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Abstract We present experimental results demonstrating
enhanced current modulation of an antireflection-coated
edge-emitting laser diode placed in an external cavity.
By eliminating the internal cavity of the laser diode and
matching the external cavity free spectral range to the
modulation frequency we have increased the modulation
response up to nearly complete carrier suppression. We
demonstrate the tunability of this enhanced modulation
over a range of more than 3 GHz. The power of the
modulated beam has been measured to be 10 mW. We
have recorded a beat note between the first two opti-
cal sidebands of width 1 Hz at 6.834 GHz (correspond-
ing to the hyperfine splitting of the 8’Rb ground state).
This technique enables the generation of two high-power
phase-locked beams for coherent manipulation of atomic
states.
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1 Introduction

High-frequency modulation of laser beams is important for
various fields including atomic physics, metrology, and op-
tical communications. Many applications, such as atomic
clocks [1, 2], magnetic sensors [3], and gravity gradiometers
[4], require the experimental realization of a A-system. This
system consists of two coherent laser fields, two hyperfine
levels of an atomic ground state, and an excited state. The
frequency of the laser beams could be set to resonance with
the excited state, as in coherent population trapping (CPT),
or far from resonance, as in stimulated Raman transitions. In
both cases the beams must be phase locked and with a tun-
able frequency difference in the range of several GHz (cor-
responding to the ground state’s hyperfine splitting in alkali
atoms). Over the years three main methods have been de-
veloped for the generation of the two phase-locked beams:
direct light modulation, either by acousto-optical modula-
tion (AOM) [5] or electro-optical modulation (EOM) [6, 7],
optical phase locking of two lasers [8, 9] and direct current
modulation of a laser diode [10]. In this paper we present a
significant improvement to the last method enabling the co-
herent manipulation of atomic (hyperfine) states without the
injection of slave lasers.

Modulation of the DC current injected into the laser
diode by an AC signal of frequency §2,, produces optical
side bands. The first-order sidebands are then typically in-
jected into slave lasers for amplification and spectral pu-
rification. The final output is two phase-locked laser beams
with a frequency difference of 2£2,,. One drawback of such a
setup with slave lasers is its complexity. An additional prob-
lem is that at high modulation frequencies the injection sig-
nal becomes extremely low due to the fact that the modu-
lation response of an edge-emitting diode decreases sharply
as the modulation frequency increases.
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An alternative method is to modulate the current of a
vertical-cavity surface-emitting laser (VCSEL) [11] which
is much more susceptible to high-frequency modulation but
has very little power (a total of 2 mW).

In the following we exhibit experimental results demon-
strating the modulation-response enhancement of an anti-
reflection-coated (AR-coated) edge-emitting laser diode in
an external cavity. By nearly eliminating the internal cavity
of the laser diode and matching the modulation frequency
to the free spectral range (FSR) of the external cavity we
enhance the modulation index to the point of almost com-
plete carrier suppression even at high modulation frequency.
The result is a tunable modulation source in the range of 2.5
to 5.5 GHz, with more than 60% of the total power of the
output beam concentrated in the two first optical sidebands.

The modulation enhancement by an external cavity with
amode spacing corresponding to the desired modulation fre-
quency was already reported both for edge-emitting diodes
[12] and VCSEL [13]. However, as the internal cavity of the
diode was not eliminated in these experiments, a complete
carrier suppression was not demonstrated.

In this work we study in detail the effect of cavity length
and DC current on the modulation response. We also com-
pare the modulation response of a diode having an internal
Fabry—Perot cavity (FP diode) with that of the AR-coated
diode, to illustrate the effect of the elimination of the in-
ternal cavity. Finally, we demonstrate the efficiency of the
method by recording a beat note of the modulated light at
6.834 GHz corresponding to the hyperfine splitting of the
87Rb ground state.

2 Experiment

A diagram of the experimental setup is shown in Fig. 1.
Our laser is an external-cavity laser diode (ECLD) in the
Littrow configuration. The laser diode is AR-coated (Eagle-
yard Photonics EYP-RWL-0780-00100-1000-SOTO1). The
diffraction grating (Spectra Physics, 1800 grooves per mm)
is mounted on a piezoelectric transducer providing fine tun-
ing and frequency scan. The first-order diffraction efficiency
of the grating, at 780 nm, is around 65%, and the blaze an-
gle is 45.25 degrees. The piezoelectric transducer itself is
attached to a 25 mm range translation stage. A microwave
signal generator (maximum power of 20 dBm) provides the
modulation, which is superimposed with the diode’s DC cur-
rent via a 2.5-6 GHz Bias T (Mini Circuits). The combined
signal is then fed to the laser diode along a 50 €2 microstrip
transmission line. The laser wavelength during all measure-
ments was 780 nm corresponding to the 8’Rb D2 line. The
DC current injected to the diode was kept at approximately
45 mA (at this point the modulation response was optimal).
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Fig. 1 The experimental setup. A microwave signal generator pro-
vides the modulation, which is superimposed with the diode’s DC cur-
rent via a 2.5-6 GHz Bias-T. The combined signal is then fed to the
laser diode along a 50 € microstrip transmission line. The external
cavity length is controlled by the translation stage and its microm-
eter screw, and the piezoelectric transducer which provides fine tun-
ing. The spectrum of the modulated signal is monitored by a scanning
Fabry—Perot. Since the modulation frequency exceeds the FSR of the
Fabry—Perot (1 GHz), we used a computer program to “unfold” the
recorded spectrum
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Fig. 2 The emission spectrum of the modulated AR-coated laser
diode. The carrier (detuning zero) is completely suppressed. Note the
asymmetry between the upper and lower side bands (see (4) and (5)).
The best achieved with a FP diode was f—‘ ~ 1, where I; and I are the
sideband intensity and carrier intensity, respectively

