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Two-frequency amplification in a semiconductor tapered
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Simultaneous two-frequency amplification is highly desirable in cold atom experiments. The nonlinear response
would appear in the two-frequency amplification with a semiconductor tapered amplifier (TA) and has a direct influence
on the experimental result. We investigated in detail the effects of frequency difference, total power, and power ratio of
two seeding lasers on the output components based on a simplified theoretical model. The simulation results showed that
the multiple sideband generation in the amplifier due to self-phase and amplitude modulation could be suppressed and the
TA tended to linearly amplify the power ratio between two-frequency components, when the two seeding lasers had a large
frequency difference. This was verified experimentally in the output power ratio measurement via a calibrated Fabry—Perot
interferometer method with a good linearity and an uncertainty of 1%. We also discussed the consequences of power ratio
responses in the amplification in light of cold atom experiments, especially in the ac Stark shift related phase error of
Raman-type atom interferometers (Als). It was shown that the fluctuation of intensity ratio of Raman beams may induce

significant systematic errors for an Al gyroscope.

Keywords: two-frequency amplification, self-phase modulation, laser cooling, atom interferometry

PACS: 42.60.Lh, 42.65.-k, 37.25.+k

1. Introduction

Simultaneous injection of two continuous wave (CW)
lasers into a semiconductor tapered amplifier (TA) has become
an efficient approach to obtain a high power two-frequency
laser source,!!?! and could find wide applications in many
fields, such as laser cooling of atoms and molecules, 31 Ra-
man optics for atom interferometers,[!'?! coherent population
trapping (CPT) clocks,!'!l and precision spectroscopy.l!>-14]
For a light pulsed atom interferometer, two-frequency opti-
cal amplification in a semiconductor TA, as a simple and
cost-effective method, can be used to prepare a matter-wave
source of alkali atoms via laser cooling where high power
two-frequency components are required for optical pump-
ing and cooling, or to generate Raman lasers for coherently
manipulating a matter wave packet in a Raman-type atom
interferometer.!'” In these optical systems, the fluctuation of
power ratio between two-frequency components after a TA has
a significant influence on the preparation efficiency of cold
atoms or the phase of a Raman-type atom interferometer in-
duced by the differential Raman light shift, which may deteri-
orate the ultimate level of performance in terms of accuracy as
an inertial sensor.[!>-2%

Early studies on semiconductor laser amplifiers showed
that gain-saturation-induced nonlinearity could lead to a shape
distortion and spectral broadening of optical pulses as a re-
sult of the self-phase modulation. Agrawal et al. obtained
simplified equations governing the dynamics of the amplifica-
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tion process in the approximation that the optical pulse width
was much larger than the intraband relaxation time.!?®! Fer-
rari et al. experimentally studied the two-frequency CW com-
ponents injection amplification in a semiconductor tapered
amplifier, and observed significant additional frequency side-
bands due to the nonlinearities in the TA for frequency dif-
ferences less than 2 GHz.!*’! The power of these additional
sidebands could be decreased by operating the TA in a less
saturated, and thus more linear regime. Luo et al. utilized
the heterodyne frequency-beat measurement to analyze mul-
tiple sideband generation for two-frequency components in-
jected into a TA under diverse experimental parameters such
as frequency difference, injection laser power, and TA driv-
ing current.!?®! The multiple sideband generation with a small
frequency difference can show significant effects on the num-
ber of trapped atoms in laser cooling potassium 41 with hy-
perfine splitting of 245 MHz. Léveque et al. reported a Ra-
man laser scheme based on the amplification of two frequency
lasers in a semiconductor TA and evaluated the phase noise
arising from the amplification process and its impact on the
performances of an atom interferometer.!?! It demonstrated
that the amplification process did not induce significant phase
noise or degradation of the performances of the interferome-
ter. However, the frequency-dependent amplification in the TA
may induce a change of the power ratio between two Raman
lasers after the amplification and thus a change of the differ-
ential light shift,%) which would lead to a bias in the gravity
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measurement in a Raman-type atom gravimeter and could not
be compensated even by the k-reversal technique. [3!]

