
Appl. Phys. B 55,463--477 (1992) Applied physics 

Physics B Chemistry 

© S~ringer-Verlag 1992 

Intra-Cavity Spectroscopy with Diode Lasers 
V.M. Baev, J. Eschner, E. Paeth, R. Schiiler, and P.E. Toschek 

Institut ffir Laser-Physik, Universit~t Hamburg, W-2000 Hamburg 36, Fed. Rep. Germany 

Received 2 June 1992/Accepted 24 August 1992 

Abstract. A multi-mode diode laser with an external cav- 
ity is studied experimentally and theoretically for its appli- 
cation to intra-cavity spectroscopy. One facet of a typical 
Ga0.89A10.HAs laser diode was antireflection-coated by de- 
position of HfO 2 such that 10 -3 residual reflectivity was left 
over. This diode was placed in an external optical cavity. The 
emission spectrum of this diode laser is highly sensitive to 
any frequency-dependent loss in the cavity, and the detec- 
tivity of such a loss grows with the pump rate. Even close 
to threshold, the absorption at 780 nm of Rb atoms with a 
density of 5 x 10 l° cm -3 has been detected. An adequate 
model for diode lasers based on rate equations and includ- 
ing frequency-dependent gain saturation is developed and 
applied to the calculations of output spectra. The sensitiv- 
ity of these spectra to intra-cavity absorption is determined 
by the overall cavity loss - which is rather high - and the 
fraction of spontaneous emission in the total emission, in 
contrast with dye lasers where it is limited by nonlinear 
mode coupling. Various criteria for the sensitivity are sug- 
gested. The smallest detectable absorption with a perfectly 
antireflection-coated laser is 10 -6 cm -1. Improvement of the 
characteristics of the laser diode would increase the sensi- 
tivity. 

PACS: 42.55.Bi, 42.55.Px, 42.65.Ft 

Intra-cavity laser spectroscopy (ICLS) is a powerful spec- 
troscopic technique of extreme sensitivity [1-3]. Although 
successfully used for a long time, its practical application is 
still limited due to the lack of appropriate broadband lasers. 
Dye or colour-centre lasers, which are mostly used for mea- 
surements of intra-cavity absorption (ICA), require another 
laser for being pumped, e.g. a costly argon-ion laser. That 
makes the present equipment for intra-cavity measurements 
rather expensive and bulky. Furthermore, these lasers operate 
mostly in the visible and near-IR range, where molecules not 
usually have strong absorption. From these points of view 
diode lasers have significant advantages, and they might be 
good candidates for a commercial intra-cavity spectrometer. 

In this paper we present an experimental and theoreti- 
cal study of potential features of an intra-cavity diode-laser 
spectrometer. The investigations involve a typical GaA1As 
laser diode. In Sect. 1 we describe the extension of this laser 
by an external cavity and technical problems associated with 
the AR coating of the diode laser facets. Experimental spec- 
tra obtained with a broadband diode laser are presented in 
Sect. 2. A detailed model of the broadband diode laser is in- 
troduced in Sect. 3. This model is based on rate equations and 
takes into account specific features of diode lasers. Parame- 
ters of the model have been estimated from various experi- 
mental data and agree with elsewhere-reported properties of 
diode lasers. The solutions of the rate equations, presented in 
Sect. 4, are in a good agreement with the observed spectra. In 
Sect. 5 we determine criteria for the sensitivity of an intra- 
cavity diode-laser spectrometer and estimate its sensitivity 
limits in comparison with existing intra-cavity spectrometers 
operating on the basis of a dye laser. The main results are 
summarized in Sect. 6. 

1 Preparation of the Diode Laser 

The gain of diode lasers is usually so large that they 
operate without any external resonator mirrors but just on 
the feedback that is supplied by the light reflected from 
the cleaved diode facets. In GaA1As this reflection amounts 
to as much as 32% due to the high refractive index of 
semiconductors [Fig. l(a)]. However, for measurements of 
ICA a sample should be inserted into the laser cavity. An 
extra resonator that is to house an absorptive medium and 
that is composed of one of the diode facets and a third 
mirror might be optically coupled to the laser diode. Such 
an arrangement represents an inhomogeneously filled three- 
mirror oscillator, not well-suited for sensitive measurement 
of absorption. For this purpose, the reflection from at least 
one of the laser facets has to be suppressed and substituted 
by feedback from an external cavity mirror. This suppression 
can be achieved, e.g., by depositing an antireflection (AR) 
coating onto the laser facets [4], or by special preparation 



464 V.M. Baev etal. 

01 z 1 T t 
- I  \ a  

- 2  fN  - 

._~ -,3 - e - 

~ - 4 -  

N 

- 6 -  g - 

- 7  

-8  
760 770 780 790 800 

Wovelength (nm) 

Fig. 1. Spectrum of reflectivity: Uncoated GaAIAs laser facet (a), 
facet with optimized single (b) and double (c) AR coating, with single 
AR coating over protection film (d), and the facet with a single AR 
coating over the protection film which is 28% thinner (e), with a single 
AR coating having 3.3% smaller refractive index (f) and 3% larger 
thickness (g) 

of the diode with the waveguide tilted with respect to the 
cleaved facets [5]. 

In our experiment we have used Hitachi HL7801 cw 
Gal_xAlxAs double heterojunction index-guided injection 
lasers with a channeled substrate planar (CSP) structure 
[6]. This type of  lasers is manufactured in large quantities; 
therefore the technology of  its production is well optimized, 
and it is inexpensive. It operates at room temperature in 
the spectral range of  780nm with a threshold current of  
about 50 mA. We have chosen these lasers because of  their 
low optical loss and high reliability. The diodes have been 
dismantled from the original housing and mounted onto 
copper plates designed for insertion into an evaporation 
chamber or into a laser cavity; they provide the possibility 
of  temperature control for the diode. 

The active layer of  the laser is 0.1 gm thick p-type 
Gal_xAlxAs, sandwiched between p-type and n-type 
Gal_yAlyAS. The width of  the active region is about 3 ~tm 

[6]. The concentration x of  A1 in the active layer determines 
the wavelength of  the laser operation. In our laser x = 0.11 
and the wavelength of  operation is A = 780 nm (Eq. 1.4 in 
[7]). The corresponding refractive index n a of  the nonex- 
cited active layer at the wavelength of  laser emission is 3.63 
[8]. Correction for the presence of  injected carriers in the 
operating laser diode [9] reduces this value to 3.62. The 
concentration y of  AI in the cladding materials is 20-25% 
greater than x for efficient confinement of the laser light 
[6]. With y = 34%, the refractive index n c of the cladding 
material at the laser wavelength is 3.44 [8]. 

Antireflection coating of  the active material can be ac- 
complished by deposition of  a film having the thickness h 1 
and the refractive index n 1 . These parameters, calculated for 
normal incidence of  plane optical waves onto a large surface, 
are given by Fresnel's formulas as 

n l  = ~ ,  (1) 

h 1 = m A / 4 n  I , m = 1,3,5,  . . .  , (2) 

where n o is the refractive index of the ambient medium, air. 
AR coating of  our laser would require the deposition of a 
film with the refractive index n 1 = 1.903 and the thickness 
h 1 = 0.1025. However, the optimum film parameters deviate 
from these values due to the large divergence of  the laser 
beam. In our laser the beam divergence (FWHM) parallel 
to the junction is 15 ° and perpendicular to the junction 30 ° 
[6]. Based on these data we have numerically calculated the 
optimum parameters of  AR coating for our laser using a 
theory developed for two-dimensional waveguide devices, 
which takes into account the step of the refractive index 
from the active zone to the cladding [10]. We have also 
proved that the better three-dimensional model provides 
only a negligible correction. The calculated film parameters 
~Zl,op t = 1.858 and hl,op t = 0 . 2 5 8 ~ / n l , o p  t = 0.1804gm 
warrant the residual power reflectivity to become less than 

10 .8  at A = 780nm. The spectral reflectivity of  a facet 
coated with these parameters is shown in Fig. l(b). The 

spectral width of the reflectivity at R _< 10 .3 is 47.1rim, 
and at R < 10 - 4  it is 14.8nm. 

