Mode stability of external cavity diode lasers
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Mode stability is an important performance characteristic of external cavity diode lasers (ECDLs). It has
been well established that the continuous mode-hop-free tuning range of a grating-feedback ECDL can be
optimized by rotating the grating about a specific pivot location. We show that similar results can be
obtained for other more convenient pivot locations by choosing instead the cavity length and grating
location. The relative importance of the temperature stability of the diode and of the external cavity
is also evaluated. We show that mechanically simple ECDL designs, using mostly standard components,
can readily achieve a 35 GHz mode-hop-free tuning range at 780nm. © 2009 Optical Society of America
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1. Introduction

The highly controllable emission properties of exter-
nal cavity diode lasers (ECDLs) make them an ideal
lasing source for many experiments in optical and
atomic physics [1-6]. These lasers take advantage
of efficient low cost laser diodes and use frequency se-
lective feedback to achieve narrow linewidth and tun-
ability, typically with diffraction gratings in either the
Littrow [7-9] or Littman—Metcalf configurations
[10,11]. A great many mechanical implementations
of the concept can be found in the literature, with em-
phasis on different figures of merit, such as passive
stability [7], tunability [2,12], linewidth [2,4], simpli-
city of construction [8,13], or compactness [7,8,13,14].
Recent designs include lasers based on transmission
gratings [15], volume holographic gratings [16], or ul-
tranarrow filters [17-19]. The physical principles un-
derlying these ECDL designs are described in early
articles and reviews [3,20-22].

A problem with most designs is the competition
among the dispersion of the internal diode cavity
mode, the grating, and the external cavity mode.
The different modal behavior of these elements with
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respect to variations in the temperature, cavity
length, or grating angle, limits the laser frequency
stability and the range over which the frequency
can be tuned continuously. The maximum mode-
hop-free tuning range is obtained by simultaneously
rotating the grating while scanning the cavity length,
so that the grating dispersion curve tracks with the
external cavity frequency [12,23,24]. Correct treat-
ment involves consideration of the translation of
the grating in its plane as well as along the cavity
[25,26]. Synchronized tuning is usually achieved by
mounting the diffraction grating on a pivot arm ro-
tated by a piezoelectric actuator. Previous investiga-
tions found the optimum location of the pivot, in terms
of the grating parameters and external cavity length.
However, the pivot location is often constrained by
other factors, and, in particular, many ECDL designs
rely on commercial kinematic mounts with predeter-
mined pivot locations. The problem can be considered
from the opposite perspective: given the pivot loca-
tion, we show that the grating location and cavity
length can be chosen to optimize the continuous tun-
ing range. The results provide greater freedom in de-
sign, without practical reduction in performance.
We present a model of the mode stability of an
ECDL that incorporates the different dispersive me-
chanisms. The model is tested using a popular ECDL



design [13] and a versatile reconfigurable alterna-
tive. For the latter, the grating can be moved along
the kinematic mount pivot arm or the cavity length
can be varied to optimize the mode-hop-free tuning
range. The cavity length can also be chosen such that
the free spectral range (FSR) coincides with and
therefore enhances microwave modulation, which
can be useful for two-frequency excitation of the al-
kali atoms.

Measurements of the continuous tuning range and
the thermal stability are in agreement with conclu-
sions drawn from the mode stability model. We show
that, with appropriate geometric and optical consid-
erations, an ECDL can achieve a large mode-hop-free
tuning range and good thermal stability, while re-
maining straightforward to construct and operate.

2. External Cavity Diode Laser

We consider a generic grating-feedback system, in
particular, the Littrow configuration shown schema-
tically in Fig. 1.

A. Reference Design

Two Littrow configuration lasers were used to high-
light the different choices that can be made in design-
ing an ECDL. The first is a previously published
design (Fig. 2) [8,13] that is compact and readily con-
structed, requiring only a few simple manufactured
parts. We further simplified the construction by re-
placing the complex fold-mirror mount with a rotata-
ble mounting block screwed directly to the kinematic
mount, as shown in Fig. 2. The laser is easy to use
with stability and tuning range sufficient for laser
cooling and trapping of atoms. Measured time-
averaged linewidths are 120 to 300 kHz for typical
operating parameters.

