanning the frequency of the slave laser using a low-frequency

voltage ramp which was applied to the PZT actuator. The error

signals for the TL and the PDH systems are shown in Fig. 3.

Note that, in our setup, the amplitude of the TL error signal is

much larger than that of the PDH error signal and thus the TL

servo system will have a larger front-end gain [15].

B. Tradeoff of TL Error Signal Amplitude and

Injection-Locking Range

The amplitude of the open-loop TL error signal and the time

for which the slave laser was injection-locked were recorded as

the frequency of the slave laser was scanned at a constant rate, by

applying a voltage ramp to the slave laser PZT. Injection-locking

was sensed by monitoring the reverse wave using PD2. The
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Fig. 3. Comparison of the TL and PDH error signals. (a) Output of the
difference port of the quadrant detector (TL error signal). (b) Output of the
DBM (PDH error signal). (c) Output voltage of PD2, which is proportional to
the reverse wave power of the slave. The total width of the scan shown is 80
MHz.

Fig. 4. Temporal comparison of the: (top) short-term fluctuations of the TL
and (bottom) PDH error signals.

measurements were repeated several times for each tilt/lateral

displacement and then repeated for a variety of displacements.

The results are shown in Fig. 1. The relatively large uncertainty

in the injection-locking ranges is due to the effect of ambient

mechanical vibrations, which significantly affect the duration

of the injection-locking. Nevertheless, the measurements agree

roughly with the theoretical predictions, particularly the gener-

ation of a relatively large error signal with only a small decrease

in injection-locking range at small misalignments.

C. Stabilization of Injection-Locking Using TL Error Signal

Injection-locking of the slave laser was stabilized using the

TL system, and the fluctuation of the frequency of the slave rel-

ative to the frequency of the master laser was measured simul-

taneously using the PDH system. The short-term fluctuations of

the TL error signal and the PDH signal are compared in Fig. 4.

Spectra of these signals are shown as Figs. 5 and 6. The co-

herence of these spectra was very high, except at frequencies

where they were contaminated by pickup of 50-Hz radiation and

its harmonics. The difference between the signal levels in these

figures is due to the different gains of the TL and PDH systems.

Thus, it is apparent that the sensor noise in the TL system is in-

significant compared to the frequency noise of the master laser

at all measurement frequencies, and that the frequency noise of

Fig. 5. Comparison of the low-frequency spectra of the: (top) TL error signal
and (bottom) PDH error signal. The TL loop bandwidth was approximately 7
kHz.

Fig. 6. Comparison of the audio-frequency spectra of the: (top) TL error signal
and (bottom) PDH error signal.

Fig. 7. Parametric plot of the PDH and TL error signals for a duration of 200
s.

the TL-stabilized injection-locked laser will be just that of the

master laser.

A longer duration (200 s) comparison of the two error signals

is shown in Fig. 7. The transverse spread of the data in this figure

is due primarily to the differential contamination of the error

signals by the pickup of 50-Hz radiation and its harmonics.

The long-term stability of the TL error signal was evaluated

by injection-locking the slave laser using the PDH error signal

and then measuring the dc drift of the TL error signal. Over a

period of 20 min, the TL error signal was found to drift by less

than 30 mV, which is comparable to the rms deviations ( 20

mV) caused by acoustic noise in the laboratory and corresponds

to less than 2% of the injection-locking range.
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V. CONCLUSION

We have demonstrated, for the first time to our knowledge,

the use of TL for stabilizing an injection-locked laser. This tech-

nique proved to be simple and robust. Large error signals were

obtained for only minimal reductions in the injection-locking

range. More importantly perhaps, the TL system was capable

of accurately transferring the frequency stability of the NPRO

master laser to the injection-locked laser without the need for,

and complications of, an RF modulation/demodulation system.

Thus, it is apparent that a TL system is particularly suitable for

injection-locking of high-power lasers.
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