A much broader spectral width of  the AR band can be 
obtained by deposition of  a double-layer AR coating [11]. 
An example of  the reflectivity of this coating, calculated 
for n 1 = 2.71, h t = 0.0731~tm and n 2 = 1.46 (SiO2), 
h 2 = 0.139 gin, is shown in Fig. 1(c). The double-layer AR 
coating results in the residual reflectivity being some ten 
times smaller than the single-layer coating. 

All commerical diode lasers are coated with a protective 
film of A1203 or SiO, characterised by its thickness hp and 

refractive index n 0. For undiminished reflectivity, this film 
should have the thickness hp = /V2np (more precisely, 

for the divergent beam hp = 0.51 A/rip). Unfortunately, 

even at its optimum thickness the film shifts the optimum 
coating parameters and the resulting spectrum of reflection. 
The protective film of our laser is made of  SiO with 
np = 2.00. The optimum parameters of  the AR coating are 

then n 1 = 1.89 and h 1 = 011046gm. From the calculated 
reflection spectrum [Fig. l(d)] we see that the presence of  the 
protective film results in ten times higher residual reflectivity 
and in reduced spectral width (17.4nm on the level 10 -3 ,  

and 5.4nm on the level 10-4 ) .  

We have observed, however, that hp deviates up to 30% 

from its optimum value. In principle this deviation can be 
compensated for by appropriate alteration of the thickness h 1 
and refractive index n 1 of  the AR coating. For that purpose 
hp would have to be known. In practice, however, one 

estimates hp only in the course of  the coating process and 

compensates for its deviation only partially by optimising 
h 1, whereas n 1 is kept adjusted such as to correspond to the 
optimum value of hp = 0.51 A/np.  Therefore, the achievable 

minimum reflectivity is increased. Deviation of  hp by 28% 

from its optimum value results in 10 -3 residual reflectivity 
[Fig. l(e)]. Less than 10 -4 reflectivity can be achieved if the 
deviation o f  hp does not exceed 15%. 

Several substances with adequate index of refraction 
could be used for AR coating of  GaA1As lasers: Si3N 4, SiO, 
GeO2, Y203 . Here, HfO 2 was used; it was evaporated by 
an electron beam in the presence of  oxygen at controlled 
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pressure inside an evaporation plant (BAK600, Balzers 
AG). When adjusting the pressure in the range (0.5-4) x 
10 -4 mbar, we control the refractive index of the film in 
the range 1.82-1.96 with 0.02 inaccuracy. The residual 
reflectivity Rmi n determined by this inaccuracy is less than 

10 - 4  . Deviation of the refractive index by 0.06 would 

increase Rmi n to 10 -3, as shown in Fig. l(f). 
The rate of HfO 2 deposition was 0.37rim/s, and the 

duration of the coating process varied between 200 and 
400 s, depending on the thickness of the protective film. 
During the deposition the film thickness was controlled 
by measuring the light emitted from the opposite facet of 
the laser [12]. In order to allow for heat relaxation of the 
HfO 2 source, the deposition was terminated by switching 
off the electron beam 2-3 s before the emission reached 
its minimum. A 3 s error of the switching causes 1 nm 
uncertainty of the film thickness; it still provides for R _< 
10 - 4  at  780nm. Figure l(g) shows a calculated reflection 
spectrum, when the deposition time of HfO 2 is extended 
8.7 s over its optimum duration. In this case, the wavelength 
of/Z~rnin is shifted to 789 nm, and the reflectivity at 780 nm 

is 10 -3. The deposited film of HfO 2 is chemically stable 
and its exposure to the air does not significantly change its 
properties. 

The reflectivity of the coated facet has been measured 
by spectral modulation of the diode emission at the original 
threshold current [13]. This value is determined more pre- 
cisely from the emission spectrum of the coated crystal in 
an external cavity, as described in Sect. 4. 

The lowest reflectivity achieved so far in our experiments 
was about 10 .3 . It is limited by deviations of the experimen- 
tal parameters mentioned above from their optimum values, 
in particular of the thickness hp of the protective film. Even 

this incomplete elimination of the reflectivity allows the con- 
struction of a workable diode laser with an external cavity. 

2 Experiment 

The experimental setup is shown in Fig. 2. The diode laser is 
mounted on a copper plate whose temperature is controlled 
by Peltier elements. The pump current is provided by a car 
battery. The laser cavity is formed by an external Al-coated 
mirror M1, aligned by piezo translators, and by the uncoated 
facet of the diode M2 with reflectivity R 2 = 32%. The length 
of the cavity is 72 cm. Two three-component lenses (Roden- 
stock, numerical aperture 0.45), mounted on X - Y - Z 
translation stages, are used for collimating the diode laser 
emission. One lens, placed inside the cavity, focuses the 
emission that emerges from the AR coated facet onto the 
mirror M1 and the reflected light back into the diode. The 
laser cavity also includes an ICA cell, which is a heat pipe 
oven filled with Rb, and an acousto-optical deflector AOD1 
(ISOMET IMD 80 H 776, lOOns rise time) used for switch- 
ing off the laser emission in measurements of the spectral 
dynamics. Another acousto-optical deflector AOD2 used for 
time-resolved measurements is placed between the laser and 
the spectrograph. The laser spectrum is detected by a 1 m 
Czerny-Turner spectrograph (Jarrel-Ash, 0.2 cm - l  spectral 
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Fig. 2. Experimental setup. AOD1 and AOD2 are acousto-optical 
deflectors; M1 and M2 are resonator mirrors; AR is the antireflection 
coating 

resolution) with a 1728-channel diode array (Thomson CSF, 
model TH 7801) and recorded with a digital storage oscillo- 
scope (Scientific Instr., model SMRII, 64k channels, 12 bit 
resolution). The modes of the external cavity with 210 MHz 
spacing are not resolved, only their envelope can be seen in 
the spectra. 

The threshold of the diode laser with external cavity al- 
most equals the threshold of the original laser before coating. 
Therefore, we estimate the efficiency /gl for coupling laser 
light by the external mirror back into the crystal to be about 
the same as the reflection from the uncoated facet, 32%. 
The coupling efficiency is limited by the numerical aperture 
of the lens, its spherical aberrations, the astigmatism of the 
laser light, and by the loss in the external cavity. 

ICA measurements have been carried out with rubidium 
vapour in the cell. The maximum of the diode laser emission 
was temperature-tuned to the Rb resonant transition 5S1/2 <=> 

51'3/2 at the wavelength 780.027 nm. The density NRb of 

the rubidium vapour was set to values ranging from 1 x 106 
to 3 x 1011 c m  - 3  by setting the cell temperature between 
240 K and 373 K. There is 1 bar argon in the cell and the Rb 
absorption line is purely collision-broadened with 26 GHz 
spectral width (FWHM) [14], which is spectrally resolved. 