While the laser is adequate for many applications,
some aspects could be improved. The temperature
stability in particular is limited by poor conduction
between the thermoelectrically cooled base, the
diode, the alignment screws, and other material that
define the external cavity. There is also little flexibil-
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Fig. 1. (Color online) Schematic of a Littrow configuration ECDL
showing a laser diode, collimation lens, and diffraction grating. 0 is
the Littrow angle, Lp is the diode cavity length, and L. is the
external cavity length. The external cavity is formed between
the rear facet of the laser diode and the diffraction grating. A single
longitudinal cavity mode is selected by dispersive feedback from
the grating. L, defines the location of the grating on its pivot
mount.
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Fig. 2. (Color online) Littrow configured ECDL with a fixed out-
put beam direction adapted with permission from C. J. Hawthorn,
K. P. Weber, and R. E. Scholten, Rev. Sci. Instrum. 72, 4477 (2001).
© 2001 American Institute of Physics.
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ity in choice of grating location L, and external cavity
length L.

B. Split Cavity Design
Figure 3 shows an alternative ECDL that allows ex-
ploration of some of the design parameters consid-
ered here. The cavity length and grating location
are readily adjustable, and the thermal coupling
among the thermoelectric cooler (TEC), external cav-
ity, and diode is greatly improved. The flexibility
compromises the structural rigidity, and thus the la-
ser is vibration sensitive and therefore more appro-
priate as a quickly reconfigurable prototype device
rather than for practical application.

A laser diode and aspheric collimating lens
(f = 4.5mm, 0.55 NA) were mounted in a collimation
tube inserted into a small aluminum block [27]. The
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Fig. 3. (Color online) Schematic of a split-cavity ECDL used to
test design variations. The laser diode block allows the collimation
tube to slide inside the block, hence varying the cavity length. The
grating and fold mirror are attached directly to the front plate of a
modified kinematic mount, with a small piezoelectric stack to ad-
just the grating angle. The laser baseplate has a recess that allows
translation of the laser diode block across the face of the grating for
adjustment of the effective pivot point. The temperature sensor is
located in the laser baseplate on the hidden side of the schematic,
close to the TEC and underneath the external cavity.
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grating was attached to the front face of a modified
kinematic mount separated from the diode mount.
A gold-coated holographic diffraction grating with
1800 grooves/mm was used, with a p-polarization dif-
fraction efficiency of approximately 15%. A single
plane mirror opposite the grating on the modified
kinematic mount reflects the output beam and main-
tains a constant output beam direction [13]. A piezo-
electric stack actuator on the horizontal axis of the
grating pivot arm was used to vary the frequency
by 40 GHz over the 100V range of the stack. A
1 mm thick piezoelectric disk behind the grating pro-
vided fast frequency feedback control. The laser diode
block and modified kinematic mount were attached to
a separate baseplate temperature stabilized by a TEC
and a thermistor. The output power for p polarization
was typically 50 mW at 780 nm using a 70 mW diode.
The wavelength could be tuned discontinuously over a
10 nm range by rotation of the grating alone and over
a wider range with suitable temperature adjustment.

The laser diode block slides in a recess on the plate
so that the beam can be centered on the grating or to
match the cavity length and grating angle tuning as
discussed later. The collimation tube slides into the
laser diode block to allow easy variation of the exter-
nal cavity length between approximately 10 and
50 mm. Additionally, the kinematic mount rotates
freely relative to the diode output for grating incident
angles of 30—60° without changing the output beam
direction. Hence a variety of diode wavelength and
grating combinations was possible, for example, grat-
ings between 1200 and 2400 grooves/mm for a
780nm diode or wavelengths between 637 and
1500 nm for a grating with 1200 grooves/mm. To il-
lustrate the flexibility of the split cavity design, we
investigated the advantage of variable cavity length
to enhance radio frequency modulation.