In this paper, we investigate, both numerically and exper-
imentally, the amplification of two CW lasers in the semicon-
ductor TA. The simulation results show that the multiple side-
band generation was influenced by the frequency difference,
the total power, and power ratio of the seeding lasers. Experi-
mental measurements using a calibrated Fabry—Perot interfer-
ometer (FPI) method agree well with the simulation results.
Finally, we discuss the consequences of the amplification pro-
cess on cold atom experiments, especially the effect of power
ratio fluctuation on an atom interferometer gyroscope.

2. Theoretical model

The physical model for two-frequency laser amplification
in a semiconductor amplifier was given by Agrawal,!?®! de-
scribing the relevant self-phase modulation (SPM) and spec-
tral broadening of optical pulses. This model can be simplified
provided that the pulse width is much larger than the intraband
relaxation time (typically 0.1 ps), which governs the dynamics
of the induced polarization. The evolution of the laser inside a
TA can be described as
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where 7 is the reduced time measured in a reference frame
moving with the light, P(7,z), ¢(7,z), and g(7,z) are the
power, the phase, and the gain, respectively. For other sym-
bols, go stands for the small signal gain, oy, for the internal
loss which can be set as 0 if o < g, o« for the linewidth
enhancement factor, 7. for the carrier lifetime in the semicon-
ductor, Eg, for the saturation energy of the amplifier, and
for the amplifier splay factor. Equation (2) shows that a time-
dependent gain would lead to a phase modulation. However,
this can be neglected for CW lasers concerned in this work. In
addition, all losses and dispersion effects can be neglected in
our situation, and thus the above equations can be simplified

as
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When two lasers with a frequency difference of 6 =
V| — W, are injected into a TA, the electric field input is given
by

E(t,z=0) = Ejexp[—i(2mvit — ¢1)]

+ Erexp[—i(2vat — ¢2)]. (6)
Thus, the power of the beat note is given by
P(t,z=0) = Ry[l + mcos(2ndt + ¢)], 7

where Py = E? + E3, m = 2E|E, /(E? + E3), and ¢ = ¢ — ¢».
By using the finite-difference method, equations (4) and (5)
can be written as
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The amplification of two CW lasers can be simulated
by iterations of Egs. (8) and (9), and the Fourier transform
of P(t,z) would give the beat signals between different or-
ders of sidebands at the TA output, instead of the sidebands
themselves. These beat signal frequencies will be denoted as
fm=md,m=1,23, ..., p, hereafter. Neglecting higher order
beat signals, i.e., m > 4, the power of the beat signal at the TA
output can be given by

P(I,Z = Zo)
= Py[1+acos(2m- 8t + ¢y) + beos(27 - 281 + ¢5)
+ ccos(2m- 381+ ¢3) +dcos(2m - 46t + ¢4)],  (10)

where 7 is the length of tapered area, P(; is the average output
power, and a, b, ¢, and d are the relative powers for the beat
signal with a frequency of f,,, m = 1,2,3, and 4, respectively.

3. Numerical simulations

In the numerical simulations, the parameters of TA was
assumed to be gg = 23731 m~!, and Eg = 12 pJ. The input
power for each of the two lasers is 20 mW, and the frequency
difference is 10 MHz. Figure 1 shows the Fourier transform
of P(z,z) at the output of the TA. High-order beat signals (26,
38, and 40) due to nonlinear process can be observed.
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Fig. 1. (color online) Fourier transform of the TA output power P(t,z). The
input power for each of the two lasers is 20 mW, and the frequency differ-
ence is 10 MHz. The simulation parameters of TA are gy = 23731 m™!
and Egy = 12 pJ.

094201-2



Chin. Phys. B Vol. 27, No. 9 (2018) 094201

First, we would like to study the effects of the total in-
put power on relative powers when the total power changed
from 5 mW to 50 mW (with identical power of the two input
lasers) and the frequency difference of 6 = 10 MHz. From
Fig. 2, it can be seen that the relative powers of b, ¢, and d
increase with the total input laser power. For example, the rel-
ative power of 46 increases from —36 dB to —17 dB when
the total power increases from 5 mW to 50 mW. This can be
explained by the fact that the input lasers gradually saturates
the TA with the increasing power, and thus showing the non-
linear power amplification characteristics. Therefore, one can
suppress multiple sideband generation by operating the TA in
the range of lower injection laser power, i.e., a less saturated
and more linear regime.
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Fig. 2. (color online) Relative powers of the beat signals for different total
input power. The power ratio of the two input lasers is 1:1, and the fre-
quency difference 6 = 10 MHz. Other simulation parameters are the same
with those in Fig. 1.