Characteristics of output vs current of the diode laser 
with external cavity are shown in Fig. 3. Curve a shows the 
output power vs the pump current J ,  curves b and c show 
it with additional broad-band loss in the cavity. This loss 
is due to calibrated neutral density glass filters of 52% and 
34% transmission, respectively. 

Stationary emission spectra of the diode laser with intra- 
cavity Rb absorption have been recorded at various Rb 
concentrations and pump levels. Series of these spectra at 
constant absorption and at constant pump current are shown 
in Figs. 4, 5. In Fig. 4, NRb = 5 X l010 c m  -3  ( T  = 323 K) 
with the )ump current varied below and above the laser 
threshold (Jth ~- 46 mA). Conspicuous features of the spectra 
are: (i) the condensation of the laser output close to the 
gain maximum; (ii) the etalon structure corresponding to 
the length of the diode crystal, which is the result of 
imperfect AR coating of the facet, and (iii) the Rb intra- 
cavity absorption at the centre of the emission profile. All 
these phenomena become more pronounced upon increasing 
the pump current. The linewidth of the ICA is some five 
times smaller than the free spectral range of the etalon 
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structure, and we have tuned a peak of this structure to 
the position of the Rb absorption by adjusting the diode 
temperature. 

Very strong etalon structure and complete suppression of 
laser emission at the wavelength of absorption are observed 
in the spectra recorded above the laser threshold ( J  > 
46 mA). This feature demonstrates the extreme sensitivity 
of the laser spectrum to ICA. The enhancement of this 
sensitivity upon increasing the pump current above the 
threshold shows that the stationary spectrum of the laser, 
and its sensitivity to ICA, are determined by spontaneous 

emission, rather than by nonlinear mode interaction, in 
contrast with dye lasers [3]. 

Spectra of the diode laser at a constant pump current 
slightly above threshold, J = 46 mA, and at various densi- 
ties of the intra-cavity absorber, are shown in Fig. 5a-d. ICA 
suppresses the light flux in the laser spectrum according to 
the Rb density• Particularly evident is ICA in Fig. 5d, where 
its line shape forms a dip in the central maximum of the 
emission. This spectrum shows that each etalon peak con- 
sists of many modes of the external cavity and each mode 
is perturbed independently by the absorber. 
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In order to estimate the sensitivity of these measurements 
we have also recorded a single-pass absorption spectrum of 
Rb at 3 x 1012 c m  - 3  density with the absorption cell placed 
outside the laser cavity. This spectrum is shown in Fig. 5e. 
It exhibits a similar absorption dip as the spectrum at the 
intra-cavity Rb density 5 x 10 l° cm -3. Comparison of  these 
spectra shows that at threshold the Rb density inside the 
laser cavity is 60 times smaller than what is required outside 
for the same absorption signal. At higher pump current the 
detection limit is even lower, as demonstrated in Fig. 4. 

So far, we have not been able to measure the sensitivity 
to Rb intra-cavity absorption at higher pump current since an 
additional modulation shows up in the laser spectrum, which 
dominates at low Rb densities (Fig. 5a). At the pump currents 
between 46.5 and 47 .0mA (Fig. 4) this structure grows so 
strong that the light is quenched at the wavelength of Rb 
absorption. This modulation probably originates from etalon 
effects in the lenses and/or windows of  the laser cavity, or 
from irregularities in the diode crystal. 

The spectral dynamics of  the absorberless laser has been 
studied when switching the light by the acousto-optical 
deflectors. Whereas AOD1 is placed inside the laser cavity 
and switches the feedback, AOD2 sets the lOOns time 
window of the spectral recording. Background modulation 
appears in the spectrum due to the presence of  the intra- 
cavity AOD. Figure6 shows laser emission spectra up to 
600 ns after the onset of laser oscillation at the pump current 
1 mA above threshold. Although the temporal resolution 
is modest only, the spectrum is shown to approach the 
stationary state within half a microsecond. This is much 
faster than the transient dynamics in any other multi-mode 
laser reported so far and is a consequence of the high loss 
and gain of  the laser. 

3 Model of the Laser Dynamics 

The spectral dynamics of a multi-mode laser and its sen- 
sitivity to intra-cavity absorption are described by a model 
based on rate equations for the number of photons Mq in 

the cavity mode q, and for the number of  inverted states N 
[3]: 

2f/Iq = - 7Mq + BqN(Mq + 1) - e;qcMq, (3) 

N =  p _  __N _ N Z BqMq. (4) 
7- 

q 

Here, 7 is the broad-band cavity loss rate, Bq is the laser 

gain, tCqC is the narrow-band intra-cavity loss rate, P is the 

pump rate, and ~- is the decay time of  the upper laser level. 
This model applies to ideal four-level lasers, such as dye 
lasers, Nd 3+ glass lasers, or colour-centre lasers, since the 
population of  the lower laser level is not taken into account. 
A semiconductor diode, in contrast, is a two-level laser with 
a considerable population of  the lower state. The application 
of  this model to diode lasers requires modifications, which 
show up when deriving the probabilities for stimulated and 
spontaneous recombination of. the electron-hole pairs. 
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The populations of excited and ground states in a semi- 
conductor follow a Fermi-Dirac distribution rather than a 
Boltzmann distribution as in the broad-band lasers men- 
tioned above. The probability of occupation of  a state at 
the energy E is given by the Fermi-Dirac distribution with 
the Fermi energy F 

f (E)  = Iexp + 1 , (5) 

We assume that the semiconductor has a parabolic band 

structure, E = h2k2/2m (Fig. 7, left), where k is the wave 
vector and hk is the momentum of the electron or hole, m 
is the effective mass of electrons in the conduction band 
(ra = too), and of holes in the valence band (m = m~). 
In GaA1As, m~ = 0.067m e and m v = 0.48m e [7]. We also 
assume that all transitions satisfy momentum conservation, 
hk = const., as is shown in Fig. 7 (left) by arrows which are 
labelled by the wavelengths of the transitions. Initial and 
final energy values El(hU) and E2(hu) are determined by 
energy and momentum conservation, E 2 - E 1 = hu and 

mc(E  2 - E~) = mv(E v - El) = m~(hu - Eg) , (6) 

T/'~v m c 
where m r - -  - -  is the reduced mass of  an electron, 

? n  v + frL c 

E v is the maximum energy of  the valence band, Ec is the 
minimum energy of  the conduction band, and Eg = E c - E v 

is the energy gap between the bands. 
We also assume that the gain of  the diode laser is ho- 

mogeneously broadened, for intraband relaxation in semi- 
conductors is extremely fast (10-I3 s [7]). Since the rate of 
transition between the bands is much slower, injection of 
electrons into the conduction band creates two individual 
Fermi-Dirac distributions of  electrons: fc in the conduction 
band, and fv in the valence band. These distributions dif- 
fer from each other by their individual quasi-Fermi energies 
F c and F~. Figure 7 (centre) shows these distributions, and 
the positions of  the Fermi energies at the excitation density 
n = 2.6 x 1018 cm -3, which loosely corresponds to the laser 
threshold. 