C. Cavity-Amplified Microwave Modulation

Microwave modulation can be used to generate light
at several different frequencies from a single ECDL,
for example, to address the two atomic ground-state
levels in alkali atoms [28-32]. The modulation effi-
ciency decreases with increasing radio frequency
but can be enhanced if the modulation frequency is
resonant with the FSR of the external cavity
[28,32]. The split cavity design (Fig. 3) is particularly
convenient for applications that require current mod-
ulation to generate sidebands, because the resonant
cavity length can be easily adjusted. Measurements
of the efficiency of sideband production are shown in
Fig. 4. A microwave signal (+10dBm) was coupled
with the dc to the diode using a bias tee. The optical
power in the sidebands was measured with a
300 MHz FSR optical spectrum analyzer. The rela-
tive sideband power (Fig. 4) was observed to increase
by up to 20 times when the drive frequency matched
the FSR of the external cavity. The modulation
efficiency increased approximately linearly with in-
creased microwave power, with a maximum of ap-
proximately 35%. For higher input microwave
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Fig. 4. (Color online) Cavity-amplified microwave modulation.
Measurements show the modulation sideband peak height as a
fraction of the central carrier peak height for cavity lengths of
35, 41, and 50 mm. The peaks at 3.9, 3.23, and 3.08 GHz, respec-
tively, are in excellent agreement with the axial mode spacing con-
dition for the effective cavity lengths.

powers, the laser became unstable, no longer operat-
ing in a single mode. The ability to vary the cavity
length so drastically to enhance the modulation side-
band signal is inherently useful and often not prac-
tical for other ECDL designs.

As noted above, the split cavity laser is relatively
susceptible to external vibration. Due to the extreme
sensitivity of laser frequency to cavity length
(25 MHz/nm for a 780 nm diode), the grating mount,
which is typically adjustable to allow for laser align-
ment and tuning, should be rigid. In the reference de-
sign above (Fig. 2), vibrations to the diode mount and
grating mount are inherently common mode, such
that the diode and grating vibrate together, with
comparatively little effect on the external cavity
length. For the split cavity laser, the diode mount
is rigid, but the grating mount is comparatively flex-
ible, so that the cavity length and laser frequency are
strongly affected by external vibration. The design
was nevertheless quite useful to evaluate the effects
of varying cavity length and grating offset. The ther-
mal coupling between critical elements was also im-
proved, enhancing the frequency stability of the laser
as discussed in Subsection 3.B.1.

3. Mode Selection

Output frequency v of a grating-feedback ECDL de-
pends on a combination of frequency-dependent gain
and loss factors: the semiconductor gain profile Gp,
the grating angle and dispersion D, and the longitu-
dinal modes of the three cavities formed between the
front and the rear facets of the diode and the grating.
The product of these factors is

Ttotal = GDD TD Tinner Touterv ( 1)

where Tp, Tipners and T'yuer are the transmission
functions for the cavities formed between the front
and the rear facets of the diode, the front diode facet
and the grating, and between the rear diode facet and
the grating, respectively. The laser will oscillate at



that frequency for which the product of these factors
is maximum.

The relative dispersive factors are compared in
Fig. 5. The intrinsic semiconductor gain profile is
very broad (25 nm for a 780 nm AlGaAs laser diode)
in comparison with other dispersive mechanisms in
an ECDL [20]. Here we approximate the gain profile
Gp as Gaussian with center frequency v, and stan-
dard deviation o. The dispersion of the diffraction
grating can be evaluated from the diffracted inten-
sity D, approximated by assuming a square-slit pro-
file with the slit width equal to half of grating period
d [33], such that

. . 9 .
sin(ANd sin 6) )} sine? (kd sin 6) ) @)

~ |N sin(kNd sin 6 2

where 6 is the Littrow angle, kx = 27/1 is the wave-
number, and N = 2a/d is the number of grooves illu-
minated for 1/e? beam diameter 2a. The internal
diode cavity modes are described by the Airy function
[33]

1
To=1 + Fsin?(6(v)/2)’

(3)

where F = 4,/r75/(1 - /F1r3)? is the coefficient of fi-
nesse for the diode cavity, 71 o are the amplitude re-
flection coefficients of the rear and front facets,
8(v) = 4anLpv/c is the phase difference, Lp is the
cavity length, and n is the refractive index. A typical
A = 780 nm single-mode laser diode [27] has a physi-
cal cavity length of L, = 0.25 mm and a refractive in-
dex of np=23.5, giving a mode spacing of
Av =c/2Lp = 170 GHz. The final dispersive factor
for the external cavity modes is again described by
Eq. (3) with the appropriate changes to reflectance
amplitudes and cavity length. For a 15 mm external
cavity in air the mode spacing is 10 GHz.