The multiple sideband generation originally comes from
the wave mixing, and the power ratio of two-frequency com-
ponents can influence the power distribution among different
side-bands.?®! Figure 3 shows that the relative powers of the
beat signals reach their maximum values when the input lasers
have identical power.
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Fig. 3. (color online) Relative powers of the beat signals for different input
power ratios. The frequency difference is § = 10 MHz and the total input
power is 30 mW.

The effect of the frequency difference between the two
input lasers on the beat signal has also been studied, and is
shown in Fig. 4, in which the total injection power of 40 mW
is assumed, with identical power of the two input lasers. It can
be seen that the relative powers of the beat signals (a, b, ¢, and
d) have no obvious changes when the frequency difference is
low enough, i.e., below 500 MHz, 30 MHz, and 200 MHz for
b, ¢, and d, respectively. When the frequency difference be-
comes higher, the relative power drops greatly. This can be
ascribed to the finite carrier recovery time (300 ps here in the
simulation) in the TA.[32] These simulation results mean that
the multiple sideband generation in the TA can be extremely
large when the frequency difference is small (e.g., a few MHz)
and that it can only be neglected when the frequency differ-
ence is large enough (e.g., its reciprocal is comparable with
the recovery time of the TA). This observation agrees well with
experimental demonstrations in Refs. [27] and [28].
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Fig. 4. (color online) Relative powers of the beat signals for different fre-
quency differences 6. Other simulation parameters are the same with those
in Fig. 1.

As indicated in Fig. 4, multiple sidebands generation can
be neglected and output beams of the TA consist essentially
of the frequency components, v; and v,, when the frequency
difference is large enough (e.g., above 1 GHz). Figure 5
agrees with this result, which shows that the output power ra-
tio changes almost linearly with that of the input. Here, the
data points are numerical simulation results and the straight
lines are the corresponding linear fittings. It can be observed
that the power amplification is almost linear for frequency dif-
ference higher than 2 GHz. However, the slope for the 1 GHz
(i.e., 1.16) slightly deviates from 1. This can be explained by
the amplification of the 2nd order sideband for the frequency
difference of 1 GHz, since the 26 component in the beat signal
in Fig. 4 is also extremely large. In contrast, the 20 component
is negligibly small for other cases.

In the cold atom experiment involving laser cooling atoms
of alkali metal, two-frequency amplification can be used for
generating optical pumping and repumping light, and the fre-
quency difference is determined by the hyperfine splitting in
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the ground state. Multiple sideband generation should have
Addi-
tional sideband generation will decrease the power of the cool-

effects on the interaction between atoms and light.

ing light and the induced additional excitations would destroy
trapped atoms, especially for those having a narrow hyper-
fine splitting in the ground state like 'K (254 MHz hyperfine
splitting). 1 In the experiments for laser cooling of 8’Rb with
the hyperfine splitting of 6.834 GHz, two-frequency amplifi-
cation from one single semiconductor TA is a simple and ef-
fective way to generate optical pumping and repumping light,
without considering the effect of multiple sideband genera-
tion due to the large frequency difference of the two-frequency
components as discussed above.

10" 7 T
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< 103

107! T
107! 10° 10!
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Fig. 5. (color online) TA output power ratio as a function of the input
power ratio with a frequency difference of 1 GHz, 3 GHz, 5 GHz, 7 GHz,
and 9 GHz. The total injection power is 30 mW.

4. Experimental setup

The experimental setup is shown in Fig. 6. Two exter-
nal cavity diode lasers (ECDLs) L1 and L2 (DL pro, Toptica,
Germany), with a narrow linewidth (1 MHz) and a wide tun-
ability (tens of GHz), are supplied by a current of 220 mA
to provide an optical output power of about 80 mW after an
integrated optical isolator of 60 dB. The frequency locks are
achieved with a feedback via a proportional-integral deriva-
tive controller (Digilock110, Toptica) to the diode current and
piezoelectric transducers. The frequency v, of the first laser
L1 is locked to the atomic transition between |52S; 2, F=1)
and |5°P3,,F" = 2) states of ’Rb (D2 Line) using a satu-
rated absorption spectroscopy technique.!*3 The frequency v,
of the second laser L2 is locked to a frequency of 30 MHz red
detuned from the atomic transition between |52S; /2, F =2)
and |5%P; /2, F' =2) states of 87Rb (D2 Line) using an acousto-
optic modulation transfer spectroscopy technique.**! The two
lasers have a frequency difference of 6.588 GHz, without fur-
ther phase locking in our experiments. The output beams of L1
and L2 are combined together in a polarization beam splitter
(PBS), i.e., PBS3 in the figure, and coupled into a polarization-