The densities of states 0c and 0v per energy interval and 
volume in the conduction and valence bands are shown in 
Fig. 7 (right); they are expressed as 

2 ~ c 3  ( / ~  J~c )1/2" Qv 2X/~vv (E v -- E) 1/2 (7) 
0 c -  rc2h--'--'~ -- , -- rC2h3 

For the calculation of the transition probability, the popu- 
lation densities of  electrons in the conduction band, Ocfc, 
and of  holes in the valence band, 0v(1 - fv), are required. 
They are shown as functions of  energy in Fig. 7 (right). The 
hatched areas under the population density functions repre- 
sent the total densities of  electrons in the conduction band 
(n), and of  holes in the valence band (p). Since the crystal 
stays electrically neutral, the overall density of  electrons is 
conserved, hence p = n is valid for arbitrary pumping. This 
condition defines the Fermi energies F c and F v as functions 
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of the excitation density n, 

oo f c ( E,  Ely / ~o(E) n) dE  = ~v(E) [1 - f~(E, n)] dE = n. (8) 

E c --oe 

The distance of both Fermi energies from the respective 
band edge vs the density of excited electrons n,  obtained 
with (8), is shown in Fig. 8 (top). Their variation in the 

excitation range n = (2-3) x 1018 cm -3 is most important. 
In GaA1As, the state densities differ considerably, 0v/~c = 

(rav/mc) 3/2 ~ 19. Therefore, the population of electrons 

at the bottom of the conduction band saturates at low 
excitation, n ~ 1018 cm -3 (Fig. 8, bottom), and the Fermi 
energy of the electrons moves into the conduction band. 
The same total population of holes in the valence band is 
achieved with no major shift of the Fermi energy F v, which 
moves into the valence band at ten times the excitation only. 
Figure 8 (bottom) shows the dependence of the occupation 
probabilities fc and fv upon the excitation rate at the energy 
levels corresponding to transitions with /~em = 770nm, 
780rim, and 790nm, where A = 780nm is the emission 
wavelength of the GaA1As laser to be modeled here. 
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The rate of  spontaneous recombination Pem(hV) per mode 
of the electromagnetic field equals the rate of stimulated 
emission at the same transition per photon in that mode 
[15] and is the product of  five quantities: The first two 
quantities are the occupation probability fc(E2) of  the initial 
energy level E 2 in the conduction band and the probability 
1 - fv(E1) for a hole in the corresponding final energy level 
E t in the valence band. The third quantity is the density of  
optical transitions per volume and energy interval hdv, 

~0vOc 2 ~ r 3  (h// -- Eg) 1/2 (9) 
~)r(ht/) -- 0v + 9c 7r2h 3 

The fourth quantity is the transition dipole matrix element 
#cv, and the fifth is the fraction of the laser beam that 
overlaps the active volume of  the diode, commonly called 
the confinement factor F.  Taking all these factors into 
account the rate of  spontaneously emitted quanta into one 
mode per unit time is 

/3Fx h/~u - Eg fc(U) [1 - fv ( , ) ] ,  (10) Pem Y 

where /)  - 29/27r3um~/2 
3n2aeo h ]#cv] 2 [7], and fc and fv depend 

on the excitation density n via F c and F v. For simplicity we 
have assumed that the lengths of diode and cavity coincide. 

Figure 9 (top) shows the calculated rate of spontaneous 
emission Nem vs the total number of  excited electron-hole 
pairs N = Vn a t  )~em ---- 770nm, 780nm, and 790nm, 
where A = 780nm is the emission wavelength of  our 

laser. The active laser volume V is 10 - 1 0  c m  3. The emission 
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Fig. 10. The threshold current density of the diode laser vs the thickness 
d of the active layer, calculated with the assumption of unsaturated gain 
(a), with the present model including gain saturation with A > 750nm 
(b), and at the constant wavelength of emission 780nm (c). At the 
asymptotic values dbmin and dCin the threshold diverges 
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rate corresponds to the term BqN in (3). In contrast with 

the emission rate of a dye laser, Peru shows wavelength- 

dependent saturation and approaches / ) F ~ - E g .  The 

excitation necessary for the saturation at A = 780nm is 
determined by the saturation of fv and amounts to N = 109. 

The rate Pabs of absorptive transitions from the valence 
band to the conduction band per photon and mode is 
expressed by (10) with fc and fv interchanged. Figure9 
(centre) shows Nab s VS the number of  electrons excited to the 
conduction band. In contrast with the spontaneous emission 
rate, Nabs saturates together with fc at the excitation (2-  

3) x l0 s already. 
The gain W per photon of  energy hu in the laser mode 

and per time unit is 

W -- Nero - Nab s ~- D / n ~ ' ~  - E g ( L  - L ) ;  (11) 

it is shown vs excitation in Fig. 9 (bottom). At low excitation 
(0 < fo < 1, fv TM 1) there is absorption, which decreases 
upon growing excitation until the population of  the upper 
level saturates. At stronger excitation (fc ~ 1, 1 > fv > 0), 
the gain turns positive and is determined by the population 
of the lower level only. At high excitation fc - fv = 1, and 
the gain saturates at the value 

Wmax(/./) : B F v / h / . / -  Eg, (12) 

which increases with the light frequency and equals the rate 
of linear absorption of the diode without pumping when 
fc - fv = - 1. However, the light frequency varies only 
between the band gap values in the active and in the cladding 
material, and this feature eventually limits the achievable 
gain. This gain saturation is an important characteristic of  
the present model. At strong excitation, there is additional 
gain reduction due to leakage currents. 

The explicit inclusion of  wavelength-dependent gain and 
gain saturation characteristically modifies the threshold cur- 
rent density. The variation of this threshold on the thickness 
d of the active layer is derived by equating the loss 7 with 
(11), W ( u , n )  = ",/. Figure 10 shows this threshold current 

density vs the width d of the active diode layer. For small 
d we have used F ~ 27r2(n 2 - n 2) (d//~) 2 [7] and assumed 
that the loss does not depend on F.  Thickness and threshold 
current density are normalized to the values of  our laser, 

d ~ 0.1 gm and Jth '~  5 kA/cm 2. Curve a is the result of the 
previous model [7] which includes unsaturated linear gain 
only. The calculations of the threshold based on the present 
model are also shown: Curve c represents the result calcu- 
lated with constant emission wavelength A = 780 nm, which 
matches a laser with a wavelength-selective element placed 
in the cavity. Curve b corresponds to a broad-band laser, 
where the threshold relates to the wavelength of  maximum 
gain, Arnax (see Fig. 9), which decreases upon growing ex- 
citation within the accessible range. We have extended this 
range from the band gap down to 750 nm which seems real- 
istic for the present laser. The data of  Fig. 10 show that the 
threshold current density diverges once the laser thickness 
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approaches the value 

7A2 .~ 1/2 

dmin = 27r2(na2 _ n2)B(h u _ Eg)l/2 j . (13) 

Previous experimental data suggest the existence of such 
a minimum width of the diode layer, although the matching 
models lacked it [7, 9, 16, 17]. 

The spontaneous emission rate Pem is a crucial quantity 
for the calculation of laser spectra and for the definition of 
their sensitivity fo ICA [1,3]. The ratio of  this rate and the 
gain per photon is, from (10, 11), 

[1 exp(   kT (14) 

Figure 11 (top) shows ~0 as a function of the excitation 
for three fixed wavelengths and for the variable wavelength 
/~max of the gain maximum. At strong excitation, when the 
absorptive transition rate Pabs vanishes, this ratio approaches 
unity, as it is always the case in a four-level dye laser. 
Previous models have included spontaneous emission as a 
phenomenological factor/3spon [7, 16, 18, 19], the fraction 

of fluorescence in a laser mode, which is 10-5-10  -3,  and 
whose value was determined such as to fit the experimental 
data. In contrast, (14) models spontaneous emission as a 
function of the excitation. 