The combination of dispersive factors is sufficient
to force single-mode operation for typical operating
conditions with the laser diode running well above
threshold [3,7,8]. From Fig. 5 it is clear that several
external cavity modes can have similar combined
gain, and thus the laser can readily jump between
two cavity modes. Small changes to the intrinsic
diode or external cavity mode frequencies, and even
the semiconductor gain profile central frequency, can
shift the relative peak heights so as to favor a differ-
ent external cavity mode. Such mode hops are a cri-
tical performance limitation for many ECDL
applications.

Mode instabilities can be divided into static and
dynamic mode hops: dynamic, when the laser should
scan through a frequency range continuously; static,
when the laser is expected to operate at a single
frequency.

A. Dynamic Mode Stability

It is often necessary to scan the laser frequency con-
tinuously over a range of several gigahertz, for exam-
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Fig. 5. (Color online) Schematic representation for the various

frequency-dependent factors of an ECDL (top) calculated for
A=780nm, Lp =0.25mm, np =3.5, Lo = 15mm, R; = 0.85,
and R, = 0.02. The diffracted grating intensity was calculated as-
suming a square-slit grating profile with a slit width equal to half
of the period, a beam diameter of 2a = 2.2 mm, and p polarization.
The diode gain curve is assumed Gaussian, with a standard devia-
tion of 6 = 8.5 nm [20]. The calculated frequency responses of the
combined ECDL mode spectrum for AR-coated and uncoated
diodes are also shown (bottom). The grating (1800 grooves/mm),
laser diode cavity mode, laser diode gain profile, and external cav-
ity mode dispersions are all included. For the AR-coated diode, the
front facet intensity reflectivity was taken to be Ry = 1074

ple, through an atomic hyperfine spectrum. If the
frequency is changed via the cavity length or grating
angle alone, a mode hop will occur when the product
of cavity mode transmission and diffraction grating
dispersion falls below the gain for an adjacent exter-
nal cavity mode. The mode-hop-free range can be ex-
tended by simultaneously rotating the grating and
changing the cavity length. To match the grating an-
gle tuning rate dv,/d6 with the external cavity mode
tuning rate dvey/dLey, the diffraction grating is
usually mounted on a pivot arm, rotated by a multi-
layer piezoelectric actuator, with a tightly con-
strained pivot location dependent on the cavity
length, grating position, and dispersion. Here we in-
stead assume that the pivot is fixed, for example, be-
cause of the use of a standard kinematic mount for
the grating [8,13], and consider how the grating posi-
tion and cavity length can be adjusted to match the
two tuning effects.
The external cavity mode frequency is

mc
Vext = 2(Lext _Le) ’ (4)

and the central diffracted frequency is
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where L, is the cavity length change that is due to
grating rotation .. Ideally the variation of v,y and
vg with rotation will be identical, such that the fre-
quency mismatch 6v =1, —ve remains constant
and preferably small. Using the geometry of Fig. 6,
which applies to several ECDL designs [8,13], we de-
termine that

L,(1-cos6) + L, sin6

L. = cos(6 — 6,) ’ ©

where L, is the offset of the grating along the pivot
arm and L, is the orthogonal distance from the pivot
arm to the grating face. Taking the derivative, we
have

dL, _ L, cosf + L,(sin6 —sin(6 - 6;))

7
do, cos?(60 - 0y) o 0
and at 6, = 0,
dL, L,
do, cosé (8)

as might be expected from a simple geometric consid-
eration. The derivatives of Egs. (4) and (5) are then

dyext _ Vext Lg

dy, Y
do, L.y cos0’

dg, tand’ ®)

For vex = v,, we find that the tuning effects match
when

Grating L

Fig. 6. (Color online) Geometry for calculating cavity length
change L, that is due to grating rotation 6, about pivot point P
caused by a piezoelectric actuator extension L, perpendicular to
the pivot arm at a distance of L,. 0 is the grating angle, AV is
the distance along the grating normal from V to the pivot arm,
and PA = L, is the distance along the pivot arm to AV. ZPA'V’
is the rotation of ZPAV about P by angle 6. If the stack length
increases by L, the laser strikes the grating at C, hence the cavity
length change is L, = VC. The distance from pivot arm to grating
face is L, = AV = BC.
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For an 1800 groove/mm grating operating at
780.2nm, with L, = 38 mm and L, = 15 mm, we cal-
culated L. =20.8mm with a mismatch of
Sv<2MHz over the full L, = +2 ym 40 GHz piezoelec-
tric stack scan, as shown in Fig. 7.