maintaining (PM) optical fiber with the same linear polariza-
tion. Output signals of the optical fiber are injected into a
semiconductor TA (Boost-TA, Toptica, Germany) via optical
path 2 for the two-frequency amplification. The TA has a max-
imum output power of 1.5 W after an integrated optical isola-
tor of 60 dB when pumped by a current of 2150 mA. The TA
output beam is divided into two beams after PBSS5 for opti-
cal spectrum analysis with a home-built FPI (the free spectral
range is 1 GHz) and for cold atom experiments, respectively.
PBS1, PBS2, and PBS4 along with their corresponding half-
wave plates enable the adjustment of the total power and the
power ratio between the two lasers at the input of the TA. The
output of optical fiber is switched to the optical path 1 for
calibrating the FPI or optical spectrum analysis of the input
beams. The TA characteristic curve is measured with an opti-
cal power meter when the laser of L2 is blocked.

A/2 PBS1

Fig. 6. (color online) Experimental setup. L, diode laser; MTS, modula-
tion transfer spectroscopy; SAS, saturated absorption spectroscopy; A /2,
half-wave plate; PBS, polarization beam splitter; FC, fiber coupler; TA,
tapered amplifier; OI, optical isolator; FPI, Fabry—Perot interferometer.

5. Experimental results

Figure 7 shows the TA output power for different input
powers with only L1 as the seeding laser. Each data point in
the figure is the average of 100 records of the power meter.
The curve fitting is done based on the theoretical model given
by Egs. (4) and (5), and the least squares method is imple-
mented for estimating parameters of the TA. The fitted lines
are shown in the figure, and the corresponding values for the
parameters of the small signal gain gy and amplifier satura-
tion energy Fg, are listed in Table 1. Lower input power is
required for the TA to run in a saturated gain regime, as the
working current is smaller. In a normal operation, 30 mW of
the input power are injected into the TA, which operates in the
saturated gain regime with the current of 2100 mA at room
temperature. It can be observed from Fig. 7 that deviations
of the experimental data from the fit data are relatively large
when the TA is operated in large working currents. The de-
viation mainly comes from the measurement error for the TA

094201-4



Chin. Phys. B Vol. 27, No. 9 (2018) 094201

output power. One is caused by the failure to accurately mea-
sure the TA output power when operating the TA in the range
of lower injection laser power, i.e. the less saturated regime.
In this regime, the TA output power partly comes from the
residual fluorescence of the TA, which reaches the maximum
at zero injection laser power. However, we theoretically as-
sume that the TA output power is zero when the injection laser
power is zero. It is difficult to remove this measurement error
due to the nonlinear decrease of the residual fluorescence with
the increased injection laser power. Another important source
of measurement error is the failure to accurately measure the
saturated output power, which determines the amplifier satu-
ration energy, Eg,, especially when operating the TA at a large
working current. When the TA parameters are estimated via
the least squares method, the overestimated output power at
lower injection laser power will lead to the positive deviation
of the fit data from the experimental data.

1.4+
1.2+
1.0
0.8 +
0.6
0.4+
0.2 1
0 -

_0-2 T T T T T T T T T
0 10 20 30 40

P,,/mW
Fig. 7. (color online) TA output power as a function of the input power
with a working current of 1200 mA, 1500 mA, 1800 mA, and 2100 mA.
Each data point is the average of 100 records of the power meter.

Pouw/W

Table 1. TA physical parameters from data fitting.