The maximum gain for a laser mode approximates a 
linear function of excitation N (see Fig. 9, bottom), 

W TM B(N - Nt) , (15) 

with N t being a constant, the "transparency excitation" 
[20, 21]. Note that this quantity significantly deviates from 
the constant excitation, defined by fc = fv, at which 
the maximum gain approaches zero, whereas N t = N -  

W(dW/dN)  -1 varies with excitation N.  The applicability 
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Fig. 11. The relative rate of spontaneous emission (top) and the 
"transparency excitation" Ar t (bottom) vs excitation N at three emission 
wavelengths and at the wavelength )~max of maximum gain 

of the linear approximation in (15) is evaluated in Fig. 11 
(bottom), where N t is shown as a function of excitation N 
for three fixed wavelengths and for the wavelength of the 
gain maximum. In a limited range of excitation around laser 
threshold, N t can be considered constant. This linearization 
is inherent to previous models [7, 16, 20, 21]. Here, the error 
which it introduces is easily determined. 

So far we have always assumed uniform distribution of 
loss and gain along the laser cavity. In fact, a large fraction 
of the loss takes place at the diode facets with the light 
flux being exponentially amplified between them [9, 21, 
22]. As a consequence, the light flux and the gain, which is 
saturated by this flux, vary spatially, and the output coupling 
0, which is the ratio of  the output power to the average 
power inside the cavity, deviates from the transmission of 
the output mirror. These conditions are taken into account in 
the rate equations. The necessary corrections are found when 
comparing the solutions of  rate equations with solutions 
of  the model based on the Fabry-Perot approach [23] that 
takes into account the nonuniform distribution of laser loss 
(see Appendix). This comparison shows that rate equations 
provide adequate results if the rate of  spontaneous emission 
~0 is increased by a factor k, which, above threshold, 
depends only on the transmittance of the output mirror R 2 
and on the feedback from the external mirror R 1, but neither 
on the pumping rate nor on the spectral position of the laser 
mode. For our laser with R 1 = R 2 = 0.32 we find k = 1.11 
and replace ~0 by ~ = k~0. The output coupling 0 is also a 
function of R 1 and R 2. With R 1 = R 2 = 0.32 we get for our 
laser 0 = 1.14. 

The complete rate equations (3, 4) for the diode laser 
with ICA are 

Mq = - 7Mq + Bq(N - Nt) (Mq + ~) - mqcMq, (16) 

_N : p _ N _ ( N  - Nt) Z BqMq. (17) 
T 

q 

The values Bq which we use in the model are derived from 

experimental data and include the confinement factor F.  We 
should like to stress that the rate equations (16) and (17) are 
written for total numbers of  photons and excitations in the 
cavity in contrast with most other models which use densities 
of these values and account for the confinement factor in a 
more complicated way. 

4 C a l c u l a t i o n  o f  the  S p e c t r u m  
o f  D i o d e  L a s e r  E m i s s i o n  

In order to calculate laser spectra from (16) and (17) we 
have to find the operational parameters of  our laser. For this 
purpose we use the observed data of  Fig. 3 and fit them on 
stationary solutions of the rate equations for the total laser 
power above threshold, assuming spectrally independent 
gain, Bq = B 0, and neglecting narrowband loss, t~q = 0, 

Z Mq = (~ - 1)(1 + nt) 
Bo, r 

q (18) 

;out = Oh (c/2L) Z % 
q 
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Here ~ is the normalized pump rate ~/ = P/Pth, and 
n t = BoNt/3` is the absorptive loss over the cavity loss. 
The threshold pump rate Pth is defined as the excitation rate 
whose emission compensates the cavity loss, Bo(N - N t) = 
3`, namely 

3` (n t q- 1). (19) Pth = o Jt,,/e = 

Here J is the injection current, e is the electron charge and 
oL is the internal quantum efficiency, defined as the ratio of 
the light flux (in photons per second) emitted by the diode 
and the injection current in electrons per second. 

Equations (18) and (19) include four laser parameters 3`, 
Bor, n t, and a,  which are found from the experimental data 
shown in Fig. 3. We determine the threshold current Jth = 
3`e(n t + 1)laBor and the slope efficiency 5' = Ohuca/2L',/e 
vs the cavity loss 3` = 3`o + 3`f, where 3`f = (-c/L)  ln(Tf) is 
the additional loss by the filter of  transmittance Tf inserted 
into the cavity. The slope efficiency is calibrated making 
use of  the data supplied by the manufacturer, i.e. S -- 
0.292 mW/mA at 25 ° C temperature. Linear approximations 
to Jth and O/S vs 3`f, shown in Fig. 12, yield the quantities 

j o  and O°/S °, for 3`f = 0 ,  and ddth/d3` = e/aBor and 
d(O/S)/d3` = 2Le/huca. The output coupling coefficient 0 
is calculated for each level of loss according to the procedure 

given in the Appendix. We find dJth/d3` = 2.1 x 10 -1 '  As 

and d(O/S)/d3` = 3.8 x 10 -9 As W -1. The laser parameters 
are related to these experimental data as 

2Le ( d ( O / S ) ~ - '  

B ° r -  Ohu~c d(O/S) ( @ )  d3  ̀

J°S°d(O/S) ( ~ )  -1 
nt - 0 ° d3` 

oo (d(o/s))-' 
& / 

(20) 

, (21) 

- 1, (22) 

(23) 

For our laser whose length is L = 72 cm we obtain a = 

0.77, B0r  = 9.6 x 10 -9 ,  n t = 1.2, 3`o = 1.0 x 10 9 s -1 .  Since 
the spontaneous lifetime r is about 1 ns [24], we estimate 

B 0 ~ 10s -1. The total broad-band cavity loss 3`o consists of  

the output coupling % = (-c/2L)ln(RoR1) = 4.8 x l0 s s -1 
and the internal scattering and absorption loss, which is 

3 ì = 3`o - % = 5.2 x l0 s s -1. The internal loss 3 ì is rather 
high and determined by the imperfections of  the diode. 

In the definition of  the laser threshold (19) we have 
assumed the laser gain to equal the loss. Exact stationary 
solutions of the rate equations 

Bq(N - Nt) ~ 
Mq = 3̀ q _ Bq(N - N t ) '  (24) 

P r  - Ar t (25) 
N - N t =  l + , r 2  BqMq, 

q 
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Fig. 12. The threshold current and the inverse of the slope efficiency 
of the diode laser, normalized by the output coupling 0, O/S, vs the 
additional loss "yf in the cavity 

(where 3`q = 3'0 + IgqC) show that the laser gain is always 

smaller than the loss. The difference, which is the contri- 
bution of  spontaneous emission to the total laser power, is 
expressed by the inversion factor e [9] defined as 

3`0 (1 - e). (26) U-Nt= o 

We set q = 0 at maximum emission which is located, 
according to (25), at the minimum of  3`q/.Bq. 