The microwave power in the various experiments was be-
tween 15 and 20 dBm. It was kept fixed during each mea-
surement of the modulation response as a function of the
modulation frequency.

The frequency modulation (FM) spectrum of the laser
beam is detected by a scanning Fabry—Perot interferometer
with an FSR of 1 GHz and is monitored on an oscilloscope.
The FM spectrum is analyzed by a computer program to lo-
cate the peaks, unfold the folded 1 GHz spectrum, and cal-
culate the modulation index (see Fig. 2).
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Modulating the current injected into the diode with a sine
wave will induce a phase in the electric field:

E:Eoei[wl+msin(.Qt)]’ (1)

where m is the modulation index and £2 is the modula-
tion frequency. Expanding (1) and using Fourier compo-
nents leads to

o0 oo
E = EO(Z Jk(m)eikﬂt +Z(_1)kjk(m)e—ikﬂt>eimt’
k=0 k=0

(@)

where J; is the Bessel function of the first kind of order k
representing the amplitude of the k™ sideband. In particular,
Jo is the amplitude of the carrier (the component with the
unmodulated frequency).

An example of the (unfolded) FM picture is shown in
Fig. 2. The modulation index can be calculated from the
spectrum using

I Ji(m)?
[ , 3
lo  Jo(m)? )

where /1 and I are the intensities of the peaks representing
the first sideband and the carrier respectively.

As seen in Fig. 2 there is sometimes an asymmetry of
the sideband intensity. This indicates amplitude modulation
of the laser’s radiation [14]. The intensity of the lower and
upper sidebands then reads, respectively,

I = [J10m) + (M/2)J2(m) + Jo(m)]* Eo?, )

1= [—]1 (m)+ (M/2)J2(m) + Jo(m)]zEOZ. 5)

From these two equations the AM modulation index M and
the FM modulation index m may be calculated. Alterna-
tively, using (3) and replacing /; with the average value of
the two sidebands gives a reasonable estimation of the FM
modulation response.

3 Results

While modulating the diode laser’s current, the modulation
response increases dramatically at certain modulation fre-
quencies. By scanning the modulation frequency we were
able to improve the modulation depth from almost no carrier
suppression to full carrier suppression. This is demonstrated
in Fig. 2. Alternatively, we can determine the frequency of
the modulation response peak by changing the cavity length
as shown in Fig. 3. From the graph it is clear that the maxi-
mal modulation depth is obtained whenever the modulation
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Fig. 3 The effect of the cavity length on the modulation response.
For every cavity length we searched for the strongest modulation re-
sponse. The experimental data are fitted to the theoretical formula
FSR = ¢/2L¢¢s. The error bars are too small to be shown on this scale.
In this work we focus on this optimal configuration in which the mod-
ulation frequency equals the FSR

frequency corresponds to the FSR resonance condition of
the cavity given by

FSR = , ©6)
2L efr

where Legr is the effective cavity length given by

Lett = LdiodeMdiode + Lext/ext- @)

Here ngiode and ney; are the refractive indices of the diode’s
active medium and air, respectively.

One may conclude that the optical sidebands are en-
hanced when they are supported by the external cavity
modes. The width of these modes will determine the width
of the modulation response peak.

The complete picture is revealed when we scan the mod-
ulation frequency over a wide range. At low frequencies
(200-600 MHz) the diode is susceptible to modulation. As
we increase the modulation frequency the sidebands decay.
The modulation index is suddenly increased again when the
modulation frequency is around the value of half the FSR.
This is shown in Fig. 4. It is important to mention that at this
point only the second optical sidebands are observed. The
first sidebands are suppressed since they do not overlap the
cavity modes. The modulation index at this point is lower
relative to the full FSR case indicating that the carrier is not
fully suppressed. Scanning further, the modulation response
decays only to revive again when the modulation frequency
matches the FSR. At this point, sidebands from both odd
and even orders will appear as they are all supported by the
cavity modes.
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Fig. 4 The modulation response (represented by the modulation in-
dex) along a wide spectrum of modulation frequencies is shown for a
fixed cavity length. The open circles represent the experimental data,
while the vertical lines denote the modulation frequencies correspond-
ing to half and full FSR of the external cavity. For calculating the mod-
ulation index around the FSR we use (3) and the values of Iy, I;, and
I, (note that the Jo(m) Bessel function goes to zero at m = 2.4, and
hence the FSR peak height of 2.4 indicates full carrier suppression).
For calculating the modulation index around %FSR we replace /] and
Ji in (3) with I and J, respectively, as I does not exist

We were able to demonstrate modulation enhancement
up to 5.5 GHz. The modulation efficiency decreases for
higher frequencies as the Bias-T we use has a frequency-
dependent transmission: We measured a 10 dB attenuation
of the power injected into the diode at microwave frequency
of 6 GHz comparing to the power injected at 3 GHz. Im-
provement in the electronics may enlarge the modulation
range.

