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Study of the parameters of a single-frequency laser
for pumping cesium frequency standards

O.V. Zhuravleva, A.V. Ivanov, V.D. Kurnosov, K.V. Kurnosov,
I.R. Mustafin, V.A. Simakov, R.V. Chernov, S.A. Pleshanov

Abstract. A model for calculating the parameters of a laser
diode with an external fibre cavity containing a fibre Bragg
grating (FBG) is presented. It is shown that by using this
model, it is possible to obtain single-mode lasing by neglecting
the spectral burning of carriers. The regions of the laser-diode
current and temperature and the FBG temperature in which
the laser can be tuned to the D, line of cesium are determined
experimentally.

Keywords: optical frequency standard, single-frequency laser, fibre
Bragg grating, D, line of cesium.

1. Introduction

The American global positioning system (GPS) and the
Russian global navigational satellite system (GLONASS)
transfer high-precision measuring signals from Earth
satellites for determining the position of an object in
space and time. The measurement accuracy provided by the
GPS and GLONASS is mainly determined by on-board
atomic frequency standards used in Earth satellites [1]. The
key element of atomic frequency standards is an atomic-
beam tube (ABT). The use of optical methods in an ABT
makes it possible to replace the magnetic selection of atoms
by their states by more efficient methods of optical
pumping and optical detection. As a result, the geometry
and construction of the device are simplified, its weight is
reduced, and the efficiency of using the working substance
and the output signal amplitude are considerably increased.

In [2], a single-frequency laser of a special design was
developed for pumping cesium frequency standards. It is
shown that the laser can be tuned by varying the laser
temperature and pump current or the temperature of an
external Bragg grating. This cannot be done for distributed
feedback lasers and distributed Bragg reflector lasers, in
which the temperature of the laser and grating change
simultaneously. The mechanism of a strong suppression
of the sideband modes, which can be suppressed either due
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to the spectral burning of carriers [3, 4] or due to the
selecting properties of the external cavity with a Bragg
grating, was not established in [2].

The models of a laser diode with an external cavity were
developed in many papers, beginning from basic paper [5]
and continued by a number of papers devoted to the
improvement of this model [6—8]. However, the disadvant-
age of all these models is that they neglect the distribution of
optical paths in a complicated system consisting of a laser
diode and a fibre Bragg grating (FBG). Because of this, we
use in this paper the model proposed in [9] for C? lasers,
which was applied for calculating the linewidth of an
external cavity laser [10] and describing its radiation
dynamics [11]. The essence of this model is that system
(1) (see below) is intended for determining a set of modes
that can exist in the FBG laser cavity. The photon density
(optical power) in each mode and pump current are
determined from the stationary solution of rate equations
(12) and (13).

In this paper, we continue the theoretical and exper-
imental study of the parameters of a single-frequency laser
developed in [2]. Below, we present a model describing
single-frequency lasing by neglecting the spectral burning of
carriers.

2. The theory

The scheme of an FBG semiconductor laser is presented in
Fig. 1. An optical fibre with a FBG is treated as an open
cavity with mirror reflectances R, and Rp, which is filled
with a medium with the reflection indices 7, and ng. In this
case, according to [9, 11], the field in the cavity can be
written in the form

Ui(z) =

A;jsin[fy;(z + L)]

B;sin(B3;2) + C;cos(fBs;2)
D;sin(fy;z) + E;jcos(foz)
[Ri(z) — Si(z)] sin[By(z — Lp)]

where f§; = 2nny /A;, By = 210y /2, B3, = 2mn3 /A, and fy =
2nng /g are the propagation constants in the corresponding
regions; Ay is the Bragg wavelength; and L = L, + L, + L;.
In (1) the boundary conditions U,(—L) = U,(Lg) =0 are
automatically fulfilled. The coefficients 4;, B;, C;, D;, and E;
are independent of z. The minus sign between R;(z) and
S;(z) in the last expression in system (1) takes into account

—L<z< ~ (L +Ly)
—(L+L)<:z< - L, (1)
7L2<Z<0

0<Z<LB,
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Figure 1. Scheme of a FBG semiconductor laser. Ly, ny, Ly, ny, L3, n3,
Lg, ng are the lengths and refractive indices of the semiconductor laser,
optical fibre, air gap, and FBG; R;, R,, R;, Ry are the reflectances; r(1)
is the reflectance at the optical fibre— FBG interface.

that the incident wave R,(z) propagates in the direction
opposite to that of the reflected S;(z) wave.

Expressions for the coefficients R;(z) and S;(z) are
borrowed from papers [3, 12]:

y:coshlyy(z — Ly)] — 0 sinh[y,(z = Ly)]

R; = R(0
(2 = RO = Cosh{r,Ls) T 0;sinh(3;Lz)

» @

71 coshly;(z — Lg)] + y; sinh[;(z —
yicosh(y;Lg) + 0;sinh(y;Lp)

Lg)]

$i(z) = R(0) N6

The reflectance at the fibre— FBG interface (z =0) is
calculated from the expression

S(0) _ yiicosh(yLp) — y;sinh(y;Lp)
R(0)  y;cosh(y;Lg) + 0;sinh(y;Lp) ’

r=

“4)

the power reflectance being R = |r?|.
The coefficients entering (2)—(4) are defined by the
expressions

2

o . 1 1
yi = (7}34‘]51') +Kg, ;=B — o = 2mny (/1—1 - TB)’
7= ¢V & =roexp(—=i2ByLg), ro = /Rs, (5)

0, = (“73 +j6,-> +iKo&, 2 = (%B +jf5,->é+jK0a

where v; is the dispersion relation; op is the FBG loss; K| is
coupling coefficient between counterpropagating waves;
and j is the imaginary unit.

By sewing together the solutions for the field U,(z) and
the derivative dUi(z)/dz at points z=0, —L,, and
—(L, 4+ L;), we obtain the characteristic equation determin-
ing the radiation wavelengths that can propagate in he
system shown in Fig. 1:

ayidy; + ayidy; — fi(byido; 4 dy;by;) = 0, (6)
where

ay; = By sin(By;Ly) sin(By;La) + 3 c08(B3;La) cos(BoiLa);
ar; = Py sin(B3;Ls) cos(fy;Ly) — o sin(fa;Ly) cos(By,Ls);

by; = B3;cos(fs;Ly) sin(fay;Ly) — oy cos(By; L) sin(B,Ls);

bai = B cos(fa;iL,) cos(B3;La) + B sin(Ba;Lo) sin(ByLs);
dy; = By;cos(By;Ly) sin[f5,(Ly + Ls)] (7
+ Bsisin(By;Ly) cos[Bs(Ly + Ls)];

dyi = By;cos(By;Ly) cos[By; (L, + L3)]

— Byisin(By;Ly) sin[Bs;(Ly + L3)].

By neglecting the term containing y;/f,;, the coefficient f;
can be written in the form

fim— gicotwoLB). ®)
2i

Below, we will use relations between coefficients

% = %{ﬁlicos(ﬁliLl) cos[B3,(L, + L3)]
= PBaisin(By;Ly) sin[Bs5,(Ly + L3)]},

G_1 L,)si L+ L

Z’ = Bfai{ﬁncos(ﬁn 1) sin[By,(Ly + L3)]
+ Ba;sin(By;Ly) cos[B3;(Ly + L3)]},

% = Bizz{% [Ba; sin(fy;L,) sin(f3;L,)
+ B3; cos(B3:L) cos(fByLy)] + % [=Basin(ByLy)  (9)
cos(fyLe) + By sin(Bs L) cos(B L)l .

% = ﬁizz{% [—Baicos(BaLs) sin(f3:L,)
+ Byeos(Bala) sin(Bal)] + [y cos(PaLa)
% €oS(B3;Ls) + P3;sin(fs:Ly) sin(By;Ls)] }7

RO) E 1

A; B _Z‘(l —r)sin(fyLg)’

The coefficient A4; is determined from the normalisation
condition [9]:

D\ [E\
=i enn|(3) + (5)

)

+ 21’1]% VB
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The coefficient f}; is calculated from the expression
2 2
72 Vi

/2!lpl 2
sinh”(y;Lg) +
7iLp (ilw) 2y;Ly

fi= |z — i)+ =2

sinh(2y,-LB)]

x {4[y;cosh(y;Lg) + 0, sinh(y,Lg)]"} ", (11)

where ¥; = 0;+ 155 72 =7 — N1
The rate equations determining the radiation dynamics
of the system can be written in the form

ds; 1 1
ditl = 60{ Fii(Tyg —oux) — Einazz
1 1 V,
——F3055 — —FBifXBz} S+ :B_lern (12)
n3 ng Vs
dn, In 1 Vs
MR~ ENC RS, 13
ds ()Va sp L()nl VIZ 1il a&ivi) ( )

where ¢, is the speed of light in vacuum; I', is the optical
confinement coefficient; f is the coefficient taking into
account the contribution of spontaneous radiation to the
generated mode; Vs =V, +V,+ V3+ Vy is the total
volume; 7 is the pump current; V, is the volume of the
active laser region; n, is the carrier density in the active
laser region; and # is the slope efficiency.

The averaged photon density is

1= o (ViSu+ VSt VS, (14)
where V| = LiwL,/Ty; V, = 4nd Ly, Vg 74nd Ly; w and
L, are the width and thickness of the laser active region,
respectively; and d is the mode diameter of the fibre.
Because V', V,, Vg > V3, the term 7355 in (14) is neglected.

Taking into account that

Sy D\ EN'T (mY

s 1@ @16 -
2 2

=250 () 1 (16)

the photon density in the laser is determined by the
expression

s (2ol 5
L o

The coefficients F; entering (12) and (13) are defined as

1, S[(DN  [(E\
F=— A7 = )
2i 2’12V2 IKA[ + 4,) |

1 B\ (C\
ra=pivat|(2) + (5) ]

1 2 2
F,. =— V,A:
li 2}’11 144

(18)

By using (14)—(18), we obtain the equality for the last
term in equation (13):

co V;
2 ZZFIJ ngS - Ozplglslz (19)

The optical loss entering equation (12) can be written in
the form:

1 1
0‘122410+2—L11nR—1, %oz :“20+2—L21nm»
gyt I (20)
t3y = %30 2L, = R3)27
1 ! 1
ogs = —1In ,
" 2L 4 (1= |r’) Ry exp(~22p0Lp)

where oy, 0py, %39, Ogg are nonresonance losses in the

corresponding regions; and r is found from expression (4).
The optical loss a3q in the air gap is determined by the

efficiency of coupling k;, of laser radiation to the fibre:

1 In 1
039 = —In—
% L3 km

(21
where the value of k;, was set equal to 50 %.

According to [13], the gain was calculated by using the
model without the mass reversal and without the fulfilment
of the wave-vector selection rule:

o 1 +3Xp[(Fc _hV_Evni)/kT]
- GO Z Z {mhi In |: 1+ eXp[(Fc - Ecni)/kT]

i nk
1 + exp[( + /’lV cki)/kT} } (22)
1 +exp[(Fy — Ey)/kT] ’
where
2
4 kT
Go= — o MR M
myegNy chv (nhi*L,)

hv is the photon energy; \M|2 is the averaged square of the
matrix element; E,; = E., + E.;; Eyi = Ey, — Eyi; 1=1h,1
are the heavy and light holes, respectively; the summation
subscripts #n and k are the number of subbands in the
quantum well; E,, and E,, are the bottom of the
conduction band and the top of the valence band in the
active region; E., and E,; are the ground states of the
electron and hole subbands; «a, is the effective Bohr radius
of the impurity; N, is the refractive index of the active
region;, F, and F, are the Fermi quasi-levels in the
conduction and valence bands, respectively.

The spontaneous transition rate can be expressed in
terms of the gain as

87(N hw)?
h3c{exp{[hv — (F, — F,)]/kT} — 1}

The total spontaneous recombination rate is

Fsp (hv) = [—g(hv)]. (23)

Ry = Jrsp(hv) d(hv), (24)
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where the lower integration limit is set equal to
Eqy + E + E,1, and the upper integration limit is restricted
by the height of potential barriers in the quantum well.

The dependence of the energy gap for the active region
(Egy) and waveguide layers (Ey,) on the temperature and
carrier density in the Al Ga,_,As/GaAs system is described
by the expression

2

Ey(T,n;,piyx;) = 1.519 — 5.405 x 10*42047”

+1.247x; — ky(n) + 1), (25)

where the subscript i = a, b denotes the active region and

waveguide layers, respectively.
The electron and hole densities in the active laser region

are described by the expressions
+ exp F Eca - Ecn)/kT]

=pkT» In 26

=PkTD {1ﬂmm Bkt 0

v) _ kTZ pv[tln {1 + GXp[(E - Evin B Fv)/kT}}7(27)

1+exp[( vb T v)/kT]

where p, = mc/(ntha) and p; = mv,»/(ntha) are the
effective densities of states (i =h, 1); E,, and E,, are the
bottom of the conduction band and the top of the valence
band in the waveguide region, respectively. The carrier
concentrations in the waveguide layer are

m(F) = | " pnlEViE)E
cb (28)
Ey

B =S| o)1 - A(ENIE

where p,. and p,; are the effective densities of states in the
waveguide layer; E.., E,em are the energies of the bottom
of the conduction band and the top of the valence band in
the emitter layer, respectively.

The Fermi quasi-levels F, and F, are connected by the
electric neutrality equation

La[na(FC) _pa(Fv)] + Lb[nb(FC) _pb(Fv)} = 07 (29)
where L, is the waveguide layer thickness.

The output power of the laser resonator with the
reflectance R, is

P= hv— (30)

ZSIH

where A, is the cross-sectional area of the emitting laser
region.

3. Calculation of laser parameters

In this paper, we are mainly interested in the spectral
parameters of the laser because it is intended for precise
tuning to the D, line of cesium.

We used the following values in calculations: x, =0,
x, =033, I, =0.024, L; =0.06 cm, L, = 0.76 cm, L; =
30 pm, LB =0.6 cm, ny = 33, ny, = 15, ny = 10, ng = 15,
d=5um, V,=125x10"cm3, V,=149x10"

V=196 x 107" ecm?®, V3 =1.18x10"" cm®, R, =03,
R, = 0.04, R3_0005 Ry =0.04, 0 = 15 cm 1, gy = 0,
agp =0.5em™", n=1, dn/dT=0.77 x 10* K", k, = 2x
108 eVem, oap =5.74x 10°° K™!, T, =293 K.

We will determine the coefficient of coupling K, between
the wave incident on the FBG and the wave reflected from it
from the experimental dependence of the FBG transmit-
tance. Figure 2 presents the theoretical and experimental
spectral dependences of the FBG transmittance. The trans-
mittance is  described by the expression K, =
10log(1 — |r|2), where r is determined by expression (4).
One can see that for K,Lg = 10 and the loss og = 0.5 cm ™!,
the theory is in good agreement with experiment. The
dashed curve in Fig. 2 shows the dependence for op =
0.05 cm™". Thus, we will set in calculations Ky =10/Lg and
ag = 0.5 em™!

K, /dBm |
—45
-50
—55
—60

—65

—70

851.5 852.0 852.5 A/nm

Figure 2. Experimental and theoretical spectra of the transmittance of
the FBG for KyLg =10 and o = 0.5 em~!. The dashed curve is the
theoretical transmittance for K,Lg = 10 and o = 0.05 em L.

Figure 3 presents the dependence of the laser wavelength
on its temperature at a constant pump current and a
constant FBG temperature. As the laser temperature is
changed, the laser length, refractive index, and other
parameters determined by expressions (22)—(28) change.
We used in calculations the temperature dependence of the
laser refractive index in the form

Z/nm |
852.20 +

852.15

852.10 |- @/

852.05

500 | L B i
852.00 AT, =5.2°C

85 1 .95 1 1 1 1 1 1
20.0 22.5 25.0 27.5 30.0 Tip/°C

Figure 3. Dependences of the radiation wavelength on the laser-diode
temperature for the constant pump current and constant temperatures of
the fibre and FBG. The oval shows the region of switching from one to
another mode.
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Figure 4. Spectral characteristics of the FBG laser at the output power 10 mW and different laser-diode temperatures. The letters p and q denote two

competing modes.

i11(T):nl[l+dfn(T—T0)}7 (31)

dT

and the temperature dependence of the laser length in the
form

Li(T) = Li[1 + o1(T = To)], (32)

where or is the linear coefficient  of
GaAs/AlGaAs.

One can see from Fig. 3 that the laser switches periodi-
cally from mode to mode with increasing temperature. In
this case, the mode composition is determined by the
superposition of the laser-diode modes (6 p = 1.67 A)
and the external-cavity modes (34 =0.19 A). The oval
in Fig. 3 indicates one of the regions where the laser
wavelength switches from one mode to another.

Figure 4 demonstrates the behaviour of the laser emis-
sion spectrum within this region. The spectral characteristics
of the FBG laser are presented at the logarithmic scale at
different temperatures for the output power of 10 mW. One
can see that simultaneous lasing at two modes (Fig. 4b) can
occur only in a narrow temperature range. The deviation
from this region by only +£0.01°C leads to stable single-
frequency lasing, the intensity ratio for the lasing and
nearest modes being less than 30 dB for cases shown in
Figs 4a and ¢ and less than 45 dB for cases shown in
Fig. 4d. The letters p and q in Fig. 4 denote the two
competitive modes.

The calculations showed that single-frequency lasing
established almost immediately when the pump current
slightly exceeded the threshold. The suppression of the

expansion

sidebands does not exceed 30 dB, and this intensity ratio
is provided not by the spectral burning of carriers but by the
selecting properties of the external cavity.

4. Experiment

Below, we present the results of the study of the parameters
of a FBG semiconductor laser intended for pumping an
ABT.

The main goal of experiments was to measure the
working currents and temperatures of the laser at which
the precise tuning to the D, line of cesium could be fulfilled.
The atomic-beam tube behaves as a cavity in which the
output current depends on the signal frequency. Figure 5
shows the shape of the resonance curve [1]. It has a narrow
central part, called interference Ramsey oscillations, located
at the centre of a broader structure known as the Rabi
pedestal. We used here the ABT in which the central part of
the resonance curve was inverted and its resonance peak
corresponded to the minimum. The accuracy of tuning to
the D, line of cesium was controlled with a voltmeter in such
a way that the voltage across the voltmeter should drop
from 1.0 V to less than 0.1 V. Recall that the temperatures
of the laser diode and FBG could be varied independently in
the emitter under study [2].

Figure 6 presents the dependences of the pump current
on the laser-diode temperature at the FBG temperatures 31,
39, and 46.5°C. One can see that three branches are
observed with changing laser-diode temperature, which
characterise the precise tuning of the laser wavelength to
the D, line of cesium. The characteristic feature of this plot
is that, despite the difference in FBG temperatures, the
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Ramsey oscillations

Response

Rabi pedestal

Vo Frequency

Figure 5. Shape of the resonance curve for a cesium atomic-beam tube

1.

I/mA | | o [aTs=317C
y G%@ o Ty =39°C
B |o 1 =465°C
0o . . N
60 - % %Q%
\ o
\ \ n
50 + \\ % \\ [m]
40 F 9& N '
ATyp =52°C |ATip=52°C
30 1 I 1 1 1 I 1 1 I|

18 20 22 24 26 28 T]_D/°C

Figure 6. Dependences of the pump current on the laser-diode tempe-
rature for the optimal tuning to the D, line of cesium and different
constant FBG temperatures.

curves can be superimposed on each other. Our measure-
ments showed that the slope of the dependence I/Tp is
constant, is reproducible from sample to sample and is
~ 12.8 mA K. The distances between the braches are also
reproducible and are 5.2—5.5°C. The behaviour of the
characteristics in Fig. 6 can be explained by using Fig. 3,
which shows that a constant radiation wavelength (the
straight line) can be obtained at different temperatures of
the laser diode. According to Fig.3 and the similar
experimental plot, the dependences shown by dashed
straight lines should be present between the branches in
Fig. 6. However, they are not indicated as the working ones,
because for the laser parameters corresponding to these
curves the voltage across the voltmeter dropped from 1.0 V
to ~ 0.2 V, whereas the criterion of tuning to the D, line of
cesium was the increase in voltage down to 0.1 V and below.
The physical reason for this behaviour requires further
studies.

Our experiments have shown that the radiation power
can be continuously increased from 1 tol2 mW by tuning
exactly to the D, line of cesium by varying the pump current
and temperature of the laser diode at a constant FBG
temperature.

5. Conclusions

(1) The model proposed in the paper describes the single-
frequency operation regime of a FBG laser by neglecting the
spectral burning of carriers. In this case, a strong (more than
by 30 dB) suppression of the sidebands was observed, and
the emission spectrum was not decomposed into several
modes upon switching the laser from mode to mode.

(ii) The single-frequency regime was established almost
immediately above the threshold of the FBG laser.

(iii)) Experiments have shown that there exist three
branches at which the exact tuning to the D, line of cesium
is possible by varying the laser-diode temperature at three
different fixed FBG temperatures. The pump currents of the
laser diode shown in Fig. 6 correspond to the output power
from 1 to 12 mW.

(iv) The experimental results can be used for the
development of atomic-beam tubes in the design of feedback
systems maintaining the laser wavelength corresponding to
the D, line of cesium.
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