Although the matching condition is not perfect for
the full scan, it is relatively insensitive to grating po-
sition and cavity length, in comparison with the cri-
tical sensitivity of the optimum pivot location for an
arbitrary cavity length and grating offset [12,23,25].
As noted elsewhere [24], locating the pivot away from
the perfect matching position, within specific con-
straints (e.g., along a line perpendicular to the grat-
ing), reduces the matched tuning range but makes
the precise location less critical. Figure 8 shows
the detuning mismatch versus cavity length for
our geometry with a selection of fixed L,.

1. Experiment: Mode-Hop-Free Tuning Range

Figure 7 shows that the grating rotation and cavity
length tuning effects can be matched to within 2 MHz
over a large (40 GHz) scan of the laser frequency, if
the grating offset and cavity length are exactly
matched to the grating arm pivot location. Even if
the conditions are only approximately met, the tun-
ing mismatch can still be well within an external cav-
ity free spectral range for a large scan, as shown in
Fig. 8, and therefore allow mode-hop-free scanning.

With the reference design (Fig. 2) for 1 = 780 nm
and an 1800 groove/mm grating, matching the grat-
ing angle and cavity mode tuning rate is well ap-
proximated by the condition Ly = v2L,. This can
be achieved by adjusting the position of the grating
along the pivot arm of the kinematic mount or by
adjusting the cavity length. Typically, L, = 15 mm
and the optimal cavity length is then L. =
20.8 mm. However, the design does not allow simple
adjustment of the cavity length and grating offset,
and so we investigated optimization of the continu-
ous tuning range using the split cavity laser.

Vg~ Vext (MHZ)
1.5

1.0r

0.5+

-20 -10 0 10 20
Laser detuning (GHz)

Fig. 7. (Color online) Tuning mismatch between grating and cav-
ity mode frequencies 6v = v, — Loy as the grating is rotated by a
piezoelectric actuator at L, = 38 mm from the pivot, grating offset
of L, = 15mm, and matched cavity length L.y = L, tan6/cos6 =
20.8mm. The piezo actuator extension range of L, = +2um
changes the laser frequency by +20 GHz
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Fig. 8. (Color online) Maximum tuning mismatch for a change in
laser frequency of 20 GHz for different errors in cavity length AL
relative to the optimum. L, = 38 mm, L, =5 to 25mm in 5mm
steps.

The laser frequency was scanned with a sinusoidal
signal driving the piezoelectric stack and measured
with a Fizeau wavemeter [27]. The amplitude of the
sinusoid and thus the width of the frequency scan
was increased until a mode hop was observed. The
results are plotted in Fig. 9 as the maximum fre-
quency range over which the laser could be scanned
without a mode hop, divided by the FSR for that
cavity length, for a range of cavity lengths around
the optimum.

Results were obtained with a standard 780 nm la-
ser diode [27] and also with the same type of diode
with an additional antireflection (AR) coating to re-
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Fig. 9. (Color online) Mode-hop-free tuning range for the split

cavity laser with standard and AR-coated diodes at fixed injection
currents (88 and 90 mA) for a range of cavity lengths. The tuning
range is clearly enhanced by appropriate adjustment of the exter-
nal cavity length for a given grating pivot location: L, = 38 mm
and grating offset L, = 15 mm from the pivot. The cavity length
was determined from a measure of the cavity free spectral range
(FSR), obtained by scanning the diode current and observing the
change in laser frequency as the laser mode hopped to the adjacent
longitudinal cavity mode. The uncertainty bars were derived from
the estimated accuracy of +0.25 GHz in determining the maxi-
mum mode-hop-free range and FSR and propagating that to the
calculated cavity length.

duce the influence of the internal diode cavity. The
continuous tuning ranges were typically 8 GHz (just
over 1 FSR) and 16 GHz (2.5 FSR), respectively, with
fixed injection currents of 88 and 90 mA.