Another important parameter is the DC current. Increas-
ing the injection current will reduce the ratio (7,,/Ip) be-
tween the modulating current and the DC current leading
to a decrease of the modulation index. Such a behavior was
already reported in [14].

In our system we observed an additional phenomenon re-
lating to the current: The frequency of the modulation peak
can be controlled by the variation of the current. This is
shown in Fig. 5. A difference of 39 MHz in the modula-
tion peak is achieved by a current shift of 4 mA. While the
translation stage enables us to match the cavity’s FSR to the
required modulation frequency in the range of GHz, we can
finely tune the FSR with the piezoelectric transducer, and
we can also use the current for auxiliary tuning. It seems
reasonable to assume that this behavior is due to the fact
that the change of current affects the refraction index of the
diode’s active medium leading to a change in the effective
cavity length. We intend to investigate further the connec-
tion between the current and the modulation depth in order
to achieve a quantitative description of this phenomenon.
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Fig. 5 The modulation response for two current values, for a fixed
cavity length. The modulation frequency peaks differ by 39 MHz ex-
hibiting the dependence of the modulation response on current. The
large errors around the peaks result from negligible values of Jp
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Fig. 6 A comparison between the modulation response of AR-coated
and FP diodes (for a fixed current). The external cavity length in
both measurements was approximately the same (differences of sev-
eral hundreds of microns may occur due to the different packages of
the diodes). A much larger ratio between the (%)2 of the two diodes is
achieved when the current is optimized leading to the difference noted
in Fig. 2

As noted previously, the modulation enhancement is re-
lated to the elimination of the diode’s internal cavity by
the AR coating. We experimentally tested the modulation
response differences between AR-coated and regular FP
diodes, and the results are summarized in Fig. 6. The mea-
surements were done without changing the cavity length.
The results show that although the modulation depth is en-
hanced around the same frequency, the response peak of the
FP diode is less pronounced. As the distance between the
first sidebands, 6.8 GHz, is of the same order as the width
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Fig. 7 The frequency beat note between the side bands of the modu-
lated beam. The beat note was measured by a fast photodiode (10 GHz)
and analyzed by a spectrum analyzer (stabilized by an external 10 MHz
Rb frequency standard). The narrow linewidth of 1.22 Hz, probably
limited by the measurement device, is evidence of phase locking. In-
set: a beat note was recorded at the same frequency, but this time the
cavity length was decreased by 2 mm. As a result, the signal is attenu-
ated by 30 dB which exhibits the essence of our findings

of the FP diode transmission peak, and the FP diode cavity
FSR is ~150 GHz, the sidebands’ intensity is reduced, and
full carrier suppression is not possible.

To show the efficiency of our method in generating two
phase-locked beams for atomic coherence experiments, we
recorded a single beam beat note of 6.834 GHz (Fig. 7) be-
tween the first two optical sidebands. The signal obtained
at the modulation frequency (3.417 GHz) was attenuated by
5 dB compared to the former signal indicating the concen-
tration of power in the +1 sidebands. A slight change of
2 mm in the cavity length attenuates the 6.834 GHz signal
by 30 dB as is shown in the inset of Fig. 7.

4 Summary and outlook

We have demonstrated enhancement of the modulation re-
sponse of an AR-coated laser diode in an external cavity as
a function of the cavity length. The peak modulation fre-
quency is tunable in a range of several GHz. A fine tuning
of the modulation depth can be made both with the piezo-
electric transducer and with the diode’s injection current.
Our system enables the generation of two coherent laser
frequencies without injection locking, as exhibited by the
6.834 GHz beat note in Fig. 7.

The ability to suppress the carrier opens a wide range of
applications. For example, injection locking of slave lasers
can be used to lock the laser on the higher-order sidebands,
in order to generate a larger frequency difference (more than
10 GHz). By modulating the diode’s current with a fre-
quency corresponding to half the FSR we may achieve the
same goal, since only the even-order sidebands will be en-
hanced. Another application is offset locking: We can lock
one of the side bands to an atomic transition and then inject
other sidebands into slaves to amplify them. This method is
useful for experiments involving Raman transitions wherein
the detuning from the upper level in the A-system has to be
much larger than the transition width (the transition width
being several MHz while the offset frequency is several
GHz).
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