The factor e can be used as a new variable in the rate 
equations instead of the laser inversion N - N t. It is a 
convenient parameter for evaluating stationary laser spectra 
and their sensitivity to ICA. Equations (24) and (25) are 
rewritten as 

[ ( )1-1 1 Bo3` q 1 - e 
M q = M  o 1 + -  1 , M o =  ~ (27) 

e Bq3`O e ' 

(1 - e)'r E BqMq = ( r / -  1) (1 + %) + e.  (28) 
q 

Mq and e are numerically calculated from these equations 

as functions of 7. Not too close to threshold, Jr / -  11 _> 0.02, 
approximate solutions for e are 

e ( r /<  1) ~ (1 - r/) (1 + nt) , (29) 

~Bor 
e(r] > 1) ~ ra ,  (30) 

(1 + nt) (q - 1) 

~qMq is the effective number of where m = Moo oscillating 

modes. Below threshold e decreases linearly with the pump 
rate from Tt, t -]- 1 to almost 0. Above threshold, 0 < e << 1, 
the total laser power can be approximated by (18). 
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Fig. 13. The emission linewidth, the absorption dip in the spectrum 
caused by intra-cavity Rb absorption, and the modulation depth of 
channelling vs pump current 

Now we calculate the laser spectrum when the gain 
depends on the frequency. We assume that the gain has a 
Lorentzian spectral profile of width Au (HWHM), although 
the precise shape of  the gain spectrum is unimportant since 
only the curvature of  the gain at its maximum determines 
the shape of  the laser spectrum. From (27) we see that the 
envelope of  the emission spectrum is also Lorentzian with 
the width 

6u = Auv/7. (31) 

Below threshold ¢ is expressed by (29) and the bandwidth 
of  emission is 

6u = AuV/(1 -- q) (1 -4- nt).  (32) 

The square of  the observed spectral bandwidth of  the diode 
laser emission below threshold is shown vs the pump current 
in Fig. 13. The bandwidth of  the gain is derived from the 
linear fit according to (32) by extrapolating 6u to r / =  0 as 

Au/c = 3Uo(1 -4- n t ) - - l / 2 / C  ~- 240 cm -1 (HWHM). 
The same procedure is used for deriving the value of  

the spectrally varying fraction aq of  the loss. We assume 

that the spectral width of this loss is much smaller than 
the laser emission bandwidth. If  this loss is situated in 
the vicinity of the emission maximum, we can furthermore 
assume Bq ~ B 0. Using (27) and (29), the residual emission 

over the suppression of  laser output in mode q, which we 
define as the spectral contrast, is 

( ~ q q ) - - 1  
M° - 1 -- eT° -- (1 - rl) (1 -4- n t) "7o (33) 

CN, q CIEq 

The extrapolation of  the spectral structure in the laser 
emission to zero pump rate (~/= 0) gives the absolute value 
of  the loss difference between mode q and 0, averaged over 
the cavity length, 

~q = % ( 1  + n t )  ( M ~ -  1 ) • (34) 
C rl=O 

The frequency-dependent loss ~Cq in the cavity of our laser 

consists of  the intra-cavity line absorption and a spectrally 
periodic loss due to interference which results from the 
imperfect AR coating of  the diode facet. 

The depth of  the absorption line of Rb in the laser 
spectrum at the density 5 x 101°cm-3 vs pump rate is 
shown in Fig. 13 (centre). Extrapolation of the linear fit to 
J = 0 gives the value of  the absorption coefficient at the 
centre of  the Rb line Nq ~--- 2.3 x 10 -4 cm - I .  This value 

co~esponds to the optical density D = nqL = 1.7 x 10 .2  

of  the absorption cell at resonance. This estimate is checked 
by comparison with the spectrum of single-pass absorption 
at the Rb concentration of  3 x 1012cm -3 (Fig. 5e) and 
D o = 1.14. The ratio of the optical densities Do/D = 67 
agrees well with the ratio 60 of  the atomic densities. 

Interference in the three-mirror cavity can be treated as 
an equivalent loss by substituting in the expression for the 
coupling loss, 7e = (-c/2L)ln(R1R2), for R 1 the effective 
reflectivity Ref f of  both the coated facet with residual reflec- 
tivity R and the external mirror [25], calculated to first order 
in r/r  1, 

Reff = 1~'1 ÷ r e i ~  -- r r2  e - i~ [  2 , (35) 

where r i = ~ and ~ is the round-trip phase of a laser 
mode in the diode crystal. The resulting periodic variation 
of  the cavity loss is 

2 
R1) R~//~a sin2(Trql/L), (36) t~q ~ Z ( 1  - 

where I is the length of  the diode crystal. This approximation 
agrees within 2% with the exact solution, based on the 
determination of  the complex roots of the denominator which 
appears in the transmission or reflection coefficient of the 
cavity [15]. We use this approximation for an estimate of 
the residual reflectivity of  the coated facet. This quantity 
can be expressed with (34) and (36) by the contrast ratio of  
the interference structure in the laser spectrum, extrapolated 
to r l = 0  

/~ = 2~i [ 2c(1 - -1~1) ~ 1 . (37) 
r/=0 

Experimental data on the contrast of the spectral modulation 
vs pump rate and a linear fit are shown in Fig. 13 (bottom). 
Extrapolation of  the linear fit to ~1 = 0 gives (Mmax/Mmi n) - 
1 = 0.051 and R = 0.012. The residual reflectivity of  
the AR coating of  our diode turns out to be R = 1.2%. 
This method for the determination of  the rest reflectivity of 
the diode laser is more precise than the method based on 
the measurement of the spectral modulation of  the diode 
emission at the original threshold pump current [13], which 
has been mentioned before. 
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The same procedure, when applied to the spectra recorded 
at very low absorber density, gives the spectrally varying 
background loss, which is superimposed on the Rb absorp- 
tion and which limits the sensitivity of detection. In our 
experiment this loss variation is nq = 1 x 10 -4 cm -1 with 
6.3 cm -1 spectral width. 

Stationary laser spectra have been modeled from (27, 
28) taking into account the spectral variation of gain, intra- 
cavity Rb absorption at ]gRb = 5 X 1010 cm -3, interference 
structure due to imperfect AR coating, and the background 
loss determined above. Equations (27, 28) are most easily 
solved for a given value of the inversion factor c. To 
calculate the spectrum from (27) for a given pump rate 7, 
the appropriate value of c is found iteratively. Comparison of 
the calculated spectra with the experimental results makes 
one find the experimental laser threshold Jt°h = 45.9mA 
with better precision and estimate the relative spontaneous 
emission rate above threshold ~ = 2. 

Figure 14 shows the results of the numerical calculations 
for the pump rates corresponding to the observed spectra 
in Fig. 4. Comparison reveals that the calculated spectra 
reproduce all the features of the experiment mentioned 
in Sect. 2. The increase of the sensitivity with the pump 
rate above threshold confirms the basic assumption of the 
model, namely the stationary spectrum of the diode laser 
and its sensitivity to ICA being determined by spontaneous 
emission. This is in contrast with dye lasers, whose spectra 
(and sensitivity) are determined by nonlinear mode coupling 
and where the sensitivity decreases with the pump rate [26]. 
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Fig. 16. Calculated time-resolved spectra of  the laser emission at 
relative pump rate ~ = 1.02 and with various delay times after 
switching the laser on 

Figure 15 shows laser spectra calculated with the pump 
rate that corresponds to J = 46 mA, and for various densities 
of the intra-cavity absorber, which match the values in Fig. 5. 
The results of the model again reproduce the expeirmental 
data. The sensitivity of the detection of Rb atoms in our 
experimental setup is limited by the background spectral 
loss structure in the spectrum. This limit approximately 
corresponds to the Rb density NRb = 2 X 101°cm -3, i.e. 

to the absorption coefficient of 10 - 4  c m  - 1 .  