The overall cavity length can be dynamically cor-
rected as the laser frequency is changed by adding
an injection current bias proportional to the piezo
voltage. Typically —0.3 to —1.0mA/GHz will ensure
that the cavity mode follows the grating mode more
precisely. With current bias, the continuous tuning
range increased to 24 GHz (4 FSR) for the standard
diode and more than 35 GHz with the coated diode;
the latter was limited by the range of current bias
(30mA). With increased current bias and more pre-
cise matched tuning, up to 90 GHz has been achieved
without special coatings [34-36].

2. Conclusion: Dynamic Mode Stability

In summary, we emphasize that in many cases the
mode-hop-free tuning range can be dramatically in-
creased by simply adjusting the cavity length, or, if
the length is constrained by the need to enhance mi-
crowave modulation, by positioning the grating at
the optimum location on its mount. Matching the
grating angle and external cavity mode tuning rates
allows mode-hop-free scan ranges several times the
external cavity FSR. The continuous tuning range
can be extended by applying a suitable injection
current bias.

B. Static Mode Stability

The static mode stability of an ECDL is affected by
the ambient air pressure and temperature. The air
pressure affects the optical path length of the exter-
nal cavity, and local atmospheric pressure variations
can cause frequency drifts of several hundred mega-
hertz per hour for a 15 mm external cavity [37]. The
effect of pressure fluctuations can be reduced or
eliminated by hermetically sealing the ECDL cavity,
which is helpful to remove the large frequency excur-
sions (hundreds of megahertz) caused by walking
briskly past an ECDL. Frequency drifts can also
be compensated with active feedback to the cavity
length.

Temperature-dependent effects on the laser fre-
quency, which can be more problematic, occur through
three main processes. First, the optical path length of
the diode cavity varies with temperature due to ther-
mal expansion, given by dLp /dT = kpLp, where kp is
the thermal expansion coefficient and Lp is the initial
length of the diode. For small temperature changes,
the diode cavity mode changes as dv/dT = vykp,
where v is the initial frequency. For a 780 nm diode
with kp =5 x 107%/K, dv/dT = -1.9GHz/K due to
thermal expansion alone. The refractive index and
hence optical path length also changes with tempera-
ture, and the combined tuning rate is -30 GHz/K [3].

The diode temperature is affected by the external
temperature of the diode package and also by the in-
jection current that is due to resistive heating. The
injection current also directly controls the charge
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carrier density, which in turn affects the index of re-
fraction and thus the optical path length of the cavity.
The combined sensitivity to injection current is
around -3 MHz/uA at low frequencies [3,37].

The second temperature effect is variation of the
frequency of the gain peak of the semiconductor,
again due to thermal expansion, in this case semicon-
ductor lattice spacing. The lattice spacing affects the
bandgap energy and hence the peak gain frequency.
The shift is approximately-125 GHz/K [3].

The third and usually most important effect is
thermal expansion of the external cavity. In an
ECDL the laser frequency selection is dominated
by the external cavity mode at v = mc/2L;, where
v is the frequency of mode m for a given cavity length
L. For an aluminum cavity with k4, = 20 x 107%/K,
the temperature sensitivity at 780nm is dv/dT =
-7.68 GHz /K.

Although this appears to be the smallest of the
three effects, the other variations are effectively zero
provided they are not sufficient to cause the laser to
mode hop. The laser will mode hop when the product
in Eq. (1) is maximized in an adjacent external cavity
mode. A small change in external cavity length di-
rectly changes the laser frequency, whereas drift of
the diode cavity mode frequency, and/or the diode
gain peak frequency, must accumulate until there
is a mode hop to an adjacent cavity mode. For a
15mm external cavity the limit is ~FSR/2 =
5GHz (equivalent to =0.6K). Provided the laser
diode thermal stability is adequate to maintain the
diode frequency within this range, the external cav-
ity will still determine the output laser frequency.
From the coefficients given above, the required ther-
mal stability is approximately 0.1K for the diode
mode and 0.04 K for the gain profile.

For the external cavity, any temperature change
will directly affect the frequency. Temperature
control to within 0.1 mK is needed to achieve passive
frequency stability of better than 1 MHz. If the laser
frequency is actively stabilized to an external refer-
ence, the requirements are less stringent, but in prac-
tice millikelvin stability is still needed such that the
laser can be tuned to the desired locked frequency.