Current/mA go/m™! Esa/p)
1200 18804 3
1500 19551 6
1800 21704 9
2100 23731 12

For two-frequency amplification in the TA seeded by
lasers of L1 and L2 with a large frequency difference of
6.588 GHz, additional sidebands are negligibly small, as dis-
cussed above. In our experiment, we are concerned mainly
with the relationship between the TA output power ratio and
the input power ratio of two frequency components. Al-
though heterodyne frequency-beat measurement is an efficient
method for analyzing the sideband generation and measur-
ing the power ratio,?83 especially in the case of the small
frequency difference where the FPI cannot distinguish differ-
ent components due to its limited resolution, it would com-
plicate the optical system with the requirement of an addi-
tional reference beam. In contrast, the FPI approach is sim-
ple and fast for the potential active power ratio stabilization

in the two-frequency amplification scheme, and the resolution
is high enough to distinguish the laser frequency difference of
6.588 GHz concerned here, and the accuracy is high enough
for measuring the power ratio benefitting from the differential
measurement. Therefore, we have adopted the FPI here.

We first calibrate the FPI for measuring the power ratio of
the two lasers by the power meter. Two beams from L1 and L2
are coupled into a PM fiber with cross polarizations and pass
the FPI. The absolute powers of two beams, measured with the
power meter before the FPI, gives the power ratio of the two
lasers. In addition, the power ratio can also be inferred from
the FPI spectral signals. We recorded 5 FPI spectra for each
data point in Fig. 8, and the linear fitting result with a slope of
1.00£0.01 is very close to the expected value of 1, where the
measurement uncertainty of 1% may be induced by the power
instability of the ECDLs. The calibration result shows that the
power ratio can be measured with a relative precision of 1% by
the FPI. Note that it is comparable with that by the beat note
method (1.4%).13"]

5 °

data 7
linear fit

Power ratio by FPI
w
1

O T T T T
0 1 2 3 4 5

Power ratio by power meter

Fig. 8. (color online) Calibration of the power ratio measurement by the FPI.

Figure 9 shows the TA output power ratio versus the in-
put power ratio, with a frequency difference of 6.588 GHz.
The TA parameters are fitted with the experimental data

10* T T

= experimental data
® numerical data o

. 10°4 E

=

107" E

107! 10° 10*
R,

Fig. 9. (color online) The TA output power ratio versus the input power
ratio, with a frequency difference of 6.588 GHz. Experimental data (black
squares), calculated data (red dots), and the corresponding linear fitting
(black solid line and red dashed line, respectively) agree well with each
other.
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shown in Fig. 7 with the assumption of gg = 23731 m~! and
Es = 12 pl. In the log—log coordinates, the slopes of the lin-
ear fits of the experimental data and the numerical data are
1.01 and 1.02, respectively, which agree very well with each
other.

In an atom interferometer, two-frequency amplification
injected by the output of two phase-locked ECDLs or an

|

electro-optical phase modulator can be used to generate Ra-
man beams for the coherent manipulation of atomic wave-
packets. The intensity ratio I/I; between two Raman laser
beams needs to be adjusted to certain value for eliminating
the relative ac Stark shift. This condition is fulfilled for 3"Rb

35

atoms[**! considering the 5P5 /2 hyperfine splitting, when

1 1 2 5 1
L (60(A + Weg) + (A — M+ @) + 50 —As +wcg)> a <12A + 4(A —A2)>
2 , (11
7 5 1 Nal r .2
(12(A—a)eg) +4(A—A2—a)eg)> <6OA LT 5(A—A3))

where A stands for the two-photon detuning with respect
to |5°P3 12, F' = 1), Ay and A3 for the energy differences
of [5%P3),F' = 2) and [5P3;,F’ = 3) with respect to
|5%P; /2, F' = 1), respectively, and @, for the hyperfine split-
ting of the ground state of |52P1/2,F =1) and |52P1/2,F =2).
Equation (11) means that the system is immune to small in-
tensity fluctuations, provided that the ratio of I,/I; remains
constant. However, a deviation of this ratio would lead to a
decrease in the accuracy of a three-pulse Raman type atom in-
terferometer, due to a non-zero ac Stark shift induced phase
error Ad,. derived as