We have also calculated transient emission spectra of 
the diode laser, at various delay times after switching on 
the laser, by integrating the rate equations (16) and (17). 
This integration was made with adiabatic elimination of 
the laser inversion• Equations (16) have been integrated, 
in steps of 1 0 - 1 1 S  duration, for 60000 laser modes. We 
have assumed the same Lorentzian spectral profile of the 
gain and the same interferometric structure due to imper- 
fect AR coating as in the previous calculations, but no ICA 
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and no background loss. Corresponding to the experimental 
conditions of  the spectra in Fig. 6 (where the laser was 
switched by the AOD1), the initial spectrum was calculated 
for the steady state with r/ = 0.9. At t _> 0, the pump 
parameter was assumed to be ~ -- 1.02. The time evolution 
of  the spectrum is shown in Fig. 16. It shows reduction of  the 

emission bandwidth at t-1/2 and an exponential increase of  
the interference structure. The stationary spectrum, which 
appears after about 10gs, corresponds to the spectra in 
Fig. 14 with no absorption. In the recordings of  Fig. 6, 
the stationary spectrum is reached at earlier times. This 
discrepancy with the calculated spectra may result from 
the spectral variation of  the background loss and from the 
presence of  the AOD in the cavity. 

The agreement of  the experimental and numerical results 
below and above threshold confirms our model and allows us 
to estimate the sensitivity limits of an intra-cavity diode-laser 
spectrometer to ICA under various conditions of  operation. 

5 Sens i t iv i ty  

Detection of  absorption with the reported experiment is 
limited by imperfections of  the setup, which give rise to 
spurious spectrally varying background loss. On the other 
hand, the fundamental limit of the sensitivity is determined 
by spontaneous emission. The model outlined above allows 
us to calculate the sensitivity and its limit. We define the 
limit of  detection that determines the sensitivity of  ICA 
measurements as the absorption coefficient /gmin, which 
reduces the spectral density of  the laser flux by 50% in the 
center of  the stationary laser emission spectrum. We further 
assume that the absorption bandwidth is small as compared 
with the emission bandwidth so that only a small fraction 
of  the emitting modes is affected by ICA. The width of 
absorption should exceed the mode spacing, however, and 
overlap at least with one laser mode. From (27) or (33) the 
detection limit is 

/';min = ")JOg/c , (38) 

determined by the broad-band cavity loss % and the inver- 
sion factor e. Increasing the pump rate results in a smaller 
value of  g and in the detection of  smaller absorption coef- 
ficients. Above threshold the sensitivity is expressed with 
(30) and (38) as 

%{B°rm (39) 
/ ' ;min : C(?]  - -  1) (n t + 1) " 

Note that the number of oscillating modes (m) determines 
the sensitivity for ICA. This number critically depends on 
the residual reflectivity R, which causes spectral modulation. 
Therefore, we first estimate/~min for the diode laser with no 
modulation, i.e. with R = 0. 

In certain lasers, e.g., with inhomogeneously broadened 
gain, as in the Nd-glass laser [1], the number of  oscillat- 
ing modes (rn) does not depend upon the pump rate, and, 
according to (39), the detection limit is inversely propor- 
tional to ( r / -  1). If  the gain is homogeneously broadened 
and its profile is Lorentzian, the width of  the laser emission 
spectrum decreases with the pump rate and the number of  
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oscillating modes ra = rr~Su2L/c is derived from (30) and 
(31), 

~B0r ( 2 7 f L A y )  2 
m =  (nt + l) (r/ -- 1) " - " (40) 

With (39) the detection limit is 

Nmin  : A 70 ( r ] -  1) 2 ' (41) 

where A = ( l / c )  [rcAu2LBor(/c(n t + 1)] 2. For the diode 

laser with Au/c = 240cm - I ,  L = 72cm, Bor = 9.6 x 

10 -9 , ~ = 2, n t = 1.2, and % = 1 × 109s -1, we obtain 

A = 3.0 x 10 -17 s/cm and ~min = 3.0 x 1 0 - s / ( r ] -  1) 2 cm -1. 
For the maximum allowed pump rate r] = 1.2, ~min = 
7.5 x 10 - 7  cm -1. 

Equation (41) also holds for a dye laser with uncoupled 
modes. For a cw rhodamine 6G laser with A u  ~ 1000cm -1, 
r = 6 × 10 -9cm -1 [27], B 0 = 0.01s -1 [28], { = 1, 

and n t = 0, we obtain A = 2.5 x 10 -2° s/cm, some 103 
times smaller than with the diode laser. Furthermore, the 
broadband loss in the cavity of a dye laser, % ~ 107 cm -1, 
is 100 times smaller and the operational pump rate excess 
r / -  1 ~ 1 is 10 times higher. As a result, the expected 
detection limit of an ICA measurement with a dye laser 
is some 107 times below that with a diode laser, when the 
modes oscillate continuously and uncoupled. Mode coupling 
reduces the sensitivity of  a dye laser to about 10 -9 cm -1 
[26]. In contrast, mode coupling in diode lasers has not yet 
been observed. 

Figure 17 shows the detection limit ~min of  the diode 
laser intra-cavity spectrometer and the inversion factor e vs 
pump rate calculated with (38). The two quantities drop at 
threshold by some orders of magnitude. 

Spurious channelling in the diode laser spectrum results 
in a drastic reduction of  the number of oscillating modes 
down from (40). The laser spectrum consists of several 
mode groups or "channels". Both the number of channels 
and the number of  modes in each channel decrease with 

,= 10-2 

I0 -4 

_= 10-6 

R=0 

10-8 J 
0.9 1 1.1 1.2 1.3 

R e l a t i v e  p u m p  r o t e  ~7 

Fig. 17. The detection limit ~min and the inversion factor e vs pump 
parameter r /= J/Jth at various values of the residual reflectivity R of 
the diode facet. The number of oscillating modes is ra 
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increasing pump rate, giving rise to an approximately inverse 
square dependence of m vs (~7 - 1) in contrast with the 
simple inverse dependence in (40). Finally, the detection 
limit depends as an inverse cubic upon the pump rate, 

Nmin " ~  ( ~ ] - -  1)-3, as is seen in Fig. 17 in the curve calculated 

for R = 10 -6. Upon increasing r/ above threshold, the 

detection limit drops faster at R = 10 -6 than at R = 0. 
When ~7 > 1.1, the graphs of N;mi n for R = 0 and for 

R = 10 .6 turn parallel: For R = 10 .6 only one maximum 
of the interferometric structure is left over in the emission 
spectrum and the other maxima are suppressed because of 
their low gain. The number of modes in the only left-over 

channel drops, and /~rnin ~'~ ( 7 ]  - -  1) -2 as for R = 0. 
With no AR coating (R = 0.32), channelling in the laser 

spectrum is much stronger and the number of oscillating 
modes shrinks even more drastically upon increase of pump 
power. 

One may want to relate the number of oscillating modes 
with the sensitivity limit. Figure 17 shows e and N;mi n for the 
number of modes m = 3 and m = 30. According to (30), 
these curves vary as ( r / -  1) -1 and separate the parameter 
space into three regions: multi-mode (ra > 30), few-mode 
(3 < m < 30) and nearly single-mode (m < 3) operation. 