For an ECDL with an AR-coated diode, the diode
cavity resonance is suppressed by the dominant ex-
ternal cavity feedback. However, the diode cavity
length change will still affect the total cavity length
and hence the external cavity frequency, according to

2 - LDkD + LextkAl (11)
dT "% Lp+Ly

For Lp=025um and L. =15mm, dv/dT is
reduced to dv/dT =7.36 GHz/K. The diode adds
approximately 6% to the total cavity length but
accounts for even less of the temperature induced fre-
quency change that is due to the low thermal expan-
sion coefficient of AlGaAs relative to aluminum.
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Fig. 10. (Color online) Temperature fluctuations for a sensor po-
sition close to the diode (<5 mm) results in persistent small scale
oscillations. A sensor close to the TEC/external cavity responds
more slowly to temperature fluctuations at the diode (25 mm
away), yet the proximity to the TEC (<5mm) and external cavity
provides better thermal stability. The time constants were calcu-
lated by fitting an exponential decay to the oscillation peaks.

1. Experiment: Thermal Stability

ECDL designs usually focus on keeping the laser
diode temperature stable at the expense of external
cavity stability [8,13], although the use of two stages
of temperature control to improve thermal stability
has also been suggested [3]. Designs in which the
diode, collimation optics, and grating are fixed within
the same standard kinematic mount, as in the refer-
ence design above, are compact and easily con-
structed but suffer from poor thermal coupling
between the ECDL components and the large ther-
mal drifts of output frequency. By positioning the
temperature sensor close to the external cavity
rather than the diode (see Fig. 3), we observed a
significant improvement in thermal stability. The
measured temperature stability in Fig. 10 shows
the temperature set-point convergence of a diode-
sensor ECDL in comparison with a cavity-sensor
ECDL. The temperature response is relatively fast,
which allows greater gain in the temperature
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Fig. 11. (Color online) Comparison of the temperature response

to a sudden change (diode turned on) in the reference design [13]
and the split cavity design. Inset: a comparison of the temperature
stability over a long time scale from 1000 to 2000 s. The tempera-
ture variances were Var(T) = 1.21x 108K and Var(T) = 3.55x
107 K.



controller and therefore improved temperature sta-
bility. The split-cavity design also improves the ther-
mal coupling between the TEC and the laser diode. A
comparison of short and long time scale temperature
stability for the two designs indicates an improve-
ment of the rms temperature stability by a factor
of 2 (Fig. 11).

2. Conclusion: Static Mode Stability

Isolation of an ECDL from the environment is gen-
erally helpful in improving the static mode stability,
for example, by hermetically sealing the laser cavity
against pressure fluctuations and thermally insulat-
ing the laser, even with a simple cover. We emphasize
that the dominant temperature effect on the fre-
quency of an ECDL is thermal expansion of the (ty-
pically) aluminum external cavity and further stress
the importance of stabilizing the external cavity tem-
perature and length rather than prioritizing the
diode temperature.

4. Conclusion

External cavity diode lasers offer compact, efficient,
and versatile light sources for experiments in atomic
physics and spectroscopy more generally. The broad
gain bandwidth of the semiconductor medium offers
a large wavelength tuning range, in many cases tens
of nanometers, but competition among the dispersion
of the internal diode cavity mode, the grating, and
the external cavity mode leads to discontinuities or
mode hops. The static and dynamic stability depend
on free parameters of the design, such as the cavity
length, the position of the diffraction grating, or the
location of a temperature sensor. We have described
a simple model of the mode stability and have shown
that, even when the grating pivot location is con-
strained, the grating location and the cavity length
can be chosen to optimize the continuous tuning
range. Large mode-hop-free scans, up to 35 GHz or
more, can be obtained without requiring a custom ki-
nematic grating mount. The relative importance of
the temperature sensitivity of the diode and of the
external cavity was also considered. We emphasize
that long-term laser frequency stability is primarily
dependent on the cavity thermal stability, which is
optimized by locating the temperature sensor near
both the thermoelectric cooling device and the exter-
nal cavity support rather than near the diode.

By considering these factors and especially the im-
portance of the external cavity in determining the la-
ser frequency, frequency-stable ECDLs with a large
continuous tuning range can be constructed mostly
from standard components.
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