2r kBTat T(T+[)
AD,. = — 6L —kobl) 16 . 12
ac -Qeffﬁ( h —kobly) - Z (12)

with kg = I/I; chosen to comply with Eq. (11), intensity
deviations 61, 6, Boltzmann constant kg, atomic tem-
perature Ty, Raman laser beam waist oy, coefficient S =
—3.34 kHz-mW~!.cm~2, and ¢ being the time between the re-
lease of the atoms from the trap and the first Raman pulse. Qg
is the effective two-photon Rabi frequency

vk (h+h)
Ug(l+ky) A 7

|-Qeff | = (13)
with the optical transition linewidth I" and the saturation in-
tensity Iy (I' = 27 x 6.07 MHz and Iy = 1.67 mW/cm? for
87Rb atoms ). Combining Eqgs. (12) and (13), the phase error
induced by the non-zero ac Stark shift can be deduced as a
function of the fluctuation of power ratio 8k as

_ 8Bl Sk | knTu T(T +1)

2 kg m o}

The intensity ratio of the Raman beams is set simply as
ko, which is about 1.7 with respect to A = —0.9 GHz for our
experiment of a cold atomic beam interferometer.*®! Consid-

A¢ac =

(14)

ering a cold atomic beam interferometer with the atomic ve-
locity of v = 10 m/s, atomic transverse temperature of 146 uK
(Doppler limit for laser cooling ®’Rb atoms), Raman laser

beam waist of 12 mm , t+ = 10 ms, and pulse separation of
L =100 mm (T = 10 ms), we can calculate the ac Stark shift
induced phase error to be —0.35 mrad when 8ko/ko = 1%.
The resulting systematic error is about —0.002 °/h for a cold
atomic beam interferometer gyroscope, according to the re-
lation §Q = §®/(2kevT?), where kegp ~ 1.6 x 107 m~! is
the effective wave number of the Raman lasers. This error
is about two orders of magnitude higher than the current ac-
curacy (~68 pdeg/h) of the best atom gyroscope, but can be
further reduced by reversing the sign of the effective Raman
propagation vector.!'8] If the atomic transverse temperature
can be cooled further to 3 pkK, the resulting systematic er-
ror is about —7.3 urad and the gyroscope systematic error
is about —47 pdeg/h. Equation (14) shows that the ac Stark
shift related phase error is determined by the fluctuation of
the power ratio and independent of that of the absolute laser
power. Therefore, active strategy for stabilizing the power ra-
tio is necessary for building a high precision atom interferom-
eter gyroscope. Our experimental result demonstrates that the
real-time measurement of the power ratio with the resolution
of 1% can be implemented in a FPI method.

6. Conclusions

Two-frequency amplification in a semiconductor TA has
been investigated numerically and experimentally in this pa-
per. We used a finite-difference method based on a simplified
model to numerically simulate the output of the TA when in-
jected by two CW lasers. The effect of multiple sideband gen-
eration was investigated by homodyne frequency-beat signals,
concerned with the influences of frequency difference, injec-
tion laser power, and power ratio of the two-frequency com-
ponents. The numerical result shows that multiple sideband
generation can be neglected when the frequency difference is
large enough (> 2 GHz). It also shows that the TA tends to
linearly amplify the power ratio between the two-frequency
seeding components with the increase of the frequency differ-

€nce.
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We also investigated the power ratio relationship between
the output and input of the TA experimentally with a frequency
difference of 6.588 GHz, based on a calibrated FPI measure-
ment. The measurement shows a relative precision of 1%, lim-
ited by the accuracy of the power meter. This agrees well with
the numerical result based on the fitting of the experimental
data. In the numerical simulation and experiment, we did not
consider the influence of the relative phase fluctuation of two
injection lasers on the output power ratio. This can be ne-
glected when the frequency difference of two injection lasers
is large and only the power ratio relationship between the out-
put and input of the TA is concerned. Quantitative analysis
and measurement for the influence of the coherence and rela-
tive phase noise of two injection lasers on the two-frequency
amplification process need be done in the future.

The scheme of two frequency amplification by a semi-
conductor TA is now being applied in our experiments of an
atomic interferometer to generate high power two-frequency
laser source for optical pumping and repumping in laser cool-
ing of atoms, and Raman beams via an electro-optical phase
modulator for coherent manipulation of atom wave-packet.
Both cases require accurate control on the power ratio of two
frequency laser components. An active stabilization strategy
based on the FPI measurement of the power ratio can be used
for locking the power ratio of two frequency components and
improving the long-term stability of an atom interferometer
based sensor.
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