Multi-mode operation with m > 30 is most important. 
The channel-free laser (R = 0) oscillates in about 500 modes 
at r / ~  1.2 with the detection limit Nmin ~ 1 x 10 -6 cm -1 . AR 

coating with 10 .6 residual reflectivity reduces the number of 
modes to 10, and, surprisingly, the detection limit drops to 
3 x 10 -8 cm -1. This sensitivity only applies if the line width 
of absorption does not much exceed the mode spacing. For 
the modeled diode laser the absorption linewidth should be 
smaller than 500 MHz (2.5 mode spacings). There is a trade- 
off between the sensitivity and the bandwidth of detection, 
which can be controlled by spectrally selective loss, i.e. by 
the residual reflectivity R. 

When the laser arrives at single-mode operation, the 
factor e keeps decreasing upon growing 77- 1, see (39). 
However, due to the strong coupling of the single mode 
and the inversion, the limit of detection N;mi n does no longer 
vary as e and the laser is not very sensitive to ICA. Even 
in this situation of single-mode ICA spectroscopy [3] we 
can achieve reasonable sensitivity when the absorption line 
coincides with the wavelength of the only operating mode 
and when it is stronger than the difference of the net 
gain at the frequencies of the oscillating and neighbouring 
suppressed modes. Additional modes will kindle and mark 
the transition from single-mode to few-mode operation. 
Another criterion for the sensitivity is now suitable. It is 
the condition that the above-mentioned difference of net 
gain vanishes, and one or more additional modes oscillate 
with the same amplitude. If the absorption line and the 
operating mode coincide at the centre of the gain profile, 
the presence of the absorption turns single-mode operation 
to three-mode operation. When these additional modes are 
the next modes of the laser this detection limit is /~min 7 -  

1 x 10 .7 cm -1. When the additional modes are located at 
the next interferometric maximum, the detection limit is 
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/~min = 1 × 10 .5 cm -1. Both these values are specific for 
the particular laser used, but independent of the pump rate, 
once single-mode operation has set in. 

6 Summary 

We have shown experimentally and theoretically that diode 
lasers with AR coated facet can be used for multi-mode 
intra-cavity spectroscopy of high sensitivity. The minimum 
detectable absorption is determined by the pump rate or, 
in other words, by the fraction of spontaneous emission in 
the total emission, and by the broad-band loss. Perfect AR 
coating and pumping at the maximum rate that is allowed 

for the present laser sets the limit of detection to 10 -6 cm - t  , 
which corresponds to an equivalent of 10kin absorption 
length. 

It should be noted that the model developed in this work 
can be used for the evaluation of emission spectra and 
sensitivity to ICA for any type of diode laser, whereas the 
numerical estimates are tied to the particular laser used. One 
may expect that technological progress in the manufacturing 
of diode lasers will cut the internal loss and boost the output, 
with the benefit of lower detection limits for ICA. 

Appendix 

The outlined model of the diode laser assumes that loss and 
gain are uniformly distributed over the entire laser cavity, 
and hence the spatial photon distribution is also uniform. In 
fact, a major fraction of loss is localized at the facets, with 
the light flux exponentially growing inbetween. As a conse- 
quence the gain, saturated by the local intensity, varies along 
the cavity length, and the total photon number in the cavity, 
calculated by integration of the photon distribution over the 
length, deviates from the integrated photon density as calcu- 
lated from a solution of the model equations. Furthermore, 
the output coupling 0, i.e. the ratio of output power to aver- 
age power inside the cavity, does not equal the transmission 
coefficient of the output mirror. These discrepancies can be 
taken into account by matching the rate equations to the re- 
sults obtained from the more accurate Fabry-Perot resonator 
(FPR) approach [23] which includes the real distribution of 
the cavity loss. 

In this approach the laser resonator is characterized by its 
length, taken to be equal to the optical length of the diode 
l, by the mirror reflectivities R~ and R 2, by the frequency- 
dependent single-pass gain G(u), and by the spontaneous 
emission rate per unit length ~. At a pump rate up to 10% 
above threshold the gain saturates mainly due to luminescent 
recombination and carrier diffusion rather than stimulated 
emission. The variation of laser gain in the diode along 
the optical axis does not exceed 1% even if the local laser 
flux varies by several 10% and we approximate the gain as 
being independent of z. The total cavity loss 3' is divided 
in the external coupling loss % and internal (absorption and 
scattering) loss 7i and we can write the relation between the 
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parameters of  the FPR model and the rate equations as 

'fie = - -  ~ ln(Rt R2), 

C 2 
Bq(N - Nt) - 'fii = ~ lnG (uq), 

and 

B ( N  - N)~0 

2lc 

The photon numbers per unit length in + z  and - z  
direction (z = 0 at R t) are given by 

I+(z, R t , R 2 ) - l n ( G ) { [  (G-1)R2( I+R1G)  l] 
x exp[z/-1 ln(G)] - 1 } ,  ( a l )  

I_(z,-R2R ~) = I+(1 - z, R1, R2). (A2) 

By integration of  (A1) and (A2) over the cavity length l we 
obtain the total photon number M in the FPR and the output 
coupling 0 as functions of R I, R 2, and G, 

~rl 2 
M -  

ln(G) 

((7-1)[(1-R2)(I+RIG)+(1-R1)(I+R2C)] _ 2},  (A3) 
ln(G)(1-RIR2G 2) 

0 - (1 -/~2)[ (0) (A4)  
M/2l 

In the rate equation model the same quantities are given by 

M re - °-(2/)2 (A5) 
ln(RtRzG 2) ' 

O r e =  1 - R  2. (A6) 
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Fig. 18. The ratio k of the light flux in the laser cavity calculated by 
a FPR approach and the flux calculated by rate equations with equal 
parameters (top), and the output coupling 0 (bottom) vs the external 
feedback R 1 

Likewise, the output coupling 0 does not depend on the 

pump rate when G ~ (R1R2) -1/2. For our diode crystal 
with one uncoated facet (R~ = 0.32) 0 depends only on the 
external feedback R 1, as shown in Fig. 18 (bottom). With 
R 1 = P~, 0 = 1.14. This value is required for calculating 

the total laser power in the cavity from the measured output 
power. 

With these corrections included, the laser rate equations 
take into account the nonuniform distribution of  the cavity 
loss and provide correct results for emission spectrum and 
gain of the laser. 

Evaluation of  (A3) and (A5) for the same value of the gain 

close to threshold, i.e. for G ,-~ (RtR2) -1/2, shows that the 
total laser power in both models differs by k = M / M  x~ 
which to high accuracy turns to be independent of G. Al- 
though G may vary with frequency and pumping rate, the 
constant ratio k applies to all the spectra near and above 
threshold. Figure 18 (top) shows k vs the external feed- 
back R 1, for constant R 2 = 0.32. For the experiment where 
R t = 0.32 we get k = 1. l l ,  which means that, with equal 
parameter values, the rate equations would predict lower 
average power per mode than the FPR model. This discrep- 
ancy is eliminated (see (A5)) by increasing the spontaneous 
emission rate in the rate equations by the factor k, i.e. ~0 
be replaced by ~ : 1.11~ 0, such that at equal pump rate, 
both the total laser power and the spectrum are equal in the 
two models. Physically, the enhancement of  the spontaneous 
emission is explained by the delay between the emission and 
loss processes. The spontaneously emitted light is amplified 
during its propagation towards the facet. This effect is de- 
scribed as an equivalent enhancement of the spontaneous 
emission [9, 19, 29